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Abstract 
 

 

This PhD thesis shows the application of different spectroscopic and theoretical tools 

to probe the extent and possible interaction between various Lewis acids (halogen 

bond donor) and Lewis bases (halogen bond acceptors). Vibrational circular 

dichroism (VCD) that is the chiral version of infrared (IR) spectroscopy is able to 

provide valuable information about the absolute configuration of a chiral molecule in 

the solution when coupled with theoretical calculations. This technique is also 

sensitive to intermolecular interactions. Since the strength and level of interaction 

between the halogen bond donors and halogen bond acceptors is unknown to us we 

have also decided to utilize other spectroscopy techniques such as 19F-NMR, 1H-

NMR, and UV-vis spectroscopy.  

In chapter 3, I studied the formation of the halogen bond between 4-benzyl-

1,3-thiazolidine-2-one (NOS) and iodine. In order to probe the interaction between 

the two molecules I used FT-IR, VCD, 1H-NMR, and UV-vis spectroscopy 

techniques. Density Functional Theory (DFT) calculations allowed me to find out 

what would be the conformers of the interacting species and which ones would 

contribute to the formation of final complexes. This study concluded with no 

interaction between the two species. 

In chapter 4, I studied the formation of the halogen bond between 4-benzyl-

1,3-thiazolidine-2-thione (NSS) and iodine in the solution using FT-IR, VCD, 1H-

NMR, and UV-vis spectroscopy techniques. DFT simulations were carried out to find 

out the most stable conformers of the interacting species and the formation of final 
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complexes. This study concluded with discovery of a new halogen bond interaction 

motif between the two species. 

In chapter 5, I studied the formation of halogen bond between 4-benzyl-1,3-

thiazolidine-2-one (NOS) and iodopentafluorobenzene (F5BnI) in the solution using 

FT-IR, VCD, 1H-NMR, and 19F-NMR spectroscopy. Sensitivity of the VCD and 19F-

NMR spectroscopy allowed me to monitor small changes in the spectra of interacting 

species. Consequently with the aid of DFT simulations I was able to suggest the most 

probable conformer for the interaction between the donor and acceptor species. 

In chapter 6, I studied the formation of halogen bond between 4-benzyl-1,3-

thiazolidine-2-thione (NSS) and iodopentafluorobenzene (F5BnI) in the solution using 

FT-IR, VCD, 1H-NMR, and 19F-NMR spectroscopy. 19F-NMR signals does not 

suggest a strong interaction between the two species due to the low change in the 

chemical shift. Despite the fact that the interaction between these species is weak, we 

were able to collect signals from the VCD machine which together with the DFT data 

enabled us to suggest a possible structure in the formation of the complex. 
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CHAPTER 1 
 

Introduction 

 

1.1 History of Halogen Bond 

A halogen bond (X-bond) can be defined broadly as a non-covalent interaction 

between an electron deficient X-bond donor and an electron rich X-bond acceptor, in 

a similar fashion as a hydrogen bond (H-bond). One of the early studies of X-bond 

was by Guthrie1 in 1863, when he added iodine powder to a solution of ammonia to 

form the complex, which he then suggested to be I2···NH3 and named it “iodide of 

iodammonium”. Guthrie found that this complex decomposed upon treating with 

water, turned water into a reddish-brown color, and produced a residue, which 

exploded spontaneously under water. 

Since then, there have been some notable discoveries in the field of X-bonds. 

In the 1950s Mulliken2,3 observed a larger blue shift of the iodine visible absorption 

peak in aromatic solvents (Table 1.1). Mulliken recognized that the absorption 

intensity at the λmax of iodine-benzene at about 500 nm is ~1000 times stronger than 

the λmax of benzene in heptane, which is at 2600Å 2, and proposed the formation of an 

electron donor-acceptor complex, in which there is a transfer of charge from the 

electron donor D to the electron acceptor A:  

D + A ↔ D+A- ↔ D+ + A- 

 
Table 1.1 Maximum Absorbance of Iodine in Visible Region in six Different Solvents 
 

 

 

 

 

 

 

 

Solvent λmax 

nm 

Solvent λmax 

 

n-Heptane 520 Benzene 500 

CCl4 520 Toluene 497 

CH3CHCl2 503 o-Xylene 497 
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Significant progress over the last few decades has been made in studies of X-

bonds in the solid state. Using X-ray diffraction, geometries of X-bond complexes 

were reported by a few research groups, including the 1969 Nobel Prize winner 

O. Hassel. A few interesting structures are shown in Fig. 1.1. In the bromine···1,4 

dioxanate compound, the Br–Br distance is 2.31 Å, longer than that of the free 

bromine molecule at 2.28 Å4, and the Br···O distance is 2.71 Å, a value between the 

van der Waals (3.37 Å) and covalent (1.87 Å) radii of bromine···oxygen. These bond 

distance values indicate a very strong interaction between the bromine and oxygen 

atom, as suggested by Hassel. The Br–Br distance in bromine 

hexamethylenetetraamine complex is 2.4 Å, while the Br···N distance is 2.3 Å, 

showing a strong interaction between the nitrogen and the bromine atom and a large 

weakening of the Br–Br covalent bond. Similarly, the Br–O distance of 2.82 Å is 

shorter than the sum of the van der Waals radii of bromine and oxygen, 3.37 Å, in the 

third example in Fig 1.1.  

 

  

 

 

 

 

 

 

 

 

 

 
Figure 1.1. Examples of three X-bond complexes: bromine···1,4-dioxane4, 
bromine···hexamethylenetetraamine,5 and bromine···acetone.6 
 

In general, an X-bond is characterized by a fairly short acceptor···X bond 

(which is referred to as a charge transfer bond in some instances) distance and a 

lengthening of the X–X bond length compared to that in free halogens. Table 2 shows 
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some selected bond lengths of the addition complexes of halogens with ethers, 

ketones, and sulphides.4, 6-7 In the benzyl sulphide···I2 and the 1,4 dithian···I2 

compounds, the S···I distances are very short, 2.78 Å and 2.83 Å, respectively. For 

both of them, the I–I distance is approximately 0.2 Å larger than the I–I distance in 

the free iodine, which is 2.67 Å. By comparing the X···O distances and the sums of 

the van der Waals radii in the additional complexes of 1,4 dioxane and the 

dihalogens, Hassel concluded that size of the halogen atom has a direct relation with 

the strength of the X···O interaction.8  

 
Table 1.2. Selected Bond Angles and Changes in the Bond Lengths (Å) of Donors and Acceptors in 
Charge Transfer Complexes 
 

Compound 

Charge 

transfer 

bond 

Bond 

length 

Sum of 

van der 

Waals 

radii 

X-X bond 

length in 

complex 

X-X bond 

length in 

free 

halogen 

Donor-X-X angle 

1,4 

dioxane/Br2 
O···Br 2.71 3.35 2.31 2.28 180 

1,4 

dioxane/ICl 
O···I 2.57 3.55 2.33 2.32 

Approximately 

linear 

1,4 

dioxane/Cl2 
O···Cl 2.67 3.20 2.02 1.99 178 

acetone/Br2 O···Br 2.82 3.35 2.28 2.28 180 

Benzyle 

sulphide/I2 
S···I 2.78 4.00 2.82 2.67 179 

1,4 dithian/I2 S···I 2.87 4.00 2.79 2.67 178 

1,4 

diselenan/I2 
Se···I 2.83 4.15 2.78 2.67 180 

 

Another common type of X-bond encountered in the solid state is between a 

carbon halogen bond (C-X, X = Cl, Br, I) and the electronegative atom of nitrogen or 

oxygen. Allen et al9. discovered them by analyzing the crystal structures from the 

Cambridge Structural Database. They recognized that these X-bonds are highly 

directional and suggested that electrostatic effects play the main role in X…N or 

X…O interaction. The directionality of the interaction was related to the anisotropic 

charge distribution around the C-X bond.9 Further studies by Metrangoloa et al10. 
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showed that the C-I…N angle in different structures was about 175o. A similar trend 

was observed for C-I…I.-10 

Over the years, some semi-empirical rules have been developed to explain X-

bond strength30. For example, an increase in the X-bond strength from oxygen to 

sulfur was explained previously by Pearson’s rule of hard and soft acid and bases 

(HSAB).11 This rule states that hard acids and soft acids bind more strongly to hard 

bases and soft bases, respectively. Iodine is a soft halogen (Lewis acid) so it binds 

more strongly to sulfur, a softer base, rather than oxygen. It also has been shown that 

the strength of an X-bond increases with the increasing polarizability of the electron 

deficient halogen atom. It follows the trend of F < Cl < Br < I, in which iodine is the 

most polarizable atom12, thus, an iodine containing compound would be a good 

candidate for probing such X-bond interactions.  

More recently, computational methods have been applied to investigate the 

nature of X-bond interactions, leading to some significant progress. The concept of 

the “sigma hole” was developed to explain the X-bond donor,13 analogous to the H-

bond donor. The sigma hole represents an area with positive electrostatic potential 

along the covalent R–X bond, where R can be F, Cl, Br, I, C, N, and so on. The sigma 

hole is the consequence of an anisotropic distribution of electron density along the 

same bond. This makes the radius of the halogen atom smaller along the covalent C–

X bond but larger on the perpendicular direction. Politzer, Murray, and Clark14 

provided an atomic and molecular orbital view to demonstrate how the sigma hole is 

formed. Group VII atoms (halogens) have seven electrons in their p and s-orbitals of 

the valence shell, which creates an s2px
2py

2pz
1 configuration, where pz is along the C–

X bond to form a covalent bond with carbon. As a result, there is a depopulation of 

electron density at this pz orbital due to the formation of a covalent bond with carbon, 

and a partial positive charge is created on the X atom. Since the electrons of the px
 

and py are maintained around the C–X bond, an electron rich ring is created around 

the C–X bond.  

There have been continuing discussions on the exact nature of X-bond 

interactions. For example, how dispersion interactions and the charge transfer 
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influence the properties of the X-bond systems still is being debated. Symmetry-

adapted perturbation theory and natural bond orbital (NBO) analysis have been used 

to explain how much different components contribute to the X-bond interaction15, 

although the separation of different components is not unique and depends on the 

models applied.15  

 

1.2 Applications of X-bond 

The X-bond has played an important role in supramolecular chemistry, including 

crystal engineering and syntheses of nanomaterials and metal-organic frameworks 

and in medicinal chemistry. Some examples are given below, in which the same or 

similar halogen compounds investigated in this thesis are utilized.  

The X-bond has been utilized to generate one-, two-, and three-dimensional 

crystal structures in crystal engineering. One-dimensional chains are formed if the 

donor and acceptor are both bidentate. Formation of more than one halogen bond by 

the same interacting species will form a two-dimensional structure. If the interacting 

species are tetradentate, three-dimensional structures will be formed. For example, 

Metrangolo and co-workers have reported one and two-dimensional structures, see 

Fig 1.2.16 

  

      
a      b 

 
Figure 1.2. Formation of 1D (a) and 2D (b) crystal structures between trans-4,4’-azobipyridine and 
1,6-diiodoperfluorohexane.16b 

As a supramolecular dynamics catalyst, Bryce and co-workers at Ottawa U. 

very recently showed that an X-bond can facilitate the rotation of methyl group in a 

series of supramolecular structures that contain 2,3,5,6-tetramethylpyrazine (TMP).17 

Using solid state NMR and density functional theory (DFT) calculations, the authors 

demonstrated that the methyl internal rotation activation energy drops from 7.31 
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kJ/mol in an isolated TMP gas phase molecule to only about 3–5 kJ/mol (Table 1.3) 

in a few supramolecular structures shown below (Figure 1.3). 

 
 
Figure 1.3. Molecular structures involving 2,3,5,6-tetramethylpyrazine (TMP). Dashed lines refer to 
the X-bonds (a,b,c) and the H-bonds (d,e,f). f exists as a salt with 2Cl anions (f.2HCl).17 

 
Table 1.3. Methyl Group Rotational Activation Energies 17 
 

Compound I···N/H···N bond 

length (Å) 

Activation energy (kJ 

mol−1) 

Note 

a 3.0665(18) 2.84 ± 0.14  Halogen bonded 

b 2.993(3) 2.84 ± 0.14  Halogen bonded 

c 3.075(5) 3.62 ± 0.13  Halogen bonded 

d 1.919 4.17 ± 0.09  Hydrogen bonded 

e 1.809 5.02 ± 0.06 Hydrogen bonded 

f.2HCl n/a 6.81 ± 0.16  HCl salt 

 

As can be seen in Table 1.3, in the case of an X-bond, this reduction is 

noticeably more than in the case of a H-bond17. It may be counter-intuitive that when 

TMP co-crystallizes with an X- or a H-bond interaction (Figure 1.3), the methyl 

internal rotation activation energy actually is reduced. A small reduction also was 

reported in the gas phase rotational spectroscopy studies before, for example, when 

the methyl glycidate monomer is H-bonded to water 31. That was justified by the DFT 

calculations showing that the H-bond interactions preferentially stabilize the 
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transition state more than the ground state structures, leading to a smaller activation 

energy than the methyl internal rotation activation energy. Similarly, although much 

more drastically in the solid state case, Bryce and co-workers used DFT calculations 

to show the observed catalytic activity of the X-bond, i.e., the reduction of the said 

activation energy, is due to the same kind of preferential stabilization of the transition 

state than the ground state structures of TMP in the solid.  

Because of steric and polar properties of X-bond compounds, they can play 

important roles in biological systems to facilitate a drug reach its appropriate 

receptor. Davis et al. investigated the effect of halogenation on stability, lipophilicity, 

and enhanced in vitro blood-brain barrier permeability of a drug 18. The chlorinated 

and brominated species showed an enhanced in vitro blood-brain barrier 

permeability.18 Such medicinal chemistry application is also one motivation for the 

current thesis research to investigate X-bond interactions in solution at the molecular 

level.   

 

1.3 Chiral Stereochemistry 

Since I have utilized chiral molecules in all my thesis research projects, I discuss 

briefly about chirality here. According to Prelog,19 “chirality is the property of an 

object to be non-superimposable on its mirror image by translation and rotation”. Our 

left and right hands are not superimposable on one another; thus, they possess 

handedness or chirality. A pair of mirror-imaged molecules that are not 

superimposable onto one another are called enantiomers. A racemic mixture is the 

one where both enantiomers exist in equal amounts.  

