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ABSTRACT 
 

  
The effects of some solvents on the 19F NMR shift of 2-fluoropyridine and 3fluoropyridine 

were first investigated by C.S. Giam and J.L. Lyle in the 1970’s (Journal of Organic Chemistry, 

1973, 95 (10), 3235-3239), and their results showed that the solvent dependence of these fluorine 

chemical shifts could not be correlated with a simple function of the solvent dielectric constant. 

However, they do correlate with the solvent ET(30) value, based on the solvatochromism of 

Reichardt’s dye. Be that as it may, the chemical shifts of the fluoropyridines are referenced to 

fluorobenzene present in the same solvent. Therefore, the influence of fluorobenzene with the 

solvent is not taken into consideration, where the shifts may have been affected by the solvent 

induced dependence on the chemical shifts of fluorobenzene itself.   

Our goal is proper modelling of the solvent-dependence of chemical shifts, first using 

implicit solvent models. We are also working towards an approach using a combination of explicit 

and implicit solvent models. Our work has also focused on re-acquiring NMR data for 2- and 3- 

fluoropyridine and fluorobenzene using trifluoroacetic acid as an internal standard, so that the 

effects of solvent on fluorobenzene (used as the reference compound) for Giam and Lyle’s study 

on the fluoropyridines can be assessed.   

An acceptable modelling system is found for 2-fluoropyridine in SMD model system with 

def2-TZVP/M052X basis sets for geometry optimization and B3LYP/6-31+G(D) for NMR 

shielding calculations. A satisfactory correlation was seen between the calculated chemical shifts 

and experimental values of 2-fluoropyridine, validating our approximations in Gaussian. However, 

reliable methods are still lacking for 3-fluoropyridine.   
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CHAPTER 1: INTRODUCTION   

USING FLUORINE AS A PROBE IN NMR SPECTROSCOPY   

   

1.1 Fluorination in chemistry and biochemistry   

Fluorine is an exceptional element among the others since it can form compounds with all 

the elements, including noble gases, despite being rare in biological systems. Ever since 

incorporation of fluorine became a popular tool in organic synthesis, various disciplines of 

chemistry have applied this remarkable resource. With the application of fruitful academic studies, 

fluorinated analogs have been paramount to industrial and economic matters. When bonded to 

carbon, it forms a highly stable fluorocarbon, which is chemically inert and hydrophobic, making 

it useful for investigating the physicochemical properties of organic molecules such as pKa, dipole 

moment, conformation, electrostatic potential, bond strength, bioavailability, etc. [1-2]. Such 

fluorinated compounds in substituted biomolecules including nucleosides, amino acids, lipids, and 

sugars have been an excellent medium in pharmaceuticals to study biokinetics and availability of 

drugs[3-5]. It also affects the pharmacological and toxicological properties as fluorinated 

heterocyclic compounds are becoming more commonplace in pharmaceutical, material, and 

agriculture markets [4,6-8].   

Structural elucidation of biomolecules by fluorolabeling has been critical in the 

development of many complex fluorocarbons. Although the substitution of fluorine for hydrogen 

does not seem to drastically change the structure and functions of complex fluoromolecules; this 

is due to fluorine’s isosteric relationship to the hydrogen [2,9-10]. However, fluorine is highly 

electronegative, so, the C-F bonds are more polarized than hydrocarbons, and in the opposite 

direction of the C-H bond, which affects the electrostatic interactions of the pharmaceuticals as 
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shown in Figure 1 below [2]. Fluorine often causes only a limited effect on binding affinity to 

enzymes when replacing hydrogen [2].  

 

Figure 1: The properties of the carbon-hydrogen bond (left) to carbon-fluorine bond (right). The 

Van der Waal surfaces are shaded according to electrostatic potential. The image is taken from 

reference [2].   

1.2 Properties of Fluorine NMR and its merits   

19F is steadily garnering interests as a tool for physiological investigations and is being 

exploited at laboratories in all industries. The characterization of fluorinated compounds is done 

by utilizing Nuclear Magnetic Resonance Spectroscopy through its powerful probe of fluorine 

nuclei. The fluorine-19 nucleus, which is 100% naturally abundant, has half spin, i.e. I = ½ nucleus, 

and, although the technology to obtain 19F-NMR is like that of 1H-NMR, because the fluorine 

nucleus is surrounded by nine electrons instead of one electron of proton, it exhibits a wider 

dispersion of chemical shifts and the sensitivity to the local environment is greater compared to 

hydrogen (shown in Table 1) [11].   
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Table 1. Properties of Spin½ Nuclei (values taken from ref 11).   

  

 NMR   Shift  
 Gyromagnetic   Natural   Relative   
 Frequency   parameter  
 Nucleus   ratio, rad s-1 T-1,  Abundance,   Sensitivity   

(MHz) at   range, x 10-7   (%)      
 11.75 T   (ppm)   

   

         3H   

   

28.535   

   

533.   

   

0   

   

1.2   

   

13   

   

         1H   26.7519   500.   99.98   1.0   13   

               
   

        19F   

   

25.181   

   

470.4   

   

100.   

   

0.83   

   

400   

   

        31P   

   

10.841   

   

200.2   

   

100   

   

0.066   

   

530   

   

        13C   

   

6.7283   125.7   

   

1.108   

   

0.0159   

   

250   

   

        15N   -2.712   50.7   0.37   0.00134   1700   
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Data taken from Harris, R. K., "NMR Spectroscopy: A Physicochemical View", Pitman,  

London, 1983 and the URL http://rmn3.uab.es/standard.html. Relative sensitivity to detection in 

NMR experiments at constant number of nuclei varies roughly as the cube of the ratio of 

gyromagnetic ratios (Canet 1991).   

Since fluorine exerts more sensitivity than proton (Table 1), 1F NMR helps to detect 

conformational changes [12-13]. This also has proven to manifest multiple favorable 

characteristics for experimental studies of fluorine over hydrogen. Fluorine has a large 

magnetogyric ratio (83% that of a proton) and gives high and narrow spectral lines. The fluorine 

nucleus, having a 14% larger Van der Waals radius has made fluorine suitable for biomolecules to 

avoid the overlapped spectrum that would be observed with a well-ordered native (wild type) 

protein. Because 19F NMR has no competitive background noise, which is an issue with proton, 

carbon, and nitrogen NMR, 19F-NMR aids in revealing protein conformational changes, 

ligandprotein interactions, as well as protein dynamics and surroundings, providing a remarkable 

aid in the study of different protein structures in vivo, where their signals are often obfuscated in 

other NMR tools [12-13]. Various computational studies have guided in interpreting the nature of 

fluorine chemical shifts. Vigorous research has been conducted about chemical shifts and their 

behavior. Under ground-state electron density, such behavior has been meticulously studied [14]. 

