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Introduction 

 Physical and chemical properties of the active pharmaceutical ingredients (APIs) 

are greatly influenced by the arrangement of molecules in the crystal, which in turn, is 

determined by the conformational space of the component molecules [Dat04]. Thus, the 

API's structure as well as its molecular environment plays a dominant role on the drug's 

physicochemical properties like: solubility, dissolution rate, stability, absorption, 

hygroscopicity and bioavailability. For these reasons, it is clear that understanding the 

relationships between physical structures and the properties of a particular API is 

crucial for its development into a drug product.  

 An important issue related to the pharmaceutical industry is the medicines 

counterfeiting, both for brand and generic products [Deg14, Ora15]. The risks 

associated with the replacement of brand drugs by generic substitutions are important, 

due to the fact that the latter could manifest bioequivalence, therapy and adverse effects 

issues [Kra07, Bia10, Vai15, Ati16].  

 Spectroscopic characterization of APIs is of utmost importance for the 

pharmaceutical industry. Various methods of experimental and computational 

spectroscopy are synergistically applied nowadays for their structure determination, as 

well as for revealing subtle transformations between their solid and liquid phases 

[Pin17, Hig17, Buc17]. The combination of experimental and computational (quantum 

chemical) methods can bring new and useful information on the geometric and 

electronic structure of APIs. Considering the above mentioned issues, during the 

research performed for this PhD thesis we aimed to get new insights into the structure 

and electronic properties of a series of APIs used for producing antiepileptic and 

anticancer drugs. For this purpose, we correlated the results obtained by using 

experimental (Raman, IR, UV-Vis, NMR) and computational techniques. 

 The thesis is divided into two main parts. The first part includes this 

introductory chapter as well as another two chapters. In the first chapter we give a 

general overview of density functional theory (DFT).  

The second chapter of the thesis gives the experimental and computational details valid 

for all the investigated compounds.  Particular details for each compound will also be 

included in the corresponding section of the dedicated chapter. 

 The second part of the thesis contains three chapters, one for each of the three 

investigated APIs.  

In chapter 3 we focused on the analysis of the possible conformers and the 

conformational change between solid and liquid states of levetiracetam (LEV) in gas 

phase as well as in water and ethanol, aiming to describe the 3D structure and energetic 

stability of its conformers, in order to achieve a better understanding of its 

pharmacodynamics.  

Our first aim was to describe the differences between the known solid state geometries 

of LEV and its liquid (and gas-) phase structures. 
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The experimental UV-Vis and NMR spectra of LEV have been explained on the basis of 

the contributions due to monomers as well as Boltzmann weighted contributions of the 

dimers. The most intense electronic excitations are dominantly driven by 

intramolecular charge-transfer type transitions, from oxopyrrolidin to amide unit for 

monomer and from the butanamide groups to the carbonyl units in the oxopyrrolidin 

rings in case of dimer [Luc17]. 

Both, 1H and 13C NMR spectra of LEV have been reliably assigned based on theoretical 

data and our results suggest that the formation of dimeric structures is evident at the 

working concentration used for recording the NMR spectra [Luc14]. 

Moreover, for this compound we were interested to check the potential of Raman 

spectroscopy for discriminating between the different formulations of a particular 

manufacturer as well as between several manufacturers of the same formulation of LEV. 

 Chapter 4 presents a joint experimental and computational investigation on 

diphenylhydantoin (DPH), which is the oldest non-sedative antiepileptic drug indicated 

for the treatment of epilepsy. Despite being extensively used as an active 

pharmaceutical ingredient its "biological face" [Tie08] still remains incompletely 

elucidated. Due to the presence of the carbonyl and imide groups in its structure, the 

possibility for this compound to be involved in hydrogen bonding intermolecular 

interactions is obvious. Consequently we studied the dimerization process of DPH 

through hydrogen bonding interactions by using quantum chemical calculations. 

Moreover, combining the experimental UV-Vis and NMR techniques with quantum 

chemical calculations we addressed the effect of such hydrogen bonding interactions on 

the electronic transitions as well as on the NMR chemical shifts of DPH [Luc15].  

In chapter five we investigated the anticancer drug Imatinib (IMT), which is a 

first generation tyrosine-kinase inhibitor (TKI), mainly used in the treatment of chronic 

myelogenous leukemia and gastrointestinal stromal tumors. This API acts selectively on 

Abl tyrosine kinases Mast/stem cell growth factor receptor (c-Kit) and platelet-derived 

growth factor receptors.  

For clarifying its mechanism of action, the accurate description of the 3D arrangement 

and molecular properties of thermally accessible conformational states is crucial.  

This is why we were interested in the possible conformers of IMT and their energetic 

orders and we were able to identified twenty unique conformers of IMT in water in a 

relative Gibbs energy window of 1.69 kcal·mol-1. Subsequently, the most stable nine 

structures, whose relative energies are within the room temperature energy, were 

employed to compute the electronic excitation energies, which in turn were used to 

explain the experimental observations.  

UV-Vis study was conducted to check if the theoretically identified most stable 

conformers can explain the experimental observations. A reliable assignment of 

experimental electronic absorption data is highly needed, which, in this study is given in 

terms of IMT monomeric structures [Vin15].  
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Chapter 1  

DFT METHODS USED TO CALCULATE THE ELECTRONIC 

STRUCTURE OF MOLECULES 

 The advantages of density functional theory (DFT) computational methodology  

rely on one hand, on the greater accuracy of the provided theoretical results, but also on 

the lower computational resources required for the calculations on averaged and large 

sized molecules. Due to the huge impact of the DFT computational results in 

spectroscopy, the "computational spectroscopy" field has been recognized in the 

scientific literature in the last 10 years [Bar15]. 

1.1 Basics of DFT 

The (molecular) modern version of DFT has been developed by Hohenberg, Kohn 

and Sham and it is based on the two Hohenberg-Kohn theorems [Hoh64]. 

The first Hohenberg-Kohn theorem represents a proof of principle, while the 

second one gives the variational principle for obtaining the electron density in a 

variational way. It provides the proof that the electronic density uniquely determines 

the Hamilton operator and thus all properties of the system.  

In the framework of DFT, the expression of the energy is separated into those parts that 

depend on the actual system, i.e., the potential energy due to the nuclei-electron 

attraction and those which are universal in the sense that their form is independent of 

N, Rα and Zα: 

𝐸0[𝜌0] = ∫ 𝜌0(�⃗�)𝑉𝑛𝑒𝑑�⃗�⏟        
𝑠𝑦𝑠𝑡𝑒𝑚 𝑑𝑒𝑝𝑒𝑛𝑑𝑒𝑛𝑡

+ 𝑇[𝜌
0
] + 𝐸𝑒𝑒[𝜌0]⏟        

𝑢𝑛𝑖𝑣𝑒𝑟𝑠𝑎𝑙𝑙𝑦 𝑣𝑎𝑙𝑖𝑑

    (1.1.7) 

The last two system independent terms form the Hohenberg-Kohn functional FHK[ρ0]: 

𝐹𝐻𝐾[𝜌] = 𝑇[𝜌] + 𝐸𝑒𝑒[𝜌] = ⟨𝛹|�̂� + 𝑉𝑒�̂�|𝛹⟩   (1.1.8) 

FHK[ρ] contains the functional for the kinetic energy T[ρ] and that for the electron-

electron interaction, Eee[ρ]. Finding explicit expressions for the yet unknown functionals 

T[ρ] and Encl[ρ] represents the major challenge in Density Functional Theory.  