Chiral structural elements of a chiral molecule can be classified into three 

categories: center of chirality, axis of chirality, and plane of chirality20, by which 

three different types of chirality, central, axial, and helical chirality, are defined. 

Central chirality is the case where four different groups are attached to a central 

carbon (or other) atom, called a stereogenic center. A stereogenic center could either 

be (R) or (S), based on the Cahn-Ingold-Prelog naming rule.21 Axial chirality happens 

when four different groups occupy nonplanar positions on a chiral axis, as shown in 

Figure 1.4 a). Helical chirality is related to a structure having a helical geometry,22 
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such as a double-stranded DNA structure. Helical chirality is labelled as P (plus) or Δ 

for a right-handed helix, or M (minus) or Λ for a left-handed helix.  

 

 
 
Figure 1.4. a) Axial chirality in (2,2′-bis(diphenylphosphino)-1,1′-binaphthyl) (BINAP). b) Helical 
chirality in a double-stranded DNA. 22 

 

1.4 Applying Vibrational Circular Dichroism to Study 
Chiral Species 

It has been recognized that a pair of drug enantiomers may have drastically different 

medicinal properties. For example, (S) Ibuprofen has analgesic properties in contrast 

to the (R) configuration, which acts as an anti-inflammatory agent.23 The need to 

know whether an enantiomer is (R) or (S), i.e., the absolute configuration, has led to 

the development of several relevant spectroscopic techniques. 

One of the most common techniques used for determination of absolute 

configuration is single crystal X-ray diffraction (XRD).24 For XRD, one would need a 

high-quality single crystal and often, preferably, an existence of a heavy atom in the 

crystal. Due to such restrictions, other methods, such as NMR with a chiral shift 

agent,25 optical rotation, and electronic circular dichroism26 (ECD) techniques also 

have been explored for the above purpose. ECD can be considered as the chiral 

version of UV/vis absorption spectroscopy. Here, circular dichroism (CD) is defined 

as the differential absorbance (ΔA = AL − AR) between left and right circularly 

polarized light. Generally, a compound should have functionalities that absorb UV/vis 
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radiation in order to obtain an ECD spectrum also. An ECD experiment is applicable 

directly in solution.  

In the 70s, vibrational circular dichroism (VCD), a combination of chiral 

sensitivity of CD and structural precision of IR spectroscopy, was developed. First, 

theoretical studies were done in early 1970s, utilizing empirical methods to predict 

VCD spectra.27 One of the earliest VCD measurements was demonstrated by 

Holzwart et al. in 1973.28 In 1979 Nafie et al. developed the Fourier transform VCD 

technique and demonstrated the first measurment.29 These VCD details will be 

discussed further in Chapter 2.  

In general, UV/vis bands are quite broad because of the short life time of the 

electronic excited states in solution. In addition, it is typically much more difficult to 

predict the ECD spectral pattern well because of involvement of the excited electronic 

states. These two factors make it difficult to apply ECD for absolute configuration 

determination in some cases. In the IR region, on the other hand, often ten or more 

fundamental vibrational bands of a chiral molecule can be resolved easily from a 

solution directly. A pair of enantiomers will have identical or similar absorption 

patterns, whereas their VCD spectra are mirror images to each other. Theoretical 

simulations of IR and VCD spectra are also easier because only the ground electronic 

state is involved. These two reasons make VCD an attractive spectroscopic tool for 

absolute configuration determination.  

 

1.5 Overview and Objectives of This Thesis 

In comparison to H-bond interactions, X-bond interactions have been explored much 

less, despite their increasing importance in a wide range of research and application 

fields. Especially, X-bond interactions in solution have been investigated only 

sparsely. This situation is due to a number of factors. First, there are many non-

covalent interactions in solution, for example, H-bonding interactions. Second, the 

spectral signatures are typically just a small shift in, for example, IR band shift, 

making it difficult to recognize conclusively. In this thesis, I apply both IR, VCD, and 

in some cases, UV-Vis, and ECD spectroscopies to examine X-bond interactions at 

the molecular level in combination with DFT calculations. VCD, in particular, often 
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has the advantage of a distinctive VCD spectral pattern with positive and negative 

bands.  

In this thesis, I focus my attention on a number of prototypical X-bond 

molecular systems, including complexes formed between these molecular systems, as 

shown in Figure 1.5. 

 

                                  

a.   c.   d. 

Figure 1.5. Donors: a. I2, b. pentafluoro-iodobenzene. Acceptors: c. 4-benzyl-1,3-thiazolidine-2-one 

d. 4-benzyl-1,3-thiazolidine-2-thione. 

 

The main objectives of this thesis research are summarized below: 

1. Obtain IR and VCD spectral signatures and also UV/vis and ECD spectra of 

several types of non-covalent interactions of the targeted chiral molecular species in 

solution. These species are capable of forming complexes among themselves and with 

solvent molecules bound together by X-bond and H-bond interactions.  

2. Using some conformational search schemes and DFT theoretical calculations to 

identify possible structures of complexes formed with different targeted molecular 

species in solution and simulate their IR, VCD, UV/vis and ECD spectra.  

3. Through comparisons of the experimental and theoretical spectra to identify what 

are the dominant non-covalent interactions in solution under varying experimental 

conditions. 

4. Derive the most favorable geometries of the X-bond bonded species in solution and 

the X-bond donor and acceptor sites.  

Six chapters are incorporated into this thesis. The first chapter is the 

introduction, which includes some background information on X-bonds. The second 

chapter will be on the subject of the experimental and theoretical methods used. In 

this chapter, I mainly will discuss some experimental and theoretical aspects of VCD 

spectroscopy, together with a brief review of IR, UV/vis, and NMR spectroscopic 

b 
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methods that have been used in this thesis to investigate the intermolecular 

interactions in solution. Some aspects of theoretical basics of the applied DFT 

calculations will also be discussed. Chapters 3, 4, 5 and 6 will be devoted to the 

experimental and theoretical results of interaction of the studied chiral halogen and 

hydrogen bond compounds with different species in the solution. The molecular 

systems and the goals of Chapters 3, 4, 5 and 6 are: 

Chapter 3. In this chapter, halogen bonds between iodine and 4-benzyl-1,3-

thiazolidine-2-one (NOS) will be studied by UV-vis, 1H-NMR, IR, and vibrational 

circular dichroism (VCD) spectroscopy techniques. 

Chapter 4. In this chapter, halogen bonds between iodine and and 4-benzyl-

1,3-thiazolidine-2-thione (NSS) will be studied by UV-vis, 1H-NMR, IR, and 

vibrational circular dichroism (VCD) spectroscopy techniques 

Chapter 5. In this chapter, the balance between the formation of a halogen 

bond and an intermolecular hydrogen bond is explored between 

iodopentafluorobenzene (F5BnI) and 4-benzyl-1,3-thiazolidine-2-one (NOS) by 

1H-NMR, 19F-NMR, IR, and vibrational circular dichroism (VCD) spectroscopy 

techniques. 

Chapter 6. In this chapter, the balance between the formation of a halogen 

bond and an intermolecular hydrogen bond is explored between 

iodopentafluorobenzene (F5BnI) and 4-benzyl-1,3-thiazolidine-2-thione (NSS) by 

1H-NMR, 19F-NMR, IR, and vibrational circular dichroism (VCD) spectroscopy 

techniques. 

Chapter 7 will be a conclusion chapter where the general outcome of the 

thesis research and future work in this research direction will be presented. 
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CHAPTER 2 
 
Methods 
 
2.1 VCD Basis 
Vibrational circular dichroism (VCD) is used to determine the absolute configuration 

of chiral molecules.1 These molecules show vibrational optical activity (VOA). 

Infrared vibrational circular dichroism,2 or VCD, and vibrational Raman optical 

activity,3 or ROA, are the two forms of VOA.  

Vibrational circular dichroism (VCD) is defined as the difference in 

absorption of the circularly polarized IR light by a chiral structure.  

 ΔA = AL – AR (2.1) 

AL and AR are the corresponding absorbances of left circularly polarized (LCP) and 

right circularly polarized (RCP) infrared radiation. 

Infrared (IR) electromagnetic radiation induces vibrational transitions in 

molecules. When a molecule is exposed to IR light, such a vibrational transition could 

happen if the energy of light matches the energy gap between the initial (Ψ1) and final 

(Ψ2) vibrational states, and there is a net change of the dipole moment as the molecule 

vibrates (nonzero electric transition dipole moment µelec).4 

 µelec,12 = <Ψ1 | μelec | Ψ2|> (2.2) 

Ψ1 and Ψ2 are the wave functions related to the initial and final vibrational states 

(ground state g and excited state e). μelec represents the operator for the electric dipole 

moment, and μelec itself is the sum of the dipole moments of electrons (µe
elec) and 

nucleus (µn
elec).  

 µelec = (µe
elec + µn

elec) (2.3) 

 The dipole strength is the square of the transition dipole moment (µelec,12) and 

is denoted as |µelec,12|.2 

 |µelec,12|2 = |<Ψ1 | μelec | Ψ2|>|2 (2.4) 

The infrared absorbance of a molecule (intensity of an IR or VCD band) is 

directly proportional to the molar extinction coefficient , or the differential molar 
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extinction coefficient Δ of the transition, where Δ and  are dependent on dipole 

strength D and rotational strength R of the transition.5 

 D(g→e) = <g|µelec|g> * <g|µelec|g> (2.5) 

 R(g→e) = -i<g|µelec|g> * <g|µmag|g> (2.6) 

µelec and µmag are electric and magnetic dipole moments, and µmag is also the sum of 

the dipole moments of electrons (µe
mag) and nucleus (µn

mag).   

 µmag = (µe
mag + µn

mag) (2.7) 

Determination of the dipole strength of a vibrational transition is performed 

by evaluation of the electric transition dipole moment. Determination of the rotational 

strength of a vibrational transition requires the determination of both the electric and 

magnetic transition dipole moments. Vibrational electric transition dipole moment is 

calculated with the Born Oppenheimer (BO) approximation and the electronic 

contribution of the vibrational magnetic transition dipole moment gets the value of 

zero,6 which happens because the electronic contribution of the vibrational magnetic 

transition dipole moment is generated only by the velocities of nuclei.  

However, according to the BO approximation, the velocity of a nucleus does 

not have any dependency on the electronic variables. Consequently, the electronic 

contribution of the vibrational magnetic transition dipole moment does not exist in the 

BO approximation. As a result, several theoretical approaches have been developed to 

account for the aforementioned consequence and evaluate the vibrational magnetic 

transition dipole moment more accurately. Some of these approaches are the fixed 

partial charge (FPC) model,7 the coupled oscillator (CO) model,8 the dynamic 

polarization (DP) model,9 the localized molecular orbital model,10 the nuclear electric 

shielding tensor model,11 the vibronic coupling model,4c and the the magnetic field 

perturbation (MFP) model.12  

 
2.2 Theoretical Spectra 
The prediction of vibrational absorption spectra is done by choosing a geometry for 

the molecule and a reliable theoretical level; in this project, it is the density functional 

method with different basis sets. A simulation of the vibrational spectra of a chiral 

structure can be performed by knowing the dipole and rotational strengths. These 
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spectra can be obtained for each conformer, and the weight of each conformer will be 

accounted, using the Boltzmann population distribution to acquire the final IR and 

VCD for a chiral compound. Having a close agreement between the simulated 

spectrum and the experimental one allows us to find out the absolute configuration of 

the chemical structure used in the experimental measurements. In general, if the 

majority of the measured bands and calculated ones show a relative agreement in sign 

and magnitude, the absolute configuration of the structure used in the simulation is 

the same as the structure of the measured sample. However, if the magnitudes show a 

relative agreement, but the signs are opposite, then the absolute configuration of the 

measured sample is the opposite of the chosen structure for the simulation. 

An initial comparison of the IR and VCD spectra of each conformer with the 

measured spectra results in the identification of the one or two most contributing 

conformers, and these conformers are usually at the lowest calculated energy levels. 

Subsequently, the calculated frequencies need to be scaled by a factor of 0.96- 0.98, 

depending on the functional and basis set used for calculation 24. This is due to the 

fact that the calculated frequencies are based on a harmonic force field, but the 

observed frequencies are actually anharmonic force fields. Experimental 

measurements are done in the solution phase, thus, the solvent causes more shifting in 

the observed frequencies. In the Gaussian program 25, a solvent effect can be included 

in the process of geometry optimization. By numbering the normal modes from low 

to high, frequencies of the simulated IR spectrum will be assigned to the frequencies 

of the measured IR spectrum, based on the relative intensities and locations of the 

bands. In an IR spectrum all bands are positive, and so the assignments can be done 

relatively quickly. However, in a VCD spectrum, where there is a reduction or 

intensity cancellation due to the existence of peaks with opposite signs and also a 

change the location of spectral peaks due to the same reason, the assigning process 

would be more difficult. Assigning the VCD normal modes can be done, using the 

similar correlation used to assign the IR peaks, and this will allow us to find out the 

absolute configuration of the measured sample by comparing it with the simulated 
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spectrum. In the projects presented in this thesis, where the two were not the same, a 

dimerization effect and improved basis sets were utilized. 
 
 
2.3 Instrumentation 
There are dispersive mid-IR spectrometers and FTIR spectrometers. In the dispersive 

instrument, where polychromatic light from the source is dispersed by using a grating, 

there is significant light loss both at the entrance and exit slits of the monochromator. 

There is no light loss in FTIR instruments, therefore, they have a higher throughput. 

Besides, the measurement time is shorter in FTIR instruments because the detection 

of light at all wavelengths happens simultaneously; this is known as spectral 

multiplexing.2b, 13 Thus, the majority of VCD instruments are Fourier transform (FT) 

VCD machines, with some exceptions where scanning dispersive VCD spectrometers 

are used.14 Nafie in 1979 used a Nicolet 7199 FTIR machine and established the 

FT-VCD method for the first time.13 He used a ZnSe photoelastic modulator (PEM) 

and placed that before the sample in the FTIR spectrometer to modulate the 

polarization of the infrared light to the LCP and RCP states. He has developed a 

dual-PEM device for baseline corrected spectra and to reduce artifacts.15 All spectra 

were measured by an FTIR-VCD instrument, consisting of an FTIR 

spectrophotometer (Vertex 70, Bruker) and a VCD module (PMA 50, Bruker). The 

block diagram of the FTIR-VCD instrument is shown in Figure 2.1. 
 

