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Synopsis 

Non-covalent interactions are pervasive in our immediate surroundings, affecting 

everything from living things to non-living objects. These relationships are not only 

essential but also the basis for life on Earth. Numerous types of non-covalent interactions 

occur, depending on their characteristics, strength, and atoms involved. Among these, 

hydrogen bonding is the most widely recognized and crucial non-covalent interaction. 

Since the discovery of the hydrogen bonding a hundred years ago, its concept has been 

modified very much. This thesis provides an understanding of the hydrogen bonding 

involving sulfur as a hydrogen bond donor and oxygen as a hydrogen bond acceptor, i.e., 

S-H⋯O using gas-phase laser spectroscopy coupled with quantum chemistry calculations. 

Even though hydrogen bonding interactions have been thoroughly studied in the 

past, researchers continue to find it to be the most fascinating topic to investigate. The 

idea of hydrogen bonding was built more than a century ago with the concept of 

formation of the attractive interaction between an electronegative element (hydrogen 

bond acceptor) and a hydrogen atom, which is covalently bonded with another 

electronegative element (hydrogen bond donor). Subsequent research revealed that 

extremely electronegative elements like oxygen (O), nitrogen (N), and fluorine (F) are not 

the only ones which take part in hydrogen bonding interactions. Less electronegative 

elements such as carbon (C), sulfur (S), selenium (Se), and phosphorus (P), among others, 

are also observed to participate in the hydrogen bonding interactions, which create a 

distinct category known as unconventional hydrogen bonding. To accommodate such 

unconventional hydrogen bonding interactions, IUPAC redefined the definition of 

hydrogen bonding in 2011.1  
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Unconventional hydrogen bonds based on sulfur are essential components of 

biological molecules, pharmaceuticals, and materials. Sulfur makes up around 0.3% of the 

mass of the human body and is essential for proteins, vitamins, and enzymes. Proteins 

include the amino acids cysteine (Cys) and methionine (Met), both of which contain 

sulfur. On the other hand, the efficiency and selectivity of catalysis, as well as 

supramolecular assembly, are significantly influenced by sulfur-centered hydrogen 

bonding. Studies on the SCHB involving N-H⋯S/O-H⋯S hydrogen bonding reveal that 

these are just as strong as conventional hydrogen bonding.2-5 

Sulfur exhibits versatility in forming hydrogen bonds as it acts as both an acceptor 

and donor. Existing literature primarily explores N-H⋯S or O-H⋯S hydrogen bonding, 

where sulfur acts as an acceptor. However, sulfur-centered hydrogen bonding, with 

sulfur as the donor, remains less explored. Computational studies, including 

cheminformatics and bioinformatics, acknowledge S-H⋯X (X=O, N, S, or π) hydrogen 

bonding.6 Additionally, a few experimental evidences of spectroscopic studies on S-H⋯X 

are reported that reveal red-shifts in the S-H stretching frequencies.7-9  

The objectives of the thesis include: 

i) Investigating the characteristics and the strength of hydrogen bonds involving 

sulfur, wherein sulfur serves as a hydrogen bond donor and oxygen serves as 

a hydrogen bond acceptor. 

ii) Exploring the modulation of the weak S-H⋯O hydrogen bond by altering the 

complexing partners with varying proton affinities. 

iii) Comparing the modulation of S-H⋯O hydrogen bonding with conventional 

hydrogen bonding and comprehending the additional factors influencing the 

strength of the S-H⋯O hydrogen bond. 
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Chapter 1 briefly overviews the significance, characteristics, and classifications of non-

covalent interactions. We have talked about how the idea of hydrogen bonding has 

evolved over the time to accept unconventional hydrogen bonding in addition to the 

conventional hydrogen bonding. We have also reviewed the previous spectroscopic 

studies on unconventional hydrogen bonds with a focus on sulfur-centered hydrogen 

bonding (SCHB). We have detailed the importance of sulfur-centered hydrogen bonding 

in biomolecules, materials, drugs, and other areas. The chapter concludes with the aim of 

the thesis. 

Chapter 2 provides a comprehensive idea of various gas-phase laser (UV/IR) 

spectroscopic methods based on supersonic jet cooling and Time of flight mass 

spectrometry. A brief overview of various computational methods that have been 

employed in the investigations of the nature and strength of the S-H‧‧‧O hydrogen bonding 

is also provided in this chapter. 

Chapter 3 describes gas-phase spectroscopic study on the nature and strength of S-H‧‧‧O 

hydrogen bonding interactions employing one color resonant 2-photon ionization (1C-

R2PI), UV-UV hole-burning, and IR-UV double resonance spectroscopy combined with 

quantum chemistry calculations. Here, our detailed spectroscopic and computational 

study on 2-FTP (2-Fluorothiophenol)‧‧‧H2O demonstrates that S-H‧‧‧O hydrogen bond is 

weak in strength. The present work signifies that the S–H‧‧‧O hydrogen bond can have 

preference over the O–H‧‧‧S hydrogen bond depending on the pKa values or proton 

affinities of the hydrogen bonding partners in a complex, although the O–H‧‧‧S hydrogen 

bond is much stronger than the S–H‧‧‧O hydrogen bond. 

In Chapter 4, we have shown that the S-H‧‧‧O hydrogen bond, which is weak in general, 

can be strengthened by choosing the hydrogen bond acceptors of higher proton affinities. 
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Here, we have demonstrated the modulation of the strength of the S–H‧‧‧O hydrogen bond 

by studying the 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH complexes using gas-phase laser 

spectroscopy and calculations. We have observed that the strength of the S-H‧‧‧O 

hydrogen bond increases significantly as the hydrogen bond acceptor is changed from 

H2O to MeOH and EtOH and a linear correlation between the strength of the hydrogen 

bond and proton affinity of the acceptors.  

In Chapter 5, we have studied 2-FTP‧‧‧Et2O complex to explore the strength of the S-H‧‧‧O 

hydrogen bond by substituting both the hydrogens in H2O by ethyl group. Here, Et2O can 

act solely as a hydrogen bond acceptor.  It is observed from the gas-phase spectroscopic 

investigations and quantum chemical calculations that the linear correlation curve 

between the strength of the S-H⋯O hydrogen bond and proton affinity of the hydrogen 

bond acceptors is less steeper than that obtained in the case of the conventional hydrogen 

bonding i.e., O-H‧‧‧O, N-H‧‧‧O, etc. This observation signifies that the S-H⋯O hydrogen 

bond, being weaker than conventional hydrogen bonds, is significantly influenced by the 

steric effect and dispersion interaction as the hydrogen bond acceptors of higher proton 

affinities are used as complexing partners. Investigation of the nature and strength of the 

S-H⋯O hydrogen bonding was further extended by theoretical studies on several 

complexes of 2-FTP with a series of cyclic and acyclic ethers.  

Chapter 6 deals with the summary and future direction of the thesis. 
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Introduction 
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1.1 Non-covalent interactions and their significance: 

Non-covalent interactions weave their influence throughout the expanse of our 

world, extending their reach from living organisms to inanimate entities. These 

interactions are not just necessary but the foundation that sustains life on Earth.10-11 The 

significance becomes most evident in the presence of liquid water, which owes its 

stability to numerous hydrogen bonding interactions occurring in ambient conditions.12-

13 Even the fundamental molecules of life, DNA, find their structural forms in the intricate 

interplay of nucleic acids and bases through hydrogen bonding and π- π stacking.11, 14-16  

 These non-covalent forces are equally crucial in the structural stability and 

functionality of the biomolecules and materials. It is well known that the building block 

of life, DNA, which carries the code of hereditary information for synthesis and 

functionality of all other essential biomolecules such as proteins and enzymes, depends 

on various non-covalent interactions for structural stability and functionality.17-18 The 

typical helical structure of DNA is maintained by double hydrogen bonds between 

adenine and thymine bases and triple hydrogen bonds between guanine and cytosine 

bases.19 In biology, these interactions emerge as essential determinants in forming 

various molecular recognitions, such as protein-DNA, drug-DNA, and protein-protein 

interactions.20-24 Protein-DNA interactions are a vital event in a living system, which is 

the underlying mechanism of several crucial tasks like DNA replications. Similarly, in 

materials, non-covalent interactions significantly influence various processes such as 

self-assembly, stereoselectivity, arrangement of molecular clusters, solid-state reaction, 

etc.25-30   

1.2 Nature of Non-covalent interactions 

Theoretical investigations conducted over the time on the characteristics of non-
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covalent interaction return an idea that tells energetic stabilization of such interaction 

possess along a specific orientation. Like true chemical bonds, these interactions also 

follow Morse-type potential energy surface.31 However, the difference is that the 

equilibrium distance is much longer, and the minimum energy value is smaller than a 

pure covalent bond. The classical mechanical concept provides an approximation of the 

interaction energy based on electrostatic interaction when two molecules, A and B, are 

far apart from each other in space.32-33  

𝐸𝑒𝑙 =  
1

4𝜋𝜀0

𝑞𝐴𝑞𝐵

𝑟
−

1

4𝜋𝜀0

𝑞𝐴𝜇𝐵

𝑟2 𝑐𝑜𝑠𝜃 −
1

4𝜋𝜀0

𝜇𝐴𝜇𝐵

𝑟3  (2𝑐𝑜𝑠𝜃1𝑐𝑜𝑠𝜃2 − 𝑠𝑖𝑛𝜃1𝑠𝑖𝑛𝜃2𝑐𝑜𝑠𝜙) − ⋯  (1.1) 

In this equation, the first term corresponds to the charge-charge interaction, expressed 

as the Coulomb interaction. The second term represents the charge-dipole interaction, 

where θ signifies the angle of the dipole in relation to the axis connecting the centers of 

mass of A and B. The third term denotes the dipole-dipole interaction, with 𝜃1 and 𝜃2  

representing the angles of two dipoles relative to the axis of interaction, and 𝜙 is the 

dihedral angle between two dipoles. Here, q and μ represent the charge and dipole, 

respectively, and r is the distance between A and B. Equation (1.1) can also be 

represented as  

𝐸𝑒𝑙 = 𝐸(𝑞,𝑞) + 𝐸(𝑞,𝜇) + 𝐸(𝜇,𝜇) + ⋯      (1.2) 

When both of these, A and B, are charged partially 𝐸(𝑞,𝑞) contribution dominates, but if 

one of them is charged and the other is neutral but has a significant dipole 𝐸(𝑞,𝜇) 

dominates in the total 𝐸𝑒𝑙. Finally, if both the A and B molecules are neutral but have a 

significant dipole moment 𝐸(𝜇,𝜇) Contribution plays a major role. If the dipoles are not 

fixed dipoles but rather can rotate freely, equation (1.1) will be modified by averaging 

over the angles: 
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𝐸𝑒𝑙 =  
1

4𝜋𝜀0

𝑞𝐴𝑞𝐵

𝑟
−

1

(4𝜋𝜀0)2

1

6𝑘𝑇

𝑞𝐴
2 𝜇𝐵

2

𝑟4 −
1

(4𝜋𝜀0)2

1

3𝑘𝑇

𝜇𝐴
2 𝜇𝐵

2

𝑟6  − ⋯   (1.3) 

Here, k is the Boltzmann constant, and T is the absolute temperature.  

Fascinating studies on the decomposition of the total interaction energy, when two 

molecules come together to make aggregation, have been done based on various theories 

from the quantum mechanical approach. The perturbative method is one of the accepted 

strategies for understanding the interaction when the wavefunctions of the two 

interacting molecules are non-negligibly overlapped.34 This procedure gives the total 

interaction energy (𝐸𝑖𝑛𝑡) are the sum of the different energies like electrostatic, exchange-

repulsion, polarisation, dispersion etc. However, the procedure has been developed over 

time with further improvement. Kitaura and Morokuma method is one of the most 

popular of them.35-36 

𝐸𝑖𝑛𝑡 = 𝐸𝑒𝑙 + 𝐸𝑒𝑟 + 𝐸𝑝𝑜𝑙 + 𝐸𝑐𝑡 + 𝐸𝑑𝑖𝑠𝑝          (1.4) 

Terms in equation (1.4) represent electrostatic, exchange-repulsion, polarisation, charge-

transfer, and dispersion contribution, respectively.  

The electrostatic contribution has been discussed previously in this section. The 

exchange-repulsion contribution implies the stabilization due to exchange energy, which 

comes from the exchange of symmetry between the wave functions of two 

indistinguishable particles.37 For the electron-like Fermion particles with asymmetric 

wavefunction, this interaction is destabilizing according to the theory of the Pauli 

exclusion principle. However, in the physical sense, this interaction contribution 

destabilizes molecular aggregation as the distance between two molecules decreases, 

which is proportional to r-12. Polarisation or dipole-induced-dipole contribution between 

a polar and non-polar molecule adds an attractive contribution to the total interaction 
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energy.38-39 Polar molecules, having a permanent dipole moment because of uneven 

electron cloud distribution, repel the electron density in the non-polar molecule and 

generate a temporary dipole moment. This induced dipole in the non-polar molecule 

attracts the corresponding permanent dipole in the polar molecule. The strength of these 

interaction contributions depends upon the magnitude of the electric field due to the 

permanent dipole and polarizability of the non-polar molecule. The electric field 

generated due to the polar molecule is proportional to the r-4. Charge-transfer 

contribution involves the delocalization of electron density between donor and acceptor 

molecules.39 Dispersion contributions among the non-polar molecule are proportional to 

the r-6, and have been quantified with the London formula. An instantaneous dipole 

moment is formed due to the fluctuation in the electron cloud, which in turn induces the 

other nearby non-polar molecules and makes an instantaneous dipole-induce dipole type 

interaction. This is a very short rage interaction.39-41 

1.3 Types of non-covalent interaction 

 Non-covalent interactions are of various types depending on the strength and 

occurrence. The strength of these interactions can vary from a few to several tens of 

kJ/mol. These interactions can be categorized based on the atoms of the atoms involved 

in building these interactions. A few important non-covalent interactions are hydrogen 

bonding interaction, London-dispersion (Van-dar-Waal) interaction, π-π interaction, n→ 

π* interaction, halogen bonding, chalcogen bonding, pnicogen bonding, tetrel bonding 

etc. 

Electrostatic or ionic bonding is the strongest type of non-covalent interaction. 

Ion-ion or ion-dipole contribution is mainly associated with this interaction. An example 

of this interaction is any ionic salt like NaCl, which forms due to the strong electrostatic 
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interaction of the oppositely charged ions Na+ and Cl-.   

The most explored and most important non-covalent interaction is hydrogen 

bonding interactions because of its extensive appearance in biological, chemical, and 

even physical processes. It is characterized as a robust non-covalent interaction, 

generally occurs when a hydrogen atom, covalently bonded with a highly electronegative 

element like (O, F, N, etc.), comes closer to interacting with another highly electronegative 

element. From the theoretical point of view, electron density redistribution takes place 

to stabilize the entire process when the molecular orbitals of each pair overlap. Energy 

associated with this quantifies the strength of the hydrogen bonding interaction. 

Examples of hydrogen bonding interactions are found everywhere. N-H⋯O, O-H⋯O, N-

H⋯N, etc., are typical examples of hydrogen bonding.42-43 

Another important non-covalent interaction is Van-dar Waal or London 

dispersion interaction, which is present in all kinds of materials. This can occur between 

atoms or molecules that have no permanent dipole moment. Temporary fluctuation in 

the electron clouds generates instantaneous dipoles, which interact with each other. The 

size and shape of a molecule or system generally influence the strength of such 

interactions. These are the weakest type of non-covalent interaction, despite the fact that 

these are crucial for various things such as physical property, boiling point, solubility, 

viscosity, etc.44-45  

π-π stacking interaction is an important non-covalent interaction that occurs 

mainly due to the overlap of the π orbitals of aromatic rings. This type of interaction most 

frequently occurs when a large molecule or molecular assembly binds a small molecule 

in a cavity or pocket. These are also important for the stability and functions of biological 

systems. π-π interaction does not favor when the aromatic rings are parallel to each other 
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as this conformation is electrostatically repulsive. Instead, these interactions become 

more favorable if a balance between attractive and repulsive forces can be achieved when 

aromatic rings are offset or perpendicular to each other.46-47 

n→p* interaction is a recent discovery of an important weak non-covalent 

interaction vital in bio-molecules. This weak interaction develops because of the electron 

density redistribution between a lone pair and a π-antibonding orbital of carbonyl (C=O) 

or aromatic ring (C=C). The strength of such interaction is very weak and limited to only 

a few kJ/mol.48-49 

Halogen bonding is another significant non-covalent interaction that develops due 

to the interaction between an electron-deficient halogen (typically iodine, bromine, or 

chlorine) and a nucleophile. In such cases, electron density on the halogen atom is 

distributed in such a way that a region formed with lesser electron density, which is called 

a σ-hole. This σ-hole acts like an electrophile and is prone to bind with a nucleophile. 

These types of non-interaction are now essential in molecular design, drug discovery, and 

crystal engineering.50-51 

Similarly, another σ-hole interaction is also observed in chalcogen elements 

(sulfur, selenium, and tellurium). These elements inside the molecules interact with the 

Lewis bases or nucleophiles, which is called chalcogen bonding. These interactions 

opened a new window for various disciplines in chemistry like crystal engineering, 

molecular recognition, drug discovery, etc.52-53  

Group-15 and group-14 elements of the periodic table are also promising 

candidates to build up weak non-covalent interaction via Pnicogen bonding and tetrel 

bonding, respectively. When an electron density region builds up on these elements, they 

participate in the formation of weak non-covalent interaction with Lewis bases and 
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nucleophiles.54 

1.4 Hydrogen Bonding 

Hydrogen bonding is a special type of long-range dipole-dipole interaction.55 It is 

the most crucial and popular non-covalent among all the non-covalent interactions. The 

concept of hydrogen bonding was developed more than a century ago.56 But still, it is as 

interesting as before. This versatile, non-covalent interaction is spread in all the 

disciplines of science. Starting from the molecular assemblies in supramolecular 

chemistry,57-58 controlling the structural stability and functionality of crucial bio-

molecules everywhere hydrogen bonding plays a significant role.59-60 Hydrogen bonding 

interaction is the heart of application-based research like biochemistry, medicinal 

chemistry, material science, crystal engineering, etc.61-64 

1.4.1 History of the Concept of Hydrogen Bonding 

While widely acknowledged as the most significant non-covalent interaction, the 

concept has encountered some controversy regarding its origin. A large part of the 

scientific community contends that it was invented in the early 19th century. The first 

reported document of this non-covalent interaction came in 1902 through the 

observation of ammonium salts by Werner and Hanstzsch.65 In that report, the authors 

introduced the term 'Nebenvalenz,' denoting the secondary valency in German. IN 1912, 

Moore and Winmill employed a new phase, 'weak union,' to articulate the inferior basic 

characteristic of trimethylammonium hydroxide in contrast with the 

tetramethylammonium hydroxide.66 At the same time or in the early stages of 1913, 

Pfeiffer's study on 1-hydroxyanthraquinone yielded a report echoing similar findings. 

Within this report, Pfeiffer introduced the term 'Innere Komplexasalzbildung' (internal 

complex salt-bridge) to describe this non-covalent interaction elegantly.67 Lattimer and 
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Rodebush, in 1920, proposed an explanation for the properties of highly associated 

liquids such as water and hydrogen fluoride, etc.68 According to their proposal, a free 

electron pair on the oxygen atom of one water molecule could potentially apply enough 

force to a hydrogen atom, which is stabilized by a pair of electrons on a different water 

molecule, resulting in the bonding of the two molecules. This conceptualization implies 

that the hydrogen nucleus is situated between two octets, forming a weak 'bond.' Also, in 

the footnote of their report, Latimer and Rodeush attributed this idea to being initially 

proposed by M. L. Huggins, who first introduced the term "Hydrogen Bridge." The same 

thing was confirmed by the report of Lewis in 1923.69 The term' Hydrogen Bridge' 

continues to be used alongside the more common expression "Hydrogen Bond" or "H-

bond," introduced by Pauling in 1939 in his famous book 'The Nature of Chemical Bond".70 

In order to explain the nature of hydrogen bonding, Pauling mentioned in his book that a 

large ionic force must be involved to build up this attraction force for two other atoms 

because hydrogen can make only one pure covalent bond as it has only one orbital. In 

1960, the first detailed definition of hydrogen bonding was given by Pimentel and 

McClellan in their book 'The Hydrogen Bond.' According to them:71 

 "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)  

(b) There is evidence that this new bond linking A-H and B involves the hydrogen 

atom already bonded to A."  

This definition was crafted without imposing any limitations on the chemical properties 

of the donor or acceptor, as well as the geometric orientation and energy of bond 

formation. In line with this definition, hydrogen bonding is recognized to occur between 
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any A-H group and any atom B, whether it is within the same molecules or between 

different molecules. This can be symbolized as:  

𝐀 − 𝐇 ⋯ 𝐁      ( 0.5) 

Where A  and B can be any atom or group.  

 Based on the interaction energy, hydrogen bonding was categorized into 'Strong' 

and 'Weak' groups by Jeffrey and Saenger.72 Later, it was modified into three groups: 

strong, moderate, and weak. A more detailed classification of hydrogen bonding was 

made by following Linus Pauling's definition, which was based on the electronegativity 

of the involved donor and acceptor atoms. Classification introduced two categories: 

conventional hydrogen bonding and unconventional hydrogen bonding.  

1.4.2   Conventional concept of hydrogen bonding 

In the previous section, the symbolic representation of hydrogen bonding, built 

upon the concept of Pauling's definition, is represented as A-H⋯B, where A and B are the 

donor and acceptor atoms. According to the conventional concept of hydrogen bonding, 

the hydrogen bond is mostly an electrostatic interaction that develops due to the 

formation of a partial charge on the involved atom.42, 59 Significantly partial charge 

development can only be possible through significant polarisation of electron density. 

This is done when A, being a highly electronegative element like oxygen (O), nitrogen (N), 

or fluorine (F), attracts the electron density, resulting in the formation of partial charge 

on the hydrogen atom like Aδ--Hδ+. Similarly, B is also a highly electronegative atom or 

electron-dense region which forms Bδ−. This partially charged opposite polar hydrogen 

atom and the B atom attract each other.73-74 However, several experimental and 

theoretical works reveal that not only the highly electronegative elements but also the 
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less electronegative elements are capable of making hydrogen bonding. The formation of 

hydrogen bonding can be identified as a shortening of the distance between H and Y atom 

H⋯Y. Distance is expected to be less than the sum of the van der Wall radii.55, 75-76 

Conventionally formed hydrogen bonds are strong in nature, having bond strength up to 

10 to 50 kJ/mol.72, 77 

1.4.3   Experimental and theoretical approach to studying hydrogen 

bonding 

The conventional definition of hydrogen bonding makes it obvious that  A-H⋯B 

type interaction boning forms with a signature of weakening of the A-H covalent bond.77 

This phenomenon is reflected in the vibrational stretching frequency of the A-H bond. A 

substantial red-shift is frequently observed in the case of hydrogen-bonded covalent 

bonds.39, 75-76 Eventually, this red-shift value describes the strength of the hydrogen 

bonding. Though observation is not always true, it is discussed in detail later. Besides this, 

a noticeable increment of the band intensity is generally observed related to the 

vibrational spectra of the corresponding covalent bond. Numerous experimental and 

theoretical investigations have been done to understand the nature of hydrogen 

bonding.39, 76 Infrared and Raman spectroscopy were the most utilized spectroscopic 

methods from the beginning, as these are directly related to the stretching frequency 

change due to the formation of hydrogen bonding.  

Besides this, nuclear magnetic resonance (NMR), especially 1H-NMR spectroscopy, 

is a very powerful tool for studying hydrogen bonding as well as other non-covalent 

interactions. This technique distinguished the protons' environment from the chemical 

shift measurement. In 1951, Arnold and Packard studied the change in chemical shift of 

O−H and CH2 protons in ethanol at different temperatures in the range of 150°K to 
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350°K.78 They have also observed a similar variation of the chemical shift associated with 

ethanol dilution. In the spectroscopic database, the chemical shift for the aliphatic 

alcohols O-H proton varies in between 0.5 to 6 ppm, and aromatic O-H proton falls in the 

range of 4 to 12 ppm.79 Resonances of exchangeable protons in OH or NH groups cannot 

be distinctly assigned to a specific region on the δ scale, as the various factors, including 

hydrogen bonding among themselves, highly influence their positions. Typically, a higher 

ppm shift is observed due to a deshielding of protons in hydrogen bond formation. This 

result, however, contradicts the conventional concept of hydrogen bonding, where 

electron density delocalizes to the anti-bonding orbital. This paradox is ascribed to the 

counterintuitive impact of the electrical dipole field inherent in the hydrogen bond, which 

explains that hydrogen bonding is not a simple electrostatic interaction.79 

Crystallographic methods are also prevalent methods of studying hydrogen 

bonding as they are among the most superior techniques for understanding the 

structure.80-82 Hydrogen-bonded solids are often studied using crystallographic 

techniques. This information is readily available in the Cambridge Structural Database 

(CSD). Several surveys have established the correlations between the geometries of 

hydrogen bonds in solid-state structures and the characteristics of the donor and 

acceptor groups, shedding light on the influence of the donor and acceptor groups' nature 

and environment. Noteworthy trends have emerged from these investigations.  

 Recently, after the discovery of the REMPI technique, several high-resolution 

spectroscopic methods have been built up based on that, which are powerful tools for 

understanding hydrogen bonding precisely.83-86 Adaptation of high-resolution 

spectroscopic approaches like Resonant two-photon ionization (R2PI), IR-UV double 

resonance, microwave, matrix isolation, Laser induced fluorescence (LIF), etc.,.87-94 
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Modern high-resolution spectroscopic approach reveals the strength and nature of the 

hydrogen bonding with magnificent accuracy. These tools have also become 

indispensable for investigating various non-covalent interactions, including 

unconventional hydrogen bonding. Lots of hydrogen-bonded homo and hetero dimers 

have been studied utilizing various high-resolution spectroscopic techniques 

accompanying the ab initio electronic structure calculations as well as DFT-based 

calculations. A  typical example, water dimer, which forms by O-H⋯O hydrogen bonding, 

was studied by Huang and Miller using the molecular-beam electric resonance 

spectroscopic technique. Their study represents a huge red-shift (about 100 cm-1) in the 

stretching frequency of hydrogen-bonded O-H.95 This experimental result closely 

matched the previously done theoretical ab initio study and the quantum mechanical 

simulation study.96-100 Later, several studies were reported on water dimers, and it was 

established that O-H⋯O is a strong hydrogen bonding having bond energy approx. 13 

kJ/mol.101-102 Similarly, a large number of reports are in the literature where an extensive 

study has been done involving the homo and hetero dimer of methanol, ethanol, Phenol, 

formic acid, acetic acid, formaldehyde, etc.103-108 Another popular example of 

conventional hydrogen bonding is N-H⋯O interaction. This is the most common type of 

hydrogen-boding generally observed in the 3-dimension structure of a protein, making 

an interaction between backbone N-H and C=O groups. T. Zwier and co-workers 

extensively explored the   N-H⋯O hydrogen bonding in indole and water complexes using 

various mass-selected spectroscopic techniques.109 The outcome of their investigation 

mentions a red-shift in N-H stretching frequency by 87 cm-1, indicating a strong 

hydrogen-bonded complex. Hydrogen bonding involving aromatic O-H is another 

interesting chapter of this non-covalent interaction. Matrix–isolation study of Phenol-

water and Phenol dimer by G. Yu. Gor et al. shows a huge red-shift in the phenolic O-H 
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(179 for Phenol-water complex and 146 for phenol dimer) appears due to the formation 

of hydrogen bonding where Phenol acts as a hydrogen bond donor.110  

Quantum mechanical calculation is essential to understanding the nature and 

strength of hydrogen bonding. Three-dimensional geometry and corresponding 

parameters of the structure are the primary tools for comparison of the nature and 

strength of hydrogen bonding and are also equally important for its applications. 

Geometry optimization using wavefunction theory of density functional theory is 

widespread nowadays. The gold standard calculation, including coupled cluster singles 

doubles and perturbative triples [CCSD(T)], provides the most accurate information 

about hydrogen bonding and other non-covalent interactions. A large number of studies 

have been done with very expensive quantum calculations.111-114 Understanding of the 

change in electronic topology because of the hydrogen bonding or any other non-covalent 

interaction is a very powerful approach in terms of theoretical study. Quantum theory on 

atoms in molecule (QTAIM) calculation is a popular application in this purpose.115-116 This 

calculation offers a conclusive response to the ambiguity of bond formation between two 

atoms with the bond critical point (BCP) calculations. Electron density and the Laplacian 

of electron density at the BCP provide the idea of the existence of the non-covalent 

interaction and also strengthen the interaction if present. Natural bond orbital (NBO) 

calculation is another widely used quantum chemical calculation.117-119 This calculation 

returns the second-order perturbation energy of electronic delocalization while the 

donor and acceptor orbitals overlap. This energy value qualitatively reflects the strength 

of the interaction.  

1.4.4   Modulation of Hydrogen bond strength 

The strength of the hydrogen bonding depends upon several factors. First of all, 
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the position of the donor/acceptor element in the periodic table, which means the 

electronegativity and proton affinity (PA) of the element, is an important factor in the 

strength of the hydrogen bonding.120 This proton affinity can be modulated by changing 

the bonded elements or group. Another important factor is pKa (acidity) of the hydrogen 

bond donor group. A combined effect of the pKa of the hydrogen bond donor and PA of 

the hydrogen bond acceptor can conclude the strength of the hydrogen bonding. Hussein 

and Millen studied the hydrogen-bonded complex of various alcohols with a series of free 

amines using IR spectroscopy of the gaseous mixture of the molecules. Their findings 

revealed a red-shift in the O-H stretching frequency, with the degree of increase following 

the order NH3 < MeNH2 < Me2NH < Me3N for all tested alcohols, including MeOH, EtOH, 

iPrOH, tBuOH, and TFE (trifluoroethanol).121 In a separate study, C. Laurence et al., 

investigated a hydrogen bonding complex involving 4-fluorophenol as a hydrogen bond 

donor and serving water and a series of alcohols as hydrogen bond acceptors.122 They 

have observed a linear correlation between the hydrogen bonding strength and the 

proton affinity of acceptor molecules. Gibbs free energy of hydrogen bond formation 

(pKHB) gradually increased for the linear chain alcohols in the order Me < Et < nPr<nBu< 

nOct and similarly for the branched-chain alcohols in the order Me<Et<iPr<tBu.123 Any 

general correlation between the Gibbs free energy of hydrogen formation and the 

frequency shift cannot be made for all kinds of hydrogen bond acceptors, but a family-

dependent relationship can be achieved. Family stands for the same donor or acceptor 

site or similar hybridization state. Steric repulsion also plays a crucial role in the 

modulation of the strength of the hydrogen bonding.  