Usually the “normal” chemical shift behavior is observed due to diamagnetic shielding but 

oftentimes the so called “reverse” chemical behavior is seen, which is an anomaly observed during 

 

1 F-NMR had been assiduously investigated since the last century focusing on the structure and 

functions of small molecules, but for the past four decades, its scope has broadened  
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paramagnetic shielding due to the fluctuation in energy gap in HOMO and LUMO when subjected 

to the magnetic field [14].  

towards the larger biomolecular complexes such as peptides. Because of the 100% native 

abundance, the large scale of chemical shifts observed for the fluorine nucleus, and 19F-NMR 

spectroscopy’s possession of a high sensitivity to electronic structure as well as vicinal 

environment, fluorine’s chemical shifts are used to evaluate the dielectric nature of the local 

surroundings [14-15]. The sensitivity is so significant that the nuclear resonance is affected by 

solvation differences even in D2O vs. H2O because of their varying dielectric environment [1415]. 

Furthermore, fluorine can be used in both deuterated and non-deuterated solvents because it is not 

actively present even among the common solvents and hence, has no competition with the subject 

of interest due to lack of the signal [15]. As evident, the 1H and 13C NMR spectroscopy use 

tetramethyl silane (TMS) as the standard reference compound; however, no definite standard is 

prevalent to define the shifts in 19F NMR spectroscopy. Hexafluorobenzene (C6F6), trifluoro 

methane (TMA) and trifluoroacetic acid (TFA) are commonly used as the reference standard by 

either spiking the compounds into the sample or including them to the NMR tube with a coaxial 

insert. These references are relative because they are contingent on the solvent’s effects during 

interpretation of the spectra [14-15]. Hence, inclusion of fluorine in NMR is convenient due to 

absence of background noise to the solute of interest during the NMR studies of the fluorinated 

substrates. Moreover, unlike 1H, 13C, 15N NMR spectroscopy, only the labelled sites show the 

signal of the spectrum which is another advantage to the person trying to decode the novel drugs.   
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1.3 Recent developments and enhancements in the use of Fluorine NMR for small and large 

molecules   

Since fluorine has become an excellent resource to build and design novel drug molecules 

due to its unusual properties such as relatively small size, pronounced electronegativity, strong 

covalent bond and single valency, it has gained in popularity among chemists [16]. Changes in the 

basicity and acidity of fluorinated moieties compared to its parent compounds show notable change 

in its pharmacokinetic properties [17]. Also, higher hydrophobicity cannot be ignored while 

measuring interactions with other moieties [17].  

Many fluorinated drugs have been approved by the FDA such as 5-fluorouracil (5-FU), the 

anticancer drug to treat breast cancer, neck cancer and gastrointestinal cancer by suppressing the 

thymidylate synthetase enzyme functions hindering nucleoside activity [18]. Fluoxetine, an 

antidepressant is used to treat obsessive compulsive disorder, panic and anxiety disorder, 

depression and also bulimia nervosa, available as Prozac [19]. One of the top selling drugs to 

prevent cardiac arrest is Atorvastatin, known as Lipitor, by treating high cholesterol levels [20]. 

Meanwhile, the antifungal drug commonly known as Voriconazole was studied using 19F- NMR 

spectroscopy, where Barbosa et al. used the method to detect exceptionally low levels of 

fluorinated degradation products [21].  

Fluorine is currently used in a quarter of pharmaceutical industries and  over 50% of 

currently designed agrochemical products contains the element. Development of fluorinated 

compounds are highly likely to emerge as the next, cost-effective synthetic method despite the 

limited range of fluorinated reagents [22]. 19F-NMR spectroscopy and its significant properties, 

has applications of theoretical advances and chemical synthesis as well as computational studies  
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[18-25]. Our research is focused more on solution-state NMR methods and spectral interpretation 

that are of relevance to chemistry and biochemistry. The use of fluorine NMR spectroscopy is 

poised to expand with the development of cost-effectiveness, small sized, low-field bench-top 

NMR spectrometers that use permanent magnets [26]. Over the past two decades, NMR has been 

re-established as a generic yet highly resourceful tool for structural explanation and quantitation 

[27]. Naqi et al. provided data showing that quantitative 19F-NMR supplies a rapid method of 

screening illicit psychoactive substances and non-uniform spectra when calculating purities [28]. 

The sensitivity of fluorine NMR is illustrated in a study by Moiseev et al., who supplied a study 

validating that 19F NMR can accurately quantify 430 ng of trifluoroacetic acid in a drug substance 

[29]. Wang et al. showed that the low field NMR can be used to quantify partitioning a fluorinated 

drug in a suspension of oil and water [30]. James et al. showed that the lack of background noise 

makes 19F- NMR the favored choice to study mixtures [31]. There also have been continual 

developments in understanding the fluorine NMR parameters through developments in quantum 

chemistry software improving the use of Kohn Sham Density Functional Theory (DFT) [32].  

 DFT calculations are routinely used to explain experimental results [32]. A scientist selects a basis 

set and a suitable functional to explain the results from calculations and if predicted results from 

calculations in vacuum are not believable, then a solvent model is chosen to document the 

experimentally acquired data. Sometimes, the modeled system reflects the real system and leads 

us to understand the system’s behavior through simulation. However, if the model is not behaving 

in the expected manner, then the model is revised, leading to development of new theories and new 

hypotheses. One can speculate a cycle-like relationship among the theoretical investigation, 

simulation and experimental advances. We have chosen DFT methods for calculations of the 

fluorine chemical shifts. The selection is mostly empirical and many such comparisons of DFTs 
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have been reported. Dahanayake et al. compared the data from fluorinated amino acids using DFT 

for investigations [14, 24]. Our purpose of research is not to aim or recommend a particular 

computational method for the analysis, rather to seek a comparison of the experimental data with 

the theoretical to understand the abilities and deficiencies of solvent modeling methods in silico 

when applied to fluorine chemical shifts. The discrepancies are highlighted, and results acquired 

by various basis sets used are discussed.   

  

1.4 Pyridines as a probe in 19F-NMR   

19F-NMR spectroscopy is a key physical tool applied to study the molecular level of organic 

samples in vitro or in vivo, for detection, identification, and quantification of fluorinated molecules 

and is routinely applied to study compounds such as drugs [33]. The demand for compounds having 

fluorine is rising due to its peculiar properties. Many heterocycles have been extensively studied 

under different reaction mechanisms. Pyridines, too, have been developed by many approaches 

and their nature has been studied using various techniques. Pyridine units have been a significant 

base in medicinal chemistry, including a hundred different therapeutics, which is helpful to the 

investigation of active compounds [34]. Fluorine substitution may decrease the basicity of nitrogen 

or increase stability by slowing oxidation rate in a pyridine fragment which makes this a fascinating 

molecule, and an excellent reason for further study [34]. This research is focused on two fluorinated 

isomers of pyridine: 2-fluoropyridine and 3-fluoropyridine.   
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Figure 2: Structure of pyridine and its analogues 2-fluoropyridine and 3-fluoropyridine.   

  

The pyridine unit is similar to benzene, but with the discrepancy of having one carbon 

replaced with nitrogen in the ring molecule, which subsequently reduces the resonance energy. 