 
 
Figure 2.1. The block diagram of FTIR-VCD instrument. 
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IR radiation from the Globar source (silicon carbide SiC) is directed toward 

the center of the Michelson interferometer by a collimating mirror. The radiation 

from the interferometer passes through an optical filter, then is linearly polarized to 

constitute a single plate of polarization at an angle of 45o. The optical filter has an 

adjustable cut off to narrow down to the range of the VCD of interest. In this study, 

the upper cut off is at 1800 cm-1. This beam then passes through the photoelastic 

modulator (PEM), which modulates the polarization between left and right circularly 

polarized light. The frequency of this modulation is 50 kHz to distinguish the signal 

and noise. The PEM of the FT-VCD machine in the lab is composed of a transparent 

silica bar (optical bar) attached horizontally to a piezoelectric (i.e., electricity caused 

by pressure) transducer that when squeezed by pressure converts this energy into 

voltage. The transducer is connected to a 50 kHz alternating current (AC) source. The 

job of the piezoelectric transducer is to establish stress in the silica bar by 

compressing or stretching the bar. As a result of this stress, the silica bar becomes 

birefringent. The polarized beam that was going to pass through the photoelastic 

modulator (PEM) would be either parallel or perpendicular to the modulator axis. 

Due to the birefringent character of the silica bar, the two directions of the beam will 

have different speeds through the silica bar (Figure 2.2). 
 

  
Figure 2.2. Schematic of the photoelastic modulator (PEM) used in the FT-VCD instrument. 
 

The two directions of the beam then pass through the sample. Then, the beam 

intensity is converted to an electrical signal by the MCT (HgCdTe) detector that 

needs to be cooled down by liquid nitrogen. There are two electronic pathways at this 

point. One is for the measurement of the IR spectrum, and the other one has a lock-in 
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amplifier tuned to the PEM frequency. The latter one demodulates the spectral data at 

that frequency and yields the VCD spectrum.16 

In order to have a VCD spectrum with good quality, several factors need to 

be considered while doing the IR measurement. They are: choice of the solvent to 

avoid interference in the finger print region; choice of the window to avoid 

interaction with the solvent and to have the desired low and high cut-off region; 

choice of path length and sample concentration to avoid a saturation effect where the 

typical desired IR absorbance intensity is between 0.2–0.9 to yield a good VCD 

signal. This means that VCD intensities are usually four orders smaller than their 

parent IR intensities. Thus, absorbance intensities that approach 1.0 or above result in 

high VCD noise levels, and the VCD measurement will not be considered reliable. 

However, despite the FT-VCD set up, artifacts are common in VCD measurements 

and originate from birefringence in the IR lenses and applied windows and affect the 

outcome of LCP and RCP beams. Artifacts typically are observed in two locations, in 

which one is deviations of the baseline from zero and the other is the appearance of 

fake VCD absorption bands, even in a nonchiral or racemic environment or in the 

absence of the sample. Artifacts in the baseline can be removed by doing a blank 

VCD measurement, where only solvent and window are available. Fake VCD 

absorption bands are done by running the VCD on the opposite enantiomer or 

racemic mixture under the same condition and subtracting them from the desired 

VCD measurement. Nafie has utilized a dual-PEM device for a baseline correction 

and reduction of the artifacts.15 The second PEM is placed after the sample, with axes 

parallel to the first PEM. The modulation frequency of the second PEM is set to be 

slightly different from that of the first PEM. The first PEM measures the VCD of the 

sample, which includes the initial birefringence baseline artifact, and the second PEM 

measures the entire birefringence artifact in the spectrum. As a result, the signal will 

have two PEM modulated intensities. In this design, the two PEM signals are 

demodulated by separate lock-in amplifiers and subtracted from each other to remove 

artifacts from the VCD spectrum. 

 
2.4 Other Techniques 



23 
 

1HNMR and UV-vis have been used widely in this thesis to assist the recognition of 

possible interactions between the donor and acceptor species. 

Nuclear magnetic resonance (NMR) is a phenomenon in which the nuclei 

absorb energy in a magnetic field. NMR spectroscopy is useful to investigate 

intramolecular interactions in various systems17 and is used widely in this thesis. 

Nuclei with an odd mass or odd atomic number have a nuclear spin, possess a 

magnetic moment (such as 1H, or 13C), and behave like tiny magnets. When these 

nuclei are placed in a magnetic field, they start to precess like a spinning top 

(Figure 2.3). 
 

 
 
Figure 2.3. a. Nuclei line up parallel to the applied field with either spin aligned or opposite to the 
external magnetic field..18 b. Precession of the 1H nuclei in an external magnetic field. 
 

The chemical shift of a nucleus contains information about the environment 

and availability of interactions surrounding the nucleus. The chemical shift is the 

frequency of the resonance of a nucleus with respect to a standard compound, which 

is defined to be at 0 ppm. As a result, the positions of the resonances (peaks) in an 

NMR spectrum are expressed relatively. For example, a peak at a chemical shift, δ, of 

8 ppm is considered downfield or deshielded with respect to a peak at 3 ppm. 

Similarly, one could say that the peak at 3 ppm is upfield or shielded with respect to 

the peak at 8 ppm19 (Figure 2.4). 
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Figure 2.4. Comparison of shielding (downfield) and deshielding (upfield concepts).18 
 

H-protons that are involved in hydrogen or halogen bonding typically are 

deshielded and appear at relatively higher chemical shift values, depending on the 

strength of the interaction they are involved in. But in general, the more 1H becomes 

involved in inter- or intra-molecular interactions, the more the proton will be 

deshielded, and it will appear at higher chemical shifts. Relative chemical shifts of the 

donor and acceptor species will be studied throughout this thesis when applicable. 

Since both halogen and hydrogen bonding are involved with the relative 

displacement of electronic charge, UV-vis spectroscopy is utilized in this work to 

monitor the possible effect of such displacement on electronic transitions before and 

after each species is involved in inter- or intra-molecular interactions. UV-vis 

spectroscopy is based on the absorption of ultraviolet light or visible light by 

chemical compounds. Upon the absorption of light, electrons move from a ground 

state to an excited state. The difference in the energies of the ground and the excited 

states is equal to the energy of the UV-vis radiation absorbed by the molecule20 

(Figure 2.5).  
 

 
 
Figure 2.5. Excitation of an electron from the ground state (S0) to the excited state (S1).21 
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The Beer–Lambert law, which measures the transmittance of light through a 

sample is especially useful for obtaining information on the species, such as the 

relative comparison of energy gap between ground and excited states.  
 

 A = Lc = log (I0/I) = log (I0/T) = – log T (2.8) 

I0 is intensity of the incident light, I the intensity of the transmitted light, c the 

sample’s concentration, ε the molar absorptivity, and L the cuvette path length. The 

main components of a UV-vis spectrophotometer are shown in Figure 2.6. 

 
 
Figure 2.6. Schematic of the main components of a UV-vis spectrophotometer.21 
 

In all measurements, quartz sample holders were used because they are 

transparent to the majority of UV light and are transparent in the range of 220 nm to 

500 nm. UV-vis spectroscopy of halogens show variations in different environments 

and can be used to study the type of intra-molecular interactions in the solution. In 

general, formation of halogen bonds is accompanied by red shifts of the stretching 

frequencies of a dihalogen, which are due to the movement of the charge density.22 In 

this study, UV-vis spectra of iodine will be studied under different conditions.  

The UV-vis spectrum of I2 has a similar pattern to that of Br2 since they 

belong to the same group. The ground state in which the orbitals are filled up to the 

π* level will be the highest occupied molecular orbital (HOMO). The lowest energy 

electronic transition involves the excitation of one electron from the HOMO to the σ* 

lowest unoccupied molecular orbital (LUMO). The three commonly observed states 

are referred to as the A, B, and C states. Due to spin orbit coupling, electronic excited 

states will split, and several transitions would happen (Figure 2.7).23 
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Figure 2.7. Potential energy curves for five electronic states of Br2. 23 
 

As a result, two transitions were observed to B and C states. The B and C 

states have close energy levels. This will result in overlapping spectra. Since the B 

state is a triplet, the X→B transition is allowed due to spin–orbit coupling. As a 

result, this transition will be weak. The X→B transition will be at lower energies 

compared to X→C. The X→A transition would be very weak compared to the other 

two transitions. The peak of the bromine absorption is in the near UV range, resulting 

in its red color. Cl2 shows a stronger X→C transition, mostly in the UV range, which 

is responsible for the pale yellow color of chlorine. I2 blends the two transitions, 

appear mainly in the visible area, and are responsible for the dark purple color of 

iodine. Solvents can shift the shape of the halogen peaks by interacting with the 

excited electronic states. In this work, charge transfer complexes of I2 will be studied 

for the availability of possible shifts due to the donor–acceptor interaction in charge 

transfer species. 23 
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CHAPTER 3 
 
Interactions of Iodine with 4-benzyl-1,3-thiazolidine-
2-one in Solution 
 
3.1 Introduction 
Intermolecular interactions have important roles in biological processes, such as 

proteins and their interactions with DNA and ligands1 and in chemical reactions.2 Such 

interactions have been studied by various tools, such as NMR,3 fluorescence 

spectroscopy,3b X-ray,4 Infrared spectroscopy,5 vibrational circular dichroism 

spectroscopy (VCD),6 and quantum chemical calculations.7 Such interactions are 

considered to be non-covalent and are different from covalent interactions.8 They are 

responsible for the rise in versatility of chemical structures.8 According to Pauling,8 the 

main difference between the two is that strong attraction forces in covalent bonding 

causes atoms to overcome the repulsion between positive nuclei and share their 

electrons to be attracted by the involved nuclei. Non-covalent interactions, on the other 

hand, can be viewed as electrostatic interactions between species that possess 

permanent and/or temporary charges.  However, there are always other components 

contributing to this effect, without which non-covalent interactions would be deficient. 

They are induction between a permanent charge and an induced charge, repulsion 

between electron densities, and dispersion between induced dipoles on polarizable 

species.2a Such components are responsible for hydrogen bonding, halogen bonding, 

Van der Waals forces, and steric repulsions that are categorized as non-covalent 

interactions.  

Hydrogen bonding, which is prevalent in biological systems9 occurs among 

different molecular species. Wang et al. in 2016 found out that hydrogen bonding to 

carbonyl of nitrogen-pyramidalized bicyclic beta-proline derivatives would switch the 

nitrogen-pyramidalization direction and consequently make it detectable by VCD 

spectroscopy.10  

Vibrational circular dichroism (VCD) is defined as the difference in absorption 

of the left and right circularly polarized IR light by a chiral structure and is sensitive to 
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conformational changes, such as one caused by hydrogen bonding.11 The VCD spectra 

of such systems, which are sensitive to structural dynamics are affected by the 

temperature and anharmonicity effects.12 Xia et al. have used the Generalized Coupled 

Oscillator (GCO) model to study the rotational strength of vibrational transitions to 

reach a higher agreement between the experimental and the simulated spectra in the 

study of inter- and intra-hydrogen bond interactions in benzyl α-hydroxysilane.12 

Molecular dynamics is the other approach to account for this structural dynamics and 

the quest for the proper conformers.13  

Xu et al. proposed that water bonds to the chiral glycidol through hydrogen 

bonding in a series of insertion conformers and becomes optically active.14 Sugeta et 

al. found out that most of the molecules of a solution of 1,2-diols and -methoxyalcohols 

are involved in the intramolecular hydrogen bonding.15 A pevious study on 2,2-

dimethyl-1,3-dioxolane-4-methanol revealed that lower temperatures of 10 °C and 3 

°C would be preferable for the observation of intra- and inter-molecular hydrogen 

bonds in this molecule, and as the temperature increased to 50 °C  and 60 °C the 

intermolecular hydrogen bond peak almost disappeared in the O-H stretching region of 

the infrared spectrum.16 Various systems for the formation of hydrogen bonds made 

IUPAC to propose a definition for hydrogen bonding in 2011.17 “The hydrogen bond 

is an attractive interaction between a hydrogen atom from a molecule or a molecular 

fragment X–H, in which X is more electronegative than H, and an atom or a group of 

atoms in the same or a different molecule, in which there is evidence of bond 

formation.”17 As such, a  hydrogen bond should be depicted as X–H...Y–Z. The three 

dots denote that the hydrogen bond, X–H, is the hydrogen bond donor and the Y that 

is bonded to Z represents the acceptor; it could be an atom, an anion, a fragment, or a 

molecule. Electrostatic and dispersion forces are considered the sole components of 

this type of interaction.  

A halogen bond is represented as XB and denoted as R–X...Y. R–X is the 

halogen bond donor (Lewis acid), such as I2 and Br2, Y is the halogen bond acceptor 

(Lewis base); it could be an anion (halides or oxyanions), a system (double or triple 

bonds), or neutral (amine or pyridine). X is any electron deficient halogen atom, and R 
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is an atom or a group covalently bonded to X. As a result, two distinctive electrostatic 

regions appear around the R–X bond:18 a negatively charged belt orthogonal to the R–

X bond and a depleted electron density cap on the elongation of R–X bond19 on the 

halogen atom. Politzer named the electron deficient area the σ-hole.18a Politzer and his 

co-workers performed a B3LYP natural bond analysis on CF3Cl, CF3Br, and CF3I. 

Their results show that the electronic configuration of Cl, Br, and I were s2px
2py

2pz
1. 

The electrons in s2px
2py

2 surround the R–X bond with a negative electrostatic charge. 

The outer region of the R–X bond has a diminished electron density and is denoted as 

σ-hole. Nyburg and Faerman20 used the Cambridge Structural Database to study the 

van der Waals atomic radii of N, O, F, S, Cl, Se, Br (R), and I bonded to carbon. They 

found out that in all cases, except for N and O, van de Waals shapes were spheroidal, 

with the shorter length along the R–C bond. They described this effect as “polar 

flattening”. This anisotropic distribution of electron density forms a nucleophilic and 

an electrophilic region around the halogen atom19 (Figure3.1). 
 

 
 
Figure 3.1. Anisotropic distribution of electron density around halogen atom. 
 