Kohn and Sham (KS) introduced the concept of a fictitious non-interacting 

reference system (free electron system) built from a set of orbitals such that the major 

part of the kinetic energy can be computed to good accuracy [KS65]. The remainder part 

of the kinetic energy was included in the non-classical contributions to the electron-

electron repulsion – which are also unknown, but usually fairly small.  
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The idea of Kohn and Sham was that for every system of interacting electrons in an 

external potential υ(r) there is a corresponding system without interaction, which 

translates into the existence of a local potential υS(r) so that the system of non-

interacting electrons within this potential will yield exactly the same electron density as 

the real one. Assuming such a potential, one can compute the corresponding Kohn-Sham 

orbitals and the exact electron density based on the equations: 

�̂�𝑆 = ∑ ℎ̂𝑆(𝑖)𝑖 = ∑ (−
1

2
∇𝑖
2 + υ𝑆(𝑟𝑖))𝑖                               (1.1.12) 

ℎ̂𝑆(1)𝛷𝑖(1) = 𝜀𝑖(1)𝛷𝑖(1)                                (1.1.13) 

𝛹𝑆 = |𝛷1(1)𝛷2(2)…𝛷𝑁(𝑁) >                              (1.1.14) 

𝜌𝑆(𝑟) = ∑ ∑ |𝛷𝑖(𝑟, 𝑠)|
2

𝑆
𝑁
𝑖=1 = 𝜌𝑒𝑥𝑎𝑐𝑡(𝑟)                         (1.1.15)  

The exact kinetic energy of the non-interacting reference system with the same density 

as the real can be obtained using atomic orbitals with the relation: 

𝑇𝐾𝑆 = −
1

2
∑ ⟨𝛹𝑖|∇

2|𝛹𝑖⟩
𝑁
𝑖=1                               (1.1.17)  

and in the the KS formulation, the kinetic energy can be written as: 

𝑇[𝜌] = 𝑇𝐾𝑆 + (𝑇 − 𝑇𝐾𝑆)                              (1.1.19)    

with the functional F[ρ] written as: 

                             F[ρ]=TKS[ρ]+J[ρ]+EXC[ρ]                                                           (1.1.20) 

This so-called exchange-correlation functional (EXC) contains the Coulomb repulsion 

between electrons, the non-classical exchange and correlation effects, but also a portion 

that represents the correction to the kinetic energy.  

 The general approach for obtaining the energy of the fundamental state can be 

summarized as follows: first, a trial density is chosen to start with, which allows the 

determination of the effective potential using an adequate form for the correlation-

exchange functional. A new density is then found by solving the Kohn-Sham equations 

and compared to the previous density. If the two are equal, the ground state energy can 

be found, otherwise the iterative process is resumed. 

The electronic energy in the KS approach can be written as: 

𝐸 = 𝑇𝑆[ρ] + ∫ 𝜐(𝑟)ρ(r)dr +
1

2
∫
ρ(r)ρ(r′)

|𝑟−𝑟′|
𝑑𝑟𝑑𝑟′ + 𝐸𝑋𝐶[ρ]                (1.1.24) 

The early implementation of DFT is the local density-functional approximation (LDA), 

which is derived from the case of a homogeneous electron gas. Lately, generalized 

gradient approximation (GGA) corrections were developed and have been shown to 

improve the calculated results, especially for molecular bond energies and electronic 



 
Raluca-Andreea Luchian – PhD thesis summary  Chapter 1 

5 

 

spectra. Further progress in DFT is brought by the hybrid xc functionals which include a 

fraction of the HF exchange.  

New approximate xc functionals (meta-GGA type) have recently been developed by 

including the electron kinetic energy density and the Laplacian of the electron density. 

 The approximations with the widest spread in use for the exchange-correlation 

energy and which have given the best results are the hybrid functionals. The best 

known functional of this type and widely applied for molecular structures and 

properties calculations is B3LYP – a hybrid exchange-correlation functional with 3 

parameters which uses the correlation functional of Lee, Yang and Parr (LYP) [Bec93, 

Lee88, Vos80, Ste94]: 

𝐸𝑥𝑐
𝐵3𝐿𝑌𝑃 = 𝑎𝐸𝑥𝑐

𝑆𝑙𝑎𝑡𝑒𝑟 + (𝑎 − 1)𝐸𝑥𝑐
𝐿𝐷𝐴 + 𝑏𝐸𝑐

𝐵 + (1 − 𝑐)𝐸𝑐
𝐿𝐷𝐴   (1.3.37) 

where a=0.20; b=0.72 and c=0.81 

Its success is due to the high accuracy theoretical results it provides for a wide range of 

molecular properties like: geometries, dipole moments, polarizabilities, IR, Raman, RES, 

RMN or UV-Vis spectra, ionization potentials, electrostatic molecular potentials, etc. 

Another well-known example of a hybrid functional, particularly successful in 

predicting the electronic transitions in molecule is PBE0 [Ada99]. No fitting parameters 

were used and the percentage of exact exchange is fixed at 25% [Per96, Per97]. 

Over time, many reviews on DFT focused on a variety of aspects including the 

theory, methodological developments, and the practical application of DFT to specific 

problems. The review of Sousa et al. [Sou07] gives an accurate account of the current 

status of the field. Thus, the essential type of density functionals can be arranged as the 

rungs on a ladder (Jacob’s ladder of DFT [Mat02]) and they are based on LDA, GGA, 

meta-GGA, hybrid DF, hybrid-meta GGA and fully non-local approaches. 

1.2 Basis sets for ab initio and DFT calculations  

One of the approximations inherent in all ab-initio methods for quantum 

chemistry is the introduction of a basis set, which is a set of known functions used to 

construct the molecular orbitals. If the basis functions are φ1, φ2,…,φN then an individual 

molecular orbital is written: 

  𝛷𝑖 = ∑ 𝑐µ𝑖𝜑µ
𝐾
µ=1                                (1.2.1) 

where cµi are the expansion coefficients of the molecular orbital. 
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 The problem of finding the molecular orbitals is reduced to finding a set of 

coefficients for each of the orbitals. Two main types of primitives are currently used in 

quantum chemical calculations. The first category is given by the Slater Type Orbitals 

(STO) with the general form: 

 𝜑𝜁,𝑛,𝑙,𝑚(𝑟, 𝜃, 𝜑) = 𝑁𝑌𝑙,𝑚(𝜃, 𝜑)𝑟
𝑛−1exp (−𝜁𝑟)    (1.2.2) 

The second category is based on the Gaussian Type Orbitals (GTO) with the general 

form: 

𝑔𝛼,𝑛,𝑙,𝑚,𝑓(𝑟, 𝜃, 𝜑) = 𝑁𝑌𝑙,𝑚(𝜃, 𝜑)𝑟
2𝑛−2−𝑙exp (−𝛼𝑓2𝑟2)   (1.2.3) 

where the α constant determines the spatial extension of the primitive and the f 

constant is a scaling factor that take into account the more restricted form of the 

primitives centered on a given atom in a molecule compared to the free atom case. 

Currently, the very large majority of calculations on electronic structures of molecules 

use Gaussian Type Orbitals for expanding molecular orbitals.  

The valence orbitals can be represented by one or more basis functions and depending 

on their number, the basis sets are called valence double, triple, or quadruple-zeta basis 

sets.  

 Extended basis sets include polarization functions and diffuse basis functions.  

Polarization basis functions will describe the influence (distortion, polarization) of the 

neighboring nuclei on the electron density near a given nucleus. In order to take this 

effect into account, orbitals that have more flexible shapes in a molecule than the s, p, d, 

etc., shapes in the free atoms are used. In practice, a set of Gaussian functions one unit 

higher in angular momentum than what are present in the ground state of the atom are 

added as polarization functions. 

For excited states and anions where the electronic density is more spread out over the 

molecule, some basis functions which themselves are more spread out are needed (i.e. 

GTOs with small exponents). These additional functions are called diffuse functions and 

they are normally added as single GTOs. 

 For practical applications, the most used basis sets are the so-called Pople style 

basis sets with the general notation: 

k-nlm++G(idf,jpd) 

where: 

k is the number of GTO primitives used to expand the core orbitals, n is the number of 

GTO primitives used to expand the inner valence orbitals, l is the number of GTO 
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primitives used to expand the medium valence orbitals, m is the number of GTO 

primitives used to expand the outer valence orbitals, + means that 1 set of P (SP) diffuse 

functions are added on heavy atoms, ++ means that 1 set of P (SP) diffuse functions 

added to heavy atoms and 1 s diffuse function added to H atom. 

idf means that i d sets and 1 f set of polarization functions are added on heavy atoms. 

idf,jpd means that i d sets and 1 f set polarization functions added to heavy atoms and j 

p sets and 1 d set of polarization functions are added on H atoms. 

1.3 ONIOM methodology  

 Quantum chemical calculations on large molecules or molecular complexes is 

extremely time consuming and it requires huge memory and storage resources. To 

make such calculations feasible, hybrid methods have been proposed by Honig and 

Karplus [Hon71] and developed latter by Warshel and Karplus [War72], Warshel and 

Levit [War76] and Morokuma and his collaborators [Hum96] (for a recent review see 

ref. [Chu15]). Currently, the method is called ONIOM and the whole system to be 

investigated is partitioned in two or more layers and different layers are treated at 

different levels of theory. Usually, the real system is decomposed in two parts, the low 

layer (the largest part or the environment) and the high layer (the smallest part or the 

model system) and for the low layer molecular mechanics (MM) methods are used, 

while for the high layer a quantum chemical method (QM) is employed.  