Pyridine is aromatic, but the nitrogen lone pair doesn’t take part in delocalization of the system 

and hence acts as proton acceptor and is basic in nature. The nitrogen is itself electron withdrawing; 

however, fluorine replacing a proton in the pyridine lowers the basicity of nitrogen and can 

significantly change the properties of pyridines. A single replacement of hydrogen with fluorine 

causes dramatic alteration in its stability, which is why both 2-fluoropyridine and 3fluoropyridine 

have their own use in pharmaceuticals. It should be noted that although the chemistry of pyridines 

and its fluorinated analogs have been studied, exhaustive research on the nature of their chemical 

shifts have limited data, which makes these compounds attractive for investigation. Giam and Lyle 

investigated the chemical shift behavior relative to fluorobenzene. Our objective is to understand 

whether fluorobenzene has solvent induced chemical shifts, and to what extent that influences the 

F-19 NMR spectra of 2- and 3-fluoropyridine when  

fluorobenzene is used as a reference.  
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Figure 3: Structure of trifluoroacetic acid used as the reference and fluorobenzene used as the 

control.   

   

1.5 Solvatochromism and solvent effects   

 Solvatochromism relates to changes in the absorption of light in the ultraviolet and visible range 

of the spectrum, due to the change in polarity of solvents. Different solvents have different solvent 

polarity, which sheds light on the rates of both reaction and equilibrium. The term “polarity” has 

been addressed in many ways depending on solvent behavior and their intermolecular forces. In 

our work, a scale developed by Reichardt is used. This is based on a solvatochromic betaine dye, 

from the  class of azomerocyanine dye.  The metric called the ET (30) scale explains the solvent 

effects for fluorine chemical shifts in 2- and 3-fluoropyridine, as well as numerous other systems 

[35-42]. The use of a comparison method based on excitation energy of an indicator dye (as a 

model solute) has become prevalent to calibrate solvent effects. Prior to development of the ET(30) 

scale, various empirical parameters of solvent polarity had been introduced.  Nigam et al. explain 

the history of chemical proxies to explain solventdependent behavior [35]. They mention that the 

first empirical parameter, called the Y-scale was introduced in 1948 by Winstein et al. [35]. It was 

derived from solvolysis reaction of t-butyl chloride [35-36]. The use of solvatochromatic dyes was 

first suggested by Booker.  One of these is the Z- scale, developed by Kosower in 1958 [35-36]. 
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The Z-scale was based on the shift of the wavelength of the maximum absorption peak of 

UV/visible light. The ET (30) scale  developed by Reichardt  has the advantage that Reichardt’s 

dye is more  responsive compared to the other polarity scale to study chemical mechanisms.  Thus, 

it has been a popular measure of solvent effects in recent decades [37-42].  Figure 4 demonstrates 

the range of colors that Reichardt’s dye exhibits in various solvents.   

   

   

 
   

   

Figure 4: From Reference [41, 42]: Reichardt’s dye in assorted solvents: (from left to right) 
methanol, ethanol, isopropanol, acetonitrile, t-butanol, acetone, chloroform, and benzene.   
  

The ET (30) scale proved to be good indicator of acidity in addition to polarity in solvents 

that demonstrate hydrogen bonding [37]. The structure of the dye molecules that serves as the basis 

of the ET (30) scale, also known as Reichardt’s dye, is shown below.  
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Figure 5:  3D representation of the Reichardt’s dye from JSMOL.   
The ET (30) scale is based on lambda max (λ max) in the UV/vis absorption spectrum of 

the betaine dye.  The higher values of ET (30) correspond with more polar solvent. The range of 
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polarity of common organic solvents leads to values across the entire visible spectrum. This dye is 

used to establish the solvent polarity scale, or ET (30) scale, and is given in units of kcal/mol.   

Table 2. The ET (30) of different solvents, from Reference [37].  
Solvent   ET (30)   Solvent   ET (30)   

toluene   33   diethyl ether   34.5   

 thf   37.4   cyclohexane   30.9   

nitromethane   46.3   chloroform   39.1   

 methanol   55.4   chlorobenzene   36.8   

 ethanol   51.9   benzene   34.3   

 dmso   45.1         

  

The values shown in the Table 2 above are the ET (30) scale obtained from Reichardt’s dye 

model. Among the various solvents, the ones included above were chosen for study based on their 

accessibility and range of solvent-induced F-19 chemical shift values.   
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CHAPTER 2  

COMPUTATIONAL BACKGROUND  

  

2.1 Computational analysis for NMR calculations   

Currently, the field of theoretical chemistry is thriving alongside development of 

computation as it is faster, more cost effective, and efficient than it was two decades earlier. 

Computational chemistry has proven to be quite useful for chemists from all areas. It has impacted 

the field of chemistry in general, and if utilized wisely, computational methods can be put to 

optimum use to analyze and predict experimental results. Since the models are mostly based on 

approximations, and accurate approximations require more time, storage, and resources, the user 

must know the underlying theory as well as appropriate parameters for the particular problems, 

especially for more complex chemical systems.   

Notwithstanding experimental headway, the impact of solvents in solute-solvent interplay 

is not exhaustively understood. Such interactions can be studied by simulating the solvents to have 

better understanding of their physical properties. A salient requirement to achieve accurate 

rationalization of solvent effect is to use a proper simulation model, as solvent plays a decisive role 

in solvation, mechanism, reaction rate and even reaction selectivity. Theoretical investigations can 

fill the gap in knowledge, and computational chemistry can help to approximate some of these 

properties of liquids. One principal focus of computational chemistry is attempting to model the 

exact chemical systems in their environments using the equations of  

Schrodinger and computing the properties of that system [43-45]. Density Functional Theory 

(DFT) will be our main focus and will be further discussed as this method has been the choice for 

computation in order to get the shielding and to find the unknown origin of the chemical shifts, in 
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solution-based NMR of aromatic compounds. DFT has become the standard tool for diverse 

modeling not only in chemistry, but in the field of physics, material science and various disciplines 

of engineering. The main goal of this thesis was to perform investigations using an appropriately 

high level of theory to gain some insights on the structure and chemical behavior of 

fluoropyridines. Originated as a theorem by Hohenberg and Kohn in 1964, Kohn and Sham 

formulated DFT in 1965 which is applied till this date [32,46].  

   

2.2 Modelling of solvents in Gaussian   

One of the biggest challenges has been including solvent effects for NMR calculations at 

the Quantum Mechanical level of theory. It would have been convenient if we could include all 

molecules in all levels of theories, but this is computationally intractable. The user needs to 

approximate solvent with reasonable computational effort to predict the effect on magnetic 

shielding. Computational solvent models account for new predictions explicating physical 

processes occurring in solvated phases. Such models have been broadly appraised in scientific 

papers with well substantiated explanation. By and large, the implicit solvent models are preferred 

for being computationally efficient and economical. Both implicit and explicit modelling can prove 

useful, depending on the study. However, they may differ in calculations. Implicit solvent 

modelling treats solvent as a structureless continuum surrounding the solute of interest and are 

characterized by dielectrics [47-49]. Being cost effective, straightforward, and relatively speedy 

calculations, implicit modeling is the most widely adopted solvation approach [47-49]. In this 

study, both implicit and explicit solvation effects were set out to be compared on three different 

substrates i.e., 2-fluoropyridine, 3-fluoropyridine and fluorobenzene.   