Herein we cautiously have chosen a system in which halogen bonding, 

hydrogen bonding, and π bonding sites would be able to compete in solution together. 

The purpose of such a study is to evaluate the strength and the possibility of formation 

of halogen bonds from different acceptor sites in the relevant molecules. Such a study 

provides valuable insights into the intra-molecular interactions involving a dihalide and 

a carbonyl electron rich site of 4-benzyl-1,3-thiazolidine-2-one, abbreviated as NOS 

(Figure2.2). 
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Figure 3.2. Chemical structure of 4-benzyl-1,3-thiazolidine-2-one (NOS). 
 

4-benzyl-1,3-thiazolidine-2-one has two π bond systems that could be the σ-

hole acceptor in the interaction with molecular iodine. 4-benzyl-1,3-thiazolidine-2-one 

can form hydrogen bonds in the solution so we would be able to compare the strength 

of the halogen with hydrogen bond in the solution. To reduce the interference with the 

solvents, chloroform and carbon tetrachloride have been chosen as the solvent 

throughout the study. This system, due to its size, would be suitable for ab-initio and 

DFT studies. In order to measure the VCD signals one must use one enantiomeric form 

of the analyte only. Thus throughout all the measurements only enantio-pure forms of 

NOS was utilized. 

 
3.2 Experimental and Theoretical Details 
4-benzyl-1,3-thiazolidine-2-one was purchased from Astatech. 1H-NMR spectra of this 

compound were recorded on a Bruker (400 MHz) spectrometer to confirm the purity 

of reagents. VA and VCD spectra were measured using a Bruker FTIR (Vertex 70) 

spectrometer equipped with a PMA 50 module for VCD measurements.21 The data 

were collected at 4 cm-1 resolution in the wavenumber region of 1700–1100 cm-1, using 

a liquid nitrogen cooled MCT detector for a period of 5 h (~4300 scans per hour). 

Solutions of 0.258 M enantio-pure S-NOS in CDCl3, 0.096 M of NOS in CDCl3 (this 

solution existed as a mixture with I2), were used for the VA and VCD measurements. 

The solution samples were placed between a pair of BaF2 windows with a path-length 

of 0.1 mm.  A solution with the same concentration is used to carry out the UV-vis 
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measurements. UV-vis measurements were carried out on a Hewlett Packard 8453 

spectrometer with a 1 mm cell. The Gaussian 09 program package22 was used for all 

geometrical searches and optimizations, harmonic frequency calculations, and VA and 

VCD intensity predictions using density functional theory (DFT).23 A Becke three 

parameters, Lee-Yang-Parr, functional (B3LYP)23 and 6-311++G(d,p)24 was used for 

the calculations. The polarizable continuum model (PCM) was used to account for the 

bulk solvent environment25 of CDCl3. A Lorentzian line shape with a half-width at half-

height of 4 cm-1 was used for the simulations of VA and VCD spectra. 

 

3.3 Results and Discussions 
 
3.3.1 Conformers of the NOS 
Rotation of the phenyl ring around the axis of C6-C7 bond, rotation of the 5-membered 

ring around the axis of C4-C6 bond and scanning the dihedral angle of N-C4-C6-C7 

yielded three conformers gauche-, gauche+ and syn. This rotation was in a relaxed 

mode and no other angles were fixed. Figure 3.3 illustrates the Newman projection of 

the obtained conformers. These conformers are different in terms of the types of gauche 

interactions with C7. 
 

 
 
Figure 3.3. Newman projection of conformers of 4-benzyl-1,3-thiazolidine-2-one (NOS). 
 

The volume of groups in the gauche interactions account for the relative 

stability of the conformers (Figure 3.4). 
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Figure 3.4. Chemical relative stability of conformers of NOS in kJ.mol-1 NOS and in Hartrees. φ is the 
dihedral angle of N-C4-C6-C7 scanned over 360o. Energy of the conformer with the lowest energy is 
defined as zero. 
 
The gauche- conformer is 1.2 kJ mol-1 and 9.9 kJ .mol-1 more stable than the gauche+ 

and syn conformers, respectively. Such an energy gap has made gauche- conformer 

with the highest Boltzmann population (Table 3.1).  
 
Table 3.1 Relative Energies and Boltzmann Distribution of Conformers of NOS 
 

Conformer ΔE (kJ .mol-1) %Boltzmann 

Distribution 

(298 K) 

gauche- 0 64.8 

gauche+ 1.2 34.2 

syn 9.9 0.1 
 
3.3.2 1H-NMR and UV-vis Study of NOS Interacting with I2 
To evaluate the interactions between I2 and NOS, we first carried out UV-vis and 
1H-NMR titrations.  Since NOS can be dissolved well in CDCl3, while I2 dissolves only 

moderately,26 we performed the titration by adding  the I2 in CDCl3 solution to the 

concentrated 0.258 M NOS in CDCl3 solutions dropwise. 1H-NMR data showed that 

the proton attached to nitrogen underwent shielding from 6.1 ppm to 5.8 ppm upon 

increasing the concentration of iodine solution. The UV-vis titration experiments, on 
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the other hand, exhibit a much different behavior for the two systems. In the UV-vis 

titration of NOS with iodine (Figure 3.5) the iodine πg
* → σu

* transition at 512 nm 

shows no change in its position at all. 
 

 
 
Figure 3.5. Iodine absorption band in titration of NOS with I2 in CDCl3. a: I2 b: NOS 
c: [I2] = 1/6[NOS] d: [I2] =1/5[NOS] e: [I2] =1/4[NOS] f: [I2] =1/3[NOS] g: [I2] =1/2[NOS] 
h: [I2] =[NOS] i: [I2] =1.5[NOS] j: [I2 ] = 2[NOS] = 0.516 M. [] refers to the relative concentration of 
each species in the bracket. 
 
To understand what exactly is going on in such mixed solutions with NOS and I2 in 

CDCl3, we decided to examine their IR and VCD spectra, aided with ab initio 

calculations. 

Iodine, being a halogen-bond donor, acts as an electron acceptor. Under no such 

Lewis acid/base interaction, iodine shows its πg
* → σu

* transition at 512 nm in CDCl3. 

Upon interaction with a halogen-bond acceptor (Lewis base) this transition will show 

a blue shift due to the increase gap between σ* and π* orbitals. Greenwood and 

Earnshaw27 suggested that, without any coordinating agent, the energy gap between 

HOMO (πg
*) and LUMO (σu

*) remains unchanged. However, a halogen bond acceptor 

(Lewis base) can donate an electron to σu
* and cause a blue shift in the electronic 

transition (Figure 3.6). 
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Figure 3.6. Schematic molecular orbital energy diagram of iodine formed from 5P orbitals (πu, σg, πg

*, 
σu

*) and the effect of a halogen bond interaction on the πg
* → σu

* transition. The energy gap between 
πg

* and σu
* increases after halogen bond interaction. 27 

 
3.3.3 IR Study of NOS-iodine Interaction 
IR titration spectra of NOS with iodine in CDCl3 are summarized in Figure 3.7 and 

Figure 3.8 for the carbonyl stretching frequency (1620 cm-1–740 cm-1) and the NH 

stretching frequency (3150 cm-1–3450 cm-1), respectively. Stepwise addition of iodine 

to the NOS solution demonstrates a blue shift of carbonyl stretching frequency from 

1681 cm-1 to 1684 cm-1. Simultaneously, in the NH stretching region, two bands are 

observed as a result of N-H being/not being involved in the hydrogen bonding. These 

are a broader band around 3225 cm-1 and a narrower band at 3410 cm-1. As one added 

more drops by I2 in CDCl3, the broad peak at 3225 cm-1 seems to diminish in solution 

I. 
 

 
 
Figure 3.7. Gradual shift in the carbonyl stretching frequency upon stepwise addition of iodine to NOS 
solution in CDCl3. a: NOS b: [I2] = 1/6[NOS] c: [I2] = 1/5[NOS] d: [I2] = 1/4[NOS] e: [I2] = 1/3[NOS] 
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f: [I2] = 1/2[NOS] g: [I2] = [NOS] h: [I2] = 1.5[NOS] i: [I2] = 2[NOS]. [NOS]a = 0.258M 
[NOS]I = 0.096. 
 

 
 
Figure 3.8. Gradual NH stretching region of NOS. At higher concentrations of iodine solution 
monomeric form of NOS is preferred. a: NOS b: [I2] = 1/6[NOS] c: [I2] = 1/5[NOS] d: [I2] = 1/4[NOS] 
e: [I2] =1/3[NOS] f: [I2] = 1/2[NOS] g: [I2 ]= [NOS] h: [I2]  1.5[NOS] i: [I2] = 2[NOS]. [NOS]a= 
0.258M. [NOS]I = 0.096. 
 

Since the broad band at 3225 cm-1 strongly resembles those reported for the H-

bonded NH stretching band before,28 direction dilution experiments also were carried 

out without iodine under the same condition as before. Interestingly, the stretching 

frequency of carbonyl group showed the same value of blue shift upon diluting the 

solution from 0.258M to 0.096M. This slight blue shift is the result of partial charge 

transfer from carbonyl π* orbital to antibonding orbital of N-H moiety on NOS 

molecule. The broad peak at N-H stretching frequency region also disappeared upon 

diluting the system under the same condition. This broad peak now can be attributed to 

the formation of a dimer between two NOS units (Figure 3.9). 
 

 
 
Figure 3.9. Structure of the dimer of NOS. 
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The relative location of the N-H stretching frequencies of the monomer and 

dimer was confirmed further by the calculated infrared spectra of each optimized 

structure (Figure 3.10). 
 

 
 
Figure 3.10. N-H stretching frequencies of monomer (a) and dimer (b) of gauche - acquired via 
B3LYP 6-311++G(d,p) and their experimental counterparts b' and a' respectively. 
 
3.3.4 VCD Study of NOS 
A relative VCD study of NOS-iodine was done at the same level of concentration as 

the NOS. Figure 3.11 shows the infrared and VCD spectrum of NOS and NOS-iodine 

solution. 
  

 
 
Figure 3.11. N- Superimposed experimental and calculated IR (left) and VCD (right) of NOS and 
NOS-iodine showing selected functionalities involved in the range of 1000 cm-1-1800 cm-1. 
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Since iodine and NOS do not have a significant interaction, we would not 

expect a drastic change between the IR spectra of NOS before and after adding iodine. 

Knowing the identity of the IR bands allows us to find out which are active in VCD 

experiments. Some of these peaks are shown in the IR spectrum of Figure 3.11. Due to 

the insignificant interaction between iodine and NOS, the VCD of NOS does not differ 

comparably after adding iodine. However, some of the IR and VCD such as CH2 

wagging, CH rocking, and vibrational modes involving the 5-membered ring were 

produced successfully in the calculated data. 

The energy of interaction of formation of dimer for NOS molecule and the 

formation of a halogen bond interaction between NOS and iodine also is calculated 

(Table 3.2). 
 
Table 3.2 Energy of Interaction of Formation of Dimer for Two NOS Molecules and Formation of 
Halogen Bond Interaction Between NOS and Iodine 
 

Species Eint (KJ mol-1) 

(g-NOS)2 -37.3  

(g-NOS)-I2 -28.2  

 
3.4 Conclusion 
Based on the experimental UV-vis and IR studies of NOS with iodine, it was observed 

that formation of a halogen bond is not significant between NOS and iodine. Instead, 

formation of a dimer by a hydrogen bond is dominant to the halogen bond interaction. 
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The outcome of such competition is also proven by our calculated data (Table 3.2). The 

lower value of the energy of interaction of the NOS dimer shows the relative stability 

of this structure compared to NOS-I2. 
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CHAPTER 4 
 
Interactions of Iodine with 4-Benzyl-1,3-thiazolidine-
2-thione in Solution 
 
4.1 Introduction 
As discussed in the previous chapter about the halogen bonds, polar flattening and the 

anisotropic distribution of electron density forms a nucleophilic and an electrophilic 

region around the halogen atom1 (Figure 4.1). 
 

 
 
Figure 4.1. Anisotropic distribution of electron density around halogen atom. 
 

Halogen bonding, which has numerous application in biochemistry,2 also has 

been successful in demanding a unique definition from IUPAC. “A halogen bond 

occurs when there is evidence of a net attractive interaction between an electrophilic 

region associated with a halogen atom in a molecular entity and a nucleophilic region 

in another, or the same, molecular entity”.3 These bonds are particularly interesting 

because they can be orthogonal to hydrogen bonds in a sense that they can be 

independently added or removed in chemical reactions,4 or they can introduce a 

specific conformational change in biomolecules even when in competition with a 

hydrogen bond in the same environment.5 It is noteworthy to mention that halogen 

bonds can play a significant role to design one, two, or three dimensional molecular 

crystals,6 and some crystal designs show elastic behaviors (displacement of atoms 

from the equilibrium positions in the crystal lattice).7 Solvent affects the stability and 

also the symmetry of the halogen bond.8 A symmetric 3-center–4-electron iodine 
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bond [I---I---I]- is preferred over an [I-I---I]- bond in polar aprotic solvents, such as 

acetonitrile.8 Halogen bonds have been studied quantum chemically,9 and 

surprisingly, it has been shown that a good estimation of the geometry and energy 

components will be acquired even without considering the dispersion corrections.10 

M06-2X, ωB97XD, and double hybrids are considered suitable DFT methods to 

study halogen bond interactions.10 As a result, it is understood that electrostatic forces 

initiate the interaction; however, a charge transfer component will enhance the 

strength of the interaction greatly. 

 The R of an R–X bond in a halogen bond, XB, should be sufficiently 

electronegative to avoid the neutralization of a σ-hole3 by the halogen atom and 

would provide two sites for electrophilic and nucleophilic attacks. The first one is 

perpendicular to R–X and is called the halogen bond, and the latter one is along the 

R–X bond on the side of the halogen atom that is not considered as the halogen bond 

according to IUPAC definition (Figure 4.2). 
 

 
 
Figure 4.2. Nucleophilic (left) and electrophilic (right) sites of R–X bond. 3 
 
This shows that the halogen bond is directional. Desiraju and Parthasarathy in 1989 

proposed two classifications of interaction with an R–X bond11 (Figure 4.3). A type I 

contact is merely the consequence of close packing and is not considered a halogen 

bond. Type II is the net interaction between electrophilic and nucleophilic areas and is 

considered a halogen bond (Figure 4.3). 
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Figure 4.3. Type I and type II halogen…halogen short contacts.