However, for treating the low layer one can also semiempirical or ab initio methods. If 

ab initio methods are used for both parts of the system, the methodology is called 

ONIOM(QM1:QM2). In this case, the extrapolated energy of the investigated real system 

is obtained as the sum of the model system treated at QM1 level (EQM1, model) and the sum 

of the real system treated at QM2 level (EQM2, real) minus the energy of the model system 

calculated at QM2 level (EQM2, model): 

𝐸𝑄𝑀1:𝑄𝑀2 = 𝐸𝑄𝑀1,𝑚𝑜𝑑𝑒𝑙 + 𝐸𝑄𝑀2,𝑟𝑒𝑎𝑙 − 𝐸𝑄𝑀2,𝑚𝑜𝑑𝑒𝑙    (1.3.1) 

This methodology found numerous useful applications, for a wide variety of organic 

structures, macromolecules and molecular complexes. 

In this thesis we used the ONIOM(QM:QM) methodology for the calculation of Raman 

spectrum of a 5 molecules cluster of diphenylhydantoin. Such a model required a 

prohibitively large computational time if treated at QM level as a whole. 
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Chapter 2                         

EXPERIMENTAL AND COMPUTATIONAL DETAILS 

2.1 Raman spectrometer 

Raman measurements have been performed using the Raman Invia Reflex 

(Renishaw) spectrometer from the Center of Biomolecular Physics, Ioan Ursu Institute, 

Babeş-Bolyai University. The spectrometer is equipped with six laser excitation sources, 

covering the spectral range from NUV to NIR: 325, 442, 532, 633, 785 and 830 nm. 

Other characteristics of the used equipment can be found at 

www.phys.ubbcluj.ro/raman.  

 

2.2 General experimental details 

 The active pharmaceutical ingredients investigated in this thesis were purchased 

from standard commercial sources and used without further purification. Optical 

absorbance spectra were recorded at room temperature using a Jasco V-670 UV–Vis–

NIR spectrophotometer with a slit width of 2 nm, in a quartz cuvette of 1-cm path 

length. 

FT-IR spectra of powdered samples were recorded at room temperature on a 

conventional Equinox 55 FT-IR spectrometer equipped with an InGaAs detector and by 

using KBr (Merck UVASOL) tablet samples, with a resolution of 2 cm-1 by co-adding 40 

scans. The FT-Raman spectra were recorded in a backscattering geometry with a Bruker 

FRA 106/S Raman accessory with nitrogen cooled Ge detector. The 1064-nm Nd:YAG 

laser was used as excitation source and the laser power was set to 350 mW and the 

spectra were recorded with a resolution of 2 cm-1 by co-adding 200 scans.  

The dispersive Raman spectra of powdered LEV were recorded at room 

temperature using a multilaser confocal Renishaw inVia Reflex Raman spectrometer 

equipped with a RenCam CCD detector. The 325, 532, 633 and 785 nm laser excitation 

lines were used in this study for measuring LEV' Raman spectra.  

The 1H and 13C NMR spectra were recorded at room temperature on a Bruker 

AVANCE NMR spectrometer (400.13 MHz for 1H and 100.63 MHz for 13C, internal 

standard TMS, solvent D2O). The spectra were recorded using a single excitation pulse 

of 11 s for 1H and 7.5 s for 13C. [1H, 1H] COSY NMR spectra have been recorded by 

using a standard COSY45 d1 - /2 - d2 - /4 pulse sequence.  

http://www.phys.ubbcluj.ro/raman
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2.3 General computational details 

Geometry optimizations and frequency calculations were performed with the 

Gaussian09 software package [Gau09] by using DFT approaches. Through this study, 

the hybrid B3LYP exchange-correlation functional [Bec93, Lee88, Vos80, Ste94] was 

used in conjunction with the Pople’s split-valence basis sets 6-31G(d), 6-31G+(2d,2p) 

and 6-311+G(2d,p) [Heh72, Fri84]. In some cases, in order to capture the dispersion 

interactions we also used the APFD xc [APFD] functional.  

Default criteria were used to define the convergence of both the electronic density and 

molecular geometries. In all cases, frequency calculations confirmed that all the 

optimized geometries correspond to minima on the potential energy surface. 

Boltzmann weighting factors for conformers were derived at room temperature 

(T=298 K) by using the relative free energies (G). The latter values were obtained from 

the frequency calculations including thermal corrections to energies [Duc07, Wil14, 

Jes15, Hal15]. 

 Absorption spectra were calculated using the time-dependent DFT (TD-DFT) 

methodology [Cas98]. The UV spectral line-shapes are convoluted with Gaussian 

functions with full width at half maximum (FWHM) which were derived from 

experimental spectrum. The nature of the excited states has been analyzed using the 

Natural Transition Orbitals (NTO) formalism proposed by Martin [Mar03]. This 

formalism offers compact description of the electronic excitations with the advantage 

that only one or two occupied/virtual pairs of orbitals are enough for a clear 

interpretation of the physical nature of the excited states involved in absorption and 

emission processes [Cla06, Lac12, Vel14, Eti14, Mar15]. 

 The calculation of NMR spectra were performed using the GIAO (Gauge-

Including Atomic Orbital) method [Dit74, Wol90], implemented in the Gaussian09 

package. In order to express the chemical shifts in terms of the total computed NMR 

shielding tensors, the scaling and referencing factors were derived from linear 

regression analysis, according to Willoughby et al. [Wil14]. 

The solvent effects have been considered by using the implicit Polarizable 

Continuum Model (PCM) [Tom05], using the integral equation formalism (IEFPCM) 

variant [Sca10]. 
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Chapter 3                  

CONFORMATIONAL PREFERENCE AND SPECTROSCOPICAL 

CHARACTERISTICS OF THE ACTIVE PHARMACEUTICAL 

INGREDIENT LEVETIRACETAM 
3.1 Introduction 

LEV is a second-generation nootropic drug used in the treatment of partial-onset 

seizures in patients with epilepsy [Geo14, Gua02, Kha90, Ull09] and other disorders 

[Far09]. Its interesting pharmacokinetic properties together with its distinct chemical 

structure and mechanism of action make LEV unique among the marketed antiepileptic 

drugs [Ull09, Pit05, Son11, Kli16]. 

For a better understanding of the 

pharmacodynamics of LEV, the 

characterization of its structure in solid 

and liquid state is crucial.  It was shown 

that polymorph I of LEV is characterized 

by an extended network of H-bonding 

interactions [Son03]. For this reason, a 

proper model able to include such 

interactions must be used for a reliable 

assignment of solid state spectra of LEV.  

Besides the conformational landscape 

and the spectroscopical properties of 

LEV we investigated the possibility to discriminate between different formulations of 

the brand and generic drugs based on LEV. 

3.2 Experimental and computational details 

Dispersive Raman spectra of powdered LEV were recorded at room temperature 

using the Renishaw inVia Reflex Raman spectrometer using four laser excitation lines. 

In order to check the possibility of discriminating between different formulations of LEV 

by Raman spectroscopy we used the KeppraTM drug (1000 mg tablet, oral solution – 100 

mg/ml and solution for infusion – 100 mg/ml) and the oral solution (100 mg/ml) from 

Actavis, as well as Actavis, Aurobindo and Terapia tablets. All the samples were 

obtained from commercial sources on the free market. 

 
Fig. 3.1 Molecular structure of the most stable 

conformer of Levetiracetam in water (5) at 

PCM-B3LYP/6-31+G(2d,2p) level of theory.  
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The conformational space of LEV in vacuum was explored by using the MMFF94 

molecular mechanics force field and DFT quantum chemical calculations.  

 Absorption spectra of LEV were calculated, both for monomeric and dimeric 

species, at B3LYP/6-31G+(2d,2p)  level of theory.  The Natural Transition Orbitals 

(NTO) [Mar03] was used to describe the electronic transitions of LEV. 

 Vibrational spectra of LEV recorded on powdered samples were assigned by 

using the monomer models, as well as a cluster model composed of five molecules, able 

to capture the most important intermolecular hydrogen bonding interactions.  

3.3 Conformational landscape of Levetiracetam 

Our first aim for this study was to describe the differences between the known 

solid state geometries of LEV [Her13, Son03] and its liquid (and gas-) phase structures. 