16   
   

Modelling of the substrates in implicit solvents are shown below where the substrates were 

optimized before feeding them to NMR calculations. Gaussian is a state of-the-art program with 

capabilities of electronic structure modelling, and easy-to-use features used by chemists to predict 

energies, molecular structures, spectroscopic data (NMR, IR, UV, etc.), as well as other advanced 

calculations [50]. Therefore, Gaussian software is our primary choice for computation.  

   

   

  

   

Figure 6:  3D figure of optimized geometry of 2-fluoropyridine in implicit solvent of chloroform.  
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 Figure 7: 3D figure of optimized geometry of 3-fluoropyridine in implicit solvent of chloroform.  

  

Figure 8: 3D image of optimized geometry of fluorobenzene in implicit solvent of                 

chloroform.  

 This chapter mainly focuses on the computational methods applied with particular emphasis on 

the NMR calculations and isotropic shielding using Density Functional Theory (DFT) method. 
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Molecular Mechanics (MM) have not been applied for this project, and thus will not be discussed. 

Giam and Lyle experimented with about thirty solvents to observe the NMR spectra and assess the 

shifts with ET (30) parameters as the shifts could not be correlated well with the Onsager Model, 

which is often able to explain the influence of molecules in solution with its medium [51]. Onsager 

model is one of the elementary implicit solvation systems where the solvent is assumed to be a 

dielectric continuum and is specified generally using solvent dielectrics and the radius of the cavity 

of homogenous solvent where the solute is placed [52-54]. The Onsager Model is a classic model 

for solvation.  In electronic structure calculations, it is used to relate dielectric effects from the 

solvent on the solute.  In this work, implicit solvation models based solely on dielectric could not 

account for the shifts where fluorobenzene was taken as the reference. Furthermore, allowances 

for the solvent-induced dependence of chemical shifts in fluorobenzene were not contemplated. 

This is to say, that using fluorobenzene as a reference in 19F-NMR spectra may have had 

unaccounted for effects in the observed shielding of fluoropyridines. To acquire a better 

understanding of the origin of fluorine NMR shifts, a simple model was first automated to simulate 

the experiment that Giam et al. performed to shed light on the relation of fluorine shifts with the 

Kosower Z values. Since ET (30) has wider non-polar solvents scales, this Reichardt’s dye model 

was used to correlate and considered a better parameter to measure the shifts due to inclusion of 

more nonpolar solvents, a feature lacking in  

Onsager model [55]. Likewise, Giam and Lyle found that fluorine chemical shifts correlated with 

ET, but not the Onsager model [55]. To evaluate modeling of the behavior of their trends, the 

following solvents were chosen for the computational analysis. The solvents are given along with 

values of their dielectrics (ε):   
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Table 3: The dielectric constants of different solvents, from Reference [50].   
Solvent   Dielectric(ε)   

   

Solvent   Dielectric(ε)   

   

Benzene   2.27   Chloroform   4.81   

Chlorobenzene   5.62   Ethanol   24.5   

Cyclohexane   2.02   DMSO   46.7   

Diethyl ether   4.33    Methanol   32.7   

Toluene                               

Nitromethane                       

   2.38     

35.87   

 THF   

   

 7.58    

  

Table 3 above provides the dielectric constants of the solvents that were chosen to study.    
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FIGURE 9: Solvents chosen for the simulation and calculation for the observables.   
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The solvents chosen were based on their range of polarity, reasonable price (for comparison 

with our own in-house experiments), stability and accessibility. With the increasing availability of 

highly advanced GPU based supercomputers, enhancing accuracy and rapid calculations, 

possibilities were endless, and it was possible to assign chemical shifts on a huge load of data sets.   

2.3 Chemical shifts and shielding   

In order to calculate the chemical shifts, chemical shielding is obtained first through 

quantum calculations. The magnetic shielding is denoted by the Greek letter σ while the chemical 

shifts are denoted by the Greek letter δ. The chemical shift is the difference in peak of interest seen 

in the experimental NMR spectrum with respect to the resonance of a reference. For instance, TMS 

is used for calculating chemical shifts of proton NMR and carbon NMR.  

Shielding and shifts go in the opposite direction i.e., more deshielded has higher chemical shifts.  
The simplest way to convert the shielding to shifts is to calculate a magnetic shielding to its 

reference compound using the same model.   

The equation is given as:   

δsubstrate = σref - σsubstrate  

Where, δ is the chemical shift of the nucleus, σref is the shielding of the reference compound, 

σsubstrate  is the shielding of the substrate in use. Hence, the above equation  has been used to compute 

the chemical shifts.  

To re-examine their experiment, we used TFA as our reference. For TFA, the shielding 

obtained of three different fluorine is calculated as an average of fluorine.   

δ isotropic =  𝐅𝟏!𝐅𝟐𝟑!𝐅𝟑    

                                                 
Where, F1, F2, F3 are the magnetic shielding of the three fluorine atoms in TFA.   
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The Onsager reaction model depicts  a spherical model where solute is placed in a cavity of solvent 

of polarized continuum that is represented mainly by the dielectric constant [51]. Polarization of 

the medium induces the polarizability of charge in a self-consistent manner that leads to the 

Onsager field model. The equation is as follows:  

2	𝜀−1	𝜇 

𝑅=2	𝜀+1	𝑎!  

Where R is the Reaction Field model directly proportional to the molecular dipole moment µ and 

inversely proportional to the volume of the spherical cavity having radius a [51].  

The major limitation of this model is that the cavity is considered to be spherical which doesn’t 

seem feasible to all the solvents and cannot always  be compared with experimental studies of 

solvent effects.  
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CHAPTER 3  

PREDICTING THE 19F NMR CHEMICAL SHIFTS: A COMBINED STUDY OF  

COMPUTATIONAL AND EXPERIMENTAL DATA OF FLUOROPYRIDINES  

   

3.1 Methodology   

 Chemical shifts are very sensitive to geometry, so optimizations are crucial to calculate such 

chemical shifts. Computation was performed by conducting a ground state optimization for each 

molecule with positive frequencies, with energy minima validating the structure generated, by 

eliminating any imaginary values in the frequency calculation. Then for calculations of shielding, 

optimized geometries were subjected to NMR calculation. To ascertain accuracy of the optimized 

structures, substrates were put to test with parameters such as basis sets, solvation, empirical 

dispersion and NMR calculations. The fluorine compounds were simulated, and the shielding were 

generated using multiple methods. M052X [56] was the chosen model of functional and def2-

TZVP [57-58] was the selected basis set used to calculate the energy minima with real frequencies 

in various solvents. M052X belongs to first family of the Minnesota functional created by Truhlar 

research group.  This functional is most useful to compute the noncovalent interactions. 

Meanwhile, def2-TZVP belongs to the def 2 basis sets developed by Ahlrichs and co-workers in 

order to explain the non-covalent interactions including hydrogen bonding and halogens [56-58]. 