With the increase of the number of the alkyl group on the hydrogen bond acceptor 

atom increases the polarizability of the acceptor atom, which enhances the enthalpy of 

hydrogen bond formation and, at the same time, this also increases the steric effect that 
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increases the hydrogen bond formation entropy. R. West et al., in a study of hydrogen 

bonding with Phenol and a list of ethers, observed that enthalpy of hydrogen bond 

formation as well as entropy both are linearly increased in the order Me < Et < iPr < tBu.124 

Later M. Berthelot and co-workers, in a FTIR study of hydrogen bonding in MeOH and 4-

Fluorophenol with a large number of ethers and epoxides, observed that the red-shift in 

O-H stretching frequencies following an order Et2O < tBu2O < iPr2O.125 

Cooperativity is a special property of hydrogen bonding, which has a huge 

influence on the strength of the hydrogen bonding. Upon formation of a linear chain 

network, hydrogen bonding interaction increases significantly.126-127 The hydrogen-

bonded water network is very popular. Several studies were done on this topic. In the Ar-

matrix spectroscopic study of water dimer to water dodecamer, Lee et al. observed a red-

shift of O-H stretching frequency that can enhance up to 500 cm-1.128  

1.5 Unconventional Hydrogen bonding 

Up to this point, it has been discussed that elements with high electronegativity, 

such as oxygen, nitrogen, fluorine, etc., consistently form robust hydrogen bonds, playing 

a vital role in both biological and material chemistry. This concept involves the 

rearrangement of electrons between the donor and acceptor, resulting in a noticeable 

red-shift in the stretching frequencies of the X-H (where X = O, N, F) part of the hydrogen 

bond. Simultaneously, it has been noted that elements with lower electronegativity, such 

as carbon (C), sulfur (S), phosphorus (P), etc., can also engage in non-covalent 

interactions, which hold significant importance in both biological and material 

contexts.43, 55, 129-131 

A commonly observed intermolecular interaction in molecular crystals, 

particularly prevalent in organic molecular crystals, is C–H···X interaction.55 This 
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interaction involves a C–H group from one molecule and an X atom from another, 

arranged in a manner that facilitates a short and significant H···X contact. From the early 

1960s, the scientific community observed the very weak non-covalent interaction 

involving carbon.132-133 The debate surrounding the classification of the C-H···O=C 

interaction as a hydrogen bond was explored by Jeffrey and Saenger in 1991.59 While 

Pauling's definition rejects it, Pimentel and McClellan's definition accepts it, with further 

refinement by Steiner and Saenger in 1993 emphasizing specific charge criteria on the 

hydrogen and acceptor atom for hydrogen bond classification.73 Thereafter, weak 

unconventional interactions due to short C-H···O contacts are appreciated as hydrogen 

bonds. C-H···X (X= O, N, π) are studied extensively, and the nature of this hydrogen 

bonding has been well explored. Desiraju and Steiner, in their book 'The Weak Hydrogen 

Bond, In Structural Chemistry and Biology' categorized these weak hydrogen bonding by 

studying lots of C-H···X hydrogen bonding interaction.55 These weak hydrogen bonds 

have different structural properties and nature than conventional strong hydrogen 

bonds. Weak hydrogen-bonded complexes are moderately electrostatic and exhibit a 

much less (<5% of the bond length) red-shift in stretching frequency. Weak hydrogen 

bond distance varies in the range of 2.0Å to 3.0Å, and the angle can be within the range 

of 90 to 180°. 

Interestingly, aromatic π-electron density is observed to make a hydrogen-

bonded interaction with the covalently bonded hydrogen atom.134-135 Interactions are 

named π-type hydrogen bonding. Some well-known examples of this are 

benzene⋯water, benzene⋯MeOH, etc.136-137 In benzene⋯benzene dimer, it was also 

observed that C-H can also participate in C-H⋯π hydrogen bonding. π type hydrogen 

bonding also offers a characteristic red-shift in X-H stretching frequencies. However, this 

is not true for C-H⋯ π hydrogen bonding.138-139 
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  Sulfur-center hydrogen bonding is very common, and the idea of such interaction 

was also contemporary with the C-H⋯X interaction. In a spectroscopic study, Schleyer 

observed that Di-n-butyl sulfide and MeOH complex is formed with a similar red-shift 

(155 cm-1) in O-H stretching frequency as it was in the case of Di-n-methyl ether and 

MeOH complex.140 This study explains that the electronegativity requirement for the 

involved elements is not necessary for a strong hydrogen bonding interaction. Not only 

in intermolecular hydrogen bonding, but in some cases, sulfur can also make equally 

strong hydrogen bonds intramolecularly. Later, with the high-resolution spectroscopic 

study Biswal et al. observed that in sulfur-center hydrogen bonding (O-H⋯S, O-H⋯N, 

etc.), red-shift in stretching frequency is similar or sometimes more compared to 

conventional hydrogen bonding.2, 130, 141 In unconventional hydrogen, bonding sulfur is 

very interesting as it can participate as an acceptor as well as a donor. Das and co-workers 

have shown the participation of selenium (Se) in unconventional hydrogen bonding, 

which is also marked with a strong hydrogen bonding tag in terms of red-shift in 

stretching frequency.142  

 Hydrogen bond acceptor elements in the periodic table are spread everywhere. 

Phosphorous center hydrogen bonding was recently reported using high-resolution FT-

IR spectroscopy. The involvement of the transition metal in hydrogen bonding has also 

been established since the '90s. Metal hydrides are also capable of making hydrogen 

bonds because they are highly polarizable.143 

With all the evidence of the hydrogen bond formation among the less 

electronegative elements, the IUPAC team redefined the hydrogen bond in 2011. The new 

definition is described as '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 
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electronegative than H, and an atom or a group of atoms in same of different molecules, in 

which there is evidence of bond formation.'1 

1.5.1  Significance of Sulfur-centered hydrogen bonding 

Sulfur-centered hydrogen bonding is highly popular in the unconventional 

hydrogen bonding domain. Sulfur has huge importance from biological and material 

aspects. For biological purposes, sulfur is a major inorganic element that plays a crucial 

role in proteins, vitamins, enzymes, and more.144-145 In the human body, ~0.3% of the 

body mass is contributed by sulfur which places after calcium and phosphorous in terms 

of abundance. Sulfur has been utilized in dermatologic issues since ancient times.   It is 

now also used in the treatment of acute exposure to radioactive materials.146-147 Sulfur in 

the human body has a role as an antioxidant, which in turn reduces the production of 

reactive oxygen and nitrogen.148-150 The daily requirement of sulfur for an adult human 

body is ~14mg/kg of body mass, which mainly comes from the sulfur-containing amino 

acids of protein-based foods.151-152  

In proteins, two sulfur-containing essential amino acids are there, which are 

cysteine (Cys) and methionine (Met).153 Cys has an S-H group at the amino acid's side 

chain, which can participate in hydrogen bonding as both donor and acceptor, whereas 

Met can participate as hydrogen bond acceptor. In a statistical study by Shang and co-

workers using 500 high-resolution proteins, it was found that out of 2143 methionines, 

232 methionines are hydrogen bonded with the O-H and N-H  group in the form of X-H⋯S 

interaction, whereas out of 753 cysteines 465 are hydrogen bonded with are hydrogen 

bonded with O, N atoms as S-H⋯X.154  Biswal and co-workers show that in gas-phase 

vibrational spectroscopy, N-H⋯S hydrogen bonding is equally strong like conventional 

hydrogen bonding  N-H⋯O.2 Biswal et al. also reported that backbone N-H⋯SMet are 
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involved in a specific folding pattern which is similar in the crystallographic protein 

data.141 

Sulfur-centred hydrogen bonding also plays a huge importance in the 

supramolecular assembly. Ashwini et al., from the crystal structure study, show that the 

axial conformation of the of penicillins is stabilized due to N-H⋯S and C-H⋯O hydrogen 

bonding.155 Reddi et al, observed in a study of the Methionine aminopeptidase (MetAP) 

enzyme a unique C-H⋯S hydrogen bonding between MetAP and its N-terminal 

methionine polypeptide substrate is playing crucial role in the specificity and efficiency 

of the catalysis.156 Also, this C-H⋯S hydrogen bonding is involved in characteristic 

physical properties like melting points. 

1.5.2 Sulfur as hydrogen bond acceptor (X-H⋯S) vs donor (S-H⋯X) 

Sulfur-centered hydrogen bonding acquires significant attention within the realm 

of unconventional hydrogen bonding due to its immense importance from both a 

biological and materialistic perspective. Though such hydrogen bonding was initially 

thought to be a weak interaction,157 extensive studies with modern high-resolution 

spectroscopy opened the scope of understanding such non-covalent interaction. Biswal 

and co-workers established the fact with experimental evidence that sulfur-centered 

hydrogen bonding can be as strong as conventional hydrogen bonding.2, 130-131 From the 

studies of several binary complexes of sulfur-centered hydrogen bonding using REMPI 

spectroscopy, fluorescence-dip infrared (FDIR), resonant ion-dip infrared (RIDIR) 

spectroscopy, etc., accompanied with quantum chemical calculation, the interesting thing 

came out that sulfur-center hydrogen bonding is not electrostatic dominant in nature 

rather dispersion contribution plays a major role for the strength of such interaction. 

Vapor phase infrared spectroscopic investigation of methanol and Me2S/Me2O complex 
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by Kjaergaard and co-workers report the red-shift in methanolic O-H of 113 cm-1 for Me2S 

and 103 cm-1 for Me2O complex.158 Mons and co-workers have studied the amide N-H⋯S 

hydrogen bonding with a capped model dipeptide build-up with methionine (Met) and L-

phenylalanine (Phe) where amide N-H is involved in hydrogen bonding with the side 

chain of the methionine residue.141   This N-H⋯S hydrogen bond is involved in maximum 

red-shift in the N-H stretching frequency. Many other independent computational and 

experimental studies reported a similar result, which delivered a message that sulfur-

centred hydrogen bonding can be significantly strong. 

Sulfur is also capable of making hydrogen bonds, acting as both acceptor and 

donor. Previous studies that have proven to make conventional-like strong hydrogen 

bonding are generally N-H⋯S or O-H⋯S type hydrogen bonding. In those cases, sulfur 

functions as a hydrogen bond acceptor, while the donor of hydrogen bonds are the 

conventional type O-H or N-H groups. However, on the other hand, sulfur-center 

hydrogen bonding involving sulfur as a hydrogen bond donor is explored well. 

Cheminformatics or bioinformatics study of hydrogen bonding although apprised the 

exitance of S-H⋯X (X=O, N, S or π) hydrogen bonding.154, 159 Computational study for 

understanding the strength and nature of such hydrogen bonding has been developed to 

some extent. In terms of experimental evidence, Wategaonkar and co-workers reported 

the study of the simplest molecules H2S dimer and H2S⋯H2O and H2S⋯MeOH complex 

using VUV-ionization-detected IR predissociation (VUV-ID-IRPD) spectroscopy.7-8 25 cm-

1 red-shift in S-H stretching frequency has been observed, whereas the same study finds 

a 56 cm-1 red-shift in O-H stretching frequency in H2O dimer. Study of H2S dimer using 

different matrix isolation spectroscopy has been studied.160-161 However, Das and co-

workers found a significant red-shift in S-H stretching frequency in the S-H⋯S hydrogen 

bonding study in the 2-Chlorothiophenol and Me2S complex.162   
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1.6 Aim of the Thesis 

Characterization of the strength and nature of the  C-H⋯X hydrogen bonding has 

been well explored. It is found that being less electronegative elements, C-H⋯O, C-H⋯N, 

etc are very weak hydrogen bonding. Significant red-shift is also not always observed in 

such hydrogen bonding. In the periodic table, the electronegativity of the carbon and 

sulfur are almost similar. However, few sulfur-centered hydrogen bondings with sulfur 

as a hydrogen bond donor have been studied by spectroscopy and computationally. The 

nature of such hydrogen bonding, especially S-H⋯O hydrogen bonding, has not been 

prospected well. Aliphatic S-H was found to form S-H⋯O hydrogen bonding in a study of 

2-phenyl ethanethiol and Et2O complex. However, no such report is available for aromatic 

S-H, which has been studied in the light of spectroscopic signature. 

We investigated S-H···O hydrogen bonding in aromatic molecules containing S-H 

groups through mass-selected gas-phase electronic and infrared spectroscopy, coupled 

with quantum chemical calculations. We have chosen 2-fluorothiophenol as the hydrogen 

bond donor and water as the hydrogen bond acceptor, which makes a competition of 

forming O-H‧‧‧S or S-H···O hydrogen bonding. Additionally, we conducted a comparative 

analysis of the strength and characteristics of S-H···O hydrogen bonding in contrast to 

conventionally reported O-H···O hydrogen bonding, employing quantum calculations. To 

gain insights into the nature of hydrogen bonding, we explored the decomposition of the 

total interaction energy within this context. 

As we discussed in section 1.4.4, in conventional hydrogen bonding, modulation 

of the hydrogen bonding can be achieved by modulating the proton affinity of the donor 

and the acidity(pKa) of the acceptor part. We have explored the modulation of the S-H···O 

hydrogen bonding strength by changing the proton affinity of the acceptor molecules by 
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moving water to MeOH and EtOH as hydrogen bond acceptors.  

Increasing the proton affinity by adding a methyl group around the oxygen atom 

in the hydrogen bond acceptor also increases the steric hindrance. Using mass-selected 

gas-phase spectroscopy, We studied the Et2O complex with the 2-Flurothiophenol. 

Additionally, using quantum calculation, we have studied the change in nature and 

strength of the hydrogen bonding with the higher analog of the ethers.  
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Chapter 2 

Experimental and 
Computational Methods 
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In this chapter, we have described the methodologies used for experimentation, 

including various spectroscopic techniques as well as theoretical calculations. We have 

also provided a comprehensive overview of the experimental set-up used for our 

experiments. 

2.1   Experimental method 

2.1.1 Supersonic Jet Expansion 

 The core of the experiments detailed in this thesis lies in the utilization of the 

supersonic jet expansion technique.163-165 This method primarily focuses on conducting 

high-resolution spectroscopic (electronic, vibrational, and rotational) investigations of 

isolated molecules and non-covalently bonded molecular complexes. More importantly, 

this specialized approach enables the formation of weakly bound molecular complexes of 

various sizes and the interrogation of their high-resolution mass-selected spectroscopy 

using high-resolution lasers. The supersonic jet expansion method generates a cold 

molecular beam in an isolated gas-phase, ensuring that molecules exist in the lowest 

energy state (rotational and vibrational) without experiencing any collision. This is the 

fundamental objective of the high-resolution spectroscopy technique, which looks for 

well-defined quantum states to understand the light-matter interaction very precisely.  

In 1951, Kantrowitz and Gray introduced the supersonic jet technique as a high-intensity 

molecular beam source for effective velocity monochromatization.166 Before this 

development, velocity monochromatization relied on other methods, such as rotating 

sectors or magnetic selection, which significantly reduced the intensity of the molecular 

beam despite achieving the desired velocity.167 In contrast, the supersonic jet beam 

reaches the velocity monochromatization without compromising the intensity. 

Experimental realization of the molecular beam experiment was achieved by 
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Kistiakowsky & Slichter and Becker & Bier.167-168 Subsequently, Levy and co-workers 

developed the spectroscopic technique based on the supersonic jet for the first time.163-

164  Significant technical details of the supersonic jet expansion technique and molecular 

spectroscopy based on this are described in many excellent reviews.163-165, 169-176 A brief 

description of this technique has been provided here.163-165, 169-170 

The formation of the supersonic molecular beam involves seeding vapor of the desired 

sample in a monoatomic inert carrier gas, typically helium (He), argon (Ar), or a mixture 

of helium and neon (He-Ne), at a pressure of a few atmospheres. A mixture of the sample 

vapor and carrier gas is expanded into a high vacuum chamber (~5.00 × 10-7 mbar) 

through a small orifice of 500-800 microns diameter. The resulting molecular beam could 

be either effusive or supersonic, depending on the mean free path (λ0) of the expanding 

gas in comparison to the orifice diameter (D). In the scenario where the orifice diameter 

is significantly smaller compared to the mean free path of the atoms/molecules (i,e; D<< 

λ0), they exit the nozzle with a few collisions and form an effusive beam.177 Velocity 

distribution and internal degrees of freedom do not alter in such cases. The 

atoms/molecules in an effusive beam exhibit a Maxwellian velocity distribution (𝑓(𝑣)), 

which can be determined using the following equation. 

𝑓(𝑣) = 4𝜋 (
𝑀

4𝜋𝑅𝑇
)

3/2

𝑣2 𝑒𝑥𝑝 (−
𝑀𝑣2

2𝑅𝑇
)     (2.1) 

Where M and 𝑣 are the molecular mass and speed of the atoms/molecules, respectively, 

R is the universal gas constant, and T is the temperature (K). 
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On the other hand, in the case of the supersonic beam, atoms/molecules undergo 

enormous collisions during the expansion through the orifice as D>> λ0. The maximum 

number of collisions takes place in the post-expansion zone a few mm downstream from 

the orifice. When there are no other external forces, such as viscous forces, heat 

conduction, and shock waves, these enormous collisions convert the enthalpy associated 

with the random motion of expanding atoms/molecules into mass flow in the direction 

of the beam axis. Consequently, the mass flow velocity increases, leading to a narrowing 

down of the velocity-weighted Maxwell-Boltzmann distribution. A comparison of the 

velocity distribution curves of the effusive and supersonic beams is given in Figure 2.2. 

As a significant part of the thermal energy linked to the molecules is transformed into 

kinetic energy, the temperature of the molecules significantly cools down very rapidly. 

Velocity distribution becomes narrower, and molecules move faster because of such a 

reduction in translation temperature. The speed of the sound (a) and the translational 

temperature (T) are connected by the formula  𝑎 =   (𝛾𝐾𝑇/𝑚)1/2  where 𝛾 is the heat 

capacity ratio (Cp/Cv), K and m are the Boltzmann constant, and the mass of the gas 

molecules, respectively. The Mach number (M) represents the ratio of the velocity of an 

object to the speed of sound (a). In this case, the object is molecules in the beam. When 

 Figure 2. 1. A schematic diagram of the supersonic expansion. 
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the velocity of the molecules increases, or the speed of sound decreases, the Mach number 

also increases. The flow becomes supersonic when it achieves M>1. The translation 

temperature of the supersonic molecular beam is very low, around ~0.1K. The cold 

translational temperature of the buffer gas acts as a bath to cool down the rotational and 

vibrational degrees of freedom of the sample molecules. Because of the fast equilibrium 

between the translational-rotational energies, the rotational temperature of the molecule 

cools down to a few kelvins, but slower translational-vibrational equilibrium cannot 

reduce the vibrational temperature efficiently.178 The vibrational temperature in the 

molecular beam remains in the range of 20-50 K. The molecular density in the beam also 

gets lower as the expansion continues towards downstream. So, the cooling of the 

rotational and vibrational energies stops as there are no more collisions in the low 

molecular density.  

 

Supersonic expansion is an isentropic as well as adiabatic reversible process. 

Consequently, the ensuing equation can be employed to characterize the temperature, 

pressure and density within the molecular beam:163-165 

𝑻

𝑻𝟎
= (

𝑷

𝑷𝟎
)

(𝜸−𝟏)/𝜸

= (
𝝆

𝝆𝟎
)

𝜸−𝟏

=
𝟏

𝟏+
𝟏

𝟐
(𝜸−𝟏)𝑴𝟐

   (2.2) 

Figure 2.2. Comparison of the velocity distribution curve of effusive (blue-solid) and supersonic 

beam (red-dotted). 
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Where T0, P0, and ρ0 represent the temperature, pressure, and density of the molecules in 

the pre-expansion high-pressure reservoir, respectively, while the corresponding 

quantities in the supersonic beam are denoted as T, P, and ρ. The heat capacity ratio (γ), 

is defined as Cp/Cv, and M represents the Mach number. When treating the molecular 

beam as continuous, the relationship of the Mach number with the orifice diameter (D) 

and the distance from the orifice (X) can be expressed in the following manner:178  

𝑴 = 𝑨 (
𝑿

𝑫
)

𝜸−𝟏

      (2.3) 

A is a constant term in this equation based on the heat capacity ratio. This equitation (2.3) 

clearly represents that the Mach number rises with increasing the distance downstream 

from the orifice. However, the equation cannot hold true at a very long distance from the 

orifice (X>>D). A model proposed by Anderson and Fenn, where the particles are thought 

of as classical hard spheres.179 According to their conclusions, the amount of collisions 

that might occur between two hard spheres is finite. As a result, Mach number and 

temperature reduction can reach a critical value within the flow. This critical value of 

Mach number is termed terminal Mach number (MT). MT can be computed using the 

following equation.164 

𝑴𝑻 = 𝟐. 𝟎𝟓 𝝐
−

𝟏−𝜸

𝜸 (𝝀𝟎 𝑫⁄ )
𝟏−𝜸

𝜸        (2.4) 

Here, 𝝐 represents the collision effectiveness constant. For argon (Ar) gas, MT is equal to 

133 (𝑃0𝐷)0.4.   This suggests that the MT is directly proportional to both the pressure in 

the pre-expansion region as well as the diameter of the orifice. However, elevating P0 and 

D to increase the effective cooling makes a prerequisite of a significantly robust pumping 

system to sustain the desired vacuum for the expansion of the gas. Employing a vacuum 

pump with exceptionally high pumping speed can be impractical. Conversely, a pulse 
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valve operating at a repetition rate of 10/20 Hz can effectively manage the excess 

pressure of the gas introduced into the vacuum chamber. 

In summary, the supersonic jet expansion technique lets molecules cool down 

below their melting point without inducing condensation, allowing them to remain in the 

isolated gas-phase. This cooling of internal degrees of freedom contributes to the 

acquisition of highly resolved and simplified molecular spectra. The application of the 

supersonic expansion technique leads to a discernible decrease in both homogeneous 

and inhomogeneous broadening within the spectral band. Bandwidth represents the 

lifetime of the molecule in the excited state. This level of spectral resolution is not 

attainable in studies conducted in the solution phase.  

2.1.2 Resonantly enhanced multiphoton ionization (REMPI) 

spectroscopy and Time of Flight (TOF) mass spectrometry 

High-resolution spectroscopy of the Jet-cooled molecules or non-covalently 

bonded weak complexes can be achieved using tunable UV lasers and the REMPI 

spectroscopy technique. Time-of-flight (TOF) mass spectrometry is utilized to measure 

the mass-selected electronic spectra of molecules or complexes with different sizes. The 

fundamental principles of both the REMPI and TOF mass spectrometry are elaborated 

here. 

2.1.2.1     REMPI 

A schematic overview of the core concept behind REMPI is presented in Figure 2.3. 

The electronic ground state, first excited state, and ionic ground state of the molecules 

are symbolized by S0, S1, and D0 in the diagram, respectively. In order to ionize the 

molecules from their S0 state, REMPI requires the absorption of multiple photons. The 
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most prevalent form of ionization is resonant two-photon ionization (R2PI), which uses 

two photons for the purpose. One-color resonant two-photon ionization (1C-R2PI) 

method (shown in Figure 2.3a) and two-color resonant two-photon ionization (2C-R2PI) 

technique (shown in Figure 2.3b) are the two types of R2PI techniques that are basically 

achievable in the experiment.180-181 In the 1C-R2PI method, molecules first experience an 

electronic excitation to the vibronic levels of the S1 state using a UV photon of one color. 

Following this, another photon with equivalent energy is employed to ionize the 

molecules. Successful ionization requires that the cumulative energy absorbed by both 

photons exceeds the ionization potential (IP) of the molecules. 

 

 In the 2C-R2PI technique, the second photon, serving as the ionization photon, 

differs in wavelength and originates from a distinct laser source. This technique proves 

valuable when the combined energy of two photons of the same wavelength falls short of 

surpassing the ionization potential of the molecule. For the weakly bound complexes, 

ionic states are shallow; thus, surplus energy available in the 1C-R2PI spectroscopy might 

lead to the dissociation of the molecular clusters. The 2C-R2PI method offers more 

Figure 2. 3. Schematic diagram of (a) one-color resonant two-photon ionisation (1C- R2PI) 

spectroscopy (b) two-color resonant two-photon ionisation (2-C R2PI) spectroscopy (c) a 

representative REMPI spectrum.  
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advantages in this regard. 

2.1.2.2    Time of Flight (TOF) mass spectrometry 

Time-of-flight mass spectrometry separates the ions with distinct masses based 

on their varying times of flight. Ions generated by the REMPI process are accelerated by 

a known electric field created by applying a predetermined voltage difference. This 

process converts the potential energy of the charged particles into kinetic energy. 

Potential energy (U) of a charged particle of q charge in an electric field of V potential 

difference is related as follows: 

U = qV     (2.5) 

The kinetic energy of the particle is: 

𝐾𝐸 =  
1

2
𝑚𝑣2     (2.6) 

Here, m and v are the mass and velocity of the particle, respectively. As the potential 

energy transforms into kinetic energy, we can infer from equation 2.5 and 2.6 that, 

qV =  
1

2
𝑚𝑣2     (2.7) 

When a charged particle covers a distance d, which represents the path of the field-free 

region, with a time t before reaching the detector, the velocity (v) is expressed as 
𝑑

𝑡
 . With 

this, equation 2.7 can be rearranged like this: 

𝑡 = [𝑚 (
𝑑2

2qV
)]

1/2

    (2.8) 

Therefore, t is proportional to √𝑚, denoted as  𝑡 = 𝑘(𝑚)1/2,  here 𝑘 =  [
𝑑2

2qV
]

1/2

 is a 

constant as all the ions bear the same charge and traverse an identical distance to reach 

the detector. Also, all the ions experience the same electric field. Hence, it is easy to 
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understand that the time required to cover the distance to the detector is directly 

correlated with the mass of the ions. In other words, ions with a greater mass will have a 

higher flight time than those with a lighter mass. 

This study employs a time-of-flight (TOF) mass spectrometer featuring a Wiley-

McLaren three-electrode design to enhance the mass resolution of both molecules and 

clusters.182  The TOF mass spectrometer's schematic diagram is presented in Figure 2.4, 

illustrating three electrode plates, a 

field-free TOF tube for the mass-based 

ion separation, and a microchannel 

plate (MCP) detector positioned at the 

top of the TOF for the detection of the 

ions. The first two electrode plates are 

the repeller plate and the extraction 

grid, where the repeller plate carries a 

higher positive voltage compared to 

the extraction grid.  The separation 

distance between them is denoted as s 

in Figure 2.4. The third plate, the 

accelerating grid, is connected to the ground. Utilizing the R2PI technique, positively 

charged ions are generated in the middle of the ionization region formed by the repeller 

plate and the extraction grid. The repeller plate propels the molecular ions towards the 

extraction grid, given its higher positive voltage. The ions, formed inside the ionization 

region experience an electric field Es between the repeller plate and the extraction grid, 

which causes them to drive in the direction of the accelerating grid. The accelerating grid 

is placed at a distance d from the extraction grid, as shown in Figure 2.4. The electric field 

Figure 2.4. Schematic diagram of time of flight 

mass spectroscopy 
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developed between the accelerating and extraction grid is denoted as Ed. Because of Ed > 

Es, ions in the region undergo a greater acceleration to travel into the TOF tube.  

 Upon ionization of the molecular beam by a pulsed laser, a packet of ions, 

distributed across different positions in space, is generated, constituting the initial spatial 

distribution. As these ions undergo acceleration, those in proximity to the repeller plate 

exhibit swifter movement compared to those nearer to the extraction grid. This 

discrepancy in velocity is termed the initial velocity distribution, which is also called the 

kinetic energy distribution. The resolution of the time-of-flight (TOF) spectra diminishes 

because of the initial spatial and energy distributions of the ions. That can be resolved by 

adjusting the dual–source field. This process is known as energy focusing or space 

focusing, which enhances the resolution of the TOF mass spectrometer by diminishing 

the temporal spread among the ions with identical masses. 

 In our experimental configuration, the TOF mass spectrometer (manufactured by 

Jordon TOF Products Inc.) is positioned perpendicularly with respect to both the 

molecular and laser beam axes. The extraction grid and repeller plate are placed one 

centimeter apart, and here is where the molecular beam is injected. At the Sametime, a 

UV laser beam is introduced perpendicular to the molecular beam, leading to the 

ionization of the molecule. Maintaining a voltage of +3060 V for the repeller plate and 

ground at the accelerating grid, molecular ions are accelerated into a 1m long TOF tube 

with an optimum adjustment in extraction grid voltage between 2750 -2850V. At the top 

end, 18mm dual chevron-type microchannel plate (MCP) detector is positioned to detect 

the ions. MCP detector operates at a negative voltage (typically in a range of -3000 V to -

3200 V). An ion emits an electron from the channel wall as it enters a microchannel. The 

applied voltage on either side of the microchannel plate creates an electric field that 
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accelerates this secondary electron. The electrical signal produced by the detector in 

response to ion bombardment is observed in the oscilloscope. Different masses of ions 

generate signals at distinct times on the oscilloscope. 

2.1.3   Laser systems used for the experiments 

We employed tunable dye lasers pumped by solid-state Nd:YAG lasers to explore mass-

selected electronic as well as infrared spectra of molecules and non-covalently bonded 

complexes in a supersonic jet. Below is a brief explanation of each laser's basic working 

principles. 

2.1.3.1   Dye Laser 

The dye laser belongs to the liquid laser category. The active medium is made with 

the organic dye solution made with a liquid solvent like methanol.183-185 Generally, dye 

molecules need to have strong electronic absorption, a large quantum yield, and 

outstanding photochemical stability. Additionally, negligible intersystem crossing is 

crucial for the laser to operate effectively. The optical paths of the dye laser are 

schematically depicted in Figure 2.5, along with a brief description of the working 

principle of the dye laser.  

 

Figure 2.5.  Schematic diagram of the Nd:YAG laser pumped dye laser 
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We have utilized the frequency-double ultraviolet (UV) output of a tunable dye laser 

(ND6000, Continuum, linewidth 0.08 cm-1) to conduct R2PI spectroscopy on molecules 

or complexes in a supersonic jet. The dye laser, specifically designed for versatility, covers 

the entire UV-visible range by employing various dyes and frequency-doubling crystals. 

In the context of this thesis, electronic spectra of different molecular systems were 

measured using a range of dyes, including Rhodamine 590 (Rhodamine 6G), Rhodamine 

610 (Rhodamine B), and Rhodamine 590-Rhodamine 610 mixture.  

In this experiment, we employed the ND6000 continuum dye laser, which is pumped by 

the second harmonic output (532 nm) of an ND:YAG laser (Continuum, Surelite II-10, 

10Hz, 10 ns). Two amplifier cells and a single oscillator make up the dye laser. The 

oscillator and preamplifier (1st amplifier) have a rectangular shape, whereas the final 

amplifier is constructed in a capillary form. The vertically polarized (532 nm) light from 

the YAG laser encounters beam splitter NS1, which reflects 5% of the total laser pulse 

energy toward the oscillator dye cell. The remainder travels through a series of dichroic 

mirrors and strikes beam splitter BS2. Reflecting 10% of the laser pulse energy toward 

the preamplifier cell, the rest of the laser pulse energy is transferred to the final amplifier 

dye cell. The dye laser cavity includes a beam expander, two gratings with 2400 line/mm 

grooving, a front mirror (referred to as the Moya mirror), and an oscillator dye cell. When 

light from the beam splitter BS1 enters the oscillator dye cell, it is first magnified using a 

telescopic lens. Upon interaction with the 532 nm light, the the dye molecule in the 

oscillator cell experiences excitation, resulting in stimulated emission. The oscillator dye 

cell emits a laser beam that undergoes expansion through the beam expander before 

reaching the grating. This process aids in selecting specific wavelengths from the wide 

output of the dye. The final UV output is generated using a KDP doubling crystal with a 

compensating crystal housed in the UV tracker (UVT). 
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The oscillator dye cell emits a laser beam that undergoes expansion through the beam 

expander before reaching the grating. This process aids in selecting specific wavelengths 

from the wide output of the dye. The ultimate UV output is produced by utilizing a KDP 

doubling crystal, accompanied by a compensating crystal housed in the UV tracker (UVT). 