Twenty-two conformers have been identified and their relative Gibbs energies and 

Boltzmann statistics were used to predict the room temperature equilibrium 

populations. The dihedral angles Φ1 - Φ4 (see Fig. 3.1) characterizing the 6 most stable 

conformers shown in Fig. 3.3 are compiled in Table 3.1. The conformers (1) - (6) are 

dominant, with a total Boltzmann relative population of 85.8% in gas-phase and 89.5% 

in water. It is worth  

 
Fig. 3.3 B3LYP/6-31+G(2d,2p) optimized structures of the Levetiracetam monomers 

and dimers in water: six most stable monomers ((1)-(6)) and three types of dimmers 

(A, B, C).  

 (reproduced from [Luc17]) 
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Table 3.1 B3LYP/6-31+G(2d,2p) calculated dihedral angles (degrees) characterizing the 

levetiracetam conformers in gas-phase, water and ethanol (first, second and third entry, 

respectively). Experimental data for the known solid state structures of LEV are included for 

comparison purposes 

Conformer Φ1 Φ2  Φ3 Φ4 
Correspondence 

to ref. [Li11] 

TG+G-C+ (1) 
-167.1 
-170.9 
-170.3 

79.2 
103.6 
100.6 

-45.6 
-57.3 
-56.0 

26.6 
25.9 
26.0 

Ib 

TG+G-C- (2) 
-168.9 
-172.3 
-172.7 

79.1 
104.9 
105.4 

-36.0 
-50.3 
-50.8 

-21.8 
-25.5 
-26.2 

IIb 

G-G+G-C+ (3) 
-61.3 
-59.0 
-59.0 

77.5 
22.3 
23.5 

-47.7 
-55.7 
-56.3 

27.0 
22.2 
22.3 

not found 

G-G+G-C+ (4) 
-61.4 
-59.5 
-59.9 

77.5 
107.2 
91.6 

-47.6 
-56.0 
-55.2 

27.0 
26.2 
25.7 

Ia 

G-G+G-C- (5) 
-65.2 
-62.0 
-62.0 

77.0 
18.7 
19.4 

-40.9 
-50.9 
-51.3 

-20.5 
-26.7 
-26.9 

IIe 

G-G+G-C- (6) 
-65.2 
-63.0 
-63.4 

77.0 
115.0 
111.1 

-40.8 
-49.0 
-50.0 

-20.6 
-25.6 
-25.7 

IIc 

Experimental data  

LEV [Son03] -54.46 13.65 -58.23 12.92 not available 

Etiracetam FI [Her13] -58.15 33.81 -62.47 -25.13 not available 

Etiracetam FII [Her13] -56.06 39.22 -65.54 -13.95 not available 

Etiracetam Hydrate [Her13] -57.15 20.47 -53.78 -21.54 not available 

noting that the most stable conformer in water (5) is identical with that resulted in the 

optimization of the hydrated form of LEV [Her13], while the second most stable 

conformer (3) is identical with that obtained by the optimization of LEV's X-ray 

structure [Son03]. When used as starting geometries in water, the conformations found 

in the two polymorphic forms of etiracetam, both converged to conformer (5). 

 With respect to the work of Li and Si [Li11], the only agreement is observed for 

the conformer (1) that was commonly identified as being the most stable in gas-phase. 

Instead, for water solvated structures, Li and Si found their Ia conformer as being the 

most stable, while our similar conformer (4) is 0.55 kcal mol-1 destabilized with respect 

to the most stable conformer (5) found in this work.   
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The conformational space of LEV in gas-phase is quite distinct from those in water and 

ethanol solutions. For a particular conformer, the Φ4 dihedral that defines the chair or 

boat conformation of the oxopyrrolidin ring changes appreciably between the gas and 

liquid phases only for (2), (3), (5), (6) and (11) conformers. 

Presumably, crystal packing effects overcome intramolecular hydrogen bonding in solid 

state. This happen because for LEV, both the amino and carbonyl groups prefer the 

formation of intermolecular HBs with the neighboring molecules in solid state.  

It is important to note that the structures of the most stable conformer (5) in 

water and ethanol are almost identical to the X-ray geometry of solid state LEV, both in 

its conformation and geometrical parameters (see Fig. 3.5 a) and b)) [Son03].  

Most probably, this fact explains the similar pharmacokinetic profiles for the liquid and 

solid formulations of LEV observed by Coupez et al. [Cou03]. Moreover, according to 

data presented in Table 1, the two most stable conformers in water (5) and (3) are also 

almost identical, the largest difference between them being noted again for 

conformation of the oxopyrrolidin  ring (see Fig.3.5 c) for an easier visual comparison).  

 Four polymorphic forms have been previously reported for LEV [Par04, Tha09, 

Xu14]. Based on the single crystal X-ray diffraction data of Song et al. [Son03] and using 

the ReX software [Bor09] we computed the X-ray powder diffraction pattern which is in 

excellent agreement with that corresponding to the polymorphic form IV [Tha09], as 

well as with that reported by Xu et al. [Xu14]. This finding confirms that these 

polymorphic forms are identical and the form IV is determined by the conformer (3).  

 
Fig. 3.5 a) B3LYP/6-31+G(2d,2p) optimized molecular structures of the conformer (5) of LEV 

in gas-phase (yellow), water (blue) and ethanol (red). PCM model was used for implicit 

solvation in water and ethanol. b) Comparison between the geometries of X-ray structure of 

LEV (yellow) and the optimized conformer (5) in water (blue). c) Superimposed structures of 

the conformers (3) (blue) and (5) (light green) in water. (reproduced from [Luc17]) 
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Considering the possible clusterization of LEV we tested, by computational 

means, the possibility of dimerization of S enantiomers (non-hydrated as well as the 

hydrated homochiral SS dimers). It was demonstrated that A-type dimers are formed as 

a result of two hydrogen bonds of the same type (H26N11...O6'), i.e., through the amide 

group from one monomer and the pyrrolidin oxygen atom from the second monomer. 

B-type dimers are formed through two amide-amide hydrogen bonds (O12...H25'N11'), 

whereas the C-type dimers are due to two different, amide-amide and amide-pyrrolidin 

hydrogen bonds (O6...H25'N11' and O12'...H26N11).  

Relative free energies and Boltzmann populations of the 11 investigated dimers 

in water are given in Table 3.6. Interestingly, the most stable non-hydrated homochiral 

dimer is that of A conformation composed from conformer (1), even though this 

monomer is not the most stable in water, but in gas-phase. Next stable homochiral 

dimers, with relative Boltzmann populations greater than 10% are: two C-type dimers 

composed of monomer (5) and (3), respectively, and one B dimer composed of 

monomers (5). Also, it is worth mentioning that the non-hydrated homo-chiral dimers 

are at least 0.36 kmol mol-1 less stable than the hetero-chiral dimers. This difference 

increases to 4.76 kcal mol-1 in case of hydrated dimers. 

Table 3.6. Relative free energies and Boltzmann populations of the investigated dimers in 

water at room temperature, calculated at B3LYP/6-31+G(2d,2p) level of theory show in Fig.3.6 

  G(kcal·mol-1)* Boltzmann relative population (%)* 

SS non-hydrated dimers 

A_m1_SS 0.00  25.38  

A_m3_SS 1.43  2.28  

A_m5_SS 0.88  5.72  

B_m1_SS 0.87  5.88  

B_m3_SS 1.07  4.18  

B_m5_SS 0.51  10.77  

C_m1_SS 0.61  9.03  

C_m3_SS 0.41  12.68  

C_m5_SS 0.03  24.09  

Hydrated dimers 

SS c1 0.07 47.14 

SS c2 0.00 52.86 
*Values in parentheses correspond to the whole set of SS and RS dimers taken together. 

As seen in Table 3.6, the two conformations of the homo-chiral SS dimers are 

separated by only 0.07 kcal mol-1, with c2 configuration being the most stable. 
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Thus, according to computational data, the homo-chiral dimerization is possible in a 

pure enantiomeric liquid ensemble of monomers but in racemic mixtures the 

preference for hetero-chiral dimers is obvious. 

3.4 UV-Vis spectra of Levetiracetam 

A red-shift of the absorbance peak, from 191 nm to 195 nm, is observed by 

increasing the 

concentration within the 

0.4 M  1.610-4 M range. 

The simulated UV-Vis 

spectra were obtained for 

mixtures of monomers 

and dimers. The relative 

Gibbs energies (∆G) and 

populations suggest that 

the predominant 

contribution to UV-Vis 

spectra of in water comes 

from the six most stable 

monomers (1)-(6) that 

constitute more than 89% 

of the total population. 

According to 

computational data, for 

concentrations lower than 

0.610-4 M, only monomers are 

supposed to exist in solution.  