 11 
 
A type II interaction also is known as “charge transfer” or “electron-donor-acceptor” 

or generally as a halogen bond due to its similarity to a hydrogen bond.12 Established 

crystal data from the Cambridge Structural Database shows that Ө2 is close to 180o 

for many of halogen bonded complexes (Figure 4.4). 
 

 
 
Figure 4.4. X-ray structures of diiodine complexes of urea and thiourea. (Data from the from the 
Cambridge Structural Database). 
 
Ө2 is close to 90o for pentaiodobenzoic acid (PIBA) and N,N′-dimethylformamide.13 

(Figure 4.5). 
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Figure 4.5. Formation of halogen bond between pentaiodobenzoic acid (PIBA) and 
N,N′-dimethylformamide. 13 
 
The chosen system of study, 4-benzyl-1,3-thiazolidine-2-thione, abbreviated as NSS 

(Figure 4.6) enables halogen bonding, hydrogen bonding, and pi bonding sites to 

compete in solution together over the halogen bond formation. Thus, it provides an 

experimental tool to look into and compare the extent of interaction between an 

electron deficient site (iodine) and an electron rich site (thiocarbonyl) and reveals the 

effect of such interaction on the absolute configuration of the electron rich molecules. 
 

 
 
Figure 4.6. Chemical structures of 4-benzyl-1,3-thiazolidine-2-thione (NSS). 
 

Here, we will evaluate the possibility of formation of halogen bonds from 

different acceptor sites in the NSS molecules to acquire an insight into the intra-

)) ϴ2 
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molecular interactions involving a dihalide and a thiocarbonyl electron rich site. 

4-Benzyl-1,3-thiazolidine-2-thione provides two π bond systems as the σ-hole 

acceptor sites. 4-Benzyl-1,3-thiazolidine-2-thione would be able to form hydrogen 

bonds in the solution to indicate the competition between the halogen with the 

hydrogen bond in the solution. To reduce the interference with the solvent, 

chloroform and carbon tetrachloride have been chosen as the solvents throughout the 

study. This system, due to its size, would be suitable for ab-initio and DFT studies. . 

In order to measure the VCD signals one must use one enantiomeric form of the 

analyte only. Thus throughout all the measurements only enantio-pure forms of S-

NSS was utilized. 

 
4.2 Experimental and Theoretical Details 
4-Benzyl-1,3-thiazolidine-2-thione was purchased from Astatech. 1H-NMR spectra of 

this compound were recorded on a Bruker (400 MHz) spectrometer to confirm the 

purity of reagents. VA and VCD spectra were measured, using a Bruker FTIR 

(Vertex 70) spectrometer equipped with a PMA 50 module for VCD measurements.14 

The data were collected at 4 cm-1 resolution in the wavenumber region of 1700–

1100 cm-1, using a liquid nitrogen cooled MCT detector for a period of 5 h (~4300 

scans per hour). Solutions of 0.238 M NSS in CDCl3 and 0.093 M of the mixture of 

NSS and I2 in CDCl3 were used for the VA and VCD measurements. The solution 

samples were placed between a pair of BaF2 windows with a path-length of 0.1 mm. 

A solution with the same concentration is used to carry out the UV-vis measurements. 

UV-vis measurements were carried out on a Hewlett Packard 8453 spectrometer with 

a 1 mm cell. The Gaussian 09 program package15 was used for all geometrical 

searches and optimizations, harmonic frequency calculations, and VA and VCD 

intensity predictions, using density functional theory (DFT)16. A Becke three 

parameters, Lee-Yang-Parr, functional (B3LYP)16 and 6-311++G(d,p)17 was used for 

the calculations. The polarizable continuum model (PCM) was used to account for the 

bulk solvent environment18 of CDCl3. A Lorentzian line shape with a half-width at 

half-height of 4 cm-1 was used for the simulations of VA and VCD spectra. 
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4.3 Results and Discussions 
 
4.3.1 Conformers of the NOS 
Rotation of the phenyl ring around the axis of a C6-C7 bond, rotation of the 

5-membered ring around the axis of a C4-C6 bond, and scanning the dihedral angle of 

N-C4-C6-C7 yielded three conformers, gauche-, gauche+, and syn. This rotation was 

in a relaxed mode and no other angles were fixed. Figure 4.7 illustrates the Newman 

projection of the obtained conformers. These conformers are different in terms of the 

types of gauche interactions with C7. 
 

 
 
Figure 4.7. Newman projection of conformers of 4-benzyl-1,3-thiazolidine-2-thione (NSS). 
 

The volume of groups in the gauche interactions account for the relative 

stability of the conformers. Figure 4.8 merely demonstrates the relative stability of 

conformers with respect to each other. Exact values are provided in Table 4.8. 
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Figure 4.8. Chemical relative stability of conformers of NSS in kJ.mol-1 NSS and in Hartrees. φ is the 
dihedral angle of N-C4-C6-C7 scanned over 360o. Energy of the conformer with the lowest energy is 
defined as zero.  

The gauche- conformer is 1.3 kJ mol-1 and 9.5 kJ .mol-1 more stable than the gauche+ 

and syn conformers, respectively. Thus, the gauche- conformer has the highest 

Boltzmann population (Table 4.1). 
 
Table 4.1 Relative Energies and Boltzmann Distribution of Conformers of NSS 
 

Conformer ΔE (kJ .mol-1) %Boltzmann 

Distribution 

(298 K) 

gauche- 0 67 

gauche+ 1.3 32.2 

syn 9.5 0.8 
 
4.3.2 1H-NMR and UV-vis Study of NSS Interacting with I2 
To evaluate the interactions between I2 and NSS, we first carried out UV-vis and 
1H-NMR titrations. Since NSS can be dissolved well in CDCl3, while I2 dissolves 

only moderately,19 we performed the titration by adding the I2 in CDCl3 solution to 

the concentrated 0.238 M NSS in CDCl3 solutions dropwise. 1H-NMR data showed 

that the proton attached to nitrogen underwent shielding from 7.8 ppm to 7.6 ppm 
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upon increasing the concentration of iodine solution. The UV-vis titration 

experiments, on the other hand, exhibit a much different behavior compared to the 

NOS system. The UV-Vis titration of NSS with I2, in contrast, shows a sizable blue 

shift from 512 nm to 420 nm after introducing iodine to the solution (Figure 4.9). 
 

 
 
Figure 4.9. Iodine absorption band in titration of NSS with I2 in CDCl3. a: I2 b: NSS c: [I2] = 1/4[NSS] 
d: [I2] =1/2[NSS] e: [I2] =[NSS] f: [I2 ]=1.5[NSS] g: [I2] =2[NSS]. 
 
To further understand the identity of the interactions, we decided to examine their IR 

and VCD spectra, aided with ab initio calculations. 

Iodine, acts as the halogen-bond donor and is an electron acceptor. Without 

any interaction, iodine shows its πg
* → σu

* transition at 512 nm in CDCl3. Interaction 

with a halogen-bond acceptor (Lewis base) increases the gap between σ* and π* 

orbitals and, consequently, a blue shift due is observed. Greenwood and Earnshaw20 

suggested that, without any coordinating agent, the energy gap between πg
* and σu

* 

remains unchanged. However, a Lewis base can donate an electron to σu
* and cause a 

blue shift (Figure 4.10). 
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Figure 4.10 Schematic molecular orbital energy diagram of iodine formed from 5P orbitals (πu, σg, πg

*, 
σu

*) and the effect of a halogen bond interaction on the πg
* → σu

* transition. The energy gap between 
πg

* and σu
* increases after halogen bond interaction. 20 

 
4.3.3 IR Study of NSS-iodine Interaction 
The stretching frequency of the NH region, 3050cm-1–3450cm-1, at lower 

concentrations of iodine consists of two bands around 3140 cm-1 and 3390 cm-1. At 

higher ratios of [I2]/[NSS] concentrations a new band appears at around 3310 cm-1 

(Figure 4.11). 
 

 
 
Figure 4.11. Titration with iodine. NH stretching region of NSS. Formation of the new band at 3310 
cm-1 is more prominent when excess of iodine introduced to the solution. a: NSS b: [I2] = 1/4[NSS] 
c: [I2] = 1/2[NSS] d: [I2] = [NSS] e: [I2] = 1.5[NSS] f: [I2] = 2[NSS]. [NSS]a = 0.238M. [NSS]I = 0.093. 
360o  
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In order to approach the characterization of this band, a series of dilution 

experiments were done to watch the occurrence of such peak at different 

concentration levels without introduction of iodine to the solution. Upon dilution of 

the NSS solution to the 2nd, 3rd, and higher levels, the new band did not show up; 

hence, it was confirmed due to the interaction with iodine (Figure 4.12). 
 

 
 
Figure 4.12. Dilution experiment. Concentration of NSS decreases from a to f. NH stretching region of 
NSS shows formation of no new band at around 3310 cm-1. The bands at around 3150 cm-1 and 3390 
cm-1 are due to the dimer and the monomer respectively. [NSS]a= 0.238M. [NSS]I = 0.093. 

Infrared analysis of the optimized structures of NSS, (g-NSS)2, and (g-NSS)-I2 

reveals that the new band as a result of interaction of iodine with NSS appears 

between the N-H stretching frequencies of the monomer and dimer (Figure 4.13). 
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Figure 4.13. Optimization of the NSS structure in monomer (NSS), dimer (NSS-dimer), and iodine 
complex (NSS-I2) shows that N-H stretching frequency (3584 cm-1) is between the values of the 
monomer (3592 cm-1) and the dimer (3316 cm-1) as was observed for the experimental data. a' and a'', 
are the experimental counterparts of the calculated N-H stretching frequency in the experimental data. 
b' is the experimental counterpart of b and c' is the N-H stretching frequency as a result of interaction 
of iodine with NSS. 
 
In the IR spectrum thiocarbonyl stretching frequency was involved with several 

overlaps, and it was not possible to follow the changes of this functionality in the 

experimental data. Thus, by knowing that the interaction of iodine with NSS includes 

the NH moiety, we were interested to look into the bending region of this group. The 

optimized structure of the monomer of NSS shows two bands next to one another 

between 1480 cm-1 and 1520 cm-1 (Figure 4.14 marked with a1 and a2). The dimer 

shows the same bending bands between 1520cm-1 and 1580 cm-1 (Figure 4.14 marked 

with b1 and b2). Both of the spectroscopic features of the monomer and dimer were 

observed in the N-H bending region in the acquired spectra (Figure 4.14. a'1, a'2, b'1 

and b'2 counterparts in the experimental spectra). The structure of the iodine-NSS 

complex was optimized and it was found that the new N-H bending mode appeared 

between the monomer and dimer counterparts (Figure 4.14 marked with c). By 
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introducing iodine to the solution and monitoring the changes in the N-H bending 

region, it was observed that the new N-H bending mode appeared similarly between 

that of the monomer and the dimer (Figure 4.14 c' counterpart in the experimental 

spectra). 
 

 
 
Figure 4.14. Bending region of N-H in the calculated spectra (a1, a2, b1, b2, and c) and their 
experimental counterparts (a'1, a'2, b'1, b'2, and c') in the measured spectra. The new band in the iodine-
NSS complex is denoted as c in the optimized structure and c' in the measured spectrum. 
 

The optimized structure of the NSS-I2 complex shows the simultaneous 

formation of the halogen bond and the hydrogen bond with an NSS molecule Figure 

4.15). 
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Figure 4.15. Formation of halogen and hydrogen bond with iodine. 
 

Directionality11 is a major criterion for the formation of such charge transfer 

complexes and cannot happen by other bonding patterns21 (Figure 4.16). 
  

 
 
Figure 4.16. Charge transfer complex formed between an 1,3-imidazolidine-2-thione and iodine. Such 
structure is not consistent with the directionality of charge transfer. 
Table 4.2 shows the major bond lengths before and after interaction of iodine with 

NSS molecule. 
 
Table 4.2 Change of the Bond Length is More Dominant in Iodine as It Is Involved in Both a Halogen 
and a Hydrogen Bond, but Less Prominent in An N-H Bond Involved in a Relatively Weaker 
Hydrogen Bond 
 

Bond length 

Bond type 

Monomer I2-NSS 

I-I 2.86 Å 3.04 Å  

N-H 1.01 Å 1.01 Å  

C=O 1.66 Å  1.69  Å 

 

Iodine is involved in both the halogen bond and the hydrogen bond. Consequently, a 

σu
* orbital carries more electron density and the I-I bond shows a larger lengthening 

compared to other covalent bonds involved in this interaction. 

S 
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4.3.4 VCD Study of NSS 
A study of the VCD of the NSS was done with the selected functional frequencies. A 

study of the calculated and experimental IR spectra showed the sensitivity of the N-H 

bending motion to the interaction of this moiety with iodine (Figure 4-17). The 

calculated spectra of NSS in monomeric and dimeric interaction showed the relative 

sensitivity of this group in different environments. Thus, VCD measurements were 

carried out to study these two regions (Figure 4.17). 
  

 
 
Figure 4.17. Superimposed experimental and calculated IR (left) and VCD (right) of NSS and NSS-
iodine showing some main functionalities involved in the range of 1000 cm-1–1800 cm-1. 
 

It was observed that formation of a halogen bond with iodine did not change 

the VCD spectrum of NSS-iodine compared with NSS significantly in either of the 

aforementioned regions. However, several features of both IR and VCD spectra of 

NSS and NSS-iodine complex were produced successfully for the study. 

Table 4.3 shows the energy of interaction of formation of a dimer for an NSS 

molecule and the formation of a halogen bond interaction between NSS and iodine 

also is calculated. 
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Table 4.3 Energy of Interaction of Formation of a Dimer for Two g-NSS Molecules and Formation of 
Halogen Bond Interaction between NSS and Iodine 
 

Species Eint (KJ mol-1) 

(NSS)2 -30.3 

NSS-I2 -61.2 

 
4.4 Conclusion 
NSS proves to be a good halogen bond acceptor for the iodine molecule. The 

calculated data for the energy of interaction also confirms this finding (Table 4.3). 