The geometry optimizations were performed on the fluoropyridine models by using these DFT 

functionals. DFT uses the Kohn Sham equations to find the electronic structure of the molecule 

based on the electron density [59-60]. It has become popular choice due to its accuracy and 

relatively low computational cost. DFTs have proven to be valuable research tool that 

complements the experimental data and also boost the certainty by obtaining reasonable results 
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that are analogous to real systems. Optimized geometries using DFT are reliable compared to the 

shortcomings of Hartree-Fock method. [59-62]. Bulk solvent effects were modeled on the title 

structures using self-consistent reaction field (SCRF method) based on the continuum model with 

the uniform dielectric constant [60]. The following sets were put to test: M052X, def2-TZVP for 

geometry optimization and  B3LYP[61], 6-31+g(d) for calculating isotropic shielding. B3LYP is 

the most popular tool that has been used by our group to calculate the shielding of fluorine [61]. 

Both CPCM (Conductor-like Polarizable Continuum Model) [61] and SMD [62]  solvation 

methods were selected for calculation of isotropic shielding. In CPCM the solvents are represented 

as a polarizable continuum dielectric. SMD model uses solute electron density and is an improved 

form of CPCM. SMD computes dispersion over the cavity of solvents where solute is placed [63-

64] For NMR shielding values, the gauge origin was solved using GIAO (Gauge-Invariant Atomic 

Orbitals) method [63]. The percent error for the absolute chemical shifts were determined by 

comparing the experimental data acquired from the 19FNMR (referenced to TFA) in vitro to the in 

silico chemical shifts by calculating the difference of 2- and 3- fluoropyridine NMR shift with the 

simulated TFA along with fluorobenzene chemical shift. The same combination of basis sets and 

functional was used for fluorobenzene. Scheme 1 provides a flowchart, shown highlighting the 

process of acquiring fluorine chemical shifts.  

Also, it is important to understand that the calculated chemical shifts were correlated with 

equation of dielectrics from Onsager model just like the Giam and Lyle paper rather than just the 

dielectric of solvent itself.  
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Scheme 1: A simple flowchart explaining the process of acquiring the fluorine shielding to 

calculate chemical shifts.  
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 All calculations were carried out using Gaussian 16 software suite at Beoshock, a supercomputer 

at Wichita State University and a mini cluster in the lab. Scripts were written to generate and 

process, then training sets were extracted to analyze and are available upon request.   

  

  

3.2 Analysis   

3.2.1 Analysis of computational methods to the literature   

As mentioned in the literature, shielding of 2-fluoropyridines and 3-fluoropyridines were 

generated and the shifts were calculated relative to fluorobenzene. Determination of the mean error 

was performed by comparing the experimental values in the literature with the simulated. The 

generated data is presented alongside the experimental data.   

The NMR was calculated using the basis sets of B3LYP/6-31+g(d) and was subjected to 

both SMD and CPCM solvent modelling for 2-fluoropyridine and 3-fluoropyridine.  
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Table 4. Calculated Isotropic shielding values obtained in SMD model of 2-fluoropyridine, 3-
fluoropyridine and fluorobenzene.   

Solvents   2-fluoropyridine   3-fluoropyridine     fluorobenzene   

methanol   263.50   323.52   310.40   

ethanol   267.00   325.32   312.95   

nitromethane   268.60   326.05   314.01   

 dmso   268.59   326.08   313.99   

 tetrahydrofuran   268.43   326.01   313.89   

chloroform   268.71   326.11   314.10   

diethyl ether   265.64   324.65   312.00   

chlorobenzene   262.73   323.10   309.80   

benzene   265.97   324.81   312.21   

toluene   266.44   325.03   312.55   

cyclohexane   263.20   323.35   
310.16   
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 Table 5. Calculated isotropic shielding values obtained in CPCM model of 2fluoropyridine, 

3-fluoropyridine and fluorobenzene.   

   

Solvents   2-fluoropyridine   3-fluoropyridine   fluorobenzene   

methanol   260.4948   319.7882   309.5375   

ethanol   263.9201   321.0598   311.4199   

nitromethane   265.3252   321.5397   312.1848   

dmso   265.2807   321.5249   312.1605   

tetrahydrofuran   265.1525   321.482   312.091   

chloroform   265.4058   321.5665   312.2287   

diethyl ether   262.6593   320.6089   310.7304   

chlorobenzene   259.6709   319.4599   309.0806   

benzene   262.948   320.7139   310.8886   

toluene   263.4037   320.8775   311.1379  

cyclohexane   260.1871   319.6666   
309.367   
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Table 6. Comparison of solvent induced chemical shifts of 2-fluoropyridine relative to 

fluorobenzene (calculated and experimental).   

  
Solvents   Experimental Shifts   

 (in ppm)   

Calculated  

(SMD)   

shifts  Calculated  

(CPCM)   

shifts  

methanol   44.79   45.39    46.88    

ethanol   45.02   45.46   
 

46.94   
 

nitromethane   45.10   45.41   
 

46.88   
 

dmso   44.81   45.39   
 

46.82   
 

tetrahydrofuran   45.80   45.95   
 

47.49   
 

chloroform   45.90   46.24   
 

47.94   
 

diethyl ether   46.09   46.35   
 

48.67   
 

chlorobenzene   45.80   46.11   
 

47.73   
 

benzene   46.12   46.95   
 

49.13   
 

toluene   46.06   46.89   
 

49.04   
 

cyclohexane   46.59   47.07    49.40    

   
Table 6 describes the theoretical chemical shifts calculated for 2-fluoropyridine using two 

solvation models, SMD and CPCM. The table also includes previously reported experimental 

chemical shifts referenced to fluorobenzene.  
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Table 7. Comparison of Solvent induced chemical shifts of 3-fluoropyridine relative to 

fluorobenzene (both calculated and experimental)    

  

Solvents               Experimental         Predicted/Calculated            Predicted/Calculated                                                                                                      

shifts (in ppm)              shifts (SMD)                        shifts (CPCM)   

  
Methanol   -12.08   -12.09   -9.36   

Ethanol   -12.40   -12.11   -9.39   

Nitromethane   -12.34   -12.03   -9.35   

Dimethyl sulfoxide   -13.40   -12.01   -9.33   

Tetrahydrofuran   -13.93   -12.36   -9.63   

Chloroform   -12.81   -12.60   -9.82   

Diethyl ether   -14.09   -12.63   -9.87   

Chlorobenzene   -13.53   -12.48   -9.73   

Benzene   -13.71   -13.16   -10.28   

Toluene   -13.85   -13.12   -10.25   

Cyclohexane   -13.93   -13.29   -10.37   
  

   
Table 7 illustrates the theoretical chemical shift of 3-fluoropyridine in SMD and CPCM 

model and is compared to the experimental chemical shifts relative to fluorobenzene taken from 

the literature.   
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Table 8. The mean absolute error (in ppm) of 2-fluopyridine and 3-fluoropyridine relative to 
fluorobenzene from the literature in comparison to obtained calculated training sets.   