2.1.3.2   IR Optical Parametric Oscillator (OPO)/Optical Parametric Amplifier 

(OPA) System 

The IR OPO/OPA system, developed by Laser Vision, produces an infrared laser 

beam with a wavelength range of 1.35 to 5 microns. This system is pumped by the 1064 

nm output of an unseeded Nd:YAG laser (Continuum, Surelite II-10, 10Hz, 10 ns) with a 

typical pulse energy of 480 ±10 mJ. The schematic diagram of the optical arrangement for 

OPO/OPA system, which uses non-linear optical processes at several stages, is shown in 

Figure 2.6. In the OPO stage, a KTP crystal (Potassium Titanyl Phosphate, KTiOPO4) 

serves as the non-linear crystal, while the OPA stage incorporates four KTA crystals 

(Potassium Titanyl Arsenate, KTiOAsO4). Here is a quick explanation of the working 

concept of the IR OPO/OPA system. 

 

The 1064 nm pump beam from the unseeded Nd:YAG laser is focused employing 

a telescope and directed onto a beam splitter, which separates the horizontally polarized 

pump beam into two distinct beams. One beam, made of one-third of the total pump 

Figure 2.6. Schematic diagram of Nd:YAG pumped OPO-OPA system IR laser (Laser Vison) 
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power, after frequency doubling through BBO (β-Barium borate) crystal, is guided 

towards the OPO stage, while the remaining part of the 1064 pump beam is mixed further 

with the idler output, which is generated at the OPO stage. In order to control the 

efficiency of the conversion from 1046 nm to 532 nm, one rotatable half-waveplate 

(attenuator) is positioned in front of the BBO crystal. During the OPO step, the KTP crystal 

is exposed to a frequency-doubled pump beam (532 nm). This causes the incoming 

photon to undergo optical parametric oscillation (OPO), splitting into two distinct 

photons that have different energies: the signal (ωs) and idler (ωi). The relation between 

the signal and idler beams is given by the energy conversion relationship and phase 

matching requirement, which gives ωp = ωi + ωs, where ωp is the OPO pump frequency. 

It may be written as follows in terms of wavelength: 
𝟏

𝛌𝐩
=

𝟏

𝛌𝐢
+

𝟏

𝛌𝐬
. λp is 532 nm in this 

instance. The KTP crystal is positioned between two highly reflective mirrors in an optical 

resonator. To reflect back the idler beam that seeped through the rear mirror, a second 

silver (Ag) mirror is positioned just behind the first one. At the OPO step, tunable infrared 

light with a wavelength between 740 and 850 nm is produced by varying the angle of the 

KTP crystal with respect to the incident beam. The polarization of the idler beam is 

changed using a MgF2 waveplate before the OPA stage, which enables the OPA crystals to 

be adjusted horizontally.  

For the purpose of rotating polarization from horizontal to vertical and adjusting 

the 1064 nm pump energy delivered to the OPA stage, a λ/2 wave plate and adjustable 

attenuator are placed into the 1064 nm beam path. The 1064 nm beam and the idler light 

from the OPO stage combine to form a combined beam that is directed toward the OPA 

stage. OPA systems are made with 4 KTP crystals, and the angles of these crystals are 

optimized for the maximum IR output. In the OPA stage, difference-frequency generation 
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occurs, which can be represented as  
𝟏

𝛌𝐢
−

𝟏

𝟏𝟎𝟔𝟒 
=

𝟏

𝛌𝐈
 (difference frequency mixing). Here, 

λI is the idler wavelength generated in the OPA stage. Similarly, the signal photon is also 

generated in the OPA stage, which can be represented as  
𝟏

𝛌𝐒
=

𝟏

𝟏𝟎𝟔𝟒
−

𝟏

𝛌𝐈
 . Idler and signal 

photons, generated after the OPA stage, have different polarisations; the idler is vertically 

polarized, whereas the signal is horizontally polarized. These polarized lights are isolated 

from these combined outputs using a silicon (Si) polarizer. For the IR-UV double 

resonance spectroscopy described in the thesis, vertically polarized idler photons are 

used. In our experiment, the unseeded IR laser used has a typical resolution of 

approximately 2-3 cm-1. 

2.1.4   Experimental Set-Up 

We conducted the experiments using a customized home-built jet-cooled REMPI-

TOF mass spectrometer. The configuration comprises two vacuum chambers; one is 

bigger, and another is smaller, and they are interconnected by a skimmer of 2 mm 

diameter and 1-inch length (Beam Dynamics Inc.). A pulse valve (Parker, General valve, 

series 9) with 0.5 mm orifice driven by a pulse driver (Parker, IOTA ONE), is employed in 

the larger vacuum chamber. Two chambers are pumped with two separate diffstack 

diffusion pumps, further supported by two roughing pumps. The bigger chamber is 

connected with a 10-inch diffstak diffusion pump (OD250 Hind Hivac), which has the 

capacity to pump 3000L/s, and the supported roughing pump (FD-60, Hind Hivac) has a 

speed of 17L/s. On the other hand, a smaller chamber is pumped by a 4.5 inch diffstack 

diffusion pump (OD114, Hind Hivac) with a pumping speed 280L/s and the backing 

roughing pump (ED-21 , Hind Hivac) with a pumping speed 6L/s. Circulating water from 

a chiller (Refricon Hvac System) maintains the cooling of the upper side wall of the 
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diffusion pump at a temperature of 18℃. The gate valve separates the vacuum chambers 

from the diffusion pumps, and a liquid nitrogen trap is strategically placed between them 

to eliminate contamination from the vapor of the diffusion pump oil. Cold cathode 

ionization gauges are utilized to measure the high vacuum in different chambers. Figure 

2.7 provides a visual representation of the set-up.  

 In the ionization chamber, a two-stage ion source (Wiley-MacLaren design)182 

with a 1m long linear time-of-flight (TOF) tube (Jordan TOF Products) is positioned 

perpendicular to the molecular beam axis. At the top end of the tube, there is an 18 mm 

diameter dual Micro Channel Plate (MCP) detector (Jordon TOF products) enclosed in a 

small chamber, pumped by a 70L/s turbo molecular pump (Varian, Turbo -V81). This 

turbo is backed by a dry scroll pump (Varian, SH-110) having a speed of 1.5L/s. A TOF 

power supply (D-603, Jordon TOF Products) is utilized to apply high voltage to the 

detector, the repeller plate, and the extraction grid. A preamplifier (SRS, SR445A) 

Figure 2.7. Photograph of the laboratory of home-built jet-cooled REMPI Time of Flight(TOF) 
mass spectrometry 
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amplifies the ion signal from the detector and sends it to a digital oscilloscope (Tektronix, 

DPO 4034, 350 MHz), which connects to a PC through a USB port. During scans, data 

acquisition and laser wavelength control are executed with a home-build LabView 

program (National Instrument, version 9.0). Temporal synchronization among the pulse 

valve and the lasers is achieved using a digital delay generator (BNC, Model-575).  

2.1.5   Experimental Scheme 

A schematic diagram of the experimental set-up is presented in Figure 2.8. In the 

experiment, two different sample holders made of stainless steel were used. Samples with 

lower vapor pressure are kept inside that sample holder, situated behind the pulse valve 

in the molecular beam chamber. Here, the sample was heated at 60-80℃ with a heating 

coil. Conversely, the samples with very high vapor pressure are placed in the sample 

Figure 2.8. A schematic diagram of the experimental set-up 
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holder, which is kept outside the chamber. This sample holder is further cooled in a 

suitable freezing bath to control the vapor flow. The vapor generated from the sample 

holder is seeded in Ar or He-Ne carrier gas at 50-60 psig and undergoes expansion into a 

vacuum through the pulsed nozzle. Typical operating pressure in the molecular beam 

chamber and ionization chamber are 5×10-6 and 5×10-7 mbar, respectively. The pulse 

valve operates at 10 or 20Hz with a typical pulse duration of 180-200 μs. The resulting 

pulsed molecular beam, collimated through a skimmer, intersects perpendicularly with 

the pulse UV laser beam in the ionization chamber. In order to synchronize the laser beam 

with the molecular beam temporally, the digital delay generator initiates the pulse valve 

first, followed by firing the laser with a delay of a few hundred microseconds. 

REMPI technique is employed to ionize the molecules with a tunable UV laser 

beam. The ions generated are then extracted and accelerated by applying voltages of 

+3060 V and +2800 V at the repeller plate (VA1) and extraction grid (VA2), respectively. 

The accelerating plate is maintained at ground potential. As the ions of different masses 

traverse the field-free TOF tube, they undergo separation and are subsequently detected 

by the MCP detector. The ion signal from the detector is amplified, usually by a factor of 

125, using the preamplifier and transmitted to the oscilloscope. Data acquisition is done 

with a USB port from the oscilloscope to the PC.  

A data acquisition program, which has been developed in the laboratory using LabVIEW, 

is utilized to acquire data from the oscilloscope and perform laser wavelength scanning. 

The time of flight for various ions can be determined through the equation: 

𝑡2 = 𝑡1 × √
𝑚1

𝑚2
     (2.9) 

Where t1 and m1 represent the time of flight and mass of a reference molecule (whose 
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values are known), respectively, while t2 and m2 are the time of flight and mass of the 

unknown sample, respectively. An oscilloscope visually represents ions of different 

masses in relation to their time of flight. The home-build LabVIEW program selects a 

specific time of flight of an ion and measures the signal amount at that particular 

wavelength. In the next step, this program changes the wavelength automatically, 

measures the signal amount at the selected region, and continues. At the same time, the 

program also captures the laser power with a piezoelectric sensor and power meter. 

Unwanted laser power fluctuations are removed by the normalization of the signal with 

respect to the laser power. 

2.1.6  Spectroscopic Techniques 

Using the supersonic jet approach, we investigated the structure of molecules or 

molecular complexes using a variety of spectroscopic techniques. We have observed 

mass-selected electronic spectroscopy of both single molecules and complexes using 1C-

R2PI spectroscopy. UV-UV and IR-UV hole-burning spectroscopy were used to identify 

many conformers in the experiment. Additionally, high-resolution IR spectra were 

recorded utilizing the resonant ion dip infrared spectroscopy (RIDIRS) technique. We 

have integrated quantum chemical calculations with our experiments to discern the 

structures of the conformers of molecules or molecular clusters observed in the 

experiment. Various gas-phase spectroscopic techniques used in the experiment are 

briefly described below. 

2.1.6.1   One color resonant two-photon ionization (1C-R2PI) 

This technique has already been described in section 2.1.2.1. 

2.1.6.2  UV-UV hole-burning spectroscopy 
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Experiments employing the UV-UV hole-burning spectroscopic techniques were 

conducted to distinguish the transitions in the high-resolution electronic spectra 

associated with different conformers.186 Figure 2.9a illustrates a schematic diagram of 

this technique. In this process, two UV lasers are used, which propagate in opposite 

directions to each other. Both of them spatially overlap and intersect the molecular beam 

in a mutually perpendicular manner. UV laser beam of higher power (10Hz, pulse energy 

0.5-0.6 mJ) , a pump laser, is systematically scanned in the wavelength range 

corresponding to the R2PI or electronic spectra of molecules or complexes. Another UV 

laser having relatively lower power (10Hz, pulse energy 0.2-0.3 mJ), termed as probe 

laser, is kept fixed at a particular transition of the electronic spectra. This probe laser is 

fired 100-120 ns later to the pump laser. All the vibronic transitions that originated from 

the same ground state exhibit depletion in the ion signal, as shown in the schematic UV-

UV hole-burning spectra provided in Figure 2.9c. 

2.1.6.3    Resonant ion-dip infrared spectroscopy (RIDIRS) 

Figure 2.10a illustrates a schematic diagram of the RIDIRS technique. In this 

method, IR and UV laser beams are employed, and these counter-propagating beams 

Figure 2.9. (a) Schematic diagram of UV-UV hole burning spectroscopy. (b) Mass spectra of a 

molecule due to pump and probe UV lasers. (c) UV-UV hole burning spectrum (Blue color) 

correspond to the R2PI spectra (Red color) 
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spatially overlap and intersect the molecular beam in a mutually perpendicular fashion. 

The IR beam is focused with a CaF2 lens of 100cm focal length. The IR beam is fired 100-

120 ns before the UV laser, and the digital delay generator controls the delay between 

these two lasers. While the UV wavelength is fixed on a specific transition in the electronic 

spectra of the molecule or complex, the IR laser is scanned. While the IR laser frequency 

resonates with a particular vibrational transition of the molecules/complexes in the 

ground electronic state, there is a depletion of the UV ion signal. 

 

As a result, an IR spectrum is obtained as a depletion of the ion signal corresponding to a 

fixed electronic band belonging to a particular conformer. Figure 2.10b shows an 

arbitrary example of IR spectra recorded with the RIDIRS technique.  

2.1.6.4  IR-UV hole-burning spectroscopy 

This method furnishes analogous information to that obtained through UV-UV 

hole-burning spectroscopy. Illustrated in 2.11a is a schematic representation of this 

methodology. Compared to the RIDIRS technique, the key distinction lies here in the 

scanning source. In this case, the UV laser is scanned instead of the IR laser.187-188 The IR 

Figure 2.10.  (a) Schematic diagrams of the RIDIRS technique and (b) an IR spectrum as a 

depletion of ion signal. 
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laser is kept at a specific vibrational frequency of a conformer of the molecule or complex. 

The UV laser is fired 80-120 ns after the IR laser. Through vibrational excitation induced 

by the IR laser, the population of a particular conformer is selectively burned, resulting 

in a reduced intensity in the UV transition for the selective bands of that particular 

conformer. Meanwhile, the intensity of the electronic band corresponded to other 

conformers are remained unaffected. Figure 2.11b shows a schematic of an IR-UV hole-

burning spectrum. 

2.2. Computational Methods 

Spectra of molecules and complexes derived from the laser spectroscopy 

experiments conducted in the isolated gas-phase and the results obtained from quantum 

chemistry calculations complement each other. Quantum chemistry calculations prove 

invaluable in determining the structures of the molecules or complexes observed in the 

experiments. Frequently, experimental data from gas-phase spectroscopy are employed 

to validate the precision of the outcomes obtained from quantum calculations. In our 

investigation, we have used various quantum chemical calculation methods using 

program packages like Gaussian 09, Gamess 14, Orca 4.1, MultiWFN, NBO6 etc.189-193 

Figure 2.11. (a) Schematic diagrams of IR-UV hole burning spectroscopy and (b) IR UV hole-

burning spectrum (blue) correspond to the R2PI spectra (red). 



 

46 
 

2.2.1.   Geometry optimization and frequency calculation  

We performed ground state geometry optimization and harmonic vibrational frequency 

calculations for molecules and complexes using various levels of Density Functional 

Theory (DFT) as well as wave function theory using Gaussian 09 program package. We 

have employed several dispersion-corrected DFT functionals (M06-2X, B3LYP-D3, ωB97-

XD)194-197 and 2nd order Moller-Plesset Perturbation (MP2)198-200 theory with Pople-type 

and Dunnings correlation-consistent basis-sets. Initial geometries of different 

conformers of the molecules or complexes are either chosen based on chemical intuition 

or generated using the Molclus program package.201 We have restricted the optimization 

calculation using the "ULTRAFINE" numerical integration grid and "TIGHT" convergence 

criteria. Binding energies of various conformers of the weakly bound dimer complexes 

are corrected for the Basis Set Superposition Error (BSSE) and Zero-Point Vibrational 

Energy (ZPE). The BSSE correction was implemented using the counterpoise method 

developed by Boys and Bernardi.202 The binding energies of the complexes are calculated 

as follows. 

∆EBE(AB) = EAB
AB(AB)−EA

A(A)−EB
B(B)   (2.10) 

Where A and B are monomers when they are infinitely separated from each other. AB is 

the molecular complex made with A and B.  ∆EBE(AB) is the energy of the complex AB 

calculated using a dimer basis set. EA
A(A) and EB

B(B) are the energy of the monomer 

calculated using their own basis set. As the monomers come together during complex 

formation, each monomer partially utilizes the basis functions of the other, resulting into 

additional stability to the molecular complex. This additional stabilization is referred to 

the BSSE. The BSSE corrected binding energy is calculated as: 
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∆𝐸𝐵𝐸
𝐶𝑃(AB) = EAB

AB(AB)−EA
AB(A)−EB

AB(B)   (2.11) 

Here, ∆𝐸𝐵𝐸
𝐶𝑃(AB) represents the counterpoise corrected binding energy of the molecular 

complex. EA
AB(A) and EB

AB(B) stand for the energies of A and B monomers using dimer 

basis sets, respectively. 

Additional correction for the zero-point energy (ZPE) in the binding energy of the 

complexes is carried out using the following equation. 

∆𝐸𝑍𝑃𝐸(AB) = 𝐸𝑍𝑃𝐸(AB) − 𝐸𝑍𝑃𝐸(A) − 𝐸𝑍𝑃𝐸(B)  (2.12) 

We compared the experimentally measured IR frequencies with the theoretically 

predicted IR frequencies of likely low-energy conformers of the molecules or complexes 

to ascertain the structures of the complexes found in the experiment. Harmonic 

vibrational frequencies of the complexes studied here, obtained from quantum 

calculations using the Gaussian program, were scaled by a factor derived from the ratio 

of the experimental and calculated SH or OH stretching vibrational frequencies of the 

monomer. 

2.2.2.   Natural Bond Orbital (NBO) analysis 

Nature and strength of various weak non-covalent interactions were analyzed 

qualitatively using NBO 6.0 program available within the Gaussian 09 program package. 

The NBO program was developed by Weinhold and co-workers. NBO program transforms 

the delocalized molecular orbitals into localized Natural Bond Orbitals (NBOs).203 NBOs 

can be localized in one center, two centers or three centers. The mathematical algorithm 

of this program converts the input of atomic orbital basis functions into Natural Atomic 

Orbitals (NAOs). These NAOs generate Natural Hybrid Orbitals (NHOs) through linear 

combination, which are further combined linearly to make Natural Bond Orbitals (NBOs). 
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NBOs are two types: bonding NBO (Lewis type) and an antibonding NBO (Non-Lewis 

type). The bonding NBOs are electron occupied while antibonding NBOs are not. Weak 

non-covalent interactions, according to NBO formalism, involves the delocalization of 

electron density from the filled Lewis-type orbitals to vacant non-Lewis type orbitals. The 

strength of the hydrogen bonding interaction is evaluated by the second-order 

perturbation energy, given as: 

𝐸𝑖→𝑗∗
(2)

= 𝑞𝑖
𝐹(𝑖,𝑗)2

𝜀𝑗−𝜀𝑖
    (2.13) 

Here, i and j* represent the donor and acceptor orbitals, respectively. F(i,j) is the off-

diagonal NBO Fock matrix element. 

2.2.3.   Energy Decomposition Analysis 

Binding energies of the non-covalently bonded complexes studied here were 

decomposed into different physically meaningful components utilizing the Localised 

Molecular Orbital-Energy Decomposition Analysis (LMO-EDA) method introduced by Su 

and Li and implemented in Gamess.204 This approach employs a straightforward yet 

resilient basis set-insensitive method for the decomposition analysis of the interaction 

energies of the complexes. This LMO-EDA method dissects the total Khon-Sham 

interaction energy of the molecular complexes into electrostatic, exchange, repulsion, 

polarization, and dispersion components. The Hayes and Stone approach is used to 

separate the electrostatic, exchange, and repulsion components of the interaction 

energy.34  The difference in exchange and correlation functions from the complex state to 

the monomer state is used to calculate the exchange and dispersion components of the 

interaction energy. 

2.2.4.   Quantum Theory of Atoms in Molecules (QTAIM) calculation 
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QTAIM is a very useful theoretical framework that provides a detailed and insightful 

understanding on bonding in molecular systems, especially for the molecular complexes 

formed by weak non-covalent interactions. It was developed by Richard F.W. Bader.205-

206 This theory was built upon the concept of the electron density distribution within a 

molecule. QTAIM utilizes the topology of the electron density to identify atoms within a 

molecule and characterize the interaction. The key concept in QTAIM is the idea of bond 

paths that connect the maximum electron density points called bond critical points (BCP). 

These BCPs characterize various features of the molecular structure, such as the position 

of the atoms and the nature of the chemical bond. This QTAIM calculation provides the 

possibility of the BCP in a non-covalent interaction path. Electron density on that BCP 

gives a qualitative idea of the strength of the non-covalent interactions.  
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Chapter 3 

S−H···O Hydrogen Bond Can Win over O−H···S 

Hydrogen Bond: Gas-Phase Spectroscopy of 

2-Fluorothiophenol···H2O Complex 

(Adapted with permission from “Metya S. and Das A., J. Phys. Chem. A 2022, 126, 49, 9178–

9189.” Copyright© 2022 American Chemical Society.) 
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3.1. Introduction 

In Chapter 1, we have discussed that hydrogen bonding is an indispensable 

component in the realm of biomolecules and materials 55, 57-59, 72, 76, 207-208 In recent times, 

the scope of research on hydrogen bonding has extended to unconventional hydrogen 

bonding involving carbon (C), sulfur (S), selenium (Se), phosphorous (P), halogens, etc.1-

2, 9, 68, 72, 130-131, 142, 162, 209-219 Such unconventional hydrogen bonding interactions play a 

significant role in the supramolecular assembly, drug design,  material chemistry, and 

crystal engineering.55, 207 Among all, sulfur-centered hydrogen bonding (SCHB) has 

gained much attention due to its unprecedented significance in biology and functional 

materials.6, 154, 220-222 Sulfur-containing amino acids cysteine (Cys) and methionine (Met) 

emerge as key players in stabilizing secondary protein structures wherein sulfur 

functions as both hydrogen bond donor and acceptor.141, 223 Sulfur is also abundant in 

drugs, vitamins, and antioxidants.224-225 Sulfur-containing drugs and amino acids often 

interact with proteins, DNA, etc., through SCHB interactions.216, 226-227 Various studies 

have found that S-H···O hydrogen bonding interactions between the S-H group of cysteine 

and the carbonyl oxygen of the backbone in proteins is more prevalent than any other 

type of hydrogen bonding interaction involving the S-H group present there.6, 154 Very 

recently, Das and co-workers performed a comprehensive analysis of 156947 protein 

data bank (PDB) structures and found the presence of ∼750 S−H···S hydrogen-bond 

interactions between the cysteine and methionine residues.162 From Cambridge 

structural database (CSD) analysis, Allen et al. reported that S is more dominant as a 

hydrogen-bond donor than as an acceptor in organic crystals.228 X-Ray crystallographic 

studies indicate the presence of various hydrogen bonding in biomolecules and materials, 

while IR and microwave spectroscopy techniques can demonstrate the inherent 

existence and strength of these non-covalent interactions. Due to the importance and 

significant abundance of the SCHB interactions, a growing number of studies are recently 

been reported in the literature to understand this interaction from gas-phase IR and 

microwave spectroscopy. However, most of these studies on the SCHB were focused on 

X−H···S, where sulfur acts as a hydrogen-bond acceptor and hydrogen bond donor atoms 

are conventional electronegative atoms i.e., X = O and N.2, 5, 130-131, 141, 215-217 Interestingly, 

it has been found recently that the O−H···S and N−H···S hydrogen bonds are of similar 
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strength as any conventional hydrogen bonds, i.e., O−H···N, O−H···O, N−H···O, etc.2-4, 131, 

229 

Surprisingly, spectroscopic investigation on the SCHBs with sulfur as a hydrogen-

bond donor is sparse in the literature, although crystallographic studies reveal the 

dominance of the hydrogen-bond donor ability of sulfur over that as an acceptor. 

Nevertheless, there were a few very early as well as recent solution phase FTIR 

spectroscopy studies reporting the observation of the S−H···O, S−H···N, and S−H···S 

hydrogen bonds in several complexes of organic molecules with various solvents.230-233 

On the other hand, gas-phase studies on the SCHBs with sulfur as a hydrogen-bond donor 

are further limited in the literature. Wategaonkar and co-workers studied the S−H···S 

hydrogen bond in H2S dimer and the S−H···O hydrogen bond in H2S···CH3OH, H2S···Et2O, 

H2S···Bu2O, and H2S···dioxane complexes using VUV ionization detected IR-

predissociation spectroscopy.7-8 Lobo et al. reported the observation of the S−H···O 

hydrogen bond in 2-phenyl-ethanethiol···Et2O complex using IR/UV double resonance 

spectroscopy.9 The S−H···O hydrogen bond in a dipeptide Ac-Phe-Cys-NH2 was reported 

by Rijs and co-workers employing various gas-phase spectroscopic techniques.223 

Recently, Das and co-workers probed the S−H···S hydrogen bond in 2-

cholorothiophenol···Me2S complex using UV/UV and IR/UV double resonance 

spectroscopy techniques.162 There are reports of very few microwave spectroscopy 

studies on the SCHB involving sulfur as a hydrogen-bond donor.234-236 

In this chapter, we have investigated the S−H···O hydrogen bond in the 2-FTP (2-

fluorothiophenol)···H2O complex using resonant 2-photon ionization (R2PI), UV−UV 

hole-burning spectroscopy, and resonant ion-dip infrared (RIDIR) spectroscopy 

combined with quantum chemistry calculations. Here, we have studied the complex of 2-

FTP instead of thiophenol as the ultrashort S1 state lifetime (50 fs) of thiophenol 

prohibits the measurement of the R2PI spectra.237 Ortho substitution of the fluorine atom 

on thiophenol significantly increases the S1 state lifetime of 2-FTP to 12.3 ps and favors 

the measurement of the R2PI (electronic) spectrum of 2-FTP.238 The present 

spectroscopic investigation on the 2- FTP···H2O complex is quite intriguing as it allows us 

to study the competition between the S−H···O and O−H···S hydrogen bonds due to the 

dual nature of H2O as hydrogen-bond donor and acceptor. Quantum chemical calculations 

such as natural bond orbital (NBO), non-covalent interaction index (NCI), atoms in
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molecules (AIM), and energy decomposition analysis (EDA) are performed to probe the 

nature of various interactions present in the complex. 

3.2. Result and Discussion 

3.2.1. Conformational Landscape of 2-FTP···H2O complex 

Probable conformers of 1:1 complex of 2-FTP and H2O are predicted from wave 

function theory as well as DFT calculations. The 2-FTP monomer has two distinct 

conformers, i.e., is and trans, in terms of the orientation of the S−H group toward the F 

atom and away from the F atom, respectively. Figure 3.1(a) shows the cis and trans 

conformers of the 2-FTP monomer optimized at the MP2/6-311++G (d, p) level of theory. 

cis-2-FTP has been found to be more stable than trans-2-FTP by 4.76 kJ mol−1 at the MP2 

level of calculation.  

Figure 3.1. Various low energy conformers of the (a) 2-FTP monomer and (b) 2-FTP···H2O 

complex optimized at the MP2/6-311++G(d,p) and cp-MP2/6-311++G(d,p) levels of theory, 

respectively. Erel stands for the relative electronic energy of the monomer while BE denotes the 

binding energy of the complex. Both Erel and BE are zero-point energy corrected while BE is 

additionally counterpoise (cp) corrected at every step during the geometry optimization. 
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A few low-energy conformers of the 2-FTP···H2O complex optimized at the cp-

MP2/6-311++G (d,p) level of theory are provided in Figure 3.1(b). Four cis conformers of 

the complex obtained from the calculation are named C1, C2, C3, and C4, while three trans 

conformers of the complex are termed T1, T2, and T3. The T1 conformer is the global 

minimum, although the binding energies of the C1 and T1 are quite close to each other. 

The primary interaction presents in both C1 and T1 is S−H···O hydrogen bond, while 

O−H···F and C−H···O hydrogen bonds constitute weak secondary interactions in C1 and 

T1, respectively. Both the C2 and T2 conformers are stabilized by the O−H···F and C−H···O 

hydrogen bonds. It could be noted that the O−H···S hydrogen-bonded conformers (C3, C4, 

and T3) are less stable than the S−H···O hydrogen-bonded structures (C1 and T1). Both 

the C4 and T3 structures are additionally stabilized by a weak O−H···F hydrogen bond, 

while the secondary interaction in C3 is a C− H···O hydrogen bond.  

 Table 3.1.  Zero-point energy (ZPE) and BSSE corrected binding energy (BE) calculated 
at different levels of theory for all the conformers of 2FTP···H2O complex 

* BE calculated at CCSD(T) using the single point energy calculation with the optimized 
geometry at cp-MP2/6-311++G(d,p) level of theory. This BE is not ZPE corrected. 

Although fluorine is known to be a poor hydrogen-bond acceptor,239 it is 

noteworthy that the fluorine hydrogen bonding is quite important in the stability and 

structural preferences of microhydrated complexes of fluorinated compounds. It was 

reported that the O−H···π hydrogen bonding motif in a nonplanar benzene···H2O complex 

 BE (kJ.mol-1) 

Level of theory C1 C2 C3 C4 T1 T2 T3 

6-
311++G(d,

p) 

cp-MP2 -9.54 -7.33 -6.85 -5.61 -10.00 -7.99 -6.77 

cp-M062X -12.24 -11.34 -11.08 -8.00 -12.75 -11.29 -9.05 

cp-B3LYP-
D3 

-12.86 -11.94 -10.20 -8.87 -14.76 -12.82 -10.65 

MP2 -7.28 -5.05 -5.53 -4.23 -8.29 -6.60 -4.06 

B3LYP-D3 -10.48 -10.20 -8.17 -2.64 -11.39 -11.15 -7.52 

aug-cc-
pVTZ 

cp-M062X -10.35 -8.97 -10.00 -8.48 -11.40 -9.44 -9.65 

cp-B3LYP-
D3 

-11.12 -10.42 -9.62 -9.11 -12.27 -11.19 -10.28 

cc-PVTZ 
cp-MP2 -7.63 -7.20 -6.79 -4.80 -11.02 -7.95 -6.38 

CCSD(T)* -12.16    -14.71   
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switched to a cyclic O−H··· F and C−H···O hydrogen bonding network forming planar 

structures in 1:1 complexes of H2O and fluorobenzenes except hexafluorobenzene.240-243 

Observation of a cooperative O−H···O−H···F−C hydrogen-bonded structure was reported 

for the o-fluorophenol···H2O complex by Chakraborty and co-workers.244 A similar cyclic 

hydrogen-bonded network consisting of the O−H···O and O−H···F hydrogen bonds were 

observed in the complexes of fluorinated ethanols with H2O.234 A combination of the 

O−H···F and C−H···O hydrogen bonds was reported in the complexes of p-fluoroacetylene 

and p-fluorostyrene.245-246 Robertson and co-workers reported the observation of 

O−H···X (X = F, Cl, Br) hydrogen bonds in hydrated clusters of halolethylbenzenes 

(PhCH2CH2X).247 Observation of the O−H···F hydrogen bond in difluoromethane···H2O 

complex was reported by Caminati et al.304  

The binding energies of all the conformers of the 2-FTP···H2O complex calculated 

at the cp-MP2 and MP2 levels as well as various DFT levels with and without cp corrected 

surface, are provided in Table 3.1. It has been found from all the levels of calculation that 

T1 is the global minimum. Single point energy calculation at the CCSD(T)/cc-pVTZ level 

on the cp-MP2/6-311++G (d,p) optimized geometries of the two major conformers C1 

and T1 also shows that T1 is more stable than C1 by 1.55 kJ mol−1 (Table 3.1). The basic 

trend of the binding energies of all the conformers at various levels of the calculation is 

mostly similar. 