A UV-vis study of the interaction of NSS with iodine showed an increase in the 

energy gap between the HOMO and LUMO orbitals of an iodine molecule, caused by 

charge transfer component from NSS molecule to iodine, and this was demonstrated 

by the blue shift in the πg
* → σu

* transition in iodine molecule. IR titration of NSS 

with iodine, and a comparison with calculated data showed the effect of halogen bond 

interaction on the N-H bending motion and N-H stretching vibration. The IR 

spectrum in such an environment shows features of formation of an NSS-iodine 

complex as well as an NSS dimer. 
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CHAPTER 5 
 
Interactions of Iodopentafluorobenzene with 4-benzyl-
1,3-thiazolidine-2-one in Solution 
 
5.1 Introduction 
Lewis bases have the tendency to interact with elements from group 14-17 which are 

covalently bonded to electron deficient species. As a result of these interactions four 

types of bonding are observed and are called tetrel, pnictogen, chalcogen, and halogen 

bonding respectively (Figure5.1). 
 

 
 
Figure 5.1. Depiction of tetrel, pnictogen, chalcogen, and halogen bonding. 
 

Halogen bonding occurs between an electron deficient halogen compound and 

a Lewis base. Halogenated compounds are able to be involved in two different kinds 

of noncovalent interactions. Due to the high electronegativity of the halogen atoms, 

they could act as hydrogen bond acceptors and thus interact with electron-deficient sites 

in other molecules, such as the C atoms of carbonyl groups. Besides, certain 

halogenated compounds show a tendency to be involved in noncovalent interactions 

with Lewis basic moieties. This behavior cannot be explained based on their 

electronegativities. Such interactions which have been observed in various halogenated 

species are known as halogen bonds. Halogen bond (X-bond) can be broadly defined 
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as non-covalent interactions between an electron deficient X-bond donor and an 

electron rich X-bond acceptor, in a similar fashion as a hydrogen bond (H-bond). One 

of the early studies of X-bond was by Guthrie1 in 1863 when he added iodine powder 

to a solution of ammonia to form the complex which he then suggested to be I2· · ·NH3 

and named it “iodide of iodammonium”. Guthrie found that this complex decomposed 

upon treating with water and turned water into reddish-brown color, and produced a 

residue which exploded spontaneously under water. “A halogen bond occurs when 

there is evidence of a net attractive interaction between an electrophilic region 

associated with a halogen atom in a molecular entity and a nucleophilic region in 

another, or the same, molecular entity”.2 Solvent affects the stability and also the 

symmetry of the halogen bond3. Halogen bonds have been quantum chemically 

studied4 and surprisingly it has been shown that a good estimation of the geometry and 

energy components will be acquired even without considering the dispersion 

corrections.5 M06-2X, ωB97XD and double hybrids are considered suitable DFT 

methods to study halogen bond interactions5. Halogen bond is represented as XB and 

denoted as R–X...Y. R–X is the halogen bond donor (Lewis acid) such as I2 and Br2, Y 

is the halogen bond acceptor (Lewis base) that could be an anion (halides or oxyanions), 

a system (double or triple bonds), or neutral (amine or pyridine). X is any electron 

deficient halogen atom, and R is an atom or a group covalently bonded to X. As a result, 

two distinctive electrostatic regions appear around R–X bond.2, 6 This anisotropic 

distribution of electron density forms a nucleophilic and an electrophilic region around 

the halogen atom7 (Figure5.2). The strength of the halogen bond increases with the 

electronegativity of the R group. 
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Figure 5.2. Anisotropic distribution of electron density around halogen atom. 
 

Nuclear magnetic resonance (NMR) has been used to study structural dynamics 

of the molecules and is applicable to liquid, solid state and gas phase. This technique 

is sensitive to non-covalent interactions such as hydrogen bond8 and halogen bond 

using 1H-NMR and 19F-NMR techniques.9 Chemical shifts of fluorine in different 

halogen bonded complexes are dependent on the strength and orientation of the 

respective bond. The halogen bond donor ability of iodoperfluoroalkanes and 

iodoperfluoroarenes were discovered about sixty years ago.9a, 10 Larsen and Allred were 

able to determine the Ka values for the complex formed between CF3I and 2,4,6-

trimethylpyridine in cyclopentane using 19F-NMR spectroscopy.9a, 10  The enthalpy of 

interaction between these two species was calculated as -21 KJ. mol-1. The change in 
19F-NMR chemical shift (Δσ) can be used as a measure of the strength of halogen bond 

interaction between a halogenated molecule and the solvent. Metrangolo and Panzeri 

measured this change between a haloperflourocarbon and a particular solvent (donor 

solvent) relative to cyclohexane (non-donor solvent).7 Heavy halogen atoms showed a 

higher values of Δσ as CF2I> CF2Br> CF2Cl for primary iodoperflourocarbon and 

(CF3)2CFI> CF3CF2CF2I for secondary iodoperflourocarbons.9h Perutz and Brammer 

have provided more insight into the thermodynamics of the halogen bond interactions 

of the perfluorinated halogen bond donors in organic solvents. They studied the 

interaction of C6F5I with group 10 metal fluoride complexes in toluene.11  

Considering all the possibilities and competitions, we have carefully chosen a 

system where halogen bonding, hydrogen bonding and π bonding sites would be able 

to compete in the solution together. The purpose of such study is to evaluate the strength 
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and the possibility of formation of halogen bond from different acceptor sites in the 

relevant molecule. Such a study provides an experimental tool to look into and 

compares the extent of interaction between an electron deficient site (iodine of 

Iodopentafluorobenzene) and an electron rich site (carbonyl) and reveals the effect of 

such interaction on the absolute configuration of the electron rich molecules. Thus, for 

this part of the study we introduce 4-benzyl-1,3-thiazolidine-2-one, abbreviated as 

NOS and study its interaction with Iodopentafluorobenzene (F5BnI) (Figure 5.3). 
 

            
 
Figure 5.3. Chemical structures of 4-benzyl-1,3-thiazolidine-2-one (NOS) (left) and 
Iodopentafluorobenzene (F5BnI) (right). 
 

4-benzyl-1,3-thiazolidine-2-one has a delocalized π bond systems and a 

carbonyl functionality. Each of the three π systems can act as the acceptor site in the 

interaction with Iodopentafluorobenzene. 4-benzyl-1,3-thiazolidine-2-one molecules 

can form hydrogen bonds in the solution so we would be able to compare the strength 

of the halogen with hydrogen bond in the solution. To reduce the interference with the 

solvent, chloroform and carbon tetrachloride have been chosen as the solvent 

throughout the study. This system, due to its size, would be suitable for ab-initio and 

DFT studies. 

 
5.2 Experimental and Theoretical Details 
4-benzyl-1,3-thiazolidine-2-one was purchased from Astatech. F5BnI was purchased 

from Sigma-Aldrich. 1H-NMR and 19F-NMR spectra of the compounds were recorded 

on a Bruker (400 MHz) spectrometer to confirm the purity of reagents. VA and VCD 



67 
 

spectra were measured using a Bruker FTIR (Vertex 70) spectrometer equipped with a 

PMA 50 module for VCD measurements. The data were collected at 4 cm-1 resolution 

in the wavenumber region of 1700-1100 cm-1 using a liquid nitrogen cooled MCT 

detector for a period of 5 hours (~4300 scans per hour). A range of solutions were used 

for the VA and VCD measurements. The solution samples were placed between a pair 

of BaF2 windows with a path-length of 0.1 mm, 0.015mm and 0.005mm. The Gaussian 

09 program package12 was used for all geometrical searches and optimizations, 

harmonic frequency calculations, and VA and VCD intensity predictions using density 

functional theory (DFT).13 Becke three parameters, Lee-Yang-Parr, functional 

(B3LYP)13 and 6-311++G(d,p)14 was used for the calculations. Polarizable continuum 

model (PCM) using the universal force field radii was used to account for the bulk 

solvent environment15 of CDCl3. A Lorentzian line shape with a half-width at half-

height of 4 cm-1 was used for the simulations of VA and VCD spectra VCD spectra. 

 

5.3 Results and Discussions 
 
5.3.1 Dispersion effect and the relative stability of conformers of NOS 
Previous study (see chapter 3) of the conformers of the 4-benzyl-1,3-thiazolidine-2-one 

yielded three conformers gauche-, gauche+ and syn (Figure 5.4). 
 

 
 
Figure 5.4. Newman projection of conformers of 4-benzyl-1,3-thiazolidine-2-one (NOS). 
 

Volume of the groups participating in the gauche interaction with C7 are 

responsible for the relative stability of the conformers. Herein empirical dispersion 

correction D3BJ17 was introduced and affected the relative stability of the conformers. 



68 
 

Figure 5.5 demonstrates the relative energies but the exact values are shown in Table 

5.1. 
 
 
 

 
 
Figure 5.5. Relative stability of conformers of NOS in kJ.mol-1. Scan coordinates is the dihedral angle 
of N-C4-C6-C7 scanned over 360o. Energy of the conformer with the lowest energy is defined as zero. 
 

The gauche- conformer is 3.2 kJ mol-1 and 2.5 kJ. mol-1 with the dispersion 

effect more stable than the gauche+ and syn conformers, respectively. Such an energy 

gap has made gauche- conformer with the highest Boltzmann population (Table 5.1).  
 
Table 5.1 Comparison of the relative energies and Boltzmann distribution of conformers of NOS 
 

Conformer ΔE (kJ. mol-1) 

With||Without 

dispersion 

%Boltzmann 

Distribution 

With||Without 

Dispersion (298 

K) 

gauche- 0||0 78.6||64.8 

gauche+ 3.2||1.2 21.4||34.2 

syn 2.5||9.9 0.0||0.1 
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5.3.2 1H-NMR and 19F-NMR Study of NOS 
To evaluate the interaction between F5BnI and 4-benzyl-1,3-thiazolidine-2-one 1H-

NMR and 19F-NMR titrations were carried out in CDCl3. 1H-NMR data showed the 

proton attached to nitrogen of NOS underwent shielding from 6.1 ppm to 5.35 ppm 

upon increasing the concentration of F5BnI in the solution. Figure 5.6 shows the trend. 
 

 
 
Figure 5.6. Shielding effect on N-H proton of NOS upon interacting with various concentrations of 
F5BnI. Ratios from the bottom are F5BnI/NOS:1/3; F5BnI/NOS:1/2; F5BnI/NOS:1; F5BnI/NOS:2; 
F5BnI/NOS:3.  
 

19F-NMR data allows to monitor the changes of the electron density around 

each of the fluorine atoms. Para fluorine was monitored during the titration 

experiments. Para-F appeared at -152.05 ppm in the F5BnI molecule. Ratios of 

F5BnI/NOS varied among 1/3, 1/2, 1, 2, and 3 values and the respective para-F shifts 

were -152.07, -152.06, -152.04, -152.03, and -152.03 respectively as illustrated in 

Figure 5.7. 
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Figure 5.7. Changes in the chemical shifts of Para-F of NOS upon interacting with various 
concentrations of F5BnI. Ratios from the bottom are F5BnI/NOS:1/3; F5BnI/NOS:1/2; F5BnI/NOS:1; 
F5BnI/NOS:2; F5BnI/NOS:3. 
 

Downfield shift of the fluorine atoms adjacent to iodo substituent is not 

unprecedented upon increasing the concentration of the acceptor species. Sarwar, 

Dragisic and coworkers studied the interaction of different Lewis bases with fluorinated 

iodoalkenes and iodoarenes.9k They recorded the 19F-NMR spectra of the halogen bond 

donors upon interaction with the halogen bond acceptor (Lewis base). This study was 

performed for several para-substituted iodotetrafluorobenzenes as donors and tri-n-

butylephosphine oxide acceptor where in all cases there was a downfield shift of the 
19F-NMR signal upon complexation. Other cases have also been observed in the 

literature where 19F-NMR signal shows an upfield change on the fluorine substituted 

species. Chudzinski and his coworkers studied a series of urea-based halogen bond 

acceptors through 1H-NMR and 19F-NMR spectroscopy (Figure 5.8).16 
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Figure 5.8. Structures of the halogen bond acceptors. 
 

Addition of halide anions (n-Bu4N+ cation and Cl-, Br-, I- anions) to the above 

donors, or in other words increasing the concentration of the halogen bond acceptor, 

resulted in the change of the 19F-NMR chemical shifts. This upfield change in the 

chemical shift (Δσ) for the case of 1a acceptor was involved with a range of 

concentration of 0M to 6.0*10-3 M of Br-. The observed Δσ was from zero to ~1.1 ppm 

for the 19F-NMR signals. It is noteworthy to mention that this trend in the change in the 

chemical shift of the 19F-NMR is consistent with the measured data where a down field 

shift was observed upon increasing the concentration of the halogen bond acceptor 

NOS. 
 
5.3.3 IR Study of NOS-F5BnI Interaction 
IR study of NOS with various concentration ratios of F5BnI in CDCl3 showed a distinct 

region for stretching frequency of the NH that is 3180cm-1 – 3490cm-1. This region 

includes a broader band around 3217 cm-1, distinctive of NOS dimer, and another one 

around 3414 cm-1 referring to the monomeric form of NOS. Yet by increasing the 
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concentration of F5BnI in the solution no changes were observed at either of the 

location of the peaks (Figure 5.9) 
 

 
 
Figure 5.9. NH stretching region of NOS. At higher concentrations of F5BnI solution no changes 
happen to monomeric or dimeric forms of NOS moieties. 
 

The broad peak at the N-H region confirms the formation of (NOS)2 at lower 

and higher concentrations of F5BnI in the solution. A similar trend was also observed 

for the carbonyl region that was ~1620 cm-1. This peak did not show a shift upon 

addition of the F5BnI to the solution (Figure 5.10). 
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Figure 5.10. Carbonyl stretching region of NOS. At higher concentrations of F5BnI solution no shift 
was observed. 
 

This shows that the partial charge transfer from carbonyl π* orbital to 

antibonding orbital of N-H moiety on NOS molecule is not being affected by the 

introduction of the F5BnI to the solution containing the (NOS)2 dimer. The lack of 

disappearance of the broad peak at N-H stretching frequency region under the same 

condition also confirms this observation. 

Relative locations of the N-H stretching frequencies of the monomer and different 

dimer combinations were also studied and confirmed by comparison of the 

experimental data with the calculated infrared spectra of the optimized structures. 