   2-Fluoropyridine     3-Fluoropyridine     

   SMD   CPCM   SMD   CPCM   

MAE   0.74   1.83   0.68   3.22   

R2   
0.85   0.82   0.41   0.44   

   

Table 8 illustrates the MAE values obtained when compared with experimental data from 

the literature to calculated chemical shifts in SMD and CPCM model. The MAE values of 0.74 

and 1.83 ppm were acquired respectively for 2-fluoropyridine. The MAE of 3-fluoropyridine was 

reported to be 0.68 and 1.83 ppm with respect to SMD and CPCM solvation model. The correlation 

of 0.85 and 0.82 ppm were seen in 2-fluoropyridine and 0.41 and 0.44 ppm, respectively, for SMD 

and CPCM solvation models for 3-fluoropyridine when plotted against data from the literature.   

The training sets were acquired with relative to fluorobenzene in implicit solvation model 

system with m052x/def2tzvp for geometry optimization with b3lyp/6-31+g(d) for the shielding.   
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3.2.2 Analysis of computational methods relative to TFA in implicit solvents   

Table 9. Calculated Isotropic shielding of 2-fluoropyridine, 3-fluoropyridine and 
fluorobenzene in implicit solvation model   

SOLVENTS  2-FPYR  3- FPYR  FLUOROBENZENE  

methanol  268.59  326.08  313.99  

  
ethanol  

268.43  326.01  313.89  

nitromethane  268.60  326.05  314.0  

dmso  268.71  326.11  314.10  

tetrahydrofuran  267.00  325.32  312.95  

chloroform  265.97  324.81  312.21  

diethyl ether  265.64  324.65  312.00  

chlorobenzene  266.44  325.03  312.55  

 benzene  263.30  323.41  310.24  
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Table 9 (continued) 
 
toluene  

263.50  323.52  310.40  

cyclohexane  262.73  323.10  309.80  

   
 
Table 9 describes the isotropic shielding obtained for 2-fluoropyridine, 3-fluoropyridine and 

fluorobenzene in implicit solvent model with reference to TFA. The isotropic shielding value of 

TFA was also collected which had a value of 272.99. Then, the chemical shifts were obtained by 

calculating difference of 2-fluoropyridine, 3-fluoropyridine and fluorobenzene relative TFA.   
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Table 10. Calculated Chemical shifts of 2-fluoropyridine, 3-fluoropyridine and 
fluorobenzene in implicit solvent.   

 
 SOLVENTS   2-FPYR    3-FPYR   FLUOROBENZENE   

 
methanol   4.39   -53.09   -41.00   

ethanol   4.44   -53.02   -40.90   

nitromethane   4.38   -53.06   -41.02   

dmso   4.27   -53.12   -41.11   

tetrahydrofuran   5.98   -52.33   -39.96   

chloroform   7.01   
   
-51.82   -39.22   

diethyl ether   7.34   -51.66   -39.01   

chlorobenzene   6.54   -52.04   -39.56   

benzene   9.68   -50.42   -37.25   

toluene   
 

9.48 
   

-50.53 
   

-37.41 
   

cyclohexane                                    10.25           -50.11                             -36.81   

Table 10 depicts the chemical shifts of 2-fluoropyridine, 3-fluopryridine as well as fluorobenzene 

referenced to TFA. The data were taken with implicit solvent in SMD solvation model. The 

chemical shifts were further subjected to comparing it with Onsager model and then the 

Reichardt’s dye scale respectively.   

  

3.3: Microsolvation    

Although the implicit solvent wasn’t very demanding to compute, it couldn’t explain the 

local, specific interactions with solute. This led us to apply explicit solvent model to overcome the 
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lack of molecular-level detail. Modelling the solvent effects implicitly neglects the specific solute-

solvent interactions while computing the long-range effects. One of the key interactions being 

hydrogen bonding interactions. To obtain the data with explicit solvation model is computationally 

demanding but has significant application in quantum mechanical calculations. It seemed more 

accurate and appropriate to use explicit solvation model over the “simple” implicit model. We have 

tried to explain the solvation effects explicitly by adding a solvent molecule to the solute following 

the IUPAC rule for hydrogen bonding and optimized the geometries. Exact same sets of parameters 

were applied, and the shielding were obtained.   

 

 

   

  

   

Figure 10: 3D structure of 2-fluoropyridine with explicit solvent of methanol.   
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Figure 11: 3D representation of 3-fluopyridine interacting with explicit solvent of ethanol.   

 
   

Figure 12: 3D representation of fluorobenzene interacting with explicit solvent of ethanol.   
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3.4 Comparison of isotropic values of 2-fluoropyridines and 3-fluoropyridines in different 

solvents in explicit solvation model   

In order to further ascertain the NMR parameters used to calculate the chemical shifts, an 

explicit solvent molecule of respective solvents was incorporated, as seen in Figures 10, 11, and 

12. By using the same calculation methods, NMR shielding values were acquired. The isotropic 

shielding obtained are given in Table 11. Next, the chemical shifts are presented relative to TFA 

in D2O (i.e. TFA taken as the reference) in Table 12.    
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Table 11. Calculated isotropic shielding of 2-fluoropyridine, 3-fluoropyridine and 
fluorobenzene with explicit solvents.   

SOLVENTS   2-FPYR   3-FPYR   FLUOROBENZENE   

methanol   271.55   326.06   313.60   

ethanol   270.61   322.97   313.64   

nitromethane   266.06   321.06   311.74   

dmso   267.21   325.28   313.52   

tetrahydrofuran   264.48   322.13   311.10   

chloroform   265.88   324.68   312.26   

diethyl ether   262.85   321.57   309.83   

chlorobenzene   265.36   320.76   309.20   

benzene   262.92   322.56   309.37   

toluene   263.66   322.56   311.27   

cyclohexane                                261.41   320.13   308.69   

   

Table 11 shows the isotropic shielding values acquired using the explicit solvation model. 

Once the shielding was acquired, chemical shifts (Table 12) were calculated again with the 

isotropic values of TFA of 272.99 acquired with same parameters.   
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Table 12. Calculated Chemical Shifts of 2-fluoropyridine, 3-fluoropyridine and 
fluorobenzene with explicit solvents relative to TFA (in ppm).   

SOLVENTS   2-FPYR      3-FPYR   FLUOROBENZENE   

methanol   1.43   -53.07   -40.61   

ethanol   2.37   -49.98   -40.65   

nitromethane   6.92   -48.07   -38.75   

dmso   5.77   -52.29   -40.53   

tetrahydrofuran   8.50   -49.14   -38.11   

chloroform   7.105   -51.69   -39.27   

diethyl ether   10.13   -48.58   -36.84   

chlorobenzene   7.622   -47.77   -36.21   

benzene   10.06   -49.57   -36.38   

toluene   9.32   -49.71   -38.28   
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Table 12 (continued) 
 
cyclohexane   11.57   -47.14   -35.70   

    

  
3.5 Experimental Procedures to acquire the NMR spectra of  2- and 3-fluoropyridines and 

fluorobenzene with reference to TFA   

The experimental NMR data was acquired in vitro on an Oxford 400 MHz NMR 

Spectrometer equipped with Varian 400 ID Triax Probe. Trifluoroacetic acid in D2O was used as 

coaxial insert as the reference by which to evaluate the chemical shifts. TFA was set to -76.55 ppm 

as internal reference (δ CFCl3 = 0.0 ppm) when reporting experimental values. All the solvents 

chosen were deuterated for acquiring a lock with the NMR spectrometer. The solvents used for 

this data set were (all  deuterated) benzene, toluene, ethanol, methanol, DMSO, and chloroform. 