A few important geometrical parameters of the 2-FTP monomer and the two 

significant conformers C1 and T1 of the 2-FTP···H2O complex calculated at the cp-MP2/6-

311++G (d,p) level of theory are listed in Table 3.2. It is noteworthy that the S−H group 

in cis-2-FTP and trans-2-FTP is out of the plane by 33° and 15°, respectively, considering 

the ∠C−C−S− H dihedral angle (Table 3.2). The nonplanarity of the S−H group in the C1 

conformer increases to 46° while the same in the T1 conformer decreases to 7°. cis-2-FTP 

has a very weak intramolecular S−H···F hydrogen bonding interaction, which is missing 

in the trans-2-FTP monomer. Apart from the very poor hydrogen-bond acceptor property 

of fluorine, the ∠S−H···F of 102° and S−H···F hydrogen-bond distance of 245 pm indicate 

the very weak nature of the S−H···F hydrogen bond present in cis-2-FTP (Table 3.2).239 

The S−H···O hydrogen bond distance and ∠S−H···O in the C1 and T1 conformers of 2- 

FTP···H2O fall in the regular domain of the hydrogen bond (Table 3.2). The O−H···F 

hydrogen bond in C1 and C−H···O hydrogen bond in T1 are identified as weak hydrogen 
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1Electronic Spectra of the 2-FTP monomer and 2- FTP···H2O complex. 

Table 3.2. Detailed geometrical parameters for the most stable conformers of the 

monomers and complexes calculated in cp-MP2/6-311++G (d,p) level of theory. 

Geometrical Parameters 2-FTP 2-FTP···H2O 

 cis trans C1 T1 

𝑟𝑆[7]−𝐻[8] (pm) 133.57 133.60 133.88 133.82 

𝛥𝑟𝑆[7]−𝐻[8] (pm) - -     0.31     0.22 

𝑟𝑆[7]−𝐶[6] (pm) 176.86 176.89 177.03 176.72 

𝑙𝑂[10]−𝐻[11] (pm) - -   95.93  96.02 

𝑙′𝑂[10]−𝐻[12] (pm) - -   96.08  96.03 

𝑑𝑆[7]−𝐻[8]···𝑂[10] (pm) - - 223.24 231.48 

𝑑𝑆[7]···𝑂[10] (pm) - - 355.10 364.99 

𝑑𝑂[10]−𝐻[12]···𝐹[9] (pm) - - 227.79 - 

𝑑𝑆[7]···𝐹[9] (pm) 302.05 291.31 304.06 291.66 

𝑑𝑆[7]−𝐻[8]···𝐹[9] (pm) 245.48 - 265.41 - 

𝑑𝐶[5]−𝐻[14]···𝑂[10] (pm) - - - 267.82 

∠ 𝑆[7] − 𝐻[8] ··· 𝑂[10] (°) - - 167.4 175.1 

∠ C[6] − 𝑆[7] − 𝐻[8] (°) 96.1 94.5  96.5  94.6 

∠ H[11] − 𝑂[10] − 𝐻[12] (°) - - 104.6 103.8 

∠ S[7] − 𝐻[8] ··· 𝐹[9] (°) 101.6 -  93.3 - 

∠ O[10] − 𝐻[12] ··· 𝐹[9] (°) - - 127.5 - 

∠ C[5] − 𝐻[14] ··· 𝑂[10] (°) -  - 148.9 

∠ C[1] − 𝐶[6] − 𝑆[7] − 𝐻[8] (°) 33.3 165.2 46.2 172.6 

∠ C[1] − 𝐶[6] − 𝑆[7] ··· 𝑂[10] (°) - - 41.6 172.8 
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3.2.2. Electronic Spectra of the 2-FTP monomer and 2- FTP···H2O 

complex 

The time of flight (TOF) mass spectrum of mixed vapor of 2-FTP and H2O 

measured at 35221 cm−1 employing 1C-R2PI spectroscopy is shown in Figure 3.2. The 

mass spectrum shows the peaks for only the 2-FTP monomer and 2-FTP···H2O dimer. The 

vapor pressure of both 2-FTP and H2O was controlled to minimize the formation of 

higher-order clusters. Mass-selected electronic spectra of the 2-FTP monomer and 2-

FTP···H2O complex measured in argon (Ar) carrier gas using the 1C-R2PI technique are  

given in Figure 3.3 panels a and b, respectively. The electronic spectrum of the 2-FTP 

monomer was reported earlier, and only the electronic origin band of the monomer 

(35555 cm−1) has been shown here. It was reported by Kim and co-workers that the 

electronic band presented here in Figure 3.3(a) was due to the cis-2-FTP monomer.237 

They assigned the S1 vibronic bands observed in the R2PI spectrum to the cis conformer 

of the 2-FTP monomer using detailed Franck−Condon analysis based on the DFT 

calculations. We have also determined the cis−trans isomerization barrier in 2-FTP at the 

MP2 as well as several DFT level calculations and found that the barrier height was in the 

range of 180−260 cm−1  (Table 3.3). Such a low isomerization barrier could be 

Figure 3.2. TOF Mass spectrum of mixed vapor of 2-FTP and H2O measured at 35221 cm−1 

(origin band of the 2-FTP‧‧‧H2O complex) employing 1C-R2PI spectroscopy.  
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responsible for the complete collisional relaxation of trans-2-FTP to cis-2-FTP.248 

 

Table 3.3. Energy barrier between the cis and trans conformers of the 2-FTP monomer 

Level of theory Energy barrier (cm-1) 

MP2/6-311 ++ G (d,p) 267 

M06-2X/6-311++ G (d,p) 191 

ωB97X-D/6-311 + G (d,p) 183 

 

Figure 3.3. Mass-selected electronic spectra of the (a) cis-2-FTP monomer showing the origin 

band and (b) 2-FTP···H2O complex measured by 1C-R2PI technique. (c,d) UV−UV hole-burning 

spectra of the conformers A and B of the 2-FTP···H2O complex measured by probing the 35221 

(𝐴0
0 ) and 35232 (𝐵0

0) 𝑐𝑚−1 bands, respectively, in the electronic spectrum. The number in the 

parentheses below each band of the hole-burning spectra in parts c and d denotes the 

intermolecular vibrational frequency of the complex in 𝑐𝑚−1. A tentative assignment of the low 

frequency intermolecular vibration is provided in Table 3.4. Assignment of the bands marked 

with asterisks in Figure 3.3(b) could not be done through UV−UV hole-burning due to their weak 

intensity 
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The origin band for the S1 ← S0 transition of the 2-FTP···H2O complex (35221 

cm−1) displayed in Figure 3.3(b) is red-shifted from that of the 2-FTP monomer by 334 

cm−1. The red-shift in the origin band transition of the complex with respect to that of the 

monomer signifies that the stability of the complex with respect to the monomer in the 

S1 state is more than that in the S0 state. Multiple low-frequency bands (Figure 3.3 (b) ) 

observed in the higher energy side of the origin band of the complex are assigned by the  

Table 3.4. Observed and calculated low-frequency intermolecular vibrations of the T1 

and C1 conformers of the 2-FTP‧‧‧H2O complex. Excited state (S1) vibrational frequencies 

are calculated at the CIS/6-311++G(d,p) level of theory using the optimized geometry 

obtained at the cp-MP2/6-311++G(d,p) level of theory 

Low-frequency intermolecular vibrations (cm-1) 

Conformer A Conformer B 

Observed 
Calculated 

(T1) 
Assignment Observed 

Calculated 

(C1) 
Assignment 

35221  A0
0  35232  B0

0 

 24 α 20 27 α' 

40 39 β 39 41 β' 

72 85 γ 72 82 γ' 

104 98 δ 103 89 δ' 

 122 ε  107 ε' 

131  (β+γ) 143  2γ' 

143  2γ 180  (γ'+δ') 

174  (γ+δ)  188 ζ 

179 179 ζ 201  2δ' 

201  2δ 219  3γ' 

217  3γ 340  (2γ'+2δ') 

252  (β+2δ)    

282  4γ    
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UV−UV hole-burning spectra are presented in Figure 3.3(c,d). Figure 3.3(c) exhibits the 

UV−UV hole-burning spectrum of conformer A of 2-FTP···H2O by probing the origin band 

(A0
0  ) at 35221 cm−1. The low-frequency vibronic bands in the spectrum shown in Figure 

3.3(c) are tentatively assigned as several intermolecular modes of the complex and their 

overtones, as well as combination bands. Figure 3.3(d) shows the UV−UV hole-burning 

spectrum of the conformer B of 2-FTP···H2O by probing the origin band (B0
0) at 35232 

cm−1. Interestingly, the low-frequency intermolecular vibrations riding on B0 0 are quite 

similar to those observed for the conformer A. Assignment of the low-frequency 

intermolecular vibrations of the conformers A and B provided in Figure 3.3(c) and 3.3(d), 

respectively, is done with the help of the S1 state vibrational frequency calculation of the 

T1 and C1 conformers performed at the CIS/6-311++G(d,p) level of theory. A comparison 

of the observed low-frequency vibrations of the conformers A and B with the predicted 

S1 state intermolecular vibrations of the T1 and C1 conformers of 2- FTP···H2O is 

provided in Table 3.4.  

Figure 3.4. Electronic spectra measured at the (a) 2-FTP monomer mass channel (in the absence 

of cluster formation with H2O), (b) 2-FTP monomer mass channel (under the clustering condition), 

and (c) 2-FTP‧‧‧H2O mass channel. (d) and (e) are the UV-UV hole-burning spectra of the 2-

FTP‧‧‧H2O complex. 
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It could be noted that a few very weak bands, marked by asterisks, present in the 

R2PI spectrum in Figure 3.3(b) did not give any depletion in the hole-burning spectrum 

of either conformer A or conformer B. Thus, these weak bands belong to a different 

species other than conformers A and B. However, it was found difficult to obtain any hole-

burning spectrum by probing any one of these weak bands, and hence, we did not make 

any assignment for these bands. We have also measured the electronic spectrum of 2-

FTP···H2O further in the blue side (∼500 cm−1  ) of the origin band of the 2-FTP monomer 

to search for any other conformer of the complex. Figure 3.4(c) shows the complete 

electronic spectrum of 2-FTP···H2O covering the extended blue region. A few very weak 

bands observed in the blue side of the 2-FTP monomer origin band were assigned to 

conformer A of 2-FTP···H2O through UV− UV hole-burning spectroscopy (Figure 3.4(d)).  

To check for the fragmentation of the 2-FTP···H2O dimer and its higher order 

clusters upon ionization, we have also measured the electronic spectrum in the 2-FTP 

monomer mass channel under the clustering conditions. A comparison of the electronic 

spectra measured in the 2-FTP···H2O, 2-FTP monomer (under clustering conditions), and 

pure 2-FTP monomer (while cluster is not forming) mass channels has been displayed in 

Figure 3.4(c) 3.4(b), and 3.4(a), respectively. It is obvious from the comparison that the 

bands, which are on the red side of the 2-FTP monomer origin and appear in the 2- 

FTP···H2O mass channel, are also present in the electronic spectrum obtained in the 2-

FTP monomer mass channel under clustering conditions (Figure 3.4(b,c)). The bands, 

Figure 3.5.  Comparison of the electronic spectra of the 2-FTP‧‧‧H2O complex recorded by 1C 

R2PI technique using (a) argon (Ar) and (b) He-Ne (70%-30%) carrier gases. 
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which are in the blue side of the 2-FTP monomer origin and appearing in the 2-FTP···H2O 

mass channel, are so weak that they are not even present in the 2-FTP monomer mass 

channel under clustering conditions. Thus, there is an efficient fragmentation of the 2-

FTP···H2O dimer into the 2-FTP monomer upon ionization of the dimer. It is unlikely, 

considering the overall results, that there is fragmentation of any higher order clusters, 

which appear in the 2-FTP monomer mass channel.  

We have further measured the electronic spectrum of the 2- FTP···H2O complex 

using 30%He-70%Ne carrier gas and compared the spectrum with that measured using 

Ar carrier gas. It is found from the comparison provided in Figure 3.5 that the two 

electronic spectra measured using different carrier gases are mostly identical. Thus, there 

was no conformation relaxation of the 2-FTP···H2O complex due to the use of Ar as a 

carrier gas. 

3.2.3. IR Spectra of the 2-FTP Monomer and 2-FTP··· H2O Complex 

IR spectrum of the cis-2-FTP monomer is measured in the S−H stretching 

frequency region, while the IR spectra of the 2-FTP···H2O complex are measured in both 

the S−H and O−H stretching frequency regions using RIDIR spectroscopy. Figure 3.6(a) 

shows the IR spectrum of the cis-2- FTP monomer by probing the 00
0 band (35555 cm−1  

) of the monomer in the electronic spectrum. The S−H stretching frequency of the cis-2-

FTP monomer is observed at 2625 cm−1. It should be noted that the intensity of the S−H 

stretching transition is very weak. The theoretical intensity of the S−H transition in the 

2-FTP monomer is found ∼1 km/mol at the MP2/6-311++G(d,p) level of theory. To detect 

this low-intensity transition in the IR spectrum, we have averaged 15 individual S−H 

scans, each of which is already averaged over 256 laser shots. Robertson and co-workers 

reported the observation of the weak S−H transition of 2-phenylethanethiol at 2590 cm−1  

in the gas-phase using IR/UV double resonance spectroscopy.9 

Figure 3.6(c,e) displays the IR spectra of the 2-FTP···H2O complex measured in the 

S−H and O−H stretching regions by probing the A0
0  (35221 cm−1  ) and B0

0 (35232 cm−1  ) 

bands in the electronic spectrum. Theoretical IR spectra of the T1 and C1 conformers of 

2-FTP···H2O calculated at the cp-MP2/6- 311++G(d,p) level of theory are provided in 

Figure 3.6 panels (d) and (f), respectively. The S−H frequency in the complex 
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obtained from the harmonic calculation is scaled by a factor of 0.9375 derived from the  

ratio of the experimental (2625 cm−1) and MP2/6- 311++G(d,p) level calculated (2800 

cm−1  ) S−H stretching frequency of the 2-FTP monomer. Similarly, the theoretical O−H 

frequencies in the complex obtained from the harmonic frequency calculations are 

multiplied by a scaling factor of 0.9378 derived from the ratio of the experimental 

asymmetric O−H stretching frequency (3756 cm−1) of free H2O reported in the literature 

and that obtained from the MP2/6-311++G(d,p) level of calculation.249-250 There is a nice 

agreement between the experimental and theoretical IR spectra of the two conformers of 

the complex. The theoretical scaled IR spectrum of the 2-FTP monomer is also provided 

in Figure 3.6(b). It has been shown recently that the cp-MP2 level of theory reproduces 

well the experimental IR frequencies of the sulfur-centered hydrogen-bonded 

Figure 3.6. IR spectra of the (a) 2-FTP monomer, (c) conformer A of 2-FTP···H2O, and (e) 

conformer B of 2-FTP···H2O measured by RIDIR spectroscopy. (b,d,f) Theoretical scaled IR stick 

spectra of the 2-FTP monomer, T1, and C1 conformers of the 2-FTP···H2O complex, respectively, 

calculated at the cp-MP2/6-311++G(d,p) level of theory. O−H (s) and O−H (as) in parts (d) and 

(f) denote symmetric and asymmetric O−H stretching frequencies, respectively. The scaling 

factors for the harmonic S−H and O−H frequencies are discussed in the text. 
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complexes.7, 251-252 

The 2601 cm−1  band in the IR spectrum of the conformer A provided in Figure 

3.6(c) is assigned to the transition of the S−H group, which is hydrogen bonded with the 

oxygen atom of the H2O molecule in the T1 conformer of 2-FTP···H2O. The IR band of the 

conformer B of 2-FTP···H2O appearing at 2596 cm−1  arises due to the hydrogen bonded 

(S−H···O) S−H group present in the C1 conformer [Figure 3.6(e)]. The hydrogen-bonded 

S−H frequency values in the T1 and C1 conformers are red-shifted by 24 and 29 cm−1  , 

respectively, from the frequency of the free S−H group in the 2-FTP monomer. 

The 3749 cm−1  band observed in the IR spectra of both the conformers A and B 

provided in Figure 3.6 panels (c) and (e), respectively, is assigned to the asymmetric (as) 

O−H stretch of H2O in 2-FTP···H2O. The symmetric (s) O−H stretching vibration of H2O in 

2-FTP···H2O, which is not observed in either of the IR spectra of the conformers A and B 

due to its weak intensity, appears weakly at 3647/3646 cm−1  in the theoretical IR 

spectra provided in Figure 3.6(d,f). The absence of the weak symmetric O−H stretching 

vibration was also reported earlier in the gas-phase IR spectrum of the phenol···H2O 

complex.249 The asymmetric and symmetric O−H stretching vibrations in the gas-phase 

IR spectrum of free H2O appear at 3756 and 3658 cm−1 , respectively.249-250 It should be 

noted that both phenol and 2-FTP act as hydrogen-bond donor while H2O acts as a 

hydrogen-bond acceptor in phenol···H2O as well as 2-FTP···H2O complexes. Both the O− 

H groups of H2O in the T1 and C1 conformers are mostly free, although one of the O−H 

groups in C1 makes a very weak O−H···F hydrogen bond suggested by the corresponding 

hydrogen-bond parameters provided in Table 3.2 

A comparison of the experimental IR spectra of the two observed conformers of 

2-FTP···H2O with the theoretical IR spectra of the seven low-energy conformers of the 

complex calculated at the cp-MP2/6- 311++G(d,p) level of theory has been provided in 

Figure 3.7. It is apparent from the comparison that the two observed conformers of 2-

FTP···H2O are T1 and C1 only. The S−H group in all the conformers of 2-FTP···H2O except 

T1 and C1, as seen in Figure 3.7(c) and 3.7(e), are free, and hence, the IR intensity of the 

free S−H vibration of those conformers is extremely weak. The intensity of the IR band of 

the free S−H group of these conformers is multiplied by a factor of 100 to make it visible 

in the IR spectra provided in Figure 3.7. The IR frequency of the free S−H group in the 

conformers (C2, C3, C4, T2, and T3) of 2-FTP···H2O appears at the position similar to that 
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in the 2-FTP monomer (2625 cm−1  ). Here, the S−H IR band rather than the O−H band 

acts as a clear diagnostic marker for the assignment of the two observed conformers of 

2-FTP···H2O. 

 

The amount of the IR red-shift (25−30 cm−1 ) observed in the S−H frequency in 2-

FTP···H2O indicates that the S−H···O hydrogen bond is quite weak in comparison to its 

counterpart, i.e., O−H···O hydrogen in the phenol···H2O complex reported in the 

literature.249 The IR red-shift in the O−H stretching frequency for the O−H···O hydrogen 

in the phenol···H2O complex observed by Mikami and co-workers is 133 cm−1.249 

Interestingly, Robertson and co-workers could not observe the S−H···O bound conformer 

in their gas-phase spectroscopic study of the 2-phenylethanethiol···H2O complex.9 

Figure 3.7. Experimental and Calculated S-H and O-H Stretching frequencies of all the 

conformers of 2-FTP‧‧‧H2O complex. Frequencies are calculated at the cp-MP2/6-311++G (d,p) 

level of theory. S-H stretching frequencies are scaled with a factor of 0.9375, derived from the 

ratio of experimental and calculated S-H stretching frequency of the 2-FTP monomer. Similarly, 

O-H frequencies are scaled by a factor of 0.9378 obtained from the observed and calculated 

antisymmetric O-H frequencies of free water 
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However, they found the conformer of 2-phenylethanethiol···H2O complex with the 

O−H···S hydrogen bond having a red-shift of 117 cm−1  in the O−H stretching frequency. 

Here, 2- phenylethanethiol acts as a strong hydrogen-bond acceptor while H2O performs 

as a good hydrogen-bond donor, unlike the case of the 2-FTP···H2O complex where the 

thiol and H2O play opposite roles for the hydrogen-bond interaction. Thus, the role of the 

hydrogen-bond donor or acceptor in a given set of hydrogen bonding partners depends 

on their combined proton affinity and pKa values apart from the electronegativity values 

of the hydrogen-bond donor and acceptor atoms.8, 252 The pKa value of 2-FTP is much less 

than that of 2- phenylethanethiol as aromatic thiols are more acidic than aliphatic thiols. 

Hence, the hydrogen-bond donor ability of 2- FTP is more than that of 2-

phenylethanethiol. Although the pKa values of 2-FTP and 2-phenylethanethiol are not 

found in the literature, those values for similar compounds such as thiophenol (6.52) and 

phenylmethanethiol (9.43) are reported in the literature.253 Furthermore, the pKa values 

of phenol (9.99) and 2-fluorophenol (8.73) are reported in the literature.254-255 

In the case of the 2-phenylethanethiol···Et2O complex reported in the literature, 

the S−H···O hydrogen-bonded conformer observed in the experiment as 2-

phenylethanethiol is the only choice as a hydrogen-bond donor in the complex. The IR 

red-shift of 24 cm−1 in the S−H frequency for the S− H···O hydrogen bond in 2-

phenylethanethiol···Et2O has been reported by Robertson and co-workers.9 

Bhattacharjee et al. observed S−H···O hydrogen bond with an IR red-shift of 44 cm−1  in 

the S−H frequency in the H2S···MeOH complex.8 Here, MeOH is favored over H2S as a 

hydrogen-bond acceptor in terms of their proton affinity values, while H2S is preferred 

over MeOH as a hydrogen-bond donor in terms of their pKa values. The proton affinity 

values of MeOH and H2S are 754 and 705 kJ mol−1, respectively, while their pKa values 

are 15.5 and 7.0, respectively.256-258 100−103 Later, they reported the observation of the 

S−H···O hydrogen bond in H2S···Et2O, H2S···Bu2O and H2S···1,4-dioxane with IR red-shift 

values of 46, 63, and 49 cm−1, respectively.8 Thus, the overall results on the S−H···O 

hydrogen bond reveal that this interaction, although weak, can be modulated by a 

suitable choice of the hydrogen-bond donor and acceptor molecules. 
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3.2.4. Analysis of the Non-covalent Interactions in the 2-FTP···H2O 

complex 

The non-covalent interactions present in the observed conformers of the 2-

FTP···H2O complex, i.e., C1 and T1 are analyzed by QTAIM, NCI, NBO, and EDA 

calculations. These quantum mechanical analyses are extremely important to have a 

qualitative understanding of the physical nature and strength of the hydrogen bond or 

any other non-covalent interaction observed in the molecular systems from the 

experiment. Although only the major non-covalent interactions, i.e., S−H···O and O−H···O 

hydrogen bonds in the complex, have been probed through the IR experiment, the 

Figure 3.8. Molecular graphs of the C1 and T1 conformers of the (a) 2-FTP···H2O and (b) 2 

FP···H2O complex obtained from QTAIM calculation performed on the cp-MP2/6-311++G(d,p) 

level optimized geometries. Electron density (ρ) and its Laplacian (∇2 ρ) values at the bond 

critical points (BCPs) of the hydrogen bonds present in the two conformers are provided with the 

figure. (b) 
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weak/secondary interactions (O−H···F and C−H···O) in combination with the primary 

interactions are addressed through the QTAIM, NCI, and NBO analyses.    

Electron density maps in the two conformers are generated by QTAIM analysis 

using the wave functions calculated from the structures optimized at the cp-MP2/6-

311++G(d,p) level of theory. The molecular graphs representing the bond critical points 

(BCPs) and bond paths for the C1 and T1 conformers of the 2-FTP···H2O complex are 

shown in Figure 3.8 panels (a). The most important AIM parameters, i.e., electron density 

 

(ρ) and its Laplacian (∇2ρ) at the BCPs of the hydrogen bonds in the C1 and T1 

conformers, are provided with the figure. The AIM molecular graphs indicate the 

presence of the S−H···O and O−H···F hydrogen bonds in C1 and the S−H···O and C−H···O 

Figure 3.9. (a,b) NCI plot of reduced density gradient (RDG, a.u.) as a function of the electron 

density multiplied with the sign of the second eigenvalue of the electron density Hessian matrix 

[sign (λ2)ρ, (a.u.)] for the C1 and T1 conformers of 2-FTP···H2O. (c,d) NCI isosurface plots showing 

the non-covalent interactions present in the C1 and T1 conformers. Gradient isosurface follows a 

blue-green-red color scheme over the range of −0.04 < sign(λ2)ρ < 0.04, where blue, green, and 

red colors denote very strong attraction, weak attraction, and strong repulsion, respectively. RDG 

minima and corresponding non-covalent interactions represented by NCI isosurfaces are marked 

by squares and circles. The NCI calculations are performed on the cp-MP2/6-311++G(d,p) level 

geometries. 
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hydrogen bonds in T1. It could be noted that the weak nature of the O−H···F hydrogen 

bond is not reproduced well from the AIM analysis.  

Figure 3.9 shows the reduced density gradient (RDG) plot and NCI isosurface for 

the two experimentally observed conformers C1 and T1 of 2-FTP···H2O obtained from 

NCI analysis. The RDG is plotted against the sign(λ2)ρ, where λ2 is the second eigenvalue 

of the electron density Hessian matrix. A negative value of λ2 represents an attractive 

interaction, while a positive value illustrates a repulsive interaction. The RDG and density 

(ρ) cutoff values are set at 2.0 and 0.1 au, respectively, while the NCI isosurface value is 

fixed at 0.3 a.u. The S−H···O hydrogen bonding, which is a primary interaction in both C1 

and T1 conformers, is highlighted with a square in both the RDG plot and NCI isosurface. 

Similarly, the secondary interactions, i.e., O−H···F and C−H···O hydrogen bonds present in 

the C1 and T1 conformers, respectively, are marked with circles in the RDG and NCI 

Figure 3.10. NBO overlap for the (a) S−H···O and O−H···F hydrogen bonds in the C1 conformer of 

2-FTP···H2O, (b) S−H···O and C− H···O hydrogen bonds in the T1 conformer of 2-FTP···H2O (c,d) 

are conventional O-H‧‧‧O hydrogen bonds in the C1 and T1 conformers of 2- FP (2-

fluorophenol)‧‧‧H2O complexes, respectively. NBO 2nd order perturbation energy value for 

individual non-covalent interaction is provided with the NBO plot. NBO calculations are 

performed on the MP2/6-311++G(d,p) level optimized geometries.  
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isosurface plots. The RDG plots clearly show that the S−H···O hydrogen bond present in 

both the conformers is stronger than the O−H···F or C−H···O hydrogen bonds present 

there.  

NBO analysis further corroborates the presence of multiple hydrogen-bond 

interactions in the C1 and T1 conformers of 2- FTP···H2O. According to the NBO theory, 

the lone pair electrons in the donor NBO (i) get delocalized into the antibonding acceptor 

NBO (j*) when hydrogen bond or some other non-covalent interaction is present in a 

molecule or complex. The strength of the non-covalent interaction is represented by NBO 

second-order perturbation energy (𝐸𝑖→𝑗∗
(2)

). Figure 3.10 (a, b) depicts the NBO overlap and 

Ei→j (2) values for the S− H···O and O−H···F hydrogen bonds in the C1 conformer and 

S−H···O and C−H···O hydrogen bonds in the T1 conformer of 2-FTP···H2O. The NBO results 

indicate that the S−H···O hydrogen bond present in the C1 conformer (22.59 kJ mol−1) is 

relatively stronger than that in the T1 conformer (16.17 kJ mol−1). In the case of the 

S−H···O hydrogen bond present in both the conformers, the p-type lone pair of the oxygen 

atom of H2O has a major contribution to the NBO overlap, while the contribution of the s-

type lone pair is insignificant. The NBO interaction energy obtained for the S−H···O 

hydrogen bond in the T1 (16.17 kJ mol−1) and C1 (22.59 kJ mol−1) conformers 

qualitatively agree with the IR red-shift of 24 and 29 cm−1  , respectively, observed for 

the two conformers in the experiment. The small amount of red-shift (∼25−30 cm−1  ) in 

the S−H frequency of the C1 and T1 conformers observed from IR spectroscopy indicate 

that the unconventional S−H···O hydrogen bond is weak in nature and the NBO 

interaction energy of 16−22 kJ mol−1 for the S−H···O hydrogen bond obtained for the two 

conformers corroborate this. Generally, NBO interaction energy for any conventional 

hydrogen bond such as O−H···O is much higher than that obtained here for the S−H···O 

hydrogen bond. We have calculated the NBO interaction energy for the O−H···O hydrogen 

bond in the C1 conformer of 2-fluorophenol (2-FP)···H2O and found that the interaction 

energy is 51 kJ mol−1 (Figure 3.10 c, d). It has been reported from IR spectroscopy 

experiments that the IR red-shift in the OH stretching frequency for the strong O−H···O 

hydrogen bond in 2-FP···H2O is 242 cm−1.244 Thus, the NBO results obtained for the 
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unconventional S−H···O and conventional O−H···O hydrogen bonds corroborate the IR 

spectroscopy results. 

Although the S−H···O hydrogen bond present in the C1 conformer is stronger than 

that in the T1 conformer, the binding energy of the latter one is slightly higher than the 

former one. However, the binding energies of the complexes are not only due to the 

hydrogen-bond interactions present there. The binding energies are due to the overall 

contribution of the electrostatics, exchange, repulsion, polarization, and dispersion 

interactions present in the complex, which are calculated from energy decomposition 

analysis (EDA) and displayed in Figure 3.11. The EDA results discussed in the following 

section will be able to shed light on the correlation between the binding energy values 

and S−H···O hydrogen-bond strength of the C1 and T1 conformers of the complex. 

 

The NBO calculation also shows that the secondary interactions, i.e., O−H···F and 

C−H···O hydrogen bonds in C1 and T1, respectively, are much weaker than the S−H···O 

hydrogen bond. Furthermore, the O−H···F hydrogen bond is found to be weaker than the 

Figure 3.11. Decomposition of the total interaction energies of the C1 and T1 conformers of 2-

FTP···H2O at the M06-2X/aug-cc-pVTZ level of theory on the cp-MP2/6-311++G(d,p) optimized 

geometries using the LMO-EDA method. The total interaction energy (E) of the complex is 

decomposed into electrostatics (ES), exchange (EX), repulsion (REP), and polarization (POL) 

components. 
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C−H···O hydrogen bond. The O−H···F hydrogen bond interaction is inherently weak in 

nature as fluorine is a very poor hydrogen-bond acceptor.239 

In order to get a qualitative idea of the origin of the stability of the C1 and T1 

conformers of 2-FTP···H2O, total interaction energies are decomposed into different 

components using the localized molecular orbital energy decomposition analysis (LMO-

EDA) method. In the EDA method, total interaction energy (E) is decomposed into 

electrostatics (EES), exchange (EEX), repulsion (EREP), polarization (EPOL), and dispersion 

(EDISP) components. Figure 3.11 shows the different components of the interaction energy 

for the C1 and T1 conformers obtained from the EDA calculation performed at the M06-

2X/ aug-cc-pVTZ level of theory. It is noteworthy that both the conformers are stabilized 

by a significant amount of electrostatics as well as dispersion interactions. However, the 

repulsion energy in the C1 conformer (62.68 kJ mol−1) is much higher than that in the T1 

conformer (48.49 kJ mol−1), although the electrostatics, exchange, and dispersion 

energies in the former are higher than those in the latter. Thus, the binding energy of the 

T1 conformer eventually becomes a little higher than that of the C1 conformer. 