For concentration within the 

0.81.610-4 M, the fraction of 

monomers decreases at the 

expense of the increasing 

fraction of dimers, passing 

from 89% monomer in 

 
Fig. 3.8 B3LYP/6-31+G(2d,2p) calculated hole (HOTO) and 

particle (LUTO) natural transition orbitals (isovalue 0.04 

a.u.), as well as their coefficients, involved in the electronic 

transitions with appreciable oscillator strength for the 

excited state 5 of the Levetiracetam monomer (top) and the 

excited state 11 of the A_m1 SS dimer (bottom) in water.  

 
Fig. 3.9 The estimated evolution of the populations of 

monomers and dimers of Levetiracetam as a function of 

concentration in water. (reproduced from ref. [Luc17]) 



  
Raluca-Andreea Luchian – PhD thesis summary  Chapter 3 
 

 
16 

 

solution at 0.810-4 M concentration through intermediate values of 69%, 40%, 35% 

down to 0% at 1.610-4 M. At the maximum concentration of 1.610-4 M, the solution is 

formed only from dimers and the peak wavelength is 195 nm.  

Fig. 3.8 illustrates the NTOs for the main electronic transitions of the most stable 

monomer (5) and dimer (A_m1 SS) of LEV in water. As it can be observed in Fig. 3.8, the 

most intense transition of the monomer, can be assigned to the intra-molecular charge 

transfer between the oxopyrrolidin and amide groups. The shapes of NTOs 

corresponding to the most intense electronic transition for dimers suggest an opposite 

charge transfer from the butanamide group to the carbonyl unit in the oxopyrrolidin 

ring, in both monomers. 

3.5 NMR analysis of Levetiracetam in water 

The experimental and theoretical chemical shifts of LEV (1H and 13C NMR 

spectra) are summarized in Table 3.9 [Luc14]. The first six most stable monomers in 

water, constituting 89.5 % of total population were taken into account for chemical shift 

calculations. Apart from this, we also considered the four most stable non-hydrated 

homochiral dimers (A_m1, C_m3, B_m5 and C_m1 whose relative Boltzmann population 

is 72.44 %) as well as the two c1 and c2 SS dimers. 

 

Table 3.9 Experimental and theoretical chemical shifts (in ppm) for Levetiracetam in D2O. 

Theoretical data correspond to the six most stable monomers in water, the four most stable – 

non-hydrated homochiral dimers in water and the two hydrated SS dimers in water. 

Nucleus 
Experimental 

data 

Monomers in 

water 

Non-hydrated 

dimers in water 

Hydrated dimers 

in water 

C2 178.53 178.81 178.47 178.95 

C10 174.27 173.89 174.16 173.28 

C7 55.91 56.24 55.81 56.73 

C5 44.04 43.46 44.39 44.81 

C3 30.40 30.86 30.72 29.58 

C8 20.89 21.30 21.73 20.54 

C4 17.13 17.70 17.76 17.10 

C9 9.43 8.33 7.57 6.97 

H26 7.61, s 7.34 8.04 6.79 

H25 7.10, s 6.75 6.60 7.40 

H24 4.49, 1H, dd 5.40 4.64 5.08 

H17, H18 3.49, 2H, t 3.82 3.47 3.91 

H13, H14 2.48, 2H, t 2.48 2.38 2.39 

H15, H16 2.08, 2H, quin 1.97 2.04 2.06 

H23 1.90, 1H, m 2.15 2.11 1.45 
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H22 1.72, 1H, m 1.40 1.58 2.00 

H19-H21 0.86, 3H, t 0.42 0.97 0.36 

 

The largest discrepancies between the experimental and calculated (Boltzmann 

population-averaged) chemical shifts for monomeric species are noted for C9 and H19-

21 nuclei belonging to the ethyl side chain, as well as for the H24 proton. As seen in 

Table 3.9, the non-hydrated dimers model improves significantly the agreement 

between experiment and theory for almost all the nuclei. On the other hand, the 

hydrated dimers give slightly worse theoretical results when compared to either the 

non-hydrated dimers or to monomers. The averaged unsigned errors are in this case 

0.83 and 0.36 ppm for 13C and 1H nuclei, respectively. 

The 1D NMR spectrum shows that the peaks corresponding to the H13-14 and H17-18 

pairs are triplets due to the vicinal 3J coupling with the H15-16 protons, while the peak 

of the last pair is a quintet due to the almost equivalent coupling with the four protons 

of the neighbor methylene units.  

In the 2D COSY 1H–1H NMR spectrum, the stronger off-diagonal peaks are assigned to 

the correlation between the geminal proton pairs (H22, H23), followed by proton pairs 

with 3J couplings: (H13-14, H15-16), (H15-16, H17-18), (H22-H19-21) and (H23-H19-

21). Thus, considering the present results we can conclude that the experimental NMR 

spectrum of LEV in water at the working concentration of 5·10-2 M can be safely 

assigned based on the dimers model. These NMR data correlate qualitatively with the 

UV-Vis data which predict the prevalence of dimeric structures at concentration larger 

than 1.5·10-4 M. Moreover, our results suggest that the direct dimerization of the LEV's 

monomers is preferable to the formation of the hydrated dimers in which the 

monomers are interconnected via water molecules.  

3.6 Vibrational features of Levetiracetam 

3.6.1 Vibrational spectra of the pure Levetiracetam pharmaceutical ingredient  
Experimental Raman spectra of LEV are given in Fig. 3.12, while the FT-IR 

spectrum is shown in Fig. 3.13. The mode assignments were aided by direct comparison 

between experimental and calculated spectra by considering both the frequency 

sequence and the intensity pattern and by comparisons with vibrational spectra of 

similar compounds like piracetam [Kha90, Kse10] butyramide [Lin91] or pyrrolidine 

[Gog01]. In order to model properly the intermolecular hydrogen bonding interactions 



  
Raluca-Andreea Luchian – PhD thesis summary  Chapter 3 
 

 
18 

 

for LEV in solid state, a cluster of five LEV molecules was constructed, where the 

internal LEV molecule was left to vibrate freely, surrounded by four frozen LEV 

molecules. 

 As seen in Fig. 3.12, the experimental FT- and dispersive Raman spectra of LEV are 

dominated by very strong peaks observed around 1650 cm-1 due to amide I vibrations 

(see Table 3.11), those bands being the most intense in the FT-IR spectrum (see Fig. 

3.13).  Other characteristic Raman bands are observed around 1414, 1123, 1091, 935, 

855, 706, 348 and 123 cm-1 in the spectrum excited with the 633 nm laser. Large 

discrepancies were noted between our both, experimental and computational data and 

the corresponding data in ref. [Ren14]. Most probably, the experimental discrepancies 

are due to differences in the purity of the samples, while theoretical mismatch can be 

assigned to the fact that the above mentioned authors did not use the lowest energy 

conformer of LEV for vibrational analysis. 

 Almost all the vibrational bands of LEV have been reassigned in the present 

study, based on the careful comparison of the IR and Raman spectra and considering the 

 
Fig. 3.12. FT- and dispersive Raman spectra of powdered Levetiracetam. Raman spectrum of 

LEV in aqueous solution (concentration: 1 M) is also included for comparison purposes. 
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intensity patterns of the calculated and experimental spectra. Moreover, the comparison 

of the solid and liquid state spectra of LEV helped unambiguously in the assignment of 

normal modes to different groups in the molecule, as shown below.   

 Comparing the aqueous solution spectrum with the solid state Raman spectra in 

Fig. 3.12, important changes can be noted when going from solid to liquid state of LEV. 

We concluded the involvement of the amide group in intermolecular interactions with 

water molecules in liquid state. On the other hand, there are clear evidences suggesting 

that the oxopyrrolidin and ethyl groups are not affected by intermolecular interactions. 

Experimental observations are nicely reproduced by cluster model this behavior can be 

explained by the fact that such a model takes into account the intermolecular 

interactions which are expected to affect significantly the vibrations of the involved 

functional groups. For the entire Raman spectrum, the cluster model provides a root 

mean square deviation of residuals significantly better than the monomer, i.e. 23.6 cm-1 

vs 33.2 cm-1. If the two (generally problematic) symmetric and asymmetric stretchings 

vibrations of NH2 group are excluded, the RMSD values drop dramatically to 10.6 cm-1 

and 10.3 cm-1 for monomer and cluster, respectively. 

We conclude this section by emphasizing the necessity of suitable computational 

models when trying to simulate the vibrational spectra in different states. The model 

must be adapted so that to catch the most important interactions in reasonable manner.  

 The reliability of the LEV's normal mode assignments is supported not only by 

the match between the experimental and computed wavenumbers but also by the 

reasonable good agreement between the observed and calculated intensities.  