2-fluoropyridine, 3-fluoropyridine and fluorobenzene were 99.99% pure from Fisher Scientific, 

Cambridge Isotopes and Norell. All the substrates were mixed and evaluated individually with the 

deuterated solvents.  

The TFA was present via  coaxial insert. The TFA was 0.1 % aqueous solution in, diluted 

in D2O before running the experiment. About 3% volume/volume solution was prepared for each 

NMR tube: i.e., 15 mL of analyte and 485 mL of solvents. The NMR tubes were cleaned 

thoroughly and were dried before subsequent use. The solutions were inserted via needle to avoid 

contamination. In this way, new experimental results were acquired for comparison to the data 

from Giam and Lyle’s work (which was referenced to fluorobenzene).  
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A. Preparing the sample  

The solvents were poured in the beaker and the syringe was rinsed with the solvent a  

few times. About 485 microliters (85%) of solvent was taken via syringe and transferred it to the 

vial. Then, 15 microliters (3%) of 2-fluoropyridine were taken and transferred to the vial.  The 

solutions were mixed together in a swirling vortex. The same procedures were repeated with 

3fluoropyridine and fluorobenzene.  

B. Transfering the  sample to the NMR tube  

The solutions then were  transferred  via syringe to the NMR tube. Then the coaxial with 

TFA  was inserted. The TFA was diluted with 99% D2O and  was covered at all times to avoid 

exposure. The co-axial prepared was with 0.1% TFA in remaining D2O. Then the spectra generated 

were collected and documented for each and every substrate.    

C. Experimental  data  

The chemical shifts for 2-fluoropyridine, 3-fluoropyridine, and fluorobenzene are 

presented in Table 13, relative to TFA as reference, set at 𝛿!"#	=−76.55	 𝑝𝑝𝑚.  The new 

experimental values supported our hypothesis, showing that the chemical shifts of fluorobenzene  

(used as the chemical shift reference in work by Giam & Lyle) are influenced by solvent. 

Moreover, the solvent-induced influence on F-19 chemical shift is different for each of the 3 

fluorinated aromatic compounds.  The ability to model the solvent effects revealed in these new 

experiments is discussed in Chapter 4.  
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Table 13. Experimental chemical shifts of 2-fluoropyridine, 3-fluoropyridine and 
fluorobenzene relative to TFA (in ppm).   
 

Solvents   2-FPyr   3-FPyr   Fluorobenzene   

methanol   5.726   -51.322   -39.147   

ethanol   6.453   -50.936   -38.54   

dmso   8.039   -50.441   -36.935   

chloroform   8.45   -50.416   -37.529   

benzene   8.861   -51.01   -37.269   

toluene   8.921   -51.10   -37.188   
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CHAPTER 4   

RESULTS AND DISCUSSION    

Table 4 describes the calculated results of predicted chemical shifts relative to 

fluorobenzene. The data looked close to the experimental values from the literature with mean 

absolute error, in ppm, of 0.74 with SMD model and 1.83 with CPCM model, validating SMD 

model as a good approximating method. Similarly, Table 5 shows mean absolute error of 0.68 ppm 

in SMD and 3.22 ppm in CPCM for 3-fluoropyridine. SMD model was then chosen for further 

approximations. From evidence, it was also surmised that proper assessment is required to 

understand the arrangements of fluorine chemical shifts. Further investigation deemed essential to 

corroborate the data without the induced dependence of fluorobenzene; hence, it was eliminated 

from the in-house experiment and TFA was instead substituted in a coaxial insert to ensure no 

physical interaction with the solvents. Henceforth, NMR values not reported in the literature were 

collected by the fresh chemicals ordered.   

According to our data, solvent-induced changes in fluorine shielding were generally more 

accurate using SMD model in implicit solvation, even with smaller basis sets. However, no clear 

trend is available to favor SMD over CPCM for the absolute shifts. It was also a relief that reliable 

results were obtained with the resource we had, to compute these aromatic molecules. The data 

was tractable with the basis set applied for routine NMR calculations. NMR calculations are not 

only performed in CPU but rather in GPU as well; faster computing enables higher-level modelling 

methods. After the shielding values were obtained, then chemical shifts were obtained relative to 

TFA in SMD solvation model and were plotted against ET (30) scale.   
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Figure 13: Graphical representation of calculated chemical shifts of 2fluoropyridine with  A) 
Onsager model and B) ET (30) scale in implicit solvent.  

The graph above are the plots of the chemical shifts of 2-fluoropyridines obtained when 

plotted against Onsager model and then the ET (30) scale of Reichardt’s dye. The R2 value on the 

Onsager model is 0.99 whereas in ET (30) it is 0.76 with the implicit solvation model. Theoretically, 

the R2 value in the Onsager model shows that implicit solvent modelling perfectly correlates a 

function of dielectric constant with chemical shifts. However, Giam and Lyle [73] proved that 
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Reichardt’s dye or ET (30) was the better fit when compared with Onsager model for experimental 

values. They studied with large number of solvents (30 mediums) and explained ET  

(30) was a better fit. Hence, this led us to believe further adjustments in modelling are needed.   

 

Figure 14: Graphical representation of calculated chemical shifts of 3fluoropyridine with A) 
Onsager Model and B) ET (30) scale in implicit solvent.  
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The graph obtained in Figure above showed us that the graph fitted perfectly with Onsager 

model in comparison to ET (30) scale of Reichardt’s dye. It was obvious that implicit solvation 

model is not adequate to explain the behavior of medium effects of 3-fluoropyridines. Onsager 

model does neglect the surrounding molecular interactions. Although the Reichardt’s dye model 

had a reasonable fit with correlation of 0.75, there is obviously a need to adjust the modelling 

method to better approximate the NMR parameters and the solvent-solute interactions influencing 

them. The fact that the implicit and Onsager model have both solvents represented as a continuum 

with parameter of dielectric leads to the Onsager model having a more linear fit to calculated values 

(using implicit solvation models) than the Reichardt’s dye.  
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Figure 15: Graphical representation of calculated chemical shifts of fluorobenzene with  A) 
Onsager model and B) ET (30) scale in implicit solvent.   
  

The graph above shows the relation between chemical shifts and Onsager model and 

chemical shifts with ET (30) scale respectively. We can see from the graphs above that the 

fluorobenzene has the R2 value of 0.996 with Onsager solvation model and 0.76 when related to 

Reichardt’s dye. Although the Onsager seems the better fit to estimate the solvent effects, 

implicit solvation didn’t satisfy our query. We know that the Reichardt’s dye should show the 
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better fit than the dielectrics from the authors Giam and Lyle. We were certain something is 

missing with our model as the implicit solvation won’t adequately represent the appropriate 

experimental system, so further the substrates were then subjected to explicit solvation  to test 

our assumed model.   