The weak nature of the unconventional S−H···O hydrogen bond in 2-FTP···H2O 

revealed from the NBO, AIM, analyses can be compared with the strong conventional 

O−H···O hydrogen bond in 2-fluorophenol (2-FP)···H2O determined from similar 

quantum mechanical analyses. A comparison between the NBO, AIM, and NCI parameters 

for the S−H···O hydrogen bond in 2-FTP···H2O and O−H···O hydrogen bond in 2-FP···H2O 

is provided in Figures 3.10 (c, d), 3.8 (b), respectively. It is obvious from the comparison 

that the NBO, AIM, and NCI values are much higher for the O−H···O hydrogen bond than 

for the S−H···O hydrogen bond. 

3.3. Conclusions 

We have studied a 1:1 complex of 2-FTP and H2O in the gas-phase using R2PI and 

IR-UV double resonance spectroscopy combined with quantum chemistry calculations. 

Two conformers of the complex observed in the experiment are assigned as 

monohydrated clusters of the cis and trans-2-FTP monomers denoted as C1 and T1, 

respectively. It is found that both the observed conformers, C1 and T1, are formed by S− 

H···O hydrogen bonding as a primary interaction. Theoretical calculations predict that C1 

and T1 are almost isoenergetic. Interestingly, the O−H···S hydrogen-bonded conformers 
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of 2- FTP···H2O, which are higher in energy, are not observed in the experiment. The 

S−H···O hydrogen-bonded conformers dominate over the O−H···S hydrogen-bonded 

conformers as 2-FTP is a much better hydrogen-bond donor than H2O. However, the red-

shift observed in the S−H stretching frequency for the S−H···O hydrogen bond in 2-

FTP···H2O is small (25−30 cm−1), and hence, this interaction is found to be weak in 

nature. NBO, NCI, and AIM analyses support the observation of the S−H···O hydrogen 

bond in the experiment. 
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Chapter 4 

Modulation of the strength of weak S-H‧‧‧O 

hydrogen-bond: Spectroscopic study of the 

complexes of 2-Flurothiophenol with 

methanol and ethanol 
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4.1. Introduction 

We have discussed in Chapter 1 that the concept of hydrogen bonding holds 

significant importance in diverse fields, including biology, material science, 

supramolecular chemistry, and medicinal study.55, 57, 59, 68, 76, 207-208, 210, 212, 259-261 Since the 

redefinition of the hydrogen bond in 2011, there have been tremendous efforts among 

researchers to understand the physical nature and strength of the non-covalent 

interactions, involving various weakly electronegative elements (S, Se, P, C, halogens, etc.) 

in the periodic table.1-2, 5, 129, 141-142, 162, 211, 213-218, 262-263 Sulfur-centered hydrogen bonding 

(SCHB) is the one of the most recognized unconventional hydrogen bonding interactions 

due to its essential role in the structures and functions of proteins, supramolecular 

assemblies, and synthesis of novel material for optoelectronic purposes.2-5, 141, 215, 217, 264  

It has been found from the literature studies that sulfur can act as a hydrogen bond 

donor as well as an acceptor, and the dual roles of sulfur are important for the structures 

and functions of biomolecules and materials.215 In the previous chapter, we have 

discussed that the study of the SCHBs in the literature is mostly focused on the hydrogen-

bonded systems where sulfur is a hydrogen bond acceptor.2-5, 141, 215-217, 229, 265 There are 

only handful studies of SCHBs in the literature involving sulfur as a hydrogen bond 

donor.7, 9, 223, 230-233, 252, 266 Solution phase FTIR spectroscopy studies of a few thiophenol 

complexes reported many decades ago demonstrated the formation of S–H‧‧‧O, S–H‧‧‧N, 

and S–H‧‧‧π hydrogen bonds.230-232 A few gas-phase spectroscopic evidence of S-H‧‧‧S and 

S-H‧‧‧O hydrogen bonding where sulfur serves as a hydrogen bond donor in the non-

covalently bound complexes are reported using IR-UV double resonance spectroscopy, 
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microwave spectroscopy.7-8, 223, 266  

In the previous chapter, we have reported the strength of the S-H‧‧‧O hydrogen 

bond in 2-fluorothiophenol‧‧‧H2O (2-FTP‧‧‧H2O) complex, which has been found to be 

weaker in terms of the red-shift in the S-H frequency (~30 cm-1). Interestingly, a 

preference of the S-H‧‧‧O over the O-H‧‧‧S hydrogen bond was observed in the 2-FTP‧‧‧H2O 

complex, which demonstrated that the inherent choice of the hydrogen bond donor or 

acceptor in a hydrogen-bonded complex was governed by the pKa and proton affinities 

of the hydrogen bonding partners present there. In this chapter, we have further explored 

the modulation of the strength of weak S-H‧‧‧O hydrogen bond by studying the 1:1 

complexes of 2-FTP with MeOH and EtOH using resonant 2-photon ionization (R2PI), 

resonant ion-dip infrared (RIDIR), and UV-UV hole-burning spectroscopy in combination 

with quantum chemistry calculations. 

4.2. Results and discussion 

4.2.1. Electronic spectra of 2-FTP‧‧‧MeOH and 2-FTP‧‧‧ETOH complexes 

Time of flight mass spectra of mixed vapor of 2-FTP and MeOH as well as 2-FTP 

and EtOH measured separately using 1C-R2PI spectroscopy are shown in Figures 4.1(a) 

and 4.1(b), respectively. Vapor pressure of 2-FTP as well as MeOH and EtOH was 

controlled to restrict the cluster formation to 1:1 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH dimeric 

complexes in the experiment. Figure 4.2(b) shows the electronic spectrum measured in 

the mass channel of the 2-FTP‧‧‧MeOH complex (1:1) employing 1C-R2PI spectroscopy. 

The electronic spectrum of the 2-FTP monomer shown in Figure 4.2(a) displaying only 
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its electronic origin band (35555 cm-1) was reported earlier.237 UV-UV hole-burning -

spectroscopy was used to determine the presence of different conformers of the complex 

in the experiment. Figure 4.2(c-e) shows UV-UV hole-burning spectra of the 2-

FTP‧‧‧MeOH complex by probing the electronic bands marked with asterisks in Figure 

4.2(b). The presence of three distinct conformers of the 2-FTP‧‧‧MeOH complex marked 

as conformers A, B, and C are observed in the experiment. The origin bands for the S1←S0 

transitions of the conformers A, B, and C appear at 35232, 35208, and 35202 cm-1, 

respectively. Both of the conformers A and B exhibit a Franck-Condon progression of a 

low-frequency intermolecular vibrational mode of 14 cm-1, although the progression is 

much longer for the conformer A than that for B. On the other hand, the conformer C 

shows a single electronic band (origin transition) without any low-frequency 

intermolecular modes of appreciable intensity. The electronic spectra of the three 

conformers signify that the geometry change after electronic excitation of the conformer 

A along the 14 cm-1 mode is maximum while the same for the conformer C is negligible.  

Figure 4.1. TOF mass spectra of (a) 2-FTP‧‧‧MeOH complex recorded at 35277 cm-1 and (b) 2-

FTP‧‧‧EtOH complex recorded at 35307 cm-1. 
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Figure 4.3(b) shows the electronic spectrum measured in the mass channel of 2-

FTP‧‧‧EtOH (1:1) using 1-C R2PI spectroscopy. Figure 4.2(c-d) shows UV-UV hole-burning 

spectra of the 2-FTP‧‧‧EtOH complex by probing the electronic bands marked by asterisks 

in Figure 4.3 (b). The hole-burning spectroscopy confirms the presence of two 

conformers of the 2-FTP‧‧‧EtOH complex, marked as conformers A and B, in the 

Figure 4.2. Electronic spectra measured in the mass channels of the (a) cis-2-FTP monomer and 

(b) 2-FTP‧‧‧MeOH dimeric complex using 1C-R2PI technique. UV-UV hole-burning spectra 

corresponding to the three conformers of 2-FTP‧‧‧MeOH, named A, B, and C, are shown in the 

panels (c), (d), and (e), respectively. Hole-burning spectra were measured by probing the bands 

marked with asterisks (*) in the electronic spectrum presented in Figure 4.2 (b). The origin 

bands for the conformers A, B, and C of the complex appear at 35232 cm⁻¹, 35208 cm⁻¹, and 

35202 cm⁻¹, respectively. Intermolecular vibrational frequencies (in cm⁻¹) of the conformers of 

the complex are marked underneath each of the vibronic bands in the spectra depicted in the 

panels c, d, and e. 
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experiment, with their electronic origin bands appearing at 35269 and 35251 cm-1, 

respectively. Both of the conformers show a long progression of a low-frequency 

 intermolecular mode of ~12 cm-1. Interestingly, the frequency of the 

intermolecular mode observed for the 2-FTP‧‧‧EtOH complex is similar to that found for 

the 2-FTP‧‧‧MeOH complex. This has been discussed further (vide infra) in the light of the 

quantum chemistry calculations of these two complexes.  

 

It is worth comparing the electronic origin bands for the S1←S0 transitions of the 

2-FTP‧‧‧MeOH, 2-FTP‧‧‧EtOH, and 2-FTP‧‧‧H2O complexes. The origin bands for the two 

conformers of the 2-FTP‧‧‧H2O complex were reported at 35221 and 35232 cm-1.267 It is 

Figure 4.3. Electronic spectra measured in the mass channels of the (a) cis-2-FTP monomer and 

(b) 2-FTP‧‧‧EtOH dimeric complex using 1C-R2PI technique. UV-UV hole burning spectra of the 

two conformers of the 2-FTP‧‧‧EtOH complex designated as A (00
0 band at 35269 cm-1) and B 

(00
0 band at 35251 cm-1) are presented in panels c and d, respectively. Hole-burning spectra were 

obtained by probing the bands marked with asterisks in the electronic spectra presented in 

Figure 4.3(b). Intermolecular vibrational frequencies (in cm⁻¹) of the conformers of the complex 

are marked underneath each of the vibronic bands in the spectra depicted in the panels c and d. 
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apparent from the comparison that the red-shift in the electronic band origin of the three 

complexes of 2-FTP with respect to the origin band of the 2-FTP monomer (35555 cm-1) 

is similar i.e., in the range of 300-350 cm-1. A similar amount of red-shift in the band origin 

of these three complexes indicates that their stabilization energies with respect to the 

monomer in the S1 state are larger by a similar amount than that in the S0 state. 

We have also recorded the electronic spectra in the mass channel of the 2-FTP 

monomer under the clustering condition to verify whether there is any fragmentation of 

1:1 2-FTP‧‧‧MeOH or 2-FTP‧‧‧EtOH and their higher order clusters upon one-color 2-

photon ionization. Figures 4.4 and 4.5 show a comparison of the electronic spectra 

measured in the mass channels of the pure 2-FTP monomer (while cluster is not forming), 

2-FTP monomer (under clustering conditions), 2-FTP‧‧‧MeOH, and 2-FTP‧‧‧EtOH. The 

comparison clearly shows that there is no appreciable fragmentation of the dimeric 

complexes of 2-FTP with MeOH or EtOH and their higher-order clusters into the 2-FTP 

monomer mass channel.  

The structures, bonding, and stability of the observed conformers of the 2-

FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH complexes are determined through a combination of 

quantum chemistry calculations and conformation-specific gas-phase IR spectroscopy 

described below.  
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Figure 4.5. Mass-selected electronic spectra of (a) 2-FTP monomer in the absence of EtOH, (b) 2-

FTP in the presence of EtOH and recorded in the monomer mass channel, and (c) 2-FTP‧‧‧EtOH 

complex measured at the complex mass channel. A0
0,  𝑎𝑛𝑑 B0

0 are the origin bands of the 

corresponding A and B conformers of the 2-FTP‧‧‧EtOH complex. 

Figure 4.4. Mass-selected electronic spectra of (a) 2-FTP monomer in the absence of any 

complexing partner (b) 2-FTP monomer recorded at the fragmented monomer mass channel in 

cluster formation condition with methanol (c) 2-FTP‧‧‧MeOH complex observed at the complex 

mass channel. A0
0, B0

0, 𝑎𝑛𝑑 C0
0 are the origin band for the S1←S0 transition for the three conformers 

of the 2-FTP‧‧‧MeOH complex. 
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4.2.2 Quantum chemistry calculations of the 2-FTP‧‧‧MeOH and 2-

FTP‧‧‧ETOH complexes 

4.2.2.1 Low-energy conformations of the 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH 

complexes.  

As reported earlier, 2-FTP monomer exists as two conformers i.e., cis and trans, while the 

cis conformer is more stable than the trans by 4.2 kJ/mol at the MP2/6-311++G(d,p) level 

of theory.267 Thus, probable conformers of the 1:1 complexes of MeOH and EtOH have 

been considered with both cis-2-FTP and trans-2-FTP. Geometry optimization of various 

conformers of 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH was performed at the MP2 as well as 

various DFT levels. Figure 4.6. shows the structures of six low-energy conformers of the 

Figure 4.6. Structures of six low energy conformers of 2-FTP‧‧‧MeOH complex optimized at the 

M06-2X/6-311++G(d,p) level of theory. BE stands for the BSSE and ZPE corrected binding energy 

in  kJ/mol. Different colored dotted lines in the structures represent different non-covalent 

interactions present there. Distance (in Å) between two atoms involved only in the primary S-

H‧‧‧O hydrogen bonding interaction is provided with the structures. Geometrical parameters for 

the all interactions are given in Table 4.1. 
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2-FTP‧‧‧MeOH complex optimized at the M06-2X/6-311++G(d,p) level of theory. The 

conformers of 2-FTP‧‧‧MeOH are classified into two main categories i.e., trans and cis 

complexes of 2-FTP. The conformers belonging to trans-2-FTP are named T1, T2, and T3 

while those belonging to cis-2-FTP are termed C1, C2, and C3. BSSE and ZPE corrected 

binding energies (BE) of the conformers calculated at the M06-2X/6-311++G(d,p) level 

are also provided in Figure 4.6. It is interesting to note that the trans complexes (T1, T2, 

T3) of 2-FTP are more stable than the cis complexes (C1, C2, C3) of 2-FTP, although the 

stability order of the cis and trans conformer in the 2-FTP monomer is opposite. 

Important geometrical parameters of the conformers of the 2-FTP monomer and 

2-FTP‧‧‧MeOH complex are listed in Table 4.1. The global minimum conformer of the 

complex, T1, is primarily bound by a S-H‧‧‧O hydrogen bonding interaction along with 

secondary weak C-H‧‧‧O, C-H‧‧‧S, and C-H‧‧‧π interactions. The S-H‧‧‧O hydrogen bond 

present in T2 is slightly weaker than that in T1, and the weakening of this primary 

hydrogen bond in T2 is due to a subtle balance between the S-H‧‧‧O hydrogen bond and 

stacking interaction between the methyl group of MeOH and phenyl group of 2-FTP. The 

secondary interactions C-H‧‧‧S and C-H‧‧‧π are also present in T2. The interactions present 

in C1 are similar to those in T2, while C2 resembles T1 in terms of the interactions present 

there. However, C2 has additional weak O-H‧‧‧F interaction in place of the C-H‧‧‧O 

interaction present in T1. The C3 and T3 structures are stabilized primarily by O-H‧‧‧S 

interaction apart from the C-H‧‧‧π/stacking interaction present there. 

Table 4.1. Geometrical parameter of different conformers of 2-FTP‧‧‧MeOH complex 

calculated at M062X/6-311++G(d,p) level of theory. Distances are given in Å unit and 

angles, and dihedral angles are reported in (◦) unit 
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Interaction 
c-2-

FTP 

t-2-

FTP 
MeOH C1 C2 C3 T1 T2 T3 

In 2-FTP part 

dS[11]‒H[12]
 1.34 1.34 - 1.35 1.35 1.34 1.35 1.35 1.34 

∠C[1]‒S
[11]

‒H[12] 96.3 94.9 - 94.9 93.9 94.0 94.7 97.3 96.4 

dC[1]‒S[11]
 1.77 1.77 - 1.77 1.77 1.77 1.77 1.77 1.77 

∠ C[2]‒C[1]‒S[11]‒H[12] 8.6 3 - 8.6 3.0 -4.7 -37.1 7.2 -41.7 

dS[11]∠F[13]
 3.01 2.87 - 3.00 3.03 3.01 2.89 2.94 2.88 

dS[11]‒H[12]∠F[13]
 2.29 - - 2.54 2.43 2.29 - - - 

∠S[11]‒H[12]∠F[13] 109.6 - - 95.8 102.9 109.4 - - - 

In MeOH part 

dO[14]‒H[15]
 - - 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

∠C[16]‒O[14]‒H[15] - - 108.9 109.4 108.4 108.6 108.8 108.4 109.5 

Primary S-H‧‧‧O interaction 

dS[11]‒H
[12]

⋯O[14]
 - - - 2.28 2.09 - 2.16 2.25 - 

∠ S[11]‒H[12]‧‧‧O[14] - - - 129.0 159.4 - 148.3 132.7 - 

∠ C[2]‒C[1]‒S[11]‧‧‧O[14] - - - -61.8 36.5 - -21.7 -58.1 - 

dS[11]∠O[14]
 - - - 3.29 3.38 3.51 3.38 3.32 3.34 

Secondary interactions 

dC[16]‒H
[18]

∠π - - - 2.91 2.87 2.85 2.93 2.93 2.84 

dC[2]‒H
[7]

∠𝐎[14]
 - - - - - - 2.39 - - 
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The six low-energy structures of 2-FTP‧‧‧MeOH are also optimized at the MP2 and 

various other DFT levels of theory. Energy landscape of these six conformers of 2-

FTP‧‧‧MeOH calculated at different levels of theory are provided in Figure 4.7. The 

dO[14]‒H
[15]

∠S[11]
 - - - - - 2.59 - - 2.84 

dO[14]‒H
[15]

∠F[13]
 - - - - 2.27 - - - - 

dC[2]‒H
[7]

∠𝐎[14]
    3.27 3.28 - 3.1 3.05 - 

dC[16]‒C
[1]

    3.57 3.86 3.84 2.95 2.76 3.83 

dC[16]‒C
[2]

    3.08 3.34 - 3.69 3.64 - 

dC[16]‒C
[3]

    3.66 - - - - - 

dC[16]‒C
[5]

    - - - - 3.79 - 

dC[16]‒C
[6]

    - - 3.38 3.32 2.98 3.51 

          

Figure 4.7. Graphical representation of the Binding energies of the conformers of the 2-FTP‧‧‧MeOH 

complexes at different level of theory. 
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energetic trend of the T1 and T2 conformers at the MP2 level is similar to that obtained  

at the M06-2X/6-311++G(d,p) level of theory. However, the C2 conformer converges to 

C1 at the MP2 level of theory, and this convergence could be due to the overestimation of 

the dispersion interaction at this level of theory. Other DFT levels of theory, such as 

B3LYP-D3 and B97X-D converge the T2 structure to T1 and the C1 structure to C2. 

Hence, these two DFT functionals seem to underestimate the dispersion interactions 

present in both T2 and C1 conformers of 2-FTP‧‧‧MeOH containing both C-H‧‧‧π and 

stacking interactions. The performance of the M06-2X/6-311++G(d,p) level of theory 

appears to be satisfactory in terms of maintaining a subtle balance between the 

electrostatic and dispersion interactions present in various conformers of the 2-

FTP‧‧‧MeOH complex. 

It is worthwhile to have a comparison of the structures of the conformers of the 2-

FTP‧‧‧MeOH complex with those of the 2-FTP‧‧‧H2O complex reported in the literature.267 

In the case of the 2-FTP‧‧‧H2O complex, only the T1 and C2 versions of the S-H‧‧‧O 

hydrogen bonded conformers of the 2-FTP‧‧‧MeOH complex are present. Thus, the 

existence of the additional T2 and C1 conformers of the 2-FTP‧‧‧MeOH complex bound by 

secondary methyl/phenyl stacking interaction is quite anticipated. The conformational 

landscape of 2-FTP‧‧‧EtOH complex gets further complicated due to the presence of ethyl 

group in the place of one of the hydrogen atoms in H2O.  

In the case of the 2-FTP‧‧‧EtOH complex, the conformational population arises due 

to the combination of cis-2-FTP (C) and trans-2-FTP (T) with the gauche+ (g+), gauche- (g-

), and anti (a) conformers of EtOH. The g+, g- conformers of EtOH are a type of orientation 

with OH torsional angle of about +60 and -60, respectively, while the OH torsional angle 

in the a conformer is +180. Thus, the probable basic conformers for 2-FTP‧‧‧EtOH are 
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Tg+, Tg-, Ta, Cg+, Cg-, and Ca. Figure 4.8 shows the structures of a few low-energy 

conformers of the 2-FTP‧‧‧EtOH complex optimized at the M06-2X/6-311++G(d,p) level 

of theory. The structures and energetics of the g+ and g- versions of the conformers of the 

complex are very much similar. Hence, the Tg+ and Cg+ conformers are provided in Figure 

4, while the corresponding Tg- and Cg- conformers are given in Figure 4.9. In the case of 

Tg+, there are three closely lying structures Tg+(1), Tg+(2), and Tg+(3), due to different 

orientations of the EtOH moiety with respect to 2-FTP in the complex and the 

corresponding g−versions are Tg-(1), Tg-(2) and Tg-(3). Similarly, in the case of Cg+, there 

are three closely lying conformers named as Cg+(1), Cg+(2), and Cg+(3) and the 

Figure 4.8. Structures of ten low energy conformers of 2-FTP‧‧‧EtOH complex optimized at the 

M06-2X/6-311++G(d,p) level of theory. BE stands for the BSSE  and ZPE corrected binding energy 

in kJ/mol. Different colored dotted lines in the structures represent different non-covalent 

interactions present there. Distance (in Å) between two atoms involved only in the primary S-

H‧‧‧O hydrogen bonding interaction is provided with the structures. Geometrical parameters 

corresponding to all the interactions are presented in Table 4.2. The structures of Tg- and Cg- are 

mirror images of those of Tg+ and Cg+, respectively. Thus, the Tg- and Cg- are identical in structure 

and energy to the Tg+ and Cg+, respectively. The Tg- and Cg- structures, corresponding to the Tg+ 

and Cg+ structures presented in this figure, are provided in Figure 4.9.  
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corresponding Cg- structures are named as Cg-(1) Cg-(2), and Cg- (3). On the other hand, 

two low-energy conformers are present in each case of Ta and Ca and these conformers 

are termed Ta(1), Ta(2), Ca(1), and Ca(2).  

All the low-energy conformers of the 2-FTP‧‧‧EtOH complex are primarily bound by S-

H‧‧‧O hydrogen bond interaction. The conformers of 2-FTP‧‧‧EtOH bound by O-H‧‧‧S or O-

H‧‧‧π hydrogen bonds are generally less stable than those bound by O-H‧‧‧S hydrogen 

bonds as EtOH is more favorable as a hydrogen bond acceptor in terms of the proton 

affinity/pKa values of the two hydrogen bonding partners in the complex as reported 

earlier.253-254, 268 In the case of the phenol‧‧‧MeOH/EtOH or p-cresol‧‧‧MeOH/EtOH 

complexes, the most stable conformers observed in the experiment are those with 

MeOH/EtOH acting as hydrogen bond acceptors.4, 106, 269-270 

Table 4.2 presents several crucial geometric parameters of the 2-FTP‧‧‧EtOH 

complex, computed at the M06-2X/6-311++G(d,p) level of theory. It can be noticed from 

Figure 4.8 that Tg+(1) is the global minimum structure of the 2-FTP‧‧‧EtOH complex, while 

Figure 4.9.  Structure of the g−version of the conformers of 2-FTP‧‧‧EtOH complexes, calculated 

at M06-2X/6-311++G(d,p) level of theory. BE represents the BSSE and ZPE corrected binding 

energy in KJ/mol. 
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Tg+(2) and Tg+(3) are slightly higher in energy than Tg+(1). The Tg+(1) and Tg+(2) 

conformers are primarily stabilized by S-H‧‧‧O hydrogen bond along with several 

secondary interactions such as C-H‧‧‧O, C-H‧‧‧π, and C-H‧‧‧S. In Tg+(3), the S-H‧‧‧O 

hydrogen bond gets relatively weaker in order to accommodate more pronounced C-

H‧‧‧π/stacking interaction between the ethyl group of EtOH and phenyl group of 2-FTP. 

The C-H‧‧‧O hydrogen bond is absent in Tg+(3) but other secondary interaction C-H‧‧‧S 

hydrogen bond is present there. The Ta conformers [Ta(1) and Ta(2)] are mostly 

stabilized by S-H‧‧‧O and C-H‧‧‧O hydrogen bond interactions apart from very weak C-

H‧‧‧π, and C-H‧‧‧S interactions. The Cg+ conformers [Cg+(1), Cg+(2), and Cg+(3)] are 

stabilized by S-H‧‧‧O hydrogen bond as well as stacking/C-H‧‧‧π interaction between the 

EtOH and 2-FTP moieties. The structure of the Ca(1) conformer is due to a subtle balance 

among the S-H‧‧‧O, O-H‧‧‧F, and stacking/C-H‧‧‧π interactions while the stabilization of the 

Ca(2) conformer is dominated by S-H‧‧‧O hydrogen bond apart from very weak C-H‧‧‧S 

and C-H‧‧‧π interactions. It is noteworthy that the torsional angles of the three conformers 

of the ethanol monomer and C-C-S-H angle of the 2-FTP monomer are significantly 

altered in all the conformers of the 2-FTP‧‧‧EtOH complex (Table 4.2).  

Table 4.2. Geometrical parameter of different conformers of 2-FTP‧‧‧EtOH complex 

calculated at M062X/6-311++G(d,p) level of theory. Distances are given in Å unit and 

angles, and dihedral angles are reported in (◦) unit 
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In 2-FTP part t-2-

FTP 

c-2-

FTP 

Tg(1

) 

Tg(2

) 

Tg(3

) 

Ta(1

) 

Ta(2

) 

Cg(1

) 

Cg(2

) 

Cg(3

) 

Ca(1

) 

Ca(2

) 

dS[11]-H12]  1.34 1.34 1.35 1.35 1.35 1.35 1.35 1.35 1.35 1.34 1.35 1.35 

d[S11∠F13]  2.87 3.01 2.89 2.89 2.94 2.89 2.89 2.99 3.00 3.44 3.36 3.39 

∠C[1]-S
[11]

-H[12] 94.9 96.3 94.9 94.8 94.0 94.4 94.9 95.0 94.8 94.7 94.5 97.3 

𝒅[𝐂𝟏−𝐒𝟏𝟏]  1.77 1.77 1.77 1.77 1.78 1.77 1.77 1.77 1.77 1.77 1.77 1.77 

dS[11]-H[12]∠F13
 - 2.29 - - - - - 2.51 2.59 2.50 2.66 2.38 

∠S[11]-H[12]∠F13 
- 109.6 - - - - - 97.4 94.0 97.2 90.6 

104.