(Figure 5.11). 
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Figure 5.11. N-H stretching frequencies of monomer and possible dimer combinations and their 
experimental counterparts. 
 

The closest frequency of the dimer to the experimental value was reproduced 

by the g+g- dimer. Table 5.2 shows the relative values of the energetics of different 

conformational dimeric structures. This dimer conformer is one of the most abundant 

ones among the possible structures acquired after optimization of each conformer twins 

with and without the dispersion effect. 
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Table 5.2 Relative energies and Boltzmann distribution of NOS dimers formed from different 
conformers 
 

Conformer ΔE (kJ .mol-1) 

With||Without 

dispersion 

%Boltzmann 

Distribution 

With||Without 

dispersion 

g-g- 0||6.68 27.85||3.11 

g+g- 0.05||0.005 27.24||46.11 

g+g+ 1.64||0 14.31||46.20 

g+syn 1.65||6.08 14.30||3.96 

g-syn 2.87||10.93 8.73||0.56 

synsyn 3.23||17.26 7.54||0.04 
 
5.3.4 VCD Study 

VCD study of NOS-F5BnI was done at the same level of concentration as the NOS. 

Figure 5.12 shows the VCD spectrum of NOS- F5BnI solution. 
  

 
 
Figure 5.12. VCD of of S-NOS-F5BnI in 1000 cm-1- 1800 cm-1. 
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Comparison between the acquired VCD spectra and the simulated data provides 

insight about the dominant conformer of the NOS molecule during the course of 

interaction with each other. As such here we propose the gauche- as the dominant 

conformer to interact with the F5BnI molecule. By comparison of the theoretical and 

experimental spectra it was observed that gauche- was able to produce similar features 

in the experimental spectra (Figure 5.13). 
  

 
 
Figure 5.13. Structures and special positions of the gauche- NOS and F5BnI during the process of the 
halogen bond interaction. 

Study of interaction between available conformers and the F5BnI was carried 

out to find out the structures of interacting species. For this reason, two sites on 

interaction for each conformer were studied. These two sites which incorporate 

different steric and electronic properties are cis and trans defined for each conformer. 

Cis interaction includes interaction of F5BnI approaching from N-H side to the 4-

benzyl-1,3-thiazolidine-2-one molecule. This site has possibility of interaction with the 

hydrogen of N-H functionality as well as the carbonyl group. Such interaction was 

confirmed previously. Trans interaction includes interaction of F5BnI approaching 

from the opposite side of the molecules that is away from the N-H functionality. 

Generation of a negative VCD signal around 1700 cm-1 for the S enantiomer could only 

be derived from either the monomer form of NOS or the gauche – conformer with 

F5BnI at the trans position (Figure 5.14). 
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Figure 5.14. Comparison of the experimental and calculated VCD of of NOS and NOS-F5BnI in 1000 
cm-1- 1800 cm-1. S-NOS dimer refers to the g- dimer. 
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5.4 Conclusion 
The interaction between NOS as the halogen bond donor and F5BnI as the halogen bond 

acceptor did not show a meaningful shift in the infrared spectroscopy of the titration of 

these moieties. The shielding of the N-H proton in the 1H-NMR signals also was similar 

to what was observed for interaction between the NOS and iodine. 19F-NMR showed a 

slight deshielding effect upon addition of the F5BnI to the solution. However with the 

aid of the VCD spectroscopy and the calculations we could find out the most probable 

structure which is responsible for the interaction between the donor and acceptor 

species. 
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CHAPTER 6 
 

Interactions of Iodopentafluorobenzene with 4-benzyl-

1,3-thiazolidine-2-thione in Solution 

 

6.1 Introduction 

In the past decade a specific intermolecular interaction which involves a 

halogen bond as the acceptor of electron density, also defined as σ-hole donor, has been 

widely researched.3a To emphasize the similarity of this interaction with the hydrogen 

bond, this interaction is called halogen bonding. Despite the structural similarities, 

halogen bonds are unique in terms of the directionality, tunability, hydrophobicity and 

the donor atom dimensions.13 Such characteristics have allowed the halogen bond to 

compete or surrender to the hydrogen bond in the solution.14 We previously defined 

Halogen bond (X-bond) as R–X bond which provides two sites for electrophilic and 

nucleophilic attacks. The first one is perpendicular to R–X and it is called the halogen 

bond and the latter one is along the R–X bond on the side of the halogen atom which 

is not considered as the halogen bond according to IUPAC definition (Figure 6.1) 

 

 
 
Figure 6.1. A Nucleophilic (left) and electrophilic (right) sites of R–X bond. 

 

A schematic representation of the halogen bond is provided in figure 6.2.1 

 

 
 
Figure 6.2. A schematic representation of the halogen bond bond. 
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More recently, computational methods have been applied to investigate the 

nature of X-bond interactions, leading to some significant progress.15 The concept of 

“sigma hole” was developed to explain the X-bond donor,2 analogous to the H-bond 

donor. The sigma hole represents an area with positive electrostatic potential along the 

covalent R-X bond where R can be F, Cl, Br, I, C, N and so on. Sigma hole is the 

consequence of anisotropic distribution of electron density along the same bond. This 

makes the radius of halogen atom smaller along the covalent C-X bond but larger on 

the perpendicular direction. Politzer, Murray and Clark3 provided an atomic and 

molecular orbital view to demonstrate how the sigma hole is formed. Group VII atoms 

(halogens) have seven electrons in their p and s-orbitals of the valence shell which 

creates a configuration of s2px
2py

2pz
1 configuration where pz is along the C-X bond to 

form a covalent bond with carbon. As a result, there is a depopulation of electron at 

this pz orbital due to the formation of covalent bond with carbon, and a partial positive 

charge is created on the X atom. Since the electrons of the px and py are maintained 

around the C-X bond, an electron rich ring is created around the C-X bond. 

Nuclear magnetic resonance (NMR) has aided the study of halogen bond 

formation. Wang et al. studied the X-bond interaction between C6F5Br and C6F5Cl with 

C6D6 and found out there is no X-bond interaction between C-Br or C-Cl and the phenyl 

π system and the only interaction was π…π between C6F5X (X: Cl, Br) and C6D6.
4 

However, there was a X-bond interaction when C6D6 and C6F5I were in the solution. 

Interestingly there was no π…π interaction between C6F5I and C6D6.
4 Figure 6.3 

demonstrates the competition sites in C6F5X (X: Cl, Br, I) in the interaction with C6D6.  

 

 
 
Figure 6.3. Available interaction sites for π…π interaction and X-bond interaction between C6F5X (X: 
Cl, Br, I) and C6D6. Blue region represents positive electrostatic potential (lower electron density) and 
the red surface represents negative electrostatic potential (higher electron density)4. 

π 

π 
π 
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Bryce et al. have performed single crystal 17O-NMR and 31P-NMR studies on 

the halogen bond interaction between triphenylphosphine oxide as X-bond acceptor 

and 1,4-diiodotetrafluorobenzene and1,3,5-trifluoro-2,4,6-triiodobenzene as halogen 

bond donors.5 They found out that the angular deviations of the directions of the 

pseudo-unique components of the 31P and 17O chemical shift tensors, and the 17O 

quadrupole coupling tensors is correlated to the deviations of the P=O···I halogen bond 

from a linear structure.5 Among halogens, fluorine has ½ spin quantum number which 

makes it easier to study it by the solution NMR. Chemical shift of the binding sites or 

atoms close to the binding sites are correlated with the halogen bond interaction. There 

is always an equilibrium between the free molecules and the halogen bond complex. 

Now if the exchange rate between these two are smaller compared to the NMR 

timescale to detect the chemical shift difference; two types of NMR signal will appear 

related to the free and halogen bond complex.6 However if the exchange rate is faster 

than the NMR time scale, one signal will be observed.6a 

In order to evaluate the strength and the possibility of formation of halogen 

bond from different acceptor sites, we have chosen a system capable of providing 

halogen bonding, hydrogen bonding, as well as π bonding sites. As a result we will be 

able to compare the extent of interaction between an electron deficient site (iodine of 

Iodopentafluorobenzene) and an electron rich site (thiocarbonyl) and observe the effect 

of such interaction on the absolute configuration of the electron rich molecule. Thus, 

4-benzyl-1,3-thiazolidine-2-thione, abbreviated as NSS is used to interact with 

Iodopentafluorobenzene abbreviated as F5BnI (Figure 6.4). 

 

            

 
Figure 6.4. Chemical structures of 4-benzyl-1,3-thiazolidine-2-thione (NSS) (left) and 
Iodopentafluorobenzene (F5BnI) (right). 
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4-benzyl-1,3-thiazolidine-2-thione has two delocalized π bond systems on 

benzene ring and N-C=S conjugated system and a thiocarbonyl functionality. Each of 

the three π systems can act as the acceptor site in the interaction with 

Iodopentafluorobenzene. 4-benzyl-1,3-thiazolidine-2-thione molecules can form 

hydrogen bonds in the solution so we would be able to compare the strength of the 

halogen with hydrogen bond in the solution. To reduce the interference with the 

solvent, chloroform and carbon tetrachloride have been chosen as the solvent 

throughout the study. This system, due to its size, would be suitable for ab-initio and 

DFT studies. 

 

6.2 Experimental and Theoretical Details 

4-benzyl-1,3-thiazolidine-2-thione was purchased from Astatech. F5BnI was purchased 

from Sigma-Aldrich. 1H-NMR and 19F-NMR spectra of the compounds were recorded 

on a Bruker (400 MHz) spectrometer to confirm the purity of reagents. VA and VCD 

spectra were measured using a Bruker FTIR (Vertex 70) spectrometer equipped with a 

PMA 50 module for VCD measurements. The data were collected at 4 cm-1 resolution 

in the wavenumber region of 1700-1100 cm-1 using a liquid nitrogen cooled MCT 

detector for a period of 5 hours (~4300 scans per hour). A range of solutions were used 

for the VA and VCD measurements. The solution samples were placed between a pair 

of BaF2 windows with a path-length of 0.1 mm, 0.015mm and 0.005mm. The Gaussian 

09 program package7 was used for all geometrical searches and optimizations, 

harmonic frequency calculations, and VA and VCD intensity predictions using density 

functional theory (DFT).8 Becke three parameters, Lee-Yang-Parr, functional 

(B3LYP)8 and 6-311++G(d,p)9 was used for the calculations. Polarizable continuum 

model (PCM) using the universal force field radii was used to account for the bulk 

solvent environment10 of CDCl3. A Lorentzian line shape with a half-width at half-

height of 4 cm-1 was used for the simulations of VA and VCD spectra VCD spectra. 

 

6.3 Results and Discussions 

 

6.3.1 Dispersion effect and the relative stability of conformers of NOS 
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Previous study of the conformers of the 4-benzyl-1,3-thiazolidine-2-thione yielded 

three conformers gauche-, gauche+ and syn (Figure 6.5). 

 

 
 
Figure 6.5. Newman projection of conformers of 4-benzyl-1,3-thiazolidine-2-thione (NSS). 

 

Since relative stability of the conformers are determined by the volume of the 

groups participating in the gauche interaction with C7, empirical dispersion correction 

D3BJ16 was introduced to see the effect of the relative stability of the conformers. 

Figure 6.6 demonstrates the relative stability of the conformers. Exact values are 

brought in Table 6.1.  

 

 
 
Figure 6.6. Relative stability of conformers of NSS in kJ.mol-1. Scan coordinates is the dihedral angle 
of N-C4-C6-C7 scanned over 360o. Energy of the conformer with the lowest energy is defined as zero. 

syn 

syn 
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The gauche- conformer is 2.7 kJ mol-1 and 0.8 kJ. mol-1 more stable than the 

gauche+ and syn conformers with the dispersion effect, respectively. Such an energy 

gap has made gauche- conformer with the highest Boltzmann population (Table 6.1). 

Applying the dispersion effect changed the relative stability of the conformers for this 

molecule. 

 
Table 6.1 Comparison of the relative Energies and Boltzmann Distribution of Conformers of NSS 

 

Conformer ΔE (kJ. mol-1) 

With||Without 

dispersion 

%Boltzmann 

Distribution 

With||Without 

dispersion 

gauche- 0||0 62.5||67 

gauche+ 2.7||1.3 20.35||32.2 

syn 0.8||9.5 17.15||0.8 

 
6.3.2 1H-NMR and 19F-NMR Study of NSS 

To evaluate the interaction between F5BnI and 4-benzyl-1,3-thiazolidine-2-thione 1H-

NMR and 19F-NMR titrations were carried out in CDCl3. NSS shows a shielding pattern 

with occurs below 7.7 ppm for the N-H proton of this molecule. The shielding effect 

upon addition of F5BnI which moves the N-H proton into the aromatic region is 

demonstrated in Figure 6.7. 
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Figure 6.7. Shielding effect on N-H proton of NSS upon interacting with various concentrations of 
F5BnI. Ratios from the bottom are F5BnI/NSS:1/3; F5BnI/NSS:1/2; F5BnI/NSS:1; F5BnI/NSS:2; 
F5BnI/NSS:3. 

 

19F-NMR data allows to monitor the changes of the electron density around 

each of the fluorine atoms. Para fluorine was monitored during the titration experiments 

and experiments and ratios of F5BnI/NOS varied among 1/3, 1/2, 1, 2, and 3 values and 

the respective para-F shifts were 152.08, -152.09, -152.06, -152.06, and -152.05 

respectively as illustrated in (Fig 6.8). Initial concentration of NSS solution was 0.238 

M in CDCl3 and the concentration of F5BnI was adjusted to provide the required ratio 

between F5BnI and the NSS. 
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Figure 6.8. Changes in the chemical shifts of Para-F of NSS upon interacting with various 
concentrations of F5BnI. Ratios from the bottom are F5BnI/NSS:1/3; F5BnI/NSS:1/2; F5BnI/NSS:1; 
F5BnI/NSS:2; F5BnI/NSS:3. 