3.6.2 Raman spectra of Levetiracetam's Drugs 
 In order to check the possibility of discriminating between different formulations 

of LEV by Raman spectroscopy we used the KeppraTM drug, 1000 mg tablet, KeppraTM 

oral solution – 100 mg/ml and solution for infusion – 100 mg/ml and the oral solution 

(100 mg/ml) from Actavis, as well as Actavis 1000 mg tablet. Raman spectra of the 

liquid phase drugs are shown in Fig. 3.15. 

First we note a large degree of similarity between the aqueous solution of LEV and the 

injectable (infusion) formulation of KeppraTM. While again very similar, the spectra of 

the two oral formulations (KeppraTM and Actavis) show, however, a clear difference 

consisting in the doublet observed at 1768/1760 cm-1 only for the KeppraTM drug. 
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Such a doublet is not observed either in the powdered sample or in the liquid LEV 

compound, but it can be seen as a very weak signal for the Keppra's (oral and infusion) 

solutions. Our calculations of the Raman spectra of the excipients used in the two 

formulations suggest that these bands can be assigned to the citric acid monohydrate 

for which a doublet of strong bands was calculated at 1765 and 1740 cm-1, 

corresponding to the in-phase and out-of-phase C=O stretchings. Moreover, the peaks 

observed at 1611 and 1698 cm-1 in the Raman spectrum of oral solutions, more distinct 

for the KeppraTM drug are assigned to the methyl-paraben excipient for which two very 

strong Raman bands are predicted: ν(C=O) at 1680 cm-1 and ν(C=C) at 1588 cm-1, in 

very good agreement with experimental data. 

 Comparing the oral formulations of KeppraTM and Actavis with the injectable 

KeppraTM formulation we note many differences, most probably due to the excipients 

used for the two formulations. Considering the normal mode assignments, all the 

changes point to the fact that oxopyrrolidin group is affected differently in the two 

investigated formulations of LEV.   

 
Fig. 3.15 Raman spectra of the investigated LEV drugs (excitation laser line: 633 nm). From 

bottom to top: LEV in water (1M); KeppraTM solution for infusion (0.59M); KeppraTM oral 

solution (0.59M); Actavis oral solution (0.59M)  
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 The Raman spectrum of the KeppraTM solid formulation (tablet) was collected 

focusing the laser on the tablet's surface, as well as by measuring the inner powder..  

The Raman bands observed on the tablet's coating are characteristics for TiO2 anatase 

phase (395, 514 and 638 cm-1) [Ohs80, Bal82] and polyethylene glycol 3350 (1480, 

1442, 1278, 1231, 1141, 1125, 859 and 843 cm-1) [Vei09, Ict15]. On the other hand, the 

two spectra given by the interior powder of the tablet are very similar to each other and 

to the pure LEV chemical compound. Comparing these spectra with that of the LEV 

compound leads to the conclusion that no interaction take place between the API and 

the excipients used for the solid formulation. 

 Raman spectra recorded inside the tablet formulations from different 

manufacturers show no significant difference in case of the same quantity of API. On the 

other hand, the Raman spectrum recorded for the Actavis 500 mg tablet shows an 

intense fluorescence signal. Also, the Aurobindo tablet shows a weak Raman peak at 

476 cm-1, which is not observed in the spectrum of the pure LEV compound or in the 

spectra of KeppraTM and Actavis tablets. 

 To the best of our knowledge, the low frequency Raman spectrum of LEV has 

never been reported in the literature so far. According to our experimental data five 

distinct bands (32, 64, 75 and 97 cm-1) can be observed in the low-frequency region of 

the Raman spectrum of powdered LEV compound. Such bands are commonly assigned 

[Kin11, Hed13] to the intermolecular and/or lattice vibrations of the investigated 

compounds and they are extremely useful for distinguishing different polymorphic 

forms of the drugs [Dat04].  Even though the assignment of these bands is beyond the 

scope of this work, the presented low-frequency Raman spectrum might be useful as a 

reference of the LEV API in solid state formulations as a unique signature for 

discriminating between eventually different polymorphs, or for controlling the 

crystallinity of LEV-based pharmaceuticals and the transformation of the drug during 

the manufacturing. 

3.7 Conclusions 

Twenty two conformers have been identified for the monomer, the most stable 6 

in water having a total Boltzmann population of 89.5%.  

The most stable conformer in water is identical to that resulted in the 

optimization of the hydrated form of LEV, while the second most stable conformer is 
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identical with that obtained by the optimization of LEV's X-ray structure. The 

geometries of the two conformers are very similar and very close to the X-ray structure 

and most probably this finding explains the similar pharmacokinetic profiles for the 

liquid and solid formulations of LEV. 

Two different conformations with a difference in Gibbs free energy of 0.07 

kcal*mol-1 were found for the hydrated dimers and the theoretical results, as well as 

NMR data suggest that the direct dimerization of the LEV's monomers is preferable to 

the formation of the hydrated dimers.  

The most intense electronic excitations are dominantly driven by intramolecular 

charge-transfer type transitions, from oxopyrrolidin to amide unit for monomer and 

from the butanamide groups to the carbonyl units in the oxopyrrolidin rings for dimer. 

The non-hydrated dimers model improves significantly the agreement between 

experimental and computed chemical shifts of LEV.  

 Compared to the previous vibrational investigation of LEV, most of the Raman 

bands have been re-assigned in this study, based on DFT calculations performed on 

monomer and cluster models.  

According to calculations, the most affected bands by the solid-liquid-phase transition 

were those associated with vibrations involving the amide group, confirming the 

involvement of this group in intermolecular interactions in liquid state, too.  

Using Raman spectroscopy we were also able to distinguish between different 

formulations of the same manufacturer or between the same solid formulations of 

several manufacturers. Our data suggest that the oxopyrrolidin group is affected 

differently in case of the two liquid formulations of the KeppraTM drug.  

Tracking both the solid and liquid phases of LEV, the present results could help 

for a better understanding of the structural transformation of the molecule between the 

two states and of the solvent-mediated polymorphic transformation of etiracetam. 

Moreover, we demonstrated that the conformer obtained from the hydrate form is the 

most stable in water and this result could be useful for searching a hydrate form of the S 

enantiopure compound. 

 Bringing detailed spectroscopic features of the brand drug in different 

formulations, the results presented in this work could also be useful for the Raman 

analysis of the counterfeit LEV-based drugs. 
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Chapter 4               

MOLECULAR STRUCTURE AND VIBRATIONAL FEATURES OF 

DIPHENYLHYDANTOIN 

4.1 Introduction 
Phenytoin (DPH) is the oldest non-sedative antiepileptic drug [Cam71, Huq07] 

indicated for the treatment of epilepsy [Cha78], which acts by decreasing the  excitatory 

neurotransmission and enhancing γ-aminobutyric acid - mediated inhibition. However, 

despite being extensively used as an active pharmaceutical ingredient for antiepileptic 

drugs its "biological face" [Tie08] still remains incompletely elucidated.  

Like for all the anticonvulsant drugs, the distance between the center of the 

phenyl ring and carbonyl oxygen is considered important, because both groups are 

thought to bind to the receptor site on the 

sodium channel [Mar06]. The modification 

of hydrogen bonding groups can decrease or 

even stop the anticonvulsant activity [Pou84, 

Cor85]. The great interest in the properties 

of DPH prompted us to study the 

dimerization process of DPH through 

hydrogen bonding interactions. Thus, a 

thorough conformational analysis of the 

dimeric species following the Boltzmann's 

distribution law is presented in this work. Moreover, combining the experimental UV-

Vis and NMR techniques with quantum chemical calculations we addressed the effect of 

such hydrogen bonding interactions on the electronic transitions as well as on the NMR 

chemical shifts of DPH. In the last part of this chapter we addressed the vibrational 

features of DPH. 

4.2 Experimental and computational details  
Optical absorbance spectra of DPH in ethanol were recorded at room 

temperature using a Jasco V-670 UV–Vis–NIR spectrophotometer with a slit width of 2 

nm. The 1H and 13C NMR spectra were recorded at room temperature on a Bruker 

AVANCE NMR spectrometer (400.13 MHz for 1H and 100.63 MHz for 13C, internal 

standard TMS). The samples were prepared by the dissolution of DPH in DMSO (signal 

 
Fig. 4.1 B3LYP/6-31+G(2d,2p) optimized 

molecular structure of the most stable 

conformer of phenytoin in gas-phase  
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for 1H at 2.51 ppm and at 39.45 ppm and for 13C). The Raman and low frequency Raman 

spectra of DPH powder were recorded at room temperature using a Renishaw inVia 

Reflex Raman Microscope equipped with a RenCam CCD detector. The 532 and 785 nm 

laser excitation lines were used in this study. 