7 

∠ C[2]-C[1]-S[11]-

H[12] 
3 8.6 8.4 -4.7 37.5 3.9 7.8 39.6 44.9 -39.6 -50.7 20.7 

  

In EtOH part 
g+ 

EtOH 

g-- 

EtOH 

a-

EtOH 
Tg+(1) Tg+(2) Tg+(3) Tg‒(1) Tg‒ (2) Tg‒ (3) Ta(1) Ta(2) 

𝒅𝐎[𝟏𝟒]−𝐇𝟏𝟓] 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

∠ C[16]-O[14]-

H[15] 
108.5 108.5 109.2 109.2 109.0 108.6 109.1 109.0 108.6 109.4 109.6 

∠ C[17]-C[16]-

O[14]-H[15] 
58.9 -58.8 180 63.5 60.4 56.3 -63.5 -64.4 -56.3 170 -170.8 

𝑶[𝟏𝟒]

− 𝑯[𝟏𝟓]‧‧‧𝑪[𝟏] 
2.60 2.61 - 2.65 2.63 2.59 2.65 2.63 2.59 - - 

     

 
g+ 

EtOH 

g-- 

EtOH 

a-

EtOH 
Cg+(1) Cg+(2) Cg+(3) Cg‒(1) Cg‒ (2) Cg‒ (3) Ca(1) Ca(2) 

𝒅𝐒[𝟏𝟏]−𝐇𝟏𝟐] 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 0.96 

∠ C[16]-O[14]-

H[15] 
108.5 108.5 109.2 109.2 109.5 108.4 109.2 109.6 108.4 109.5 109.2 

∠ C[19]-C[16]-

O[14]-H[15] 
58.9 -58.8 180 53.1 54.7 67.3 -53.3 -54.7 -67.3 

-

177.4 
171 

O[14]-

H[15]‧‧‧C[19] 
2.60 2.61 - 2.58 2.60 2.67 2.57 2.59 2.67 - - 
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Interaction between trans-2-FTP‧‧‧EtOH 

 

S-H‧‧‧O 

interaction 
Tg+(1) Tg+(2) Tg+(3) Tg‒(1) Tg‒ (2) Tg‒ (3) Ta(1) Ta(2) 

dS[11]-H[12]∠O[14]
 2.17 2.16 2.24 2.17 2.16 2.24 2.15 2.14 

∠ S[12]-

H[13]‧‧‧O[14] 
147.8 148.2 130.7 147.7 148.5 130.7 161.1 163.6 

∠ C[2]-C[1]-

S[12]‧‧‧O[14] 
25.2 -22.0 61.3 -25.3 21.9 -61.2 13.7 15.0 

∠ C[2]-S[11]-

H[12]‧‧‧O[14] 
57.2 -61.3 48.4 -57.3 63.1 -48.5 56.3 45.8 

S[12]‧‧‧O[14] 3.38 3.38 3.28 3.38 3.38 3.28 3.45 3.45 

C-H‧‧‧O interaction 

dC[2]-H[7]‧‧‧O[14]
 2.41 2.40 3.02 2.41 2.40 3.01 2.43 2.44 

∠C[2]-H[7]‧‧‧O[14] 131.5 135.3 90.4 131.5 135.4 90.4 144.5 143.2 

C-H‧‧‧π interaction 

dC[16]-H[18]‧‧‧C[1]
 2.92 2.96 2.92 2.92 2.96 2.92 - - 

dC[16]-H[18]‧‧‧C[2]
 2.86 2.80 3.61 2.86 2.80 3.61 - - 

dC[16]-H[18]‧‧‧C[3]
 3.77 3.71 - 3.77 3.71 - - - 

dC[16]-H[18]‧‧‧C[6]
 3.87 - 3.26 3.87 - 3.27 - - 

dC[17]-H[22]‧‧‧C[1]
 - - 2.94 - - 2.94 2.87 2.97 

dC[17]-H[22]‧‧‧C[2]
 3.03 - 2.83 3.03 - 2.83 2.95 2.80 

dC[17]-H[22]‧‧‧C[3]
 3.22 - 2.81 3.23 - 2.81 - 3.64 

dC[17]-H[22]‧‧‧C[4]
 - - 2.90 - - 2.90 - - 

dC[17]-H[22]‧‧‧C[5]
 - - 3.00 - - 3.00 - - 

dC[17]-H[22]‧‧‧C[6]
 - - 3.00 - - 3.00 - - 

C‧‧‧C interaction         

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟏]
 3.75 3.81 3.42 3.75 3.81 3.42 - - 

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟐]
 3.40 3.54 3.71 3.40 3.54 3.71 - - 
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𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟔]
 - - 3.89 - - 3.89 - - 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟏]
 - - 3.65 - - 3.65 3.87 3.89 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟐]
 - - 3.68 - - 3.68 3.51 3.70 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟑]
 - - 3.84 - - 3.85 - - 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟒]
 - - 3.89 - - 3.89 - - 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟔]
 3.70  3.77 3.70 - 3.78 - - 

Interaction between cis-2-FTP‧‧‧EtOH 

S-H‧‧‧O 

interaction 
Cg+(1) Cg+(2) Cg+(3) Cg‒(1) Cg‒ (2) Cg‒ (3) Ca(1) Ca(2) 

𝒅𝐒[𝟏𝟏]−𝐇[𝟏𝟐]⋯𝐎[𝟏𝟒]
  2.24 2.14 2.56 2.24 2.14 2.56 2.28 2.05 

∠ 𝑺[𝟏𝟐]

− 𝑯[𝟏𝟑]‧‧‧𝑶[𝟏𝟒] 
127.1 142.7 120.7 127.2 142.7 120.7 134.8 170.2 

∠ C[2]-C[1]-

S[12]‧‧‧O[14] 
63.4 55.8 -65.1 -63.4 55.8 65.1 -63.2 25.6 

∠ C[2]-S[11]-

H[12]‧‧‧O[14]  
43.6 27.7 -37.2 -43.5 27.7 37.1 -24.3 126.3 

S[12]‧‧‧O[14] 3.24 3.31 3.45 3.23 3.31 3.45 3.36 3.39 

O-H‧‧‧F interaction      

𝒅𝑶[𝟏𝟒]−𝑯[𝟏𝟓]‧‧‧𝑭[𝟏𝟑]
 3.16 2.40 - 3.16 2.40 - 2.54 3.16 

∠𝑶[𝟏𝟒]

− 𝑯[𝟏𝟓]‧‧‧𝑭[𝟏𝟑] 
70.6 107.9 - 70.4 107.9 - 106.2 68.9 

C-H‧‧‧π interaction      

𝒅𝑪[𝟏𝟔]−𝑯[𝟏𝟖]‧‧‧𝑪[𝟏]
 2.96 - 2.81 2.96 - 2.81 2.86 - 

𝒅𝑪[𝟏𝟔]−𝑯[𝟏𝟖]‧‧‧𝑪[𝟐]
 3.65 - 2.79 3.65 - 2.79 3.49 - 

𝒅𝑪[𝟏𝟔]−𝑯[𝟏𝟖]‧‧‧𝑪[𝟑]
 - - 2.85 - - 2.85 2.91 - 

𝒅𝑪[𝟏𝟔]−𝑯[𝟏𝟖]‧‧‧𝑪[𝟒]
 - - 2.92 - - 2.92 3.08 - 

𝒅𝑪[𝟏𝟔]−𝑯[𝟏𝟖]‧‧‧𝑪[𝟓]
 - - 2.93 - - 2.93 3.14 - 

𝒅𝑪[𝟏𝟔]−𝑯[𝟏𝟖]‧‧‧𝑪[𝟔]
 3.25 - 2.86 3.25 - 2.86 3.03 - 

𝒅𝑪[𝟏𝟕]−𝑯[𝟐𝟐]‧‧‧𝑪[𝟏]
 2.96 2.82 2.99 2.96 2.82 2.99 2.98 2.93 
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𝒅𝑪[𝟏𝟕]−𝑯[𝟐𝟐]‧‧‧𝑪[𝟐]
 2.89 2.90 - 2.89 2.90 - - 2.80 

𝒅𝑪[𝟏𝟕]−𝑯[𝟐𝟐]‧‧‧𝑪[𝟑]
 2.85 3.06 - 2.85 3.06 - - 3.65 

𝒅𝑪[𝟏𝟕]−𝑯[𝟐𝟐]‧‧‧𝑪[𝟒]
 2.85 3.13 - 2.85 3.13 - - - 

𝒅𝑪[𝟏𝟕]−𝑯[𝟐𝟐]‧‧‧𝑪[𝟓]
 2.90 3.05 - 2.90 3.05 - - - 

𝒅𝑪[𝟏𝟕]−𝑯[𝟐𝟐]‧‧‧𝑪[𝟔]
 2.94 2.88 2.99 2.94 2.88 2.99 3.03 - 

C‧‧‧C interaction       

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟏]
 3.40 3.90 3.31 3.40 3.90 3.31 3.35 - 

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟐]
 3.70 3.88 3.57 3.70 3.88 3.57 3.39 3.95 

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟑]
 - - 3.90 - - 3.90 3.80 - 

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟒]
 - - 3.98 - - 3.98 - - 

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟓]
 - - 3.74 - - 3.74 - - 

𝒅𝑪[𝟏𝟔]‧‧‧𝑪[𝟔]
 3.84 - 3.40 3.84 - 3.40 3.71 - 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟏]
 3.66 3.68 3.64 3.66 3.68 3.65 3.66 3.95 

𝒅𝑪[𝟐𝟐]‧‧‧𝑪[𝟐]
 3.70 3.52 - 3.70 3.52 - 3.74 3.75 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟑]
 3.85 3.66 - 3.85 3.66 - - - 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟒]
 3.94 3.94 - 3.94 3.94 - - - 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟓]
 3.89 - - 3.89 - - - - 

𝒅𝑪[𝟏𝟕]‧‧‧𝑪[𝟔]
 3.74 3.94 3.63 3.74 3.94 3.74 - - 

 

The structures and energetics of the low-energy conformers of 2-FTP‧‧‧EtOH are 

also calculated at other DFT levels such as B3LYP-D3 as well as MP2 level of theory using 

6-311++G(d,p) basis set and energy landscape of these conformers obtained from 

different calculation levels are provided in Figure 4.10. Although there are some changes 

in the energetic trend of the conformers calculated at different levels of theory, it is found 

that the Tg+ class of conformer is the global minimum. It is intriguing to note in Figure 

4.10 that MP2 theory converges the Tg+(1), Cg+(2), and Ca(2) structures to dispersion 

dominated Tg+(3), Cg+(1), and Ca(1) structures, respectively. On the other hand, B3LYP-
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D3 theory converges the dispersion dominated Tg+(3), Cg+(1), and Ca(1) structures to 

Tg+(1), Cg+(2), and Ca(2) structures, respectively, having relatively less dispersion 

interactions. Similar performance of the MP2 and B3LYP-D3 theories on the calculations 

of the structures of the low-energy conformers of the 2-FTP‧‧‧MeOH complex has also 

been noted in this study (vide supra). Hence, the M06-2X/6-311++G(d,p) level of theory 

seems to be more appropriate for the exploration of the conformational landscape of both 

2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH complexes. 

Furthermore, excited state (S1) calculations of the low-energy conformers of the 

2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH complexes performed at the CIS/6-311++G(d,p) level 

predict that the low-frequency (12-14 cm-1) intermolecular mode observed in the 

electronic spectra (Figures 4.2 and 4.3) is due to out of plane bending vibration of the S-

H‧‧‧O hydrogen bond (Table 4.3a-b and 4.4a-b). 

Table 4.3.a. Six intermolecular vibrational modes in the excited electronic state (S1) of 

Figure 4.10. Graphical representation of the Binding energies of the conformers of the 2-

FTP‧‧‧EtOH complexes at different levels of theory. 
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the T1, T2, and C1 conformers of the 2-FTP‧‧‧MeOH complex calculated at the CIS/6-

311++G(d,p) level of theory 

 aIn the excited state calculation, the T2 conformer converged to the exited state geometry of the 

T1 conformer. 

bβ1 and β1
′

 denote out-of-plane bending of the intermolecular S-H‧‧‧O hydrogen bond, whereas β2 

and β2
′   are in-plane bending for the intermolecular S-H‧‧‧O hydrogen bond respectively, σ 

represents intermolecular stretching vibration of the S-H‧‧‧O hydrogen bond and τ1, τ2 are mixed 

vibrations due to ring twist and methyl rotation. 

 

Table 4.3.b. Tentative assignment of the low-frequency intermolecular vibrations (cm-1) 

observed in the electronic spectra (Figure 4.2) of the three conformers of the 2-

FTP‧‧‧MeOH complex 

 

 

Modes 

T1 T2a C1 

Frequency 

(cm-1) 
Vibrationb 

Frequency 

(cm-1) 
Vibrationb 

Frequency 

(cm-1) 
Vibrationb 

1 17 β1 17 β1 16 β1 

2 25 β2 25 β2 35 β1
′  

3 43 β2
′  43 β2

′  45 β2 

4 64 σ 64 σ 77 σ 

5 69 τ1 69 τ1 85 τ1 

6 91 τ2 91 τ2 98 τ2 

Conformer A T1 Conformer B T2 Conformer C C1 

35232  A0
0  35208  B0

0 35202  C0
0 

+14 β1 +14 β1   

+29 2β1 +29 2β1   

+42 3β1     

+57 4β1     

+71 5β1     

+85 6β1     

+99 7β1     

+114 8β1     

+126 9β1     
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Table 4.4.a. Six intermolecular vibrational modes in the excited electronic state (S1) of 

the T1, T2, and C1 conformers of the 2-FTP‧‧‧EtOH complex calculated at the CIS/6-

311++G(d,p) level of theory 

aIn the excited state calculation, the Tg+(3) conformer converged to the exited state geometry of 

the Tg+(1) conformer. 

bβ1 and β1
′

 denote out-of-plane bending of the intermolecular S-H‧‧‧O hydrogen bond, whereas β2 

and β2
′   are in-plane bending for the intermolecular S-H‧‧‧O hydrogen bond, σ represents 

intermolecular stretching vibration of the S-H‧‧‧O hydrogen bond, and τ1, τ2 are mixed vibrations 

due to ring twist and methyl rotation. 

 

Table 4.4.b. Tentative assignment of the low-frequency intermolecular vibrations (cm-1) 

observed in the electronic spectra (Figure 4.3) of the three conformers of the 2-

FTP‧‧‧EtOH complex 

 

 

 

 

 

 

 

 

Mo

des 

Tg+(2) Tg+(1) Tg+(3)a Ta(2) Ta(1) 

Frequ

ency 

(cm-1) 

Vibrat

ionb 

Frequ

ency 

(cm-1) 

Vibrat

ionb 

Frequ

ency 

(cm-1) 

Vibrat

ionb 

Frequ

ency 

(cm-1) 

Vibrat

ionb 

Frequ

ency 

(cm-1) 

Vibrat

ionb 

1 12 β1 11 β1 11 β1 16 β1 14 β1 

2 18 τ1 21 τ1 21 τ1 22 τ1 20 β1
′  

3 30 𝛽2 28 τ2 28 τ2 30 β2 30 τ1 

4 35 β2
′  43 β2 43 β2 46 β2

′  45 β2 

5 63 β1
′  66 β1

′  66 β1
′  63 β1

′  52 β2
′  

6 88 σ 92 σ 92 σ 91 σ 87 σ 

Conformer A T1 Conformer B T2 

35232  A0
0  35208  B0

0 

+12 β1 +11 β1 

+25 2β1 +22 2β1 

+38 3β1 +34 3β1 

+50 4β1 +46 4β1 

+62 5β1 +59 5β1 

+74 6β1 +70 6β1 

+85 7β1 +85 7β1 

+96 8β1   

+108 9β1   
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4.2.3 IR spectra of the 2-FTP‧‧‧MeOH and 2-FTP‧‧‧ETOH complexes and 

assignment of the observed conformers 

4.2.3.1 2-FTP‧‧‧MeOH complex 

Figure 4.11 shows conformation-specific IR spectra of the 2-FTP monomer and 2-

FTP‧‧‧MeOH complex measured using RIDIR spectroscopy. The IR spectrum of the cis-2-

FTP monomer with the S-H stretching frequency at 2625 cm-1, shown in Figure 4.11(a) 

,iwas267 Theoretical S-H stretching frequency of cis-2-FTP calculated at the M06-2X/6-

311++G(d,p) level of theory is scaled with respect to the experimental S-H frequency of 

the monomer and provided in Figure 4.11(b). The corresponding scaling factor (0.954) 

has been used to correct the calculated harmonic S-H frequencies of different conformers 

of 2-FTP‧‧‧MeOH. Figure 4.11(c, e-f) shows IR spectra of 2-FTP‧‧‧MeOH measured in the S-

H and O-H stretching frequency regions by probing the A0
0 + 42 (35274 cm-1), B0

0 (35208 

cm-1), and C0
0 (35202 cm-1) bands in the electronic spectra of the conformers A, B, and C, 

respectively, presented in Figure 4.2. Theoretical IR spectra of the six low-energy 

conformers of 2-FTP‧‧‧MeOH i.e., T1, T2, C1, C2, T3, C3 (see Figure 4.6 for the structures) 

exhibiting the S-H and O-H frequencies calculated at the M06-2X/6-311++G(d,p) level of 

theory are provided in Figure 4.11(d, g-k) respectively. The calculated harmonic O-H 

frequency of the complex is scaled with respect to the experimental O-H frequency (3686 

cm-1) of the MeOH monomer reported in the literature.271 

A red-shift of ~70-75 cm-1 in the experimental S-H frequency of the three 

conformers of 2-FTP‧‧‧MeOH with respect to that of the 2-FTP monomer clearly indicates  
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Figure 4.11. Experimental IR spectra of the (a) 2-FTP monomer, (c,e,f) conformers A, B, and C of 

the 2-FTP‧‧‧MeOH complex, respectively, measured in the S-H and O-H stretching regions by 

RIDIR spectroscopy. (b,d,g-k) Theoretical scaled IR spectra of the 2-FTP monomer and T1, T2, C1, 

C2, T3, and C3 conformers of the 2-FTP‧‧‧MeOH complex, respectively, calculated at the M06-

2X/6-311++G(d,p) level of theory. The scaling of the calculated harmonic S-H frequencies in the 

complex is done with respect to the experimental S-H frequency of the 2-FTP monomer267 [Figure 

4.11(a)], while the calculated harmonic O-H frequencies in the complex are scaled with reference 

to the O-H frequency of bare MeOH271 in the gas-phase. 

that all the three conformers of the complex are S-H‧‧‧O hydrogen bonded. On the other 

hand, observation of the O-H frequency of the three conformers of 2-FTP‧‧‧MeOH at 

~3670 cm-1 with respect to that of the MeOH monomer at 3686 cm-1 further confirms that 
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the methanolic O-H group in the complex is free. A small reduction (~16 cm-1) in the 

dangling O-H frequency is due to the interaction of the methanolic O-H group with the S-

H group through S-H‧‧‧O-H interaction. In the case of phenol‧‧‧MeOH complex, the 

frequency of the free O-H group of MeOH was reported at 3680 cm-1 while the O-H‧‧‧O 

hydrogen bonded phenolic O-H group present there was found to be red-shifted by 199 

cm-1 with respect to the O-H group of the phenol monomer.272 Similar amount of red-shift 

(191 cm-1) in the stretching frequency of phenolic O-H group (O-H‧‧‧O hydrogen bonded) 

was observed in p-cresol‧‧‧MeOH complex while the dangling free O-H frequency of the 

MeOH moiety present in the complex was found at 3681 cm-1.4 Indeed, the S-H‧‧‧O 

hydrogen bond is turned out to be much weaker than the O-H‧‧‧O although O-H‧‧‧S 

hydrogen bond is reported to be similar in strength to the O-H‧‧‧O hydrogen bond.4  

The structures of the three observed conformers of the 2-FTP‧‧‧MeOH complex can 

be determined from a careful comparison of their experimental IR spectra with the 

theoretical IR spectra of the six low-energy conformers of the complex presented in 

Figure 4.11. The theoretical IR spectra of the O-H‧‧‧S hydrogen bonded T3 and C3 

conformers [Figure 4.11(j, k)] indeed show that the O-H frequency is reasonably red-

shifted than that in the other conformers while the perturbation of the S-H frequency with 

respect to that in the 2-FTP monomer is insignificant. Hence, the T3 and C3 conformers 

can be excluded easily from the assignment of the observed S-H‧‧‧O bound conformers. 

Out of the four remaining conformers, the theoretical IR spectra of T1, T2, and C1 match 

reasonably well with the experimental IR spectra of the conformers A, B, and C.  

The harmonic S-H and O-H frequencies obtained from the M06-2X/6-311++G(d,p) 

level of calculations are also corrected using the scaling factor of 0.944 deduced at the 
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same level of theory employing the reduced scale factor optimization model as described  

in the database.273 A comparison of the experimental IR spectra of the 2-FTP monomer as  

well as the three observed conformers of the 2-FTP‧‧‧MeOH complex with the theoretical  

IR spectra of the six low-energy conformers obtained using database frequency scaling 

factors are provided in Figure 4.12.A. Interestingly, the matching of the theoretical S-H 

frequencies derived from the database scaling for the assigned T1, T2, and C1 conformers 

with their experimental S-H frequencies is excellent, although the same is not satisfactory 

for the O-H frequencies. We have further calculated the anharmonic vibrational 

frequencies at the DLPNO-CCSD(T)-F12/aug-cc-pVTZ level on the M06-2X/6-

311++G(d,p) level optimized geometries of the 2-FTP monomer, as well as the low-

energy conformers of the 2-FTP‧‧‧MeOH complex using single mode discrete variable 

representation (DVR) method and the corresponding IR spectra are provided in Figure 

4.12.B. Although the experimental S-H frequency of the 2-FTP monomer is well 

reproduced by the anharmonic calculations, the anharmonic S-H, as well as O-H 

frequencies of the three assigned conformers (T1, T2, and C1) of 2-FTP‧‧‧MeOH does not 

corroborate well with the corresponding frequencies of the observed conformers. 

However, the anharmonic frequencies of the assigned conformers follow the trend of the 

experimental frequencies of the three observed conformers of the complex. 
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Figure 4.12. Gas-phase IR spectra of (a) 2-FTP and (c, e, f) three experimentally observed 

conformers of 2-FTP‧‧‧MeOH complex. (b, d, g-k) are theoretically calculated [A.] IR spectra at 

M06-2X /6-311++G(d,p) level of theory with a scaling factor of 0.944 taken from the database for 

this specific level of theory.273 [B.] anharmonic vibrational stretching frequencies at S-H and O-H 

region using the DVR method at DLPNO-CCSD(T)/aug-cc-pVTZ-F12 level of theory using the 

optimized structure at M06-2X /6-311++G(d,p) level of theory. 

4.2.3.2 2-FTP‧‧‧EtOH complex 

IR spectra of the 2-FTP monomer in the S-H stretching frequency region and the 

conformers A and B of the 2-FTP‧‧‧EtOH complex in the S-H and O-H frequency regions 

measured by RIDIR spectroscopy are provided in Figure 4.13(a-b, d) respectively. It is 

quite clear from the experiment itself that both the observed conformers of the complex 

are S-H‧‧‧O hydrogen bonded like those of the 2-FTP‧‧‧MeOH complex as the S-H frequency 

is red-shifted by 83-88 cm-1 with respect to that in the 2-FTP monomer. On the other 

hand, the observed O-H stretching  frequencies of the conformer A (3648 cm-1) and 
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Figure 4.13. Experimental IR spectra of the (a) 2-FTP monomer, (c,g) conformers A and B of the 

2-FTP‧‧‧EtOH complex, respectively, measured in the S-H and O-H stretching regions by RIDIR 

spectroscopy. (b,d-f,h-n) Theoretical scaled IR spectra of the 2-FTP monomer and Tg+/-(2), Tg+/-

(1), Tg+/-(3), Ta(2), Ta(1), Cg+/-(1), Cg+/-(2), Cg+/-(3), Ca(1), and Ca(2) conformers of the 2-

FTP‧‧‧EtOH complex, respectively, calculated at the M06-2X/6-311++G(d,p) level of theory. The 

scaling of the calculated harmonic S-H frequencies in the complex is done with respect to the 

experimental S-H frequency of the 2-FTP monomer267 [Figure 4.13(a)], while the calculated 

harmonic O-H frequencies in the complex is scaled with reference to the O-H frequency of bare 

EtOH274 in the gas-phase. 

conformer B (3662 cm-1) of the 2-FTP‧‧‧EtOH complex are very close to those of the 

gauche (3660 cm-1) and anti (3678 cm-1) conformers, respectively, of bare EtOH reported 

from gas-phase spectroscopy experiments.274 The O-H stretching frequency of the anti-
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conformer of the bare EtOH is blue-shifted by 18 cm-1 with respect to that of the gauche 

conformer. It should be mentioned here that the ethanolic O-H stretching frequencies of 

the observed gauche and anti-conformers of the phenol‧‧‧EtOH complex were reported at 

3653 and 3667 cm-1, respectively.107 In the case of the p-cresol‧‧‧EtOH complex reported 

in the literature, the ethanolic O-H frequencies of the observed gauche and anti-

conformers were found at 3654 and 3669 cm-1, respectively.4 With regard to both the 

complexes of phenol and p-cresol with EtOH, the O-H group of phenol/p-cresol was found 

to be O-H‧‧‧O hydrogen bonded while the ethanolic O-H was free. A similar difference (14 

cm-1) in the O-H stretching frequencies of the anti and gauche conformers is maintained 

with the ethanolic moiety bonded with 2-FTP through S-H‧‧‧O hydrogen bond. Hence, the 

conformers B and A of the 2-FTP‧‧‧EtOH complex observed in the experiment can be 

assigned easily as the anti and gauche conformers, respectively, where the ethanolic O-H 

is free, and the 2-FTP moiety is S-H‧‧‧O hydrogen bonded.  

Further detailed assignment of the two observed conformers of the 2-FTP‧‧‧EtOH 

complex has been done by comparing their IR spectra obtained from the experiment with 

those of the probable low-energy conformers of the complex derived from the M06-2X/6-

311++G(d,p) level of calculations as shown in Figure 4.13. The calculated harmonic S-H 

and O-H frequencies are scaled with respect to the experimentally recorded S-H 

frequency of the 2-FTP monomer and the experimental O-H frequency of bare ethanol, 

respectively.267, 274 Although a large number of possible conformers are found from the 

calculations, the experimental IR spectra of the complex presented in Figure 4.13(c, g) 

indeed simplify the assignment to a good extent, as discussed above. Thus, all the low-

energy conformers that are considered for the assignment are S-H‧‧‧O hydrogen bonded, 

while Tg+/-(1) is the global minimum. It is worthwhile to mention that the g+ and g- 

conformers of the complex cannot be differentiated, as their structures, energetics, and 
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vibrational frequencies are similar. Hence, both g+ and g- conformers are used together 

to assign the observed conformers through the IR spectra shown in Figure 4.13. 

Primarily, the O-H bands of the two observed conformers in the IR spectra of the 

2-FTP‧‧‧EtOH complex dictate the conformational assignment with one of the conformers 

as gauche and the other one as anti. It should also be noted that the S-H frequencies (2537 

and 2541 cm-1) of the two observed conformers of the complex are very close to each 

other. Thus, the overall assignment of the observed conformers is done based on the 

theoretical S-H frequencies of the two conformers, which are close to each other, and 

their O-H frequencies are separated by 10-15 cm-1. The conformer A could be assigned as 

one of the Tg+/- structures, i.e., Tg+/-(1), Tg+/-(2), and Tg+/-(3) as they are energetically 

closer and their O-H as well as S-H frequencies are similar as provided in Figure 4.13(d-

f) respectively. In that case, the ethanolic O-H group of the conformer B must have anti-

orientation, and its O-H frequency will be blue-shifted by ~15 cm-1. Hence, one of the Ta 

conformers [Ta(1) with O-H frequency at 3671 cm-1 and Ta(2) with O-H frequency at 

3673 cm-1] presented in Figure 4.13 (h, i) could be the most possible choices for the 

conformer B. The Cg+/- and Ca conformers could be excluded from the assignment of the 

two observed conformers considering the overall energetics of the theoretically 

calculated conformers of 2-FTP‧‧‧EtOH, the possibility of the observation of the global 

minimum conformer Tg+/- and the trend of the S-H and OH frequencies of the two 

conformers observed in the experiment. Interestingly, the two observed conformers of 

phenol‧‧‧EtOH as well as p-cresol‧‧‧EtOH reported in the literature are similarly gauche 

and anti only.4, 107   

Additionally, the harmonic S-H and O-H frequencies of various conformers of the 

2-FTP‧‧‧EtOH complex calculated at the M06-2X/6-311++G(d,p) level of theory are 
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corrected with a scaling factor of 0.944 obtained from the database.273 A comparison of 

the experimental IR spectra of the two observed conformers with the theoretical IR 

spectra of the low-energy conformers scaled from the database is shown in Figure 4.14.A. 

Again, the database scaling of the harmonic frequencies demonstrates an excellent 

matching of the experimental S-H frequencies of the complex with the theoretical S-H  

Figure 4.14. Gas-phase IR spectra of (a) 2-FTP and (c,g) two experimentally observed conformers 

of 2-FTP‧‧‧EtOH complex. (b, d-f, h-n) are theoretically calculated [A.] IR spectra at M06-2X /6-

311++G(d,p) level of theory with a scaling factor of 0.944 taken from the database for this specific 

level of theory.273 [B.] anharmonic vibrational stretching frequencies at S-H and O-H region using 

the DVR method at DLPNO-CCSD(T)/aug-cc-pVTZ-F12 level of theory using the optimized 

structure at M06-2X /6-311++G(d,p) level of theory 

frequencies of the assigned conformers although the agreement between the 

experimental and theoretical O-H frequencies is inadequate. Furthermore, anharmonic S-

H and O-H frequencies of the assigned conformers of 2-FTP‧‧‧EtOH calculated at the 

DLPNO-CCSD(T)-F12/aug-cc-pVTZ level on the M06-2X/6-311++G(d,p) level optimized  
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geometries (Figure 4.14.B) follow the trend of the experimental frequencies of the two 

observed conformers although the quantitative agreement between the experimental 

and theoretical frequencies is not good. 

Finally, a comparison of the observed IR red-shift in the S-H stretching frequency 

(S-H) in 2-FTP‧‧‧EtOH (88 cm-1), and 2-FTP‧‧‧MeOH (76 cm-1) with that in 2-FTP‧‧‧H2O 

(30 cm-1),267 reveals that the strength of the S-H‧‧‧O hydrogen bond increases 

systematically by changing the hydrogen bond acceptor from H2O to MeOH to EtOH. A 

plot of S-H as a function of the proton affinity of these three hydrogen bond acceptors 

exhibited in Figure 4.15 shows a linear correlation between the S-H i.e., strength of the 

S-H‧‧‧O hydrogen bond and proton affinity of H2O (697 kJ/mol), MeOH (761 kJ/mol), and 

EtOH (788 kJ/mol).275 Wategaonkar and coworkers reported S-H of 44, 46, and 49 cm-1 

in S-H‧‧‧O hydrogen bonded H2S‧‧‧MeOH, H2S‧‧‧Et2O, and H2S‧‧‧dioxane complexes, 

respectively.7 On the other hand, S-H of only 30 cm-1 was observed in the S-H‧‧‧O 

hydrogen bonded 2-phenylethanethiol‧‧‧Et2O complex studied by Robertson and 

Figure 4.15. Correlation between the red-shift in the experimental stretching frequency 

corresponding to the S-H bond and proton-affinity (PA) of the acceptor part.  
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coworkers.9 Hence, the present work demonstrates that the S-H‧‧‧O hydrogen bond, 

although weak, can be strengthened by a proper choice of the hydrogen bond donor and 

acceptor in terms of their pKa and proton affinity, respectively. 

4.2.4 Theoretical evaluation of the non-covalent interactions present 

in the observed conformers of the 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH 

complexes. 

The nature and strength of various non-covalent interactions, including weak 

secondary interactions present in the observed conformers of the 2-FTP‧‧‧MeOH and 2-

FTP‧‧‧EtOH complexes, are evaluated through NBO, QTAIM, and LMO-EDA calculations. 

Figure 4.16 shows the NBO overlap and 2nd order perturbation energy [E(2)] for different 

non-covalent interactions present in the T1, T2, and C1 conformers of 2-FTP‧‧‧MeOH 

calculated at the M06-2X/6-311++G(d,p) level of theory. It could be noted from Figure 7 

that the total E(2) value for the S-H‧‧‧O hydrogen bond in T1 is 17.99 kJ/mol (7.45+10.54 

kJ/mol), and the E(2) values for the secondary C-H‧‧‧O, C-H‧‧‧π, and C-H‧‧‧S interactions 

present there are 5.52,  1.30, and 0.88 kJ/mol, respectively. The E(2) value for the S-H‧‧‧O 

hydrogen bond in T2 is 11.05 kJ/mol (3.81+7.24 kJ/mol), while the values for the weak 

secondary n(O)π*(C=C), C-H‧‧‧π, and C-H‧‧‧S interactions are 3.14, 0.92, and 1.26 kJ/mol, 

respectively. The E(2) value presented for the S-H‧‧‧O hydrogen bond in C1 is 10.46 kJ/mol  

(4.35+6.11 kJ/mol), and the E(2) values for the secondary weak n(O)π*(C=C), C-H‧‧‧π, 

and C-H‧‧‧S interactions are 4.23, 1.79 and 0.54 kJ/mol, respectively. 
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 The NBO interaction energy for the primary non-covalent interaction, i.e., S-H‧‧‧O 

hydrogen bond present in T1, T2, and C1, can be compared with the relative strength of 

this hydrogen bond revealed from the IR spectra in terms of the red-shift in the S-H 

stretching frequency (S-H). It is found from Figure 4.16 that the NBO interaction energy 

for the S-H‧‧‧O hydrogen bond in T1 (17.99 kJ/mol) is higher than that in T2 (11.05 

kJ/mol) and C1 (10.46 kJ/mol). This finding correlates qualitatively with the observed 

Figure 4.16. NBO overlap for different non-covalent interactions present in the observed T1, 

T2, and C1 conformers of the 2-FTP‧‧‧MeOH complex calculated at the M06-2X/6-311++G(d,p) 

level of theory. NBO second-order perturbation energy [E(2)] values in kJ/mol are also provided 

with each of the interactions shown in the figure. 
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S-H values in T1 (76 cm-1), T2 (70 cm-1), and C1 (71 cm-1) i.e., the strength of the S-H‧‧‧O 

hydrogen bond. The geometrical parameters for the S-H‧‧‧O hydrogen bond of these three 

conformers provided in Figure 4.7 and Table 4.1 also corroborate the findings from the 

IR spectroscopy and NBO results. 