 
19F-NMR signals shows various behaviors depending on the environment and 

the type of interaction they are involved with. Halo-perfluorocarbons could show 19F-

NMR signals that might not be distinguishable from the ones in the presence of the 

trace amount of halogen bond acceptors and in dilute solutions.11 Lunghi and his 

coworkers studied the formation of complex between diiodoperfuoroalkanes as the 

halogen bond donor and 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane or with 

4,7,13,16,21,24-hexaoxa- 1,10-diazabicyclo [8,8,8 ]hexacosane as the halogen bond 

acceptors (Figure 6.9).11 

 

 
  
Figure 6.9. Chemical structures of a) diiodoperfuoroalkanes (n=1,2,3,4) as the halogen bond donor and 
b) 1,4,10,13-tetraoxa-7,16-diazacyclooctadecane and c) 4,7,13,16,21,24-hexaoxa- 1,10-diazabicyclo 
[8,8,8 ]hexacosane as the halogen bond acceptors. 
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The 19F-NMR spectra of the complexes of a with b and c, to form [ab] or [ac] 

complexes, showed an upfield shift compared to the diiodoperfuoroalkanes. Dilution 

experiments on the above mixtures shifted back (downfield) the chemical shift of the 

CF2I group to the pure diiodoperfuoroalkane signal where it could not be distinguished 

with the original diiodoperfuoroalkanes signal. Change in the chemical shifts were 

acquired by subtracting the 19F-NMR signal of the complex from the 19F-NMR signal 

of the pure diiodoperfuoroalkanes. Decreasing the concentration of the [ab] complex 

where n=1 from 0.13M to 0.04M, reduced the change in the chemical shift from 1.24 

ppm to 0.55 ppm, and decreasing the concentration of the [ac] complex where n=1 from 

0.13M to 0.03M, reduced the change in the chemical shift from 0.51 ppm to 0.11 ppm. 

Metrangolo and his coworkers found out that upon increasing the concentration of the 

halogen bond donor, an upfield in the 19F-NMR signal is observed.12 They did not 

observe any signal splitting or broadening feature in the 19F-NMR signals which is due 

the rapid equilibrium between the donor and acceptor species compared to the NMR 

time scale. In this study 1,8-diiodo- and 1,8-dibromoperfluorooctane was the halogen 

bond donor and variety of binding and non-binding solvents (such as 1-

Methylpiperidine; tetrahydrofuran; pyridine; etc) as the halogen bond acceptors. The 

halogen bonding between the electron deficient halide atoms of the dihalo-PFCs and 

the donor sites of the relevant solvents moved the 19F-NMR signals upfield. The change 

in the chemical shift of the 19F-NMR signals of 1,8-diiodo- and 1,8-dibromo- and 1,8-

dichloro- and1 1,8-difluoroperfluorohexanes (Figure 6.10) showed the decrease on 

moving from diiodo- to dichloro- substituted moieties. Thus the 19F-NMR signal could 

be used as a tool to show the extent of interaction between the donor and acceptor 

species in the solution. 

 

 
 
Figure 6.10. Structures of the 1,8-diiodo- and 1,8-dibromo- and 1,8-dichloro- and1 1,8-
difluoroperfluorohexanes. 
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In the same study Metrangolo and his coworkers found out that iodo- and 

bromoperfuoroarenes (Figure 6.11) behave in a similar way to the iodo- and 

bromoperfuoroalkanes. 

 

 
 
Figure 6.11. Structures of the iodo- and bromoperfuoroarenes used in the study. 
 

It was observed that iodoarene showed a larger shift of the 19F-NMR signal than 

the bromoarene. They also found out that nitrogen is a better donor than oxygen and 

sulfur. This shows that the iodine would be a better candidate than other halides to act 

as the halogen bond donor. 

 

6.3.3 IR Study of NSS-F5BnI Interaction 

IR study of NSS with various concentration ratios of F5BnI in CDCl3 unlike the 

interaction with I2 did not show an extra peak around 3310 cm-1. However, the region 

of 3125cm-1-3450cm-1 which includes a broader band distinctive of NSS dimer and 

monomer species does not show a significant change (Figure 6.12) 

 

 
 
Figure 6.12. NH stretching region of NSS. 
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The broad peak at the N-H region confirms the formation of (NSS)2 at lower 

and higher concentrations of F5BnI in the solution. This region does not show formation 

of a new band which means there is no detectable interaction with the NH proton in 

this region. Infrared analysis of the optimized structures of NSS and (NSS)2 was 

performed to find the best model to define structural behavior in this region (Figure 

6.13). 

 

 
 
Figure 6.13. Comparison of selected calculated structures with the experimental data in the NH 
stretching region of NSS with and without dispersion effect. 
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The synsyn dimer conformation was selected due to its relative stability 

compared to other conformers. Table 6.2 demonstrates the relative energies and 

Boltzmann distribution of possible dimeric species of NSS with and without dispersion 

effect. 

 
Table 6.2 Relative energies and Boltzmann distribution of NSS dimers formed from different 
conformers 

 

Conformer ΔE (kJ .mol-1) 

With||Without 

dispersion 

%Boltzmann 

Distribution 

With||Without 

dispersion 

g-g- 3.64||11.05 10.36||1.06 

g+g- 4.73||7.32 6.67||4.82 

g+g+ 1.96||0 20.43||92.66 

g+syn 2.96||10.82 13.63||1.17 

g-syn 6.12||15.07 3.80||0.21 

synsyn 0||18.04 45.09||0.063 

 

Thiocarbonyl stretching frequency had overlap with several other peaks and it 

was not possible to monitor the changes of this functional group during the 

spectroscopic measurements. Thus to increase our knowledge on the interaction 

between the NSS and the F5BnI we further probed the bending frequency region of the 

NH functionality. According to our previous study monomeric form of the NSS 

demonstrates two bands next to one another between 1480 cm-1 and 1520 cm-1. The 

NH bending bands show a blue shift to higher frequency upon introduction of F5BnI to 

the solution. Figure 6.14 illustrates the difference between the location and shape of 

this peak among possible conformers.  
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Figure 6.14. Comparison of the bending region of N-H in the experimental data (at the bottom) with 
the simulated spectra. The simulated spectra on the left illustrates with and without dispersion effect. 
The two simulated spectra on the right illustrate with the dispersion effect. The NH bending has shifted 
toward higher frequencies upon addition of the F5BnI to the solution. 

 

In the dimer these peaks appear at 1520cm-1 and 1580 cm-1 in the calculated 

data. Looking at the energetics of dimers we see that the g+g+ and synsyn dimers have 

the highest population among dimers with and without the dispersion effect. Now if we 

take a look at the trends of the energetics among possible conformers of the NSS-F5BnI 

complex the following trend in Table 6.3 is observed. 
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Table 6.3 Relative energies and Boltzmann distribution of NSS-F5BnI complexes formed from 
different conformers 

 

Conformer ΔE (kJ .mol-1) 

With||Without 

dispersion 

%Boltzmann 

Distribution 

With||Without 

dispersion 

g-F5BnI-cis 0||1.08 94.78||31.39 

g- F5BnI-trans 13.74||5.71 0.36||4.83 

g+ F5BnI-cis 16.80||3.01 0.10||14.39 

g+ F5BnI-trans 13.01||0 0.49||48.5 

syn F5BnI-cis 8.88||12.01 2.62||0.38 

syn F5BnI-trans 9.96||11.72 1.69||0.42 

 

Although this table shows that g+F5BnI-trans (without dispersion) and g-F5BnI-

cis (with dispersion) are favored energetically for the interaction between the two 

moieties, several possible conformers could be responsible for the change of the energy 

of NH bending mode upon addition of the F5BnI to the NSS solution. 

 

6.3.4 VCD Study 

VCD study of NSS-F5BnI was done at the same level of concentration as the NSS. 

Figure 6.15 shows the infrared and VCD spectrum of NSS- F5BnI solution. 
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Figure 6.15. VCD of of NSS-F5BnI in 1000 cm-1- 1800 cm-1 and the simulated possible conformer 
interactions. 

Comparison between the acquired VCD spectra and the simulated data in Figure 

6.16 shows that the signal of the bending region can be reproduced by g-F5BnI-trans 

and syn-F5BnI-cis. 
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Figure 6.16. Structures of the g-F5BnI-trans and syn-F5BnI-cis.  
 
6.4 Conclusion  
1H-NMR data suggest a shielding process which was previously observed in the 

dilution experiments. On the contrary for this type of halogen bond donor there is not 

a considerable dilution effect since the donor is in pure liquid form. Thus we can 

attribute this shift to the interaction between the donor and acceptor species. 19F-NMR 

data also confirms the interaction between the two species although the strength of the 

interaction is not high enough to make a considerable shift in the NMR signals. This 

interaction has not largely affected the stretching frequency of the NH band, but has 

made a considerable blue shift in the NH bending region. VCD spectra of the bending 

region is reproducible via the two conformers which are g-F5BnI-trans and syn-F5BnI-

cis. Thus, these two conformers would be the dominant species in the interaction among 

the two molecules. 
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CHAPTER 7 
 

Conclusions and Future Work 

 

7.1 Conclusions 

Understanding of the nature of the halogen bond in the solution has largely advanced 

in the recent years due to availability of different experimental and theoretical 

techniques. Such techniques would allow us to take a small step closer to the actual 

composition of the interacting species and try to reduce our uncertainties of the 

interacting structures in the dynamic of solution to some extent. Our current 

understanding of the dynamics of the solution could change in the future. In our study 

we have utilized experimental observation and theoretical modelling to develop our 

understanding of the nature of the halogen bond interaction and possible competition 

between the halogen bond and the hydrogen bond. 

NOS has showed a higher tendency to participate in the inter-molecular 

hydrogen bonding through formation of a dimer. As a result iodine was not able to form 

a halogen bond with the NOS. When F5BnI is used instead of iodine as the halogen 

bond donor we don’t have the effect of dilution. Here we observed that the NH and 

carbonyl stretching frequencies did not show any shift during the interaction of the two 

species. However, we were able to observe a slight shift in the 19F-NMR signal upon 

addition of the F5BnI to the solution. 19F-NMR is very sensitive to the environment and 

this could suggest a slight interaction between the two species. Although the reported 

19F-NMR signals in the literature among other halocarbons and haloarenes show a 

larger shift,1 our interacting species may not be able to form a strong halogen bond 

between them. VCD is a sensitive technique which could provide deeper insight into 

the structure of interacting species when combined with the theoretical calculations. In 

order to produce the VCD signals of the interacting species gauche- conformer was 

suggested to interact with the F5BnI from the trans position that is on the opposite side 

of the NH functionality. 

NSS dimer on the other hand is not as strong as the NOS dimer and thus a better 

halogen bond acceptor for the iodine. Such interaction increases the energy gap 
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between the HOMO and LUMO of the iodine molecule and as a result we observed a 

blue shift in the UV-vis spectroscopy. Both NH stretching and bending vibrations of 

NSS molecule showed a change in the shape of the spectrum indicative of the 

interaction between the donor and acceptor species. 

NSS showed a different behavior while interacting with the F5BnI. NH 

stretching band of the NSS did not show a change upon introduction of the F5BnI to 

the solution. Thiocarbonyl stretching frequency has overlap with other peaks and thus 

we were not able to monitor the change of this peak during the experiments. NH 

bending vibration however showed a blue shift upon addition of the F5BnI to the 

solution. This peaked was probed with the simulated data and several possible 

conformers were suggested to be responsible for such a shift. By studying the 

energetics of the possible conformers we understood that not always the most stable 

structures are responsible for the observation of detected signals. VCD signals of the 

bending region of the NSS-F5BnI can be produced through interaction of the F5BnI 

with g- conformer from the trans position and the syn conformer from the cis position. 

These two conformers are not the most abundant ones among the possible conformers. 

19F-NMR signals also showed a similar trend to NOS here and we observed a slight 

upfield upon addition of F5BnI to the solution. F5BnI is not a chiral molecule and shows 

a doublet in the IR spectrum around 1510 cm-1. We also observed that this doublet also 

appears in VCD spectrum of the NOS-F5BnI (Figure 7.1), which could be a sign of 

chirality transfer from the NOS over to the halogen bond donor. 
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Figure 7.1. IR and VCD spectra of F5BnI and NOS-F5BnI. 

 

7.2 Future work 

Future work can be expanded through experimenting on various halogen bond donor 

and acceptor species and study their behavior through different spectroscopy and 

theoretical technics. One such halogen bond donor candidate is 1-(2-iodoethynyl)-4-

methylbenzene) which could be used to study of the interaction of this molecule with 

the NOS and NSS (Figure 7.2). 

 



105 
 

 
 
Figure 7.2. Chemical structures of NOS and NSS (left) and 1-(2-iodoethynyl)-4-methylbenzene 
(abbreviated as MeBnEtnl) (right). 

 

Initial theoretical study on the trans MeBnEtnl complexes with NSS and NOS 

is done and is summarized in Table 7.1. This initial comparison showed that for the g- 

conformer of the NOS is more stable in trans complexation with the MeBnEtnl 

compared to g+ and syn conformers. However for the NSS, syn conformer was more 

stable in trans position complexation compared to g- and g+ conformers. 

 
Table 6.1 Comparison of the relative energies and Boltzmann distribution of trans MeBnEtnl 
complexes with NOS B3LYP-6-311++G(d,p) with the dispersion effect. 

 

Conformer ΔE (kJ .mol-1) 

Of the trans 

NOS interaction 

ΔE (kJ .mol-1) 

Of the trans 

NSS interaction 

gauche- 0 2.68 

gauche+ 4.83 6.33 

syn 9.94 0 

 

Infrared and VCD spectra of the above complexes of NSS and NOS have been 

simulated. Figure 7.2 illustrates the relevant spectra of the NSS molecule. 
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Figure 7.2. Simulated IR and VCD of spectra of trans interaction of the MeBnEtnl with NSS 
conformers. 

 

In order to further justify the effect of the nature of the halogen bond acceptor on the 

formation of halogen bond it is also beneficial to probe this bond with different halogen 

bond acceptors. One such promising candidate is 1-phenylethylamine (Figure 7.3). 

 

 
 
Figure 7.3. Chemical structures of 1-phenylethylamine. 

 

1-phenylethylamine is able to compete with the halogen bond through formation of the 

inter-molecular hydrogen bond. Initial IR and VCD on this molecule have been 

performed (Figure 7.4). 
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Figure 7.4. Illustration of the selected peaks in the IR and VCD of the 1-phenylethylamine in the range 
of 1000cm-1 to 1800 cm-1. 

 

Studying the halogen bond formation of the above halogen bond acceptor with 

halogen bond donors such as iodine, F5BnI, or MeBnEtnl could further expand the path 

of this study. 
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