 The optimization of DPH geometry and single point calculations were performed 

with the Gaussian 09, revision C.01 software package [Gau09] by using DFT approaches. 

The hybrid B3LYP [Bec93, Lee88, Vos80, Ste94] and APFD [APFD] exchange-correlation 

functionals were used in conjunction with Pople’s split-valence basis sets [Heh72, Fri84]  

Absorption spectra of DPH were calculated at TD-B3LYP/6-31+G(2d, 2p) level of 

theory. The calculation of NMR chemical shifts for DPH was performed using the GIAO 

(Gauge-Including Atomic Orbital) method [Dit74, Wol90], with the B3LYP exchange-

correlation functional, in conjunction with 6-31+G(2d,2p) basis set.  

For modeling the vibrational spectra of DPH we used the cluster model composed of 5 

molecules. For this model we employed the ONIOM QM:QM approach, treating the 

relaxed molecule and the neighboring molecules at B3LYP/6-311+G(2d,p) and 

B3LYP/3-21G level of theory, respectively. Moreover, for the monomer model we tested 

the performance of the anharmonic approximation in reproducing the Raman spectrum.  

4.3 Hydrogen bonding interactions of diphenylhydantoin 
 Two minimum energy structures are possible for the DPH monomer, i.e., the 

structure shown in Fig.4.1 (denoted as A conformer) and its mirror image (B 

conformer). Even though these two minima are equivalent from energetic and 

spectroscopic point of view, both of them must be considered when forming the 

possible dimers of DPH [Luc15]. Thus, for conformer A, the left (C8-C9) ring is almost 

coplanar with the C4-C5 bond of the hydantoin unit, while the second phenyl ring (C14-

C15) is approximately coplanar with the C5-N1 bond. Due to the presence of the two NH 

groups as hydrogen bond donors and two oxygens as hydrogen bond acceptors, 

different hydrogen bonded dimers can be formed. We were interested only in these type 

of dimers because they are significantly more stable than other types of dimers, formed 

for instance by dispersion interactions. Only the double hydrogen bonded dimers were 

considered here. 

A total number of 12 double hydrogen bonded unique dimers can be formed (see 

Fig. 4.2), of which 6 are of AA type and 6 of AB type. The BB and BA type dimers were 

not considered because they are mirror images of the AA and AB types, respectively. 
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Selected structural parameters of some of the 12 unique dimers of DPH are reported in 

Table 4.1. The geometries of the dimers were fully optimized without imposing any 

constraints and all of them correspond to minima on the potential energy surface.  

We shall first briefly discuss the structural characteristics of the monomer for which 

geometrical parameters have been reported by Camerman et al. [Cam71] and discussed 

also by Tamir et al. [Tam80]. 

The angles between the planes defined by the phenyl groups and the hydantoin unit are 

presented in Table 4.2. The best agreement between the experimental and calculated 

data is again noted for the gas-phase molecule, particularly for the (Ph2,Hyd) dihedral 

angle. In liquid phase, the angle between the Ph1 and Hyd planes is only slightly 

changed with respect to gas-phase. On the other hand, the dihedral angle (Ph1,Ph2) 

decreases in solution, simultaneously with a slight increase of the (Ph2,Hyd) angle.  As 

seen in Table 4.2, the distance between the centroids of the phenyl rings and the 

carbonyl oxygen atoms is 

not much affected by the 

transition between the gas-

phase and liquid phase. We 

also note that there is no 

qualitative difference 

between the geometrical 

parameters that characterize 

the relative orientation of 

the phenyl rings to the 

hydantoin unit for the 

dimeric structures in gas-

phase and ethanol. The same 

geometry is predicted for the 

same kind of dimers in the 

two solvents, which is 

slightly different from that 

predicted for the gas-phase.   

  

 

Fig. 4.2 B3LYP/6-31+G(2d,2p) optimized structures for 

the dimers of DPH in gas-phase. 
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Table 4.3 Relative energies (kcal mol-1, ZPE corrected) and Boltzmann populations (%) of 

the twelve DPH dimers in gas-phase (B3LYP/6-31+G(2d,2p) level of theory) and in ethanol 

and DMSO (PCM-B3LYP/6-31+G(2d,2p) level of theory), at room temperature 

 Gas Ethanol DMSO 
Dimer ∆EZPE  Population  ∆EZPE  Population  ∆EZPE  Population  

1AA 1.22 3.62 0.98 5.75 1.04 5.54 

2AA 0.00 14.26 0.02 14.46 0.06 14.19 

3AA 1.09 4.50 0.46 13.85 0.46 14.41 

4AA 2.07 0.44 1.28 1.73 1.27 1.83 

5AA 0.24 19.13 0.53 12.28 0.58 11.81 

6AA 0.36 7.77 1.28 1.74 1.36 1.58 

1AB 1.47 2.39 1.02 5.36 1.03 5.50 

2AB 0.01 14.02 0.00 15.07 0.00 15.66 

3AB 1.20 3.79 0.47 13.63 0.48 13.93 

4AB 2.11 0.40 1.23 1.90 1.21 2.03 

5AB 0.22 19.72 0.54 12.17 0.59 11.63 

6AB 0.21 9.97 1.18 2.06 1.26 1.88 

 
 It is reasonable to assume that the strength of the HB interactions will play a major role 

in the stability of the dimers. This is indeed true for the solvated dimers in which case 

the dimeric structures with the shortest (averaged) HB distance (2AB dimer) are the 

most stable, the situation being mirrored for the gas-phase structures. For the latter 

ones, the most stable, nearly isoenergetic dimers 2AA and 2AB have an averaged HB 

distance of 2.837 Å, significantly shorter than the immediately higher in energy dimers 

6AB and 5AB. 

The intermolecular hydrogen bonding in the most stable dimer 2AA lead to the 

increase of the N-H and C=O bond lengths by about 0.021 and 0.014 Å, respectively, 

Table 4.2. Calculated angles (degrees) between planes and distances (Å) 

between  the ring centroids and oxygen atoms for DPH monomer in gas-

phase, ethanol and DMSO  

Parametera) gas-phase ethanol DMSO X-ray data 

[Cam71] 

(Ph1,Ph2) 81.59 76.03 77.57 89.56 

 (Ph1,Hyd) 73.32 73.87 73.73 65.67 

 (Ph2,Hyd) 66.98 70.86 69.87 65.95 

d(X1O7) 4.263 4.250 4.253 4.226 

d(X2O7) 4.012 4.002 4.003 3.968 

d(X1O6) 5.473 5.531 5.528 5.513 

d(X2O6) 5.779 5.711 5.715 5.677 

a) Ph1, Ph2 and Hyd are the planes defined by C8-C13 phenyl ring, C14-C19 

phenyl ring and hydantoin ring, respectively; X1 and X2 are the centroids of 

the two phenyl rings. 
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with respect to the monomer.  The differences appear because DPH molecule is involved 

in two hydrogen bonds in all the investigated dimers but in solid state each monomer is 

connected to four neighbor molecules, making two pairs of equivalent hydrogen bonds 

of 2.784 and 2.884 Å. 

As shown in Table 4.3, our calculations predict a dramatic change in the pattern of 

relative energies of some dimers when going from gas-phase to liquid-phase. However, 

the two 2AA and 2AB dimers are the most stable both, in gas-phase and liquid phase. 

Particularly, the 2AB and 2AA dimers contribute together almost 30 % of the total 

population in solution. In ethanol and DMSO solvents, the dimers 2AB, 2AA, 3AA, 3AB, 

5AA and 5AB are within a 0.59 kcalmol-1, which is less the room temperature energy. 

Even though significantly higher in energy, due to the symmetry degeneracy, the dimers 

1AA and 1AB have appreciable relative populations, higher than 5%.  