 
Figure 16: Graphical representation of calculated chemical shifts of 2fluoropyridine 
with A) Onsager model and B) ET (30) scale in explicit solvent.     
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As we can see, better correlation was obtained with 2-fluoropyridine when compared 

with ET (30) scale. The correlation improved to 0.93 from 0.76 in explicit solvation model. In 

comparison to Onsager model whose R2 values of 0.66, just like the literature stated, the ET (30) 

scale is better measure than the Onsager model to evaluate the medium effects with varying 

polarity. It helped us explain the relation with Onsager model and further establish the 

relationship with ET (30) scale.  
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Figure 17: Graphical representation of calculated chemical shifts of 3-fluoropyridine with A) 
Onsager model and B) ET (30) scale in explicit solvent.   
  

The graph above depicts the correlation of calculated chemical shifts with Onsager model 

and the ET (30) scale of Reichardt’s dye of 3-Fluoropyridine. The explicit solvation model in SMD 

gave a better fit with ET (30). In implicit solvation, we saw a steadier trend with dielectrics when 

correlated with calculated chemical shifts because it doesn’t consider explicit intermolecular 

interactions like hydrogen bonding, frontier orbital interactions, etc. However, we can see the 
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improvement compared with Onsager model in R2 values from 0.26 to 0.41, indicating the ET (30) 

scale is better represented by explicit solvent modelling of 3fluoropyridine.  In other words, our 

results suggest that including explicit solvent interactions models captures some of the solvent 

effects represented in the Reichardt’s dye ET (30) scale.   
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Figure 18: Graphical representation of calculated chemical shifts of fluorobenzene with A) 
Onsager model and B) ET (30) scale in explicit solvent.   
  

The graph describes the relationship of calculated chemical shifts of fluorobenzene to 

Onsager model using the dielectrics and ET (30) scale of betaine dye. The R2 values of the 

calculated shifts correlated to ET (30) scale looks better with values of 0.70 compared with the R2 
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values correlated with Onsager model with 0.63 asserting that the former is the better measuring 

scale.   

   

TABLE 14. Mean absolute error (in ppm) and R2 values of chemical shifts of 
2fluoropyridine, 3-fluoropyridine and fluorobenzene relative to TFA in SMD solvation 
model.   
 

   2FPyr   3FPyr   FB   

MAE   1.75   0.18   0.90   

R2   

0.94   0.039   0.75   
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Figure 19: Graphical representation of correlation between experimental with calculated chemical 
shifts of A) 2-fluoropyridine B) 3-fluoropyridine and C) fluorobenzene with respect to TFA.    
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Figure 19 (continued) 
  

The graph demonstrates the correlation of experimental values obtained from in-house 

NMR instrument with calculated chemical shifts values from the SMD model. The correlation for 

2-fluoropyridine was significantly higher to 0.95 whereas the R2 values for 3-fluoropyridine is 

0.03. The probable reason could be that the functional of choice was not comprehensive enough to 

describe the aromatic nature of benzene and toluene. The pi-stacking interactions of these two 

solvents with the aromatic solutes need to be further assessed to understand the underlying 

mechanism.  
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Figure 20: a. Experimental chemical shifts of 2-fluoropyridine relative to TFA. b) Calculated 
chemical shifts of 2-fluoropyridine relative to TFA.  c)chemical shifts of 2fluoropyridine relative 
to fluorobenzene from Giam and Lyle paper [73]. d) Experimental chemical shifts of 
3fluoropyridine relative to TFA. e) Calculated chemical shifts of 3-fluoropyridine relative to TFA.  
f) chemical shifts of 3-fluoropyridine relative to fluorobenzene from Giam and Lyle Paper [73].  

g) Experimental chemical shifts of fluorobenzene relative to TFA. h) Calculated chemical 
shifts of fluorobenzene relative to TFA.    
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The mean absolute error for 2-fluoropyridine with experimental set was 1.75 ppm and 

3fluoropyridine was 0.18 ppm when the calculated chemical shifts in SMD model were correlated 

with experimental shifts acquired relative to TFA. Hence, taking fluorobenzene as a reference with 

2-fluoropyridine and 3-fluoropyridine was proven to be defective as can be seen that there is at 

least 2 ppm of range of solvent induced shift fluorobenzene whereas with TFA as the reference, 

the induced chemical shifts among 2-fluoropyridine was in range of 3 ppm and 3fluoropyridine 

was approximately 1 ppm in the acquired experimental data. As seen on our calculated shifts in 

SMD model, the solvent induced shifts were within the range of approximately 8 ppm for 2-

fluoropyridine, 3 ppm for 3-fluoropyridine and 4 ppm for fluorobenzene. Although improvement 

on the approximation is required for the 3-fluoropyridine, it is evident that the model works 

perfectly to assess the 2-fluoropyridine when TFA used as a chemical shift reference instead of 

fluorobenzene. Both the experimental method and the calculated shifts showed us that 

fluorobenzene was influenced by the nature of solvents. It also came as a relief that the 

experimental data acquired was reproducible to the literature. Our hypothesis based on acquiring 

the chemical shifts agnostic to the solvent induced reference model, and including a better 

reference model, was plausible and the desired results were achieved.   

We can see that the shifts move depending on the different solvent when different reference 

standard was used. In comparison to the reference of fluorobenzene, the order of solvent changes 

with reference to TFA. We can conclude that the fluorobenzene was indeed solvent dependent and 

TFA can be used as the better reference model for assessing the medium effects.   
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CHAPTER 5  

CONCLUSION  

   

Modelling of the solvent and its effects is always a challenge to the calculation of NMR 

shifts. The influence of the local environment to the solute of interest results in medium influenced 

shiftsm and solvent-induced chemical shifts were analyzed accordingly for different solvents with 

ranging dielectrics and ET (30). NMR calculations in implicit solvent models showed that it is vital 

to explicitly include the solvent molecules. Medium effects were interpreted in terms of electronic 

structure and the calculations show that DFT is a useful tool that is less calculation-intensive than 

other methods, being based on the simple principle that energy of the molecule can be assessed 

from electron density rather than wave function [64]. Magnetic shielding values converted to 

chemical shifts aids in NMR peak assignment, with chemical shifts reporting on the geometry as 

well as intermolecular interactions. The inclusion of proper solvent effects is very important since 

shifts are extremely sensitive to the surrounding environment [64]. Specific details must be given 

for the researcher to accurately predict the information of substrate, as it can shed light on factors 

inducing NMR shifts. With increasing computing power, calculated chemical shifts are becoming 

available with higher accuracy. Comparison of the theoretical calculations with experimental data 

helps understand intermolecular interactions.   

Modelling the solvents as both implicit and explicit solvents, although adding cost to 

computation, explains more about the sensitive interplay of solute and solvents. Hence, the test is 

on the computational method itself. However, if adequately considered, the method can predict 

reasonably accurate results. The other parameters that chemical shifts depend on besides hydrogen 

bond and geometry are pH, concentration, and temperature. So, a future goal can be set to study 

these other parameters using the method of micro solvation as well as solvent dependence.   
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Molecular dynamics can be used as the next solvent model to explain the solvent dependence for 

calculated NMR parameters in various solvents [65]. Frequently coupled with DFT calculations, 

it is slowly gaining popularity among the researchers as the software to study the electronic 

properties that are challenging to acquire or interpret experimentally [64-65].  
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