Figure 4.17 shows the NBO overlap and E(2) values for different non-covalent 

interactions present in the observed Tg+ and Ta conformers of the 2-FTP‧‧‧EtOH complex 

obtained from the M06-2X/6-311++G(d,p) level of calculation. The total E(2) values for 

the S-H‧‧‧O hydrogen bond present in the Tg+(1), Tg+(2), and Tg+(3) conformers are 16.02 

kJ/mol (12.80+3.22 kJ/mol), 19.67 kJ/mol (7.41+12.26 kJ/mol), 9.46 kJ/mol, respectively 

(Figure 4.17). In the case of the Ta(1) and Ta(2) conformers, the total E(2) values for the 

S-H‧‧‧O hydrogen bond are 24.52 kJ/mol (5.90+18.62 kJ/mol) and 20.21 kJ/mol, 

respectively. The conformers Tg+(1), Tg+(2), Ta(1) and Ta(2) are stabilized by additional 

secondary interactions namely  C-H‧‧‧O, C-H‧‧‧π, and C-H‧‧‧S. The Tg+(3) conformer has C-

H‧‧‧π, and C-H‧‧‧S secondary interactions while the C-H‧‧‧O interaction is replaced there by 

n(O)π*(C=C) interaction. As the S-H values of the two observed conformers A (88 cm-

1) and B (83 cm-1) of 2-FTP‧‧‧EtOH are very close to each other, the Tg+(2) [19.67 kJ/mol] 

and Ta(2) [20.20 kJ/mol] with similar NBO E(2) values for the S-H‧‧‧O hydrogen bond can 

tentatively better represent the two assigned conformers. However, it is more 
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appropriate to conclude that one of the three Tg+/- conformers and one of the two Ta 

conformers can be the preferred candidates for the observed conformers A and B, 

respectively, of the 2-FTP‧‧‧EtOH complex.  

 Figure 4.17. NBO overlap for different non-covalent interactions present in the observed Tg+ 

and Ta conformers of the 2-FTP···EtOH complex calculated at the M06-2X/6-311++G(d,p) level 

of theory. NBO second-order perturbation energy [E(2)] values in kJ/mol are also provided with 

each of the interactions shown in the figure. 
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The presence of multiple non-covalent interactions in the T1, T2, and C1 

conformers of 2-FTP‧‧‧MeOH as well as in the Tg+ and Ta conformers of 2-FTP‧‧‧EtOH are 

further confirmed from QTAIM calculations. The molecular graphs containing the bond 

critical points (BCPs) and bond paths for all the three observed conformers of 2-

Figure 4.18. Topology of the electron density of the (a) T1, T2, and C1 conformers of the 2-

FTP‧‧‧MeOH (b) Tg+(1), Tg+(2), Tg+(3), Ta(1), and Ta(2) conformers of the 2-FTP‧‧‧EtOH 

complexes obtained from QTAIM calculations performed on the M06-2X/6-311++G(d,p) level 

optimized structures. The electron density (ρ) and its Laplacian (𝛻2ρ) at the BCPs of only the 

primary non-covalent interaction i.e., S-H‧‧‧O hydrogen bond for all the conformers of the two 

complexes are provided with the molecular graphs. 
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FTP‧‧‧MeOH and the two observed conformers of 2-FTP‧‧‧EtOH obtained from the M06-

2X/6-311++G(d,p) level of calculation are presented in Figure 4.18 (a and b), 

respectively. The BCPs for the S-H‧‧‧O hydrogen bond as well as other weak secondary 

interactions for each of the conformers of 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH shown in 

Figure 4.18 corroborate with the NBO results presented in Figures 4.16 and 4.17. The 

electron density (ρ) and its Laplacian (𝛻2ρ) at the BCPs of only the primary non-covalent 

interaction, i.e., S-H‧‧‧O hydrogen bond for all the conformers of the two complexes are 

provided with the molecular graphs presented in Figure 4.18. Furthermore, plots of the 

experimental S-H (IR red-shift) values as a function of ρ at the BCPs as well as E(2) (NBO 

interaction energies) values for the S-H‧‧‧O hydrogen bond of the most stable conformer 

of the 2-FTP‧‧‧H2O, 2-FTP‧‧‧MeOH, and 2-FTP‧‧‧EtOH presented in Figures 4.19(a) and 

4.19(b) exhibit a linear correlation. Hence, the overall correlation between the strength 

of the S-H‧‧‧O hydrogen bond revealed from the experimental IR red-shift and the 

theoretically evaluated corresponding QTAIM and NBO parameters of the complexes is 

Figure 4.19. Correlation between the red-shift in experimental S-H stretching frequency and 

(a) NBO second order perturbation energy (E(2)) and (b) electron density (ρ) at the bond critical 

point S-H‧‧‧O contacts. NBO perturbation energy and the electron density are calculated at M06-

2X/6-311++G(d,p) level of theory. 
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noteworthy.  

Furthermore, we have decomposed the total interaction energies of the three 

observed conformers of 2-FTP‧‧‧MeOH and the two observed conformers of 2-FTP‧‧‧EtOH 

using the LMO-EDA method in order to determine the relative contribution of their 

different components to the stability of the complexes. The LMO-EDA method 

decomposes the total interaction energy (ETOTAL) of a complex into electrostatics (EES), 

exchange (EEX), repulsion (EREP), polarization (EPOL) and dispersion (EDISP). Different 

components of the total interaction energies of the T1, T2, and C1 conformers of 2-

FTP‧‧‧MeOH and Tg+(1), Tg+(2), Tg+(3), Ta(1), and Ta(2) conformers of 2-FTP‧‧‧EtOH are 

presented in Figures 4.20 and 4.21, respectively. It is intriguing to note that both 

electrostatics and dispersion play a significant role in the stabilization of all the observed 

conformers of 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH although the dispersion is the dominating 

Figure 4.20. Decomposition of the total interaction energies of the T1, T2, and C1 conformers of the 

2-FTP···MeOH complex using LMO-EDA method at the M06-2X/6-311++G(d,p) level of theory. 

The total interaction energy (TOTAL) is decomposed into electrostatics (ES), exchange (EX), 

repulsion (REP), polarization (POL), and dispersion (DISP). 
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interaction for all the observed conformers of the two complexes. It is also remarkable 

that the dispersion component in the stacked structures (T2 and C1) of 2-FTP‧‧‧MeOH is 

significantly larger than that in the non-stacked structure (T1). Similarly, the dispersion 

interaction presents in the stacked structure [Tg+(3)] of 2-FTP‧‧‧EtOH is found to be larger 

than that in the non-stacked structures [Tg+(1), Tg+(2), Ta(1), and Ta(2)]. It is also 

noteworthy that the repulsion component of the interaction energy is larger for the 

stacked structures [T2, C1, and Tg+(3)] having pronounced dispersion interaction than 

that for the non-stacked structures [T1, Tg+(1), Tg+(2), Ta(1) and Ta(2)] of the two 

complexes. Hence, the components of the interaction energies revealed from the EDA 

calculations correlate qualitatively with the structures and geometrical parameters of the 

observed conformers of the 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH complexes provided in 

Figures 4.6, 4.8, and Tables 4.1, 4.2.  

4.3 Conclusions 

Figure 4.21. Decomposition of the total interaction energies of the Tg+(1), Tg+(2), Tg+(3), Ta(1), 

and Ta(2) conformers of the 2-FTP‧‧‧EtOH complex using LMO-EDA method at the                                                                                                                            

M06-2X/6-311++G(d,p) level of theory. The total interaction energy is decomposed into 

electrostatics (ES), exchange (EX), repulsion (REP), polarization (POL), and dispersion (DISP). 
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In summary, we have studied 1:1 complexes of 2-FTP with MeOH as well as EtOH by 

measuring mass-selected conformation-specific electronic and IR spectra using 1C-R2PI, 

UV-UV hole-burning and IR-UV double resonance spectroscopy combined with quantum 

chemistry calculations. Three conformers of 2-FTP‧‧‧MeOH and two conformers of 2-

FTP‧‧‧EtOH are observed in the experiment. Quantum chemistry calculations predict that 

the observed conformers of these two complexes are stabilized primarily by S-H‧‧‧O 

hydrogen bonding along with various weak secondary interactions such as C-H‧‧‧O, C-

H‧‧‧, C-H‧‧‧S, and stacking interactions. Conformation-specific IR spectra show that the 

red-shift values in the S-H stretching frequency in the 2-FTP‧‧‧MeOH and 2-FTP‧‧‧EtOH 

complexes are 76 and 88 cm-1, respectively. A comparison of the IR red-shift in the S-H 

stretching frequency in 2-FTP‧‧‧H2O (30 cm-1) with respect to that in 2-FTP‧‧‧MeOH and 

2-FTP‧‧‧EtOH points out that the strength of the S-H‧‧‧O hydrogen bond, although weak, 

can be modulated systematically by varying the proton affinities of the hydrogen bond 

acceptors. The presence of the S-H‧‧‧O hydrogen bond and other weak secondary 

interactions in the experimentally observed conformers is also verified by NBO and 

QTAIM calculations. Various components of the interaction energies in 2-FTP‧‧‧MeOH and 

2-FTP‧‧‧EtOH determined from the LMO-EDA calculations correlate well with the 

structures of the complexes observed in the experiment. 
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Chapter 5 

Interplay between proton affinity and steric 

repulsion on S-H‧‧‧O hydrogen bond: 

Spectroscopic study and quantum chemical 

calculations 
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5.1 Introduction 

In preceding chapters, we have detailed how the strength of the sulfur-centered 

hydrogen bonding (SCHB) interaction (S-H‧‧‧O) relies on the interplay of the proton 

affinity (PA) of the hydrogen bond acceptor atom or group of atoms and the acidity (pKa) 

of the hydrogen bond donor part. We have observed a linear correlation between the red-

shift in the stretching frequency of the S-H bond and the proton affinity of the complexing 

partner. Notably, a linear increment in binding energy was identified as we moved from 

water to methanol to ethanol. In Chapter 1, we have discussed the importance of sulfur-

center hydrogen bonding in biological and materials studies. Because of its strength and 

directionality nature, SCHB can also act like a glue between the molecules in the non-

covalent assembly. In addition, the modulation of such hydrogen bonding is equally 

important for the development of supramolecular materials, drug design, and crystal 

engineering. Conventional hydrogen bonding has already been established for these 

purposes.276-278 The forefront of current interest lies in the exploration of unconventional 

hydrogen bonding for the development of valuable drugs and other materials 64, 147-148, 

216, 279-282 Exploring the modulation of weak unconventional hydrogen bonds has become 

an exceptionally intriguing area of study. There are several ways to modulate the strength 

of the hydrogen bonding.120-123, 283 The most common method is tweaking the pKa of the 

donor and PA of the acceptor part, as the strength of the hydrogen bonding depends on 

the pKa of the hydrogen bond donor and the PA of the hydrogen bond acceptor. 

Wategaonkar and co-workers reported a linear correlation of the red-shift in the phenolic 

O-H and pKa of the hydrogen bond donor in the study of the complexes of a series of 

phenol derivatives with Me2O and Me2S.284 In their report, it was observed that the 

correlation between pKa and ∆𝜈O−H in conventional O-H‧‧‧O and unconventional O-H‧‧‧S 
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hydrogen bonding where sulfur is a hydrogen bond acceptor are almost similar. It was 

also established that the strength of the O-H‧‧‧S hydrogen bonding is similar to 

conventional O-H‧‧‧O hydrogen bonding.3-4, 130, 229, 285-286 However, the study of S-H‧‧‧O 

hydrogen bonding, where sulfur acts as a hydrogen bond donor, is scarce in the 

literature.7-9, 162, 267 It was also found that such unconventional hydrogen bonding 

interactions are relatively weaker in nature.267  

In the previous chapter, we have demonstrated the modulation of the strength of 

the weak S-H‧‧‧O hydrogen bond present in 2-FTP‧‧‧H2O by changing the hydrogen bond 

acceptor H2O to MeOH and EtOH, which are better acceptors than the former as the 

proton affinity of MeOH and EtOH is higher than that of H2O.  It has been found that the 

strength of the S-H‧‧‧O hydrogen bond, i.e., the IR red-shift in the S-H stretching frequency, 

increases dramatically (from 30 to 76 cm-1) by substituting one H atom in H2O by a methyl 

group.  On the other hand, the substitution of one H atom in H2O by an ethyl group instead 

of methyl increases the red-shift to 88 cm-1, which is similar to that obtained in the case 

of methyl substitution. In this chapter, we have studied 2-FTP‧‧‧Et2O complex to explore 

the strength of the S-H‧‧‧O hydrogen bond by substituting both the hydrogens in H2O by 

ethyl group. Here, Et2O can act as solely hydrogen bond acceptor while all the three 

previously studied complexing partners of 2-FTP i.e., H2O, MeOH, and EtOH, had both 

hydrogen bond donor and acceptor properties. Additionally, the proton affinity of Et2O 

(828 kJ/mol)287 is higher than that of MeOH (761 kJ/mol), and EtOH (788 kJ/mol)287 

although the steric effect of Et2O is also larger than that of MeOH and EtOH that can 

significantly affect the optimized geometry of the S-H‧‧‧O hydrogen bond in the complex. 

At the same time, dispersion interaction in the complex containing Et2O is much larger 

than that in the complexes containing MeOH and EtOH. Hence, the dispersion interaction 

in the case of Et2O can also reduce the strength of the S-H‧‧‧O hydrogen bond compared 
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to that in the case of MeOH and EtOH. Overall, the strength of the S-H‧‧‧O hydrogen bond 

in the 2-FTP‧‧‧Et2O complex will rely on a fine interplay among the proton affinity of the 

hydrogen bond acceptor, steric crowding, and dispersion interaction.  

We have addressed here the subtle balance among multiple interactions to shape 

the structure of the 2-FTP‧‧‧Et2O complex using mass-selected conformer-specific 

electronic and IR spectroscopy utilizing 1C-R2PI, UV-UV hole-burning, and IR-UV double 

resonance spectroscopic techniques accompanying with quantum chemical calculations. 

To obtain a broader perspective on the interplay of multiple interactions, we have further 

explored theoretically the S-H‧‧‧O hydrogen bonding in 2-FTP complexes with a series of 

cyclic and acyclic ethers. 

5.2 Result and Discussion 

5.2.1 Conformational landscape of 2-FTP‧‧‧Et2O complex 

Diethyl ether (Et2O) itself exhibits multiple conformers, denoted as trans-trans 

(tt), trans-gauche (tg±), and gauche-gauche (g±g±), based on the dihedral angles ϕ1 and 

ϕ2, as depicted in Figure 5.1(a). The nomenclature g± indicates that each gauche geometry 

has two distinct orientations, i.e., gauche+ (g+) and gauche- (g-), corresponding to the 

dihedral angle of approximately ±60°. On the other hand, the t term in the nomenclature 

specifies the orientation of the dihedral angles ϕ1 and ϕ2 at 180°. The relative electronic 

energies (∆𝐸rel) of these conformers, calculated at the M06-2X/6-311++G(d,p) level of 

theory, follow the order tt > tg± > g±g±. Optimized geometries of the Et2O conformers at 

the same level of theory are illustrated in Figure 5.1 (b-d). Notably, these results align 
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with previous research on Et2O reported in the literature.288-298 The abundance of these 

three classes of the conformers of Et2O is also drastically different, and this has a 

correlation with their relative electronic energies. Sundararajan and co-workers 

reported population percentages of 78%, 21%, and 1% for tt, tg±, and g±g± conformers, 

respectively.299 However, the matrix isolation studies in N2 and Ar matrices showed the 

Figure 5. 1. (a) 3D representation of diethylether (Et2O) that shows the two dihedral angles ϕ1 = C1 −

C2 − O3 − C4 and ϕ2 =  C2 − O3 − C4 − C5 along which conformers are generated. (b-d) three 

conformers of Et2O opimised at the M06-2X/6-311++G(d,p) level. Relative electronic energies are 

provided in kJ/mol unit. (e-j) optimized geometries of the complexes of  2-FTP and Et2O at the M06-

2X/6-311++G(d,p) level of theory. Geometries (e-g) belong to the trans complex category according to 

the complexation with trans-2-FTP and (h-j) belong to the cis complex category according to the 

complexation with cis-2-FTP. Colored Dotted lines on the 2-FTP‧‧‧Et2O complexes are represnting the 

non-covalent interactions. Geomerical parameters for the various non-covalent interaction are provided 

in Table 5.1. 
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existence of the only tt and tg± conformers, which was much anticipated.299 Similarly, 

several past studies on Et2O also suggested the presence of only two conformers, tt and 

tg±, under experimental conditions.289, 300 We have not considered identical or degenerate 

conformers of Et2O in our analysis. Instead, we have focused on summarizing the three 

unique conformers of Et2O: trans-trans (tt), trans-gauche (tg), and gauche-gauche (gg). 

We have predicted the complexes of these three conformers of Et2O with 2-FTP at the 

M06-2X/6-311++G(d,p) level of theory. 2-FTP has two conformers, cis and trans. In 

previous chapters, we have shown that cis-2-FTP is more stable than trans-2-FTP by 4.77 

kJ/mol at the M06-2X/6-311++G(d,p) level of theory. The combination of the three 

conformers of the Et2O and two conformers of 2-FTP generates a large number of 

conformers of the 2-FTP‧‧‧Et2O complex. However, six low-energy predicted conformers 

of the 2-FTP‧‧‧Et2O complex are shown in Figure 5.1 (e-j). The conformers of the 

complexes are termed Ttt, Ttg, and Tgg for the trans category as the complexes are 

formed with trans-2-FTP, and similarly, Ctt, Ctg, and Cgg are named for the cis complex 

category as those are formed with cis-2-FTP. As the oxygen atom in Et2O has no option to 

act like a hydrogen bond donor, all the conformers of Et2O can only be hydrogen bond 

acceptors, while 2-FTP can act as a hydrogen bond donor. Additionally, the pKa and 

proton affinity (PA) values of 2-FTP and Et2O are favorable for the formation of such 

complexes. Similar results have been reported from the previous studies on the p-

cresol‧‧‧Et2O complex and 2-Phenylehanethiol‧‧‧Et2O complex.9 Out of the six predicted 

geometries, Ttt is the global minimum in terms of the zero-point energy and BSSE-

corrected binding energy. The least stable conformer of the complex in terms of binding 

energy is the Cgg conformer. Important geometrical parameters of 2-FTP, and Et2O 

monomers as well as the conformers of the 2-FTP‧‧‧Et2O complex, are listed in Table 5.1.  
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Table 5.1. Geometrical parameters of the various conformers of both of  the 2-FTP and 

Et2O monomers along with the 2-FTP‧‧‧Et2O complex calculated at the M062X/6-

311++G(d,p) level of theory 

 

Within 2-FTP 
2-FTP trans-complex cis-complex 

trans cis Ttt Ttg Tgg Ctt Ctg Cgg 

dS[11]‒H[12]
 (Å) 1.34 1.34 1.35 1.35 1.35 1.35 1.35 1.35 

∠C[1]‒S
[11]

‒H[12] (°) 94.9 96.3 94.9 94.8 94.8 94.5 94.7 97.9 

dC[1]‒S[11]
 (Å) 1.77 1.77 1.77 1.77 1.77 1.77 1.77 1.77 

∠C[2]‒C[1]‒S[11]‒H[12](°) 3 8.6 6.4 -8.6 8.4 48.9 -38.7 -20.1 

dS[11]⋯F[13]
 (Å) 2.87 3.01 2.89 2.90 2.90 3.00 2.99 3.01 

dS[11]‒H[12]⋯F[13]
 (Å) - 2.29 - - - 2.66 2.52 2.39 

∠S[11]‒H[12]⋯F[13]  (°) - 109.6 - - - 90.8 96.7 103.6 

 

Within Et2O 
Et2O trans-complex cis-complex 

tt tg gg Ttt Ttg Tgg Ctt Ctg Cgg 

∠C[16]‒O
[14]

‒C[17] (°) 112.9 114.3 115.8 113.6 114.9 116.2 112.6 114.7 116.4 

Φ1∠C[15]‒C[16]‒O[14]‒C[17]
(°) 180 170 58 177.6 170.9 58.3 174.4 160.1 56.6 

Φ2∠C[16]‒O[14]‒C[17]‒C[18]
(°) 180 68 58 176.7 70.4 59.4 176.6 59.2 59.2 

          

S-H···O 

trans-complex cis-complex 

Ttt Ttg Tgg Ctt Ctg Cgg 
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dS[11]‒H[12]⋯O[14]
 (Å) 2.10 2.12 2.12 2.10 2.20 1.99 

∠S[11]‒H
[12]

⋯O[14] (°) 166.0 151.7 151.8 155.4 130.8 161.0 

dS[11]⋯O[14]
 (Å) 3.42 3.36 3.37 3.37 3.24 3.30 

∠C[2]‒ C[1]‒ S[11] ⋯ O[14](°) 10.5 -23.1 23.1 50.4 -59.3 -14.6 

∠C[1]‒ S[11]‒ H[12] ⋯ O[14](°) 28.7 -56.5 57.7 5.6 -40.6 152.0 

C-H···O       

dC[6]‒H[10]⋯O14
 (Å) 2.36 2.40 2.42 - - - 

∠C[6]‒H
[10]

⋯O[14] (°) 146.00 133.7 133.80 - - - 

C-H···S       

dC[15]‒H[26]⋯S[11]
 (Å) 3.18 3.06 3.02 3.31 3.07 - 

C-H···π       

dC[15]‒H[26]⋯C[1]
 (Å) - - 3.31 - 2.87 - 

dC[15]‒H[26]⋯C[2]
 (Å) - 3.05 3.07 3.04 2.89 - 

dC[15]‒H[26]⋯C[3]
 (Å) 3.08 3.29 - 2.67 2.89 - 

dC[15]‒H[26]⋯C[4]
 (Å) 2.94 - - 2.91 2.83 - 

dC[15]‒H[26]⋯C[5]
 (Å) - - - - 2.81 - 

dC[15]‒H[26]⋯C[6]
 (Å) - - - - 2.83 - 

dC[16]‒H[24]⋯C[1]
 (Å) - 2.98 - 3.15 - - 

dC[16]‒H[24]⋯C[2]
 (Å) - 2.88 2.94 2.92 - - 

dC[16]‒H[24]⋯C[3]
 (Å) - - 2.85 - - - 

C···C       

dC[15]⋯C[1]
 (Å) - - 4.17 4.17 3.88 - 

dC[15]⋯C[2]
 (Å) - - 3.71 3.73 3.73 - 

dC[15]⋯C[3]
 (Å) 4.02 - - 3.61 3.63 - 

dC[15]⋯C[4]
 (Å) 3.77 - - 3.98 3.66 - 

dC[15]⋯C[5]
 (Å) - 4.17 - - 3.80 - 
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dC[15]⋯C[6]
 (Å) - 3.72 - - 3.91 - 

dC[16]⋯C[1]
 (Å) - 3.80 - 3.96 - - 

dC[16]⋯C[2]
 (Å) - 3.42 3.41 3.45 - - 

dC[16]⋯C[3]
 (Å) - - 3.78 3.79 - - 

C-H···F       

dC[16]‒H[24]⋯F[13]
 (Å) - - - 2.86 - - 

dC[17]‒H[22]⋯F[13]
 (Å) - - - 2.50 2.99 2.63 

dC[18]‒H[29]⋯F[13]
 (Å) - - - 2.63 2.44 2.49 

 

The main binding force for all the conformers of the 2-FTP‧‧‧Et2O complex is S-H‧‧‧O 

hydrogen bonding. However, a variety of other non-covalent interactions is present in 

each of the conformers of the complex. All the conformers except the Cgg conformer are 

stabilized by secondary C-H‧‧‧π and C-H‧‧‧S interactions with a varied amount of stacking 

interaction. The trans-complexes have additional C-H‧‧‧O hydrogen bonding, which is 

absent in the cis-complexes. Similarly, cis-complexes have additional C-H‧‧‧F interaction. 

In terms of the distances between the atoms involved in the interactions, S-H‧‧‧O 

interaction is stronger in the Ttt conformer among the trans-complexes. On the other 

hand, S-H‧‧‧O interaction was found to be stronger in the Cgg conformer in the cis-

complex category. However, the binding energy of the Cgg conformer is least due to the 

absence of weak C-H‧‧‧π/stacking and C-H‧‧‧S interactions. C-H‧‧‧π/stacking interaction is 

found to be more in Ttg, Tgg, and Ctg conformers. There are changes in the ϕ1 and ϕ2 

angles in Et2O due to the formation of the complex, and these changes are more significant 

in the case of the cis-complex category. There are also noticeable changes in the ∠C[2]‒

C[1]‒S[11]‒H[12](°) dihedral angle due to complex formation in the cis-complex category. 
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Intermolecular vibrations for all the conformers of the complex at the ground electronic 

state are given in Table 5.2. 

Table 5.2. Six intermolecular vibrational modes in the ground electronic state (S0) of the 

conformers of the 2-FTP‧‧‧Et2O complex calculated at the M06-2X/6-311++G(d,p) level of 

theory 

Mode 

trans-complex cis-complex 

Ttt Ttg Tgg Ctt Ctg Cgg 

𝜈 Vib* 𝜈 Vib* 𝜈 Vib* 𝜈 Vib* 𝜈 Vib* 𝜈 Vib* 

1 10 β1 27 β1 27 β1 25 β1 35 𝜏1 13 β1 

2 31 β1
′  47 𝜏1 32 𝜏1 34 β1

′  53 β1 26 𝜏1 

3 39 𝜏1 56 β2 45 β1
′  71 β2 64 β1

′  48 β1
′  

4 56 𝜏2 61 𝜏2 71 β2 82 σ 81 β2 55 𝜏2 

5 73 β2 83 𝜏3 82 σ 106 𝜏1 105 σ 63 β2 

6 85 σ 102 σ 95 𝜏2 115 𝜏2 112 𝜏2 93 σ 

* β1 and β1
′  denote the out-of-plane bending vibration of the S-H‧‧‧O hydrogen bonding whereas 

β2 represents the in-plane bending for the same. σ represents the stretching vibration along the 

S-H‧‧‧O hydrogen bonding. 𝜏1, 𝜏2, and 𝜏3 represent mixed vibration, including ethyl group 

rotation and ring twist. 

Geometries of all the conformers of 2-FTP‧‧‧Et2O are also optimized at MP2 as well as 

other different DFT levels using various basis sets. A graphical representation of the 

energy landscape of the low-energy conformers of the complex is given in Figure 5.2. 

Calculations performed at all three DFT levels show that the Ttt conformer is the global 

minimum, while the stability order of other low-energy conformers is almost similar. 

However, the trend in the binding energies of the conformers derived at the MP2/6-

311++G(d,p) level of theory is a bit different from that obtained at the DFT, mostly due to 

the overestimation of the dispersion interaction at the former level. The Ttg conformer is 
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the global minimum at the MP2/6-311++G(d,p) level of theory. 

 

5.2.2 Mass-selected Electronic Spectra of the 2-FTP‧‧‧Et2O complex 

Time of flight (TOF) mass spectrum of the 2-FTP‧‧‧Et2O complex measured 

utilizing the 1C-R2PI spectroscopic technique is shown in Figure 5.3. To avoid the  

formation of higher order cluster of 2-FTP‧‧‧Et2O complex, vapor pressure of highly 

volatile Et2O was controlled by keeping it in a -100 ℃ cold bath. Heating of 2-FTP was 

also restricted at ~55 ℃ to maximize the selective formation of 1:1 cluster of 2-FTP‧‧‧Et2O 

complex. Figure 5.4(b) shows the mass-selected electronic spectrum of the 2-FTP‧‧‧Et2O 

Figure 5.2. Graphical representation of the binding energies of the conformers of the 2-

FTP‧‧‧Et2O complexes calculated at different levels of theory. 



 

127 
 

complex (1:1) recorded using the 1C-R2PI technique. The origin band of the cis conformer 

of the 2-FTP monomer observed at 35555 cm-1 is shown in Figure 5.4(a), and this is in 

good agreement with the reported spectrum of the monomer by Kim and co-workers.237 

In Chapter 3, we have shown that the very low cis-trans isomerization barrier for 2-FTP 

allows the collisional relaxation of trans-2-FTP to cis-2-FTP.   

 Multiple low-frequency bands are observed in the electronic spectrum of the 2-

FTP‧‧‧Et2O complex. To understand whether the bands observed in the electronic 

spectrum belong to the same conformer or not, UV-UV hole-burning spectroscopy 

experiment has been performed. Figure 5.4(c) and (d) display the UV-UV hole-burning 

spectra corresponding to the two conformers, A and B, existing in the gas-phase 

spectroscopic experiment. UV-UV hole-burning spectra were recorded by fixing the 

electronic band marked by asterisks in Figure 5.4(b). The origin bands due to the S1←S0 

transitions of the conformers A and B were observed at 35230 cm-1 and 35066 cm-1, 

respectively. Conformer A manifests several low-frequency intermolecular vibrations, 

which are tentatively assigned in Table 5.3. Conversely, conformer B lacks any low-

frequency vibrational mode, but it does showcase an intramolecular fundamental (6a) 

band corresponding to the in-plane ring deformation of the 2-FTP monomer. 

Figure 5.3. TOF Mass spectrum of mixed vapor of 2-FTP and Et2O measured at 35240 cm-1 (most 

intense electronic band of the 2-FTP‧‧‧Et2O complex) employing 1C-R2PI spectroscopy. 



 

128 
 

 

Table 5.3. Tentative assignment of the low-frequency intermolecular vibrations (cm-1) 

observed in the electronic spectra (Figure 5.4) of the two conformers of 2-FTP‧‧‧Et2O 

complex 

Conformer A Ttt* Conformer B Ctt 

35230 A0
0  35066 B0

0 

+10 β1   

+36 β1
′    

+48 𝜏1 /β1 + β1
′    

+63 𝜏2   

 * β1 and β1
′  denote the out-of-plane bending vibration of the S-H‧‧‧O hydrogen bonding where as 

𝜏1,  and 𝜏2 represent mixed vibration, including ethyl group rotation and ring twist. 

Figure 5.4. Mass selected electronic spectra of the (a) 2-FTP monomer and (b) 2-FTP‧‧‧Et2O 

complex recorded utilizing 1C-R2PI spectroscopic technique with He-Ne carrier gas. (c, d) UV-UV 

hole-burning spectra for the conformers A and B of the 2-FTP‧‧‧Et2O complex recorded by fixing 

the probe energy correspond to 𝐴0
0 + 10 (35240 cm-1) and 𝐵0

0 (35066 cm-1) bands. Numbers are 

given in (c) correspond to the bands represent the intermolecular vibration of the conformer A. 

Band at +338 cm-1 in (d) is the 6a intramolecular vibration of 2-FTP. 

* 

 

* 
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The electronic origin bands of the conformers A and B of the 2-FTP‧‧‧Et2O complex 

experience red-shifts of 325 cm⁻¹ and 489 cm⁻¹, respectively, with respect to that of the 

2-FTP monomer. The red-shift in the electronic origin band of the conformer A of 2-

FTP‧‧‧Et2O is similar to that obtained for the 2-FTP‧‧‧H₂O, 2-FTP‧‧‧MeOH, and 2-FTP‧‧‧EtOH 

complexes. This result suggests that the stabilization of the S1 state of all the complexes 

except the conformer B of the 2-FTP‧‧‧Et₂O compared to the S0 state with respect to that 

of the monomer is similar. 

5.2.3 IR spectra of 2-FTP‧‧‧Et2O and assignment of the conformers 

Conformer-specific IR spectra of the 2-FTP monomer and 2-FTP‧‧‧Et₂O complex in 

the region of the S-H stretching frequency, measured using RIDIR spectroscopy, are 

shown in Figure 5.5. The S-H stretching frequency of the 2-FTP monomer (Figure 5.3a) 

observed at 2625 cm-1 was reported earlier.267 Scaled theoretical S-H stretching vibration 

for the cis-2-FTP with respect to the experimental value, calculated at M06-2X/6-

311++G(d,p) level of theory, is provided in Figure 5.3b. To scale the harmonic stretching 

frequencies of different conformers of the 2-FTP‧‧‧Et₂O complex, the scaling factor is 

derived from the ratio of the experimental (2625 cm-1)267 and the calculated S-H 

stretching frequency (2751 cm-1) at the M06-2X/6-311++G(d,p) level of theory. Figure 

5.4(c) and (h) show the IR spectra of the conformers A and B of the 2-FTP‧‧‧Et₂O complex, 

respectively. The spectra were obtained by probing the A0
0 + 10 (35240 cm-1) band for 

the conformer A and B0
0 (35066 cm-1) for the conformer B.  Theoretically scaled IR spectra 

in the S-H stretching frequency region of the six low-energy conformers of the 2-

FTP‧‧‧Et₂O complex are provided in Figure 5.4(d-g, i-j). 
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Experimental IR spectrum of the conformer A of the 2-FTP‧‧‧Et₂O complex shows 

a red-shift of 73 cm-1 in the S-H stretching frequency with respect to the S-H stretching 

frequency of the 2-FTP monomer, whereas the red-shift observed for the conformer B is 

98 cm-1. This result clearly indicates that both of the two conformers of the 2-FTP‧‧‧Et₂O 

complex have S-H‧‧‧O hydrogen bonding interaction of reasonable strength. In the case of 

Figure 5.5.  Experimental IR spectra of the (a) 2-FTP monomer, (c, h) conformers A and B of the 

2-FTP‧‧‧Et₂O complex, respectively measured in the S-H regions by RIDIR spectroscopy. (b, d-g, i-

j) Theoretical scaled IR spectra of the 2-FTP monomer and Ttt, Ctg, Ttg, Tgg, Ctt, and Cgg 

conformer of 2-FTP‧‧‧Et₂O complex, respectively, calculated at M06-2X/6-311++G(d,p) level of 

theory. Scaling of the S-H frequencies are done with respect to the experimentally observed S-H 

frequency of the 2-FTP monomer.267 
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the p-cresol‧‧‧Et₂O complex, the red-shift observed in the O-H‧‧‧O hydrogen-bonded O-H 

stretching frequency with respect to the p-cresol monomer was 280 cm-1.285 

Interestingly, similar amount of red-shift (275-290 cm-1) in the O-H stretching frequency 

for the O-H‧‧‧S hydrogen bonding (Sulfur-centered hydrogen bond) in p-cresol‧‧‧Et₂O 

complex was reported in the literature.285 The red-shift (290 cm-1) reported in the O-H 

stretching frequency in the phenol‧‧‧Et2O complex was also similar.301 In the o-

cyanophenol‧‧‧Et₂O complex, further larger red-shift (430 cm-1) was observed in the O-H 

stretching frequency for the O-H‧‧‧O hydrogen bond present there. This comparison 

shows that the S-H‧‧‧O hydrogen bonding interaction is much weaker compared to both 

conventional O-H‧‧‧O and unconventional O-H‧‧‧S hydrogen bonding. 

Assignment of the observed conformers of 2-FTP‧‧‧Et₂O has been done by comparing 

their experimental IR spectra with the theoretical IR spectra of the low-energy 

conformers of the complex. The experimental S-H stretching frequencies of the 

conformers A and B appear at 2552 and 2529 cm-1, respectively. There is a distinct 

difference of 23 cm-1 in the S-H stretching frequencies of the two observed conformers. It 

can be noticed from the theoretical scaled IR spectra presented in Figure 5.5 that there 

are mostly two groups of conformers in terms of the S-H stretching frequency. The one 

group of the conformers is with the trans-2-FTP moiety, i.e., Ttt, Ttg, and Tgg, having the 

S-H frequency in the range of 2547-2556 cm-1. Another group of the conformers is with 

the cis-2-FTP moiety, i.e., Ctt and Cgg, having the S-H frequency in the range of 2523-2527 

cm-1, although the Ctg conformer with the S-H frequency of 2558 cm-1 is the exception as 

it falls in the category with the trans-2-FTP moiety.  

It is noteworthy from Figure 5.5 that the S-H stretching frequencies of the conformers Ttt, 

Ctg, Ttg, and Tgg are very close to each other and corroborate well with the experimental 
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S-H frequency of the observed conformer A (2552 cm-1). Ttt conformer, being the global 

minimum at all the three DFT levels of theory, can be assigned to conformer A. However, 

the binding energies of the Ttt, Ctg, Ttg, and Tgg conformers are also very close to each 

other and hence, the observed conformer A can be tentatively represented by any one of 

these four conformers. On the other hand, the S-H stretching frequencies of the 

conformers Ctt and Cgg are quite close to each other and match well with the 

experimental S-H stretching frequency of the observed conformer B (2529 cm-1). 

However, the Cgg conformer is higher in energy than the Ctt conformer by ~5 kJ/mol and 

thus, Ctt is the favorable choice for conformer B.  Based on the stretching frequencies as 

well as binding energies of the predicted low-energy conformers, Ttt and Ctt can be 

assigned to the observed conformers A and B, respectively. It is worth mentioning that 

the literature on the H2S‧‧‧Et₂O complex indicates the observation of a single conformer 

corresponding to the tt conformer of Et2O with a red-shift of 46 cm-1 in the S-H stretching 

frequency.7 Similarly, observation of a single conformer of 2-phenlyethanethiol‧‧‧Et2O 

complex with only the tt orientation of Et2O is reported by Robertson and coworkers.9 

Table 5.4. Scaled harmonic stretching frequencies (in cm-1 unit) of the conformers of 2-

FTP‧‧‧Et₂O complex calculated at various levels of theory 

2-FTP‧‧‧Et₂O 

Conformers 

M06-2X 

6-311++G(d,p) 

M06-2X 

def2-TZVPP 

MP2 

6-311++G(d,p) 

B3LYP-D3 

6-311++G(d,p) 

Ttt 2547 2560 2566 2541 

Ttg 2552 2566 2569 2530 

Tgg 2556 2569 2561 2523 

Ctt 2529 2549 2548 2464 

Ctg 2558 2583 2571 2455 

Cgg 2523 2554 2566 2460 
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In the previous chapters, we explored the S-H‧‧‧O hydrogen bonding by studying 2-

FTP‧‧‧H2O, 2-FTP‧‧‧MeOH, and 2-FTP‧‧‧EtOH complexes.267 The red-shifts obtained in the 

S-H stretching frequency due to the complex formation were 30, 76, and 80 cm-1 for 2-

FTP‧‧‧H2O, 2-FTP‧‧‧MeOH, and 2-FTP‧‧‧EtOH complexes, respectively. A comparison can be 

made between the strength of the S-H‧‧‧O hydrogen bonding and the increasing proton 

affinity of the hydrogen bond acceptors, including H2O, MeOH, EtOH, and Et2O. Figure 5.5 

shows a linear correlation between the experimentally observed red-shift in the S-H 

stretching frequency and the proton affinity of the hydrogen bond acceptors. It is worth 

mentioning that the correlation between the O-H stretching frequency and proton 

affinities of the acceptors involving conventional O-H‧‧‧O hydrogen bonding in 

PhOH‧‧‧H2O, PhOH‧‧‧MeOH, PhOH‧‧‧Et2O shows much steeper linear plot (Figure 5.6).272, 

Figure 5.6.  Fitted line through the blue square points represents the correlation between the 

strength of the S-H‧‧‧O hydrogen bonding interaction in terms of the red-shift with the proton 

affinity of the hydrogen bond acceptor. Fitted line along the red circle represents the correlation 

between strength of the O-H‧‧‧O hydrogen bonding with the proton affinity of the hydrogen bond 

acceptors. Asterisks are given for the value taken form the references (249, 301). 
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301 This finding reveals that the change of the electron density on the O atom of the 

hydrogen bond acceptors by changing their proton affinities does not influence the 

strength of the unconventional hydrogen bonding in the similar way it does the 

conventional hydrogen bonding. The result also reflects that the nature of the 

unconventional hydrogen bonding, unlike the conventional hydrogen bonding, is not 

majorly dependent on the electrostatic interaction. Thus, the electrostatic component of 

the interaction energy, which has a major contribution to the IR red-shift, is significantly 

less for the sulfur-centered hydrogen bonds.  

 

5.2.4 Analysis of the non-covalent interactions in 2-FTP‧‧‧Et2O 

The strength and the nature of the non-covalent interactions present in the 2-FTP‧‧‧Et₂O 

complex are analyzed utilizing NBO and QTAIM calculations. Figure 5.7 depicts the NBO 

overlap and corresponding 2nd order perturbation energy [E(2)] for the different non-

covalent interactions present in the six low-energy conformers of the 2-FTP‧‧‧Et2O 

complex calculated at the M06-2X/6-311++G(d,p) level of theory. Total E(2) for the S-H‧‧‧O 

hydrogen bonding in the Ttt conformer is 24.86 kJ/mol, which is contributed by 20.38 

kJ/mol due to the delocalization of the electron density from sp-type lone pair atomic 

orbitals (AOs) to the σ* antibonding orbital of the S-H bond [nO(sp)→σ*(S-H)] and 4.48 

kJ/mol for the delocalization of electron density from the p-type lone pair AOs to the σ* 

of S-H bond  [n
O(p)

→σ*(S-H)]. The E(2) value for the Ctt conformer is 25.48 kJ/mol [16.82 

kJ/mol for nO(sp)→σ*(S-H) and 8.66 for nO(p)→σ*(S-H)]. It has been observed that the red-

shift in the S-H stretching frequency in the case of the Ctt conformer is more compared to 

that for the Ttt conformer, and this is qualitatively reflected in the E(2) values. The E(2)  

values for the secondary interactions, including C-H‧‧‧O, C-H‧‧‧π, and C-H‧‧‧S in the Ttt 
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conformer are 4.48 kJ/mol, 1.76 kJ/mol, and 0.59 kJ/mol, respectively. On the other hand, 

the E(2) values for the secondary interactions C-H‧‧‧F, C-H‧‧‧π, and C-H‧‧‧S in the Ctt 

conformer are 2.34 kJ/mol. 3.34 kJ/mol and 0.92 kJ/mol, respectively. The Ttg, Tgg, and 

Ctg conformers exhibit fewer E(2) values for the S-H‧‧‧O interaction compared to those for 

the Ttt and Ctt conformers. The Cgg conformer has a large value of E(2) corresponding to 

the S-H‧‧‧O interaction. However, other secondary interactions, including C-H‧‧‧π and C-

H‧‧‧S interaction, are missing in Cgg. Although the E(2) values are not sufficient to describe 

the total binding energies of the complexes, they justify a qualitative correlation between 

the red-shift in the S-H stretching frequency (νS-H) and the E(2) values for the 

Figure 5.7. NBO overlap for the various non-covalent interactions including S-H‧‧‧O hydrogen 

bonding interactions and other secondary interactions present in the conformers of the 2-

FTP‧‧‧Et2O complex calculated at the M06-2X/6-311++G(d,p) level of theory. 
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corresponding hydrogen bond interaction.   

 

Various non-covalent interactions present in the conformers of 2-FTP‧‧‧Et₂O are further 

evaluated using QTAIM calculations with the optimized geometries of the conformers 

obtained at the M062-2X/6-311++G(d,p) level of theory. Figure 5.8 shows the molecular 

graphs displaying the bond critical point points (BCPs) and the bond path connecting the 

interacting atoms through non-covalent interactions in the conformers of the 2-

FTP‧‧‧Et₂O complex. Total electron density (ρ) and the Laplacian of the electron density 

(∇2𝜌) at the bond critical points for the primary interaction (S-H‧‧‧O hydrogen bonding) 

of the corresponding conformer are also shown in Figure 5.8.   

The theoretical evaluation of the S-H‧‧‧O hydrogen bonding interaction utilizing NBO and 

the QTAIM result has an overall correlation with the experimental value of the red-shift 

in the S-H stretching frequency. At this point, it is worth comparing the NBO second-order 

Figure 5.8.  Topology of the electron density of the conformers of the 2-FTP‧‧‧Et₂O complex 

calculated performing QTAIM calculation with the optimized geometries at M06-2X/6-

311++G(d,p) level of  theory. Red circle on each of the conformers are highlighting the bond 

critical point (BCP) correspond to S-H‧‧‧O hydrogen bonding interactions. Total electron density 

(ρ) and the laplacian of the electron density (𝛻2𝜌) at the bond critical points are mentioned for 

to S-H‧‧‧O hydrogen bonding interactions of each conformer. 
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perturbation energy [E(2)] and the AIM parameters for the S-H‧‧‧O hydrogen bonding 

interaction with those for the conventional O-H‧‧‧O hydrogen bonding. The NBO and AIM 

analyses of the reported p-cresol‧‧‧Et2O complex were further performed at M06-2X/6-

311++G(d,p) level of theory. To have a comparison between the S-H‧‧‧O and O-H‧‧‧O 

hydrogen bonding interactions, we have studied the oxygen analogs of 2-FTP, i.e., 2-

Fluorophenol (2-FP) at the same level of theory. C1 and T1 are named to the cis-2-FP and 

trans-2-FP complexes, respectively, with the tt conformers of Et2O. Table 5.5 shows the 

comparison of the strength of the S-H‧‧‧O and O-H‧‧‧O hydrogen bonding interactions in 

terms of the IR red-shifts and NBO energies. 

Table 5.5. Comparison of the NBO second-order perturbation energy and the AIM 

parameters calculated at M06-2X/6-311++G(d,p) level of theory with the red-shift in the 

experimentally observed S-H stretching frequency  

 S-H‧‧‧O O-H‧‧‧O 

 2-FTP‧‧‧Et2O p-CR‧‧‧Et2O 2-FP‧‧‧Et2O 

 Ttt Ctt  T1 C1 

νS-H (cm-1) 73 98 280* - - 

E(2) (kJ/mol) 24.86 25.48 62.72 69.56 83.04 

ρ (a.u.) 0.019 0.020 0.033 0.035 0.038 

∇2ρ (a.u.) 0.069 0.069 0.128 0.133 0.136 

𝑑𝑆/𝑂−𝐻⋯𝑂 (Å) 2.10 2.10 1.80 1.78 1.75 

* Experimental red-shift was taken from the reference (285) 

5.2.5 Extension of theoretical studies on the nature and strength of the 

S-H‧‧‧O hydrogen bonding 

We have observed that the S-H‧‧‧O hydrogen bonding interaction is quite weaker 

compared to the conventional hydrogen bonding interactions. However, it has been 

found from all the results obtained so far that this weak hydrogen bonding interaction 

has a direct correlation with the proton affinities of the hydrogen bond acceptors. Hence, 
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the strength of the S-H‧‧‧O hydrogen bond can be modulated by varying the proton 

affinities of the hydrogen bond acceptors.  However, the increase in the proton affinities 

of the hydrogen bond acceptors is associated with the increase of alkyl groups in the 

acceptors. Hence, other competing factors, such as steric repulsion, dispersion, etc., come 

into the picture along with the electrostatic interaction. To have a further detailed 

understanding of the strength of the S-H‧‧‧O hydrogen bond with the interplay between 

proton affinities of the acceptors and multiple interactions present in the complexes, we 

have extended the theoretical studies of the 2-FTP complexes with a series of ethers 

Figure 5.9. Scaled harmonic stretching frequencies in the S-H region of the most stable 

conformers of the complexes of 2-FTP with acyclic ethers optimized at the M06-2X/6-

311++G(d,p) level of theory. Blue color stick spectra correspond to the trans conformers of the 

complex formed with trans-2-FTP while the red color stick spectra represent the cis conformer 

of the complexes formed with cis-2-FTP. Calculated stretcthing frequencies are scaled with 

respect to the experimental S-H stretching frequecy of the 2-FTP monomer. 267 
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including cyclic and acyclic ones. However, the acyclic and cyclic ethers belong to 

different families, and hence, we have correlated them separately. Figure 5.9 shows the 

optimized geometries of the 2-FTP complexes with acyclic ethers. Red-shift in the S-H 

stretching frequencies scaled with respect to the experimentally observed S-H stretching 

frequency in the 2-FTP monomer. The theoretical IR spectra presented in Figure 5.8 show 

that the red-shift in the S-H stretching frequency increases with the increment in the 

proton affinities of the hydrogen bond acceptors [Me2O (804 kJ/mol), Et2O (828 

kJ/mol)287 and iPr2O (856 kJ/mol)]. However, the trends in the increase of the IR red-shift 

with the increase of the proton affinity of the acceptor do not continue while we move 

from iPr2O to tBu2O, although the proton affinity of tBu2O (887) is larger than that of iPr2O. 

Rather, the red-shift observed in the case of tBu2O is smaller than that for the iPr2O. A 

Figure 5.10. Correlation of the NBO steric repulsion energy and binding energy of the complexes 

with the proton affinity of the hydrogen bond acceptors calculated at M06-2X/6-311++G(d,p) 

level of theory. The lines through the points are not the fitted one but those are put to guide the 

eyes. 
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similar result in the conventional O-H‧‧‧O hydrogen bonding with the study of the 

complexes between 4-fluorophenol and a series of ethers was reported by Berthelot and 

co-workers.125 It is quite obvious that with the increment of the alkyl chain, proton 

affinity on the oxygen atom increases. However, at the same time, it increases the steric 

repulsion in the complexes as the size of the molecules increases. NBO steric calculation 

performed at the M06-2X/6-311++G(d,p) level of theory for the complexes, given in 

Figure 5.10, shows the change in the Pauli exchange antisymmetry contribution of the 

molecular potential energy value to the total interaction energies of the complexes.302 

Figure 5.10 shows correlations of the binding energies as well as NBO steric repulsion 

energies with the proton affinities of the hydrogen bond acceptors. While moving from 

the Me2O to tBu2O, NBO steric repulsion increases steadily aligned with the size of the 

acceptor, and the binding energy decreases. Hence, the binding energy follows a 

correlation with the combined effect of the proton affinity and steric repulsion of the 

hydrogen bond acceptor. This combined effect makes the 2-FTP‧‧‧iPr2O complex as the 

strongest one among these. The strength of the S-H‧‧‧O hydrogen bond and hence the IR 

red-shift gets affected accordingly. 

Similarly in the case of the cyclic ethers, proton affinity increases with the 

increment of the ring size as it is found in oxirane (3-membered, PA = 793 

kJ/mol)<oxetane (4-membered, PA = 796 kJ/mol), tetrahydrofuran (5-membered, PA = 

824 kJ/mol) < tetrahydropyran (6-membered, PA = 825 kJ/mol).303 Theoretical IR 

spectra of the most stable conformer of complexes formed between cyclic ethers and the 

2-FTP are depicted in Figure 5.11. In the case of the complexes with the cyclic ethers, both 

the cis and trans conformers are observed to have a correlation between the red-shift in 

S-H stretching frequencies and the proton affinity of the ethers. However, the 2-FTP 

complex with the 6-membered cyclic ether (tetrahydropyran) has a lower red-shift due 
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to the combined effect of the proton affinity and the steric repulsion. 

 

  The S-H‧‧‧O hydrogen bonding interactions present in these complexes are further 

evaluated utilizing NBO and QTAIM calculations depicted in Figure 5.12. Correlation 

between the total electron density (ρ) at the bond critical points (BCP) of the S-H‧‧‧O 

hydrogen bonding in both cis and trans complexes of 2-FTP with acyclic ethers and proton 

affinities of the hydrogen bond acceptors follow the trend in the IR red-shift in the S-H 

Figure 5.11.  Scaled harmonic stretching frequencies in the S-H region of the most stable 

conformers of the complexes of 2-FTP with cyclic ethers optimized at the M06-2X/6-311++G(d,p) 

level of theory. Blue color stick spectra correspond to the trans conformers of the complex formed 

with trans-2-FTP while the red color stick spectra represent the cis conformer of the complexes 

formed with cis-2-FTP. Calculated stretcthing frequencies are scaled with respect to the 

experimental S-H stretching frequecy of the 2-FTP monomer. 
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stretching frequencies. Similarly, NBO second-order perturbation energies [E(2)] for these 

complexes hold the same correlation with the proton affinities. For the cyclic ether 

complexes, the correlation of the electron density as well as the NBO interaction energies 

with proton affinity follows the trend observed in the case of the red-shift in the S-H 

stretching frequencies in the complexes.  

In the case of the acyclic ethers, the influence of the PA towards the increase of the 

strength of the S-H‧‧‧O is maximum for the 2-FTP‧‧‧iPr2O complex, and the steric repulsion 

Figure 5.12. (a, b) correlation between the electron density and the NBO interaction energies 

with the proton affinity for the complexes of 2-FTP with acyclic ethers and (c, d) correlation 

between electron density and the NBO interaction energies with the proton affinity for the 

complexes of 2-FTP with cyclic ethers calculated at the M06-2X/6-311++G(d,p) level of theory. 

The lines through the points are not the fitted one but those are put to guide the eyes. 
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dominates and leads the interaction. Similarly, for the cyclic ethers, the dominance of the 

proton affinity on the strength of the S-H‧‧‧O prevails up to the 5-membered cyclic ethers 

and steric repulsion takes over beyond that. From the theoretical point of view, the 

strength of the weak S-H‧‧‧O hydrogen bonding can be modulated to some extent by 

varying the proton affinity of the hydrogen bond acceptor. However, there is always an 

interplay between the proton affinity, steric repulsion, and dispersion that controls the 

strength of the hydrogen bonding.   

5.3  Conclusions 

In this chapter, we have studied 1:1 complex of the 2-FTP with Et2O in the gas-

phase using mass-selected conformer-specific electronic and IR spectroscopy 

accompanied by quantum chemical calculations. Experimentally, two conformers of the 

complex are observed in the gas-phase. It has been confirmed from both experiments and 

calculations that both the observed conformers are stabilized by S-H‧‧‧O hydrogen 

bonding interaction as a primary binding force. However, other weak secondary 

interactions, including C-H‧‧‧O, C-H‧‧‧F, C-H‧‧‧π/stacking, and C-H‧‧‧S interactions, also 

influence the overall stability and structures of the complexes. The S-H‧‧‧O hydrogen 

bonding in the 2-FTP‧‧‧Et2O complex leads to the red-shift of 73 and 98 cm-1 in the 

stretching frequency of the S-H bond of the conformers A and B, respectively. This result 

also holds a linear correlation in the modulation of the hydrogen bonding strength with 

varying proton affinities of the hydrogen bond acceptors. However, the fitted line for the 

correlation between the strength of the S-H‧‧‧O hydrogen bonding and the proton affinity 

of the hydrogen bonding acceptors is not steeper as it is observed in the case of the 

conventional O-H‧‧‧O hydrogen bonding. It is also verified from the NBO and QTAIM 

calculations that the electron density and the NBO second-order perturbation energy due 
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to the delocalization of electron density between the hydrogen bond donor and the 

acceptor are relatively smaller compared to those for the conventional hydrogen 

bonding. In this chapter, we have also extended further the understanding of the S-H‧‧‧O 

hydrogen bonding interaction in terms of the theoretical study of the complexes of 2-FTP 

with several cyclic and acyclic ethers. It has been found that a subtle interplay between 

the proton affinity, steric repulsion, and dispersion interaction controls the strength of 

the S-H‧‧‧O hydrogen bonding in the complexes. For acyclic ethers up to iPr2O, the proton 

affinity factor dominates, and hence, the strength of the unconventional S-H‧‧‧O hydrogen 

bonding increases from Me2O to Et2O and iPr2O. But in the case of tBu2O, steric repulsion 

dominates the overall structure of the complex, and hence, the S-H‧‧‧O hydrogen bonding 

becomes weaker. Similarly, in the case of the complexes of 2-FTP with the cyclic ethers, 

the strength of the S-H‧‧‧O hydrogen bonding is maximum for the 5-membered ether 

(Tetrahydrofuran), and it decreases thereafter. 
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6.1. Conclusion 

In conclusion, we have delved into the interaction of sulfur-centered hydrogen 

bonding (SCHB), focusing on the less investigated aspect where sulfur serves as a 

hydrogen bond donor. This exploration involved employing various gas-phase high-

resolution spectroscopic techniques, including 1C-R2PI, UV-UV hole-burning, and IR-UV 

double resonance spectroscopy in conjunction with advanced quantum chemical 

calculations. 

To comprehend the characteristics and the strength of S-H‧‧‧O hydrogen bonding, 

an investigation was conducted on the 1:1 complex involving 2-FTP and H2O. In this 

context, 2-FTP functions as an unconventional hydrogen bond donor, while H2O acts as a 

conventional hydrogen bond acceptor. Conformer-specific electronic and IR spectra, 

obtained through mass-selected high-resolution spectroscopy, confirm the presence of 

two conformers in the complex formed with 2-FTP and H2O. Employing quantum 

calculations, it was revealed that the formation of both complexes is driven primarily by 

S-H‧‧‧O hydrogen bonding interaction. The absence of high-energy conformers of 2-

FTP‧‧‧H2O based on O-H‧‧‧S hydrogen bonding in the experiment concludes that the 

preference for S-H‧‧‧O hydrogen bonding over O-H‧‧‧S hydrogen bonding is influenced by 

the combined effect of the proton affinity of the hydrogen bond acceptor and the acidity 

(pKa) of the hydrogen bond donor. Nevertheless, both the experimental red-shift value 

(25-30 cm-1) in the S-H stretching frequency and theoretical calculations suggest that the 

strength of S-H‧‧‧O hydrogen bonding is much weaker than conventional O-H‧‧‧O 

hydrogen bonding. 

We have expanded our research to modulate the strength of S-H‧‧‧O hydrogen 

bonding. In our gas-phase spectroscopic study, we investigated the complexes of 2-FTP 
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with MeOH and EtOH. The observed conformers of the complex formed between 2-FTP 

and MeOH/EtOH are established through S-H‧‧‧O hydrogen bonding. Experimental S-H‧‧‧O 

hydrogen bonding strength in terms of the observed red-shift in S-H frequency increased 

as we moved from H2O to MeOH/EtOH, which is proportional to the proton affinity of the 

MeOH/EtOH. This study finds an interesting linear correlation between the strength of 

the S-H‧‧‧O hydrogen bonding and the proton affinity. 

Moreover, we examined the correlation between proton affinity and the strength 

of hydrogen bonding in both unconventional S-H‧‧‧O and conventional O-H‧‧‧O hydrogen 

bonding. Our observations revealed that the correlation curve is less steep for 

unconventional hydrogen bonding when compared to conventional hydrogen bonding. 

This investigation implies that the modulation of proton affinity in the hydrogen bond 

acceptor has a comparatively lesser influence on the electronic effect than in 

conventional hydrogen bonding. We conducted an additional investigation into the 

modulation of S-H‧‧‧O hydrogen bonding across a range of cyclic and acyclic ethers. 

Ultimately, it became evident that steric repulsion plays a significant role, particularly 

when the size of the complexing partners is significantly larger. The strength of the 

hydrogen bonding is determined by the interplay between proton affinity and steric 

repulsion. 

6.2 Future directions 

It would be intriguing to explore unconventional S-H‧‧‧N and S-H‧‧‧S hydrogen 

bonding in the future through the application of diverse high-resolution gas-phase 

spectroscopic techniques. Both the sulfur and nitrogen are very much abundant in 

proteins and other biomolecules. We have already explored the S-H‧‧‧O hydrogen 

bonding, which is quite weaker among the sulfur-centered hydrogen-bonding category. 
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It will also be interesting to compare the strength of the S-H‧‧‧O and S-H‧‧‧N/S 

unconventional hydrogen bonding in the future. Figure 6.1 shows Cambridge crystal 

database search results with a criterion of distance (2-3 Å)  and angle (90°-180°). This 

outcome indicates the presence of a notable number of entries in the database that 

involve crystals exhibiting S-H‧‧‧S or S-H‧‧‧N interaction.  

 

 

Figure 6.12. Representation of the entries in the Cambridge Crystal Database (CCDC 2022.2.0) 

within the search criteria of bond length (2-3Å) and angle (90°-180°). 

We have primarily performed the computational calculation of S-H‧‧‧N hydrogen bonding 

using a model of the complex in 2-FTP and pyridine and 4 -Methylpyridine has been 

performed at the level of M06-2X/6-311++G(d,p) level of theory. Figure 6.2 shows the 

optimized geometries of the complexes. Both the cis and trans conformers are analyzed 

in search of the S-H‧‧‧N hydrogen bonding. trans-complexes are observed to make 
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stronger hydrogen bonds in terms of red-shift value for both cases of pyridine (106 cm-

1) and 4-methyl pyridine complexes ( 116 cm-1). However, due to the other non-covalent 

interactions, cis complexes are stabilized more.  

 

S-H···S hydrogen belongs to the extremely unconventional category and is very 

interesting to the research community. A very few references exist in the literature where 

spectroscopically S-H···S hydrogen bond has been studied. Preliminary calculations of S-

H···S hydrogen bonding in 2-FTP and Me2S and Et2S will be interesting. The ab initio 

Figure 6.2. Optimised geometry of the 2-FTP complexes with pyridine and 4-methyl pyridine 

calculated at M06-2X/6-311++G(d,p) level of theory. In parenthesis Binding energies (BE) are 

given in kJ/mol. ∆𝜈S-H represent the red-shift in the scaled harmonic S-H stretching frequency.  

Figure 6.3. Optimised geometries of the cis and trans conformer of the 2-FTP…Et2S complex 

calculated at M06-2X/6-311++G(d,p) level of theory. In parenthesis Binding energys (BE) are given 

in kJ/mol. ∆𝜈S-H represent the red-shift in the scaled harmonic S-H stretching  frequency. 
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calculation for the S-H···S hydrogen bonding is performed at M06-2X/6-311++G(d,p) 

level of theory. Optimized geometries are given in Figure 6.3. 

 

Figure 6.4. Optimized geometries of the cis and trans conformers of 2-FTP···Me3P complex 

calculated at M06-2X/6-311++G(d,p) level of theory. ∆𝜈S-H represent the red-shift in the scaled 

harmonic S-H stretching frequency. 

Phosphorous also has an important role in biological, pharmaceutical, and materials.  The 

study of S-H···P hydrogen bonding could also be interesting as it falls in the extremely 

unconventional hydrogen bonding category. Figure 6.4 shows a preliminary calculation 

of the complex of  2-FTP and trimethyl phosphine (PMe3) at the M06-2X/6-311++G(d,p) 

level of theory.  cis and trans complexes are observed to form with a S-H···P hydrogen 

bonding, and the corresponding red shift in S-H stretching frequency is 30 and 39 cm-1.   
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