4.4 Electronic transitions of diphenylhydantoin 
 The UV-Vis spectra of DPH in ethanol (see Fig. 4.4) were recorded at five 

concentrations, ranging from 10-5 M to 10-4 M. A slight red-shift from 204 nm to 211 nm 

was observed for λmax by increasing the concentration. According to theoretical results, 

 

Fig. 4.4 Experimental (solid line) and simulated (dashed line) UV-Vis spectra of DPH in 

ethanol at five concentrations. Simulated spectra have been calculated for DPH monomer 

and the eight most stable dimers in ethanol, whose cumulated Boltzmann population is 

92.6 % (see Tables 4.4 and 4.5). In the inset is illustrated the deconvoluted experimental 

curve recorded at 7.5∙10-5 M. 
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the most intense electronic transitions of the DPH monomer are predicted in UV region, 

in very good agreement with the experimental data. The main contribution to S0  S1 

transition is the HOMO-LUMO excitation. We assigned this transition to the intra-

molecular charge transfer between the phenyl rings and hydantoin group. The inset in 

the Fig. 4.4 shows the deconvolution of the experimental UV spectrum at 7.5∙10-5 M 

concentration, with peaks at 204 nm, 209 nm, 216 nm and 230 nm. The first three 

deconvoluted peaks can be put in correspondence with the first three simulated 

absorbance bands. Only the last deconvoluted peak at 230 nm is shifted appreciably to 

lower wavelengths compared to the simulated absorbance band peak at 247 nm.  

Based on present calculations we assume that for concentrations lower than 

5∙10-5 M the dominant contributions to the absorption spectrum is mostly due to the 

monomers, and the experimental peak is given by the absorption band calculated for 

monomers at 201-208 nm. A clear asymmetry of the absorption curves is observed for 

all concentrations. We find that they hide a shoulder near 230 nm that can be recovered 

by deconvolution (see the inset in Fig.4.4).  

The red-shift of λmax (from 205 nm to 211 nm), observed as a result of increasing 

the concentration, can be explained by the increase in dimer population, which is 

assumed to occur when the concentration increases from 5∙10-5 to 10-4M. According to 

the calculated relative free energies, the DPH dimers 2AB and 2AA are the most stable 

and most abundant in ethanol. Expectedly, the UV spectra of the other seven dimers 

have similar electronic absorptions with those of 2AB dimer, in the same wavelength 

regions. Based on monomer and dimer model calculations we consider that the 

experimental peak at λ=205 nm in Fig. 4.4 indicates the absorption by 100% population 

of monomers; Also, the monomer population is dominant for concentrations lower than 

5∙10-5 M. The intermediate UV curve with the peak at λ=208 nm is the result of 

absorption of a mixed population of 50% monomers and 50% dimers. The experimental 

peak at λ=211 nm is due to a 100% population of dimers. 

4.5 NMR analysis of diphenylhydantoin 
The experimental and calculated (population averaged) chemical shifts, both for 

monomer and the twelve investigated dimers of DPH in DMSO, are listed in Table 4.6.  

As it can be seen, the main differences between experimental values and those 

calculated for monomer are noted for the C5 nucleus as well as for the H30 and H31 

protons. The hydrogen-bonding interactions can affect the shielding of H30 and H31 
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protons. This is indeed the case, and dimer calculations show that these intermolecular 

interactions modify the charge density of the hydantoin unit, having as a result a 

significant change of the chemical shift of C2 and H31 nuclei and to a smaller extent for 

the H30 nucleus. The value of chemical shift for the C5 nucleus in dimer improves only 

slightly compared to the monomer case. The reason must be that the C5 nucleus is 

shielded by the phenyl rings more strongly than predicted by the PCM continuum 

solvation model. The 5AB and 1AB dimers provide an improved agreement between the 

experimental and calculated chemical shift for H30 proton, at the expense of a worse 

agreement for the H31 proton. Nevertheless, the corresponding calculated values for 

the individual dimers, as well as the weighted average are unacceptably away from the 

experimental counterparts. This discrepancy can be attributed to the non-inclusion of 

the specific solute-solvent interactions in the computational model. 

4.6 Vibrational features of diphenylhydantoin 
For a reliable assignment of the Raman spectrum of DPH, in this study we based 

on the comparison with the Raman spectrum of 2,4-imidazolidinedione [Biorad], as well 

as on the DFT calculated Raman spectra of a cluster composed of 5 DPH molecules and 

on the calculated anharmonic spectrum of the DPH monomer. 

 In Fig. 4.6 is given the experimental Raman spectrum of DPH. Fig. 4.8 illustrates 

the calculated Raman spectrum of DPH using two models with different computational 

Table 4.6 Experimental and theoretical chemical shifts (in ppm) for DPH in DMSO 

Atoms 
Experimental 

dataa) 

Theoretical datab)  

Monomer  Dimer 

C4 174.81 174.73 174.40 

C2 156.00 153.99 156.32 

C8,C14 139.90 138.87 139.71 

C10,C12,C16,C18 128.45 126.89 126.46 

C11,C17 127.98 126.70 126.48 

C9,C13,C15,C19 126.57 126.14 126.11 

C5 70.22 77.70 76.96 

H31 11.18 8.40 11.50 

H30 9.39 6.67 5.64 

H22,H27 7.35 7.99 7.75 

H20,H21, 
H23-H26, H28,H29 

7.41 7.84 7.70 

MAE - 1.86 1.49 
a) The NMR 1H and 13C data of DPH in DMSO with respect to the TMS reference values.  
b) The chemical shifts calculated at B3LYP/6-31+G(2d,2p) level of theory.; dimer data were 

derived as a weighted average of the chemical shifts calculated for the eight most stable 

dimers of DPH in DMSO whose cumulated Boltzmann population is 92.7 %. 
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methodologies. The upper curve represents the calculated spectrum based on the 

QM:QM methodology where for the low layer comprising the 4 neighboring molecules 

we used the B3LYP/3-21G level of theory, while for the high level comprising only one 

molecule which was fully optimized we used the B3LYP/6-311+G(2d,p).  

The second computational methodology uses the monomer model solvated in water and 

the calculations were performed based on the anharmonic approximation [Bar14, 

Cor16], rooted into the second-order vibrational perturbation theory (VPT2) [Pic15], at 

APFD/6-311+G(2d,p) level of theory.  

As seen in Fig. 4.8, the experimental spectrum is much better reproduced by the cluster 

model treated within the ONIOM approach in the whole spectral range. We particularly 

note the excellent agreement for the Raman bands associated with the carbonyl 

stretches, but also the spectral features observed in the 1072-1234 cm-1 and 602-784 

cm-1 spectral ranges. It is worth mentioning that, besides providing much better 

agreement with the experimental data, the quantum chemical calculations on cluster 

model take the advantage of being two orders of magnitude much faster (24 hours and 

23 minutes, compared to 3182 hours and 43 minutes for the anharmonic calculations).  

The mode assignments were aided by direct comparison between experimental 

and calculated spectra by considering both the frequency sequence and the intensity 

 
Fig. 4.6 Experimental Raman spectra of powdered DPH at room temperature  
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pattern and by comparisons with vibrational spectra of similar components like 

hydantoin [Kim03, Ild12, Biorad] and phenyl radical [Lap01]. 

 We shall first note that the IR bands observed for DPH at 1774 and 1717 cm-1 

correspond to the most intense experimental IR bands at 1779 and 1717 cm-1 for 

hydantoin. Other IR bands of hydantoin (3265, 1296, 641, and 440 cm-1 [Biorad]) 

observed in the spectrum of DPH are those located at 3272, 1285, 641 and 453 cm-1. 

There are also Raman bands characteristic for hydantoin (2977, 1735, 1698, 1071, 

1000, 908, 642 and 414 cm-1 [Biorad]) that can be seen in the spectrum of DPH very 

close to their position but with significant lower intensity (2976, 1737, 1698, 1072, 

1003, 914, 640 and 429 cm-1). On the other hand, two strong Raman bands in the 

hydantoin's spectrum at 1422 and 580 cm-1 are not observed in the DPH's spectrum.  

 As seen in Fig. 4.6, at least three peaks can be identified in the Raman and IR 

spectrum of DPH in the spectral range characteristic for carbonyl group stretchings.  

Due to its NH and C=O groups, DPH is available for hydrogen bonding, both in solid state 

and liquid state. We assigned the bands around 1750 cm-1 to free and hydrogen bonded 

carbonyl groups symmetric and asymmetric stretchings.  

 
Fig. 4.8 top: QM:QM calculated Raman spectrum of DPH; middle: Experimental Raman spectrum 
of powdered DPH at room temperature (633 nm laser line); bottom: APDF/6-311+G(2d,p 
calculated anharmonic Raman spectrum of DPH in gas-phase 
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Other characteristic Raman bands of DPH are observed at 1601, and 1583 cm-1 (633 nm 

excited spectrum), both of them corresponding to the CC stretchings in the Phenyl 

groups. The band at 1194 cm-1 is due to the stretching between the hydantoin and 

phenyl groups. No Raman band is observed for hydantoin in this region.  

The band at 1003 cm-1 (most intense in the Raman spectrum of DPH) is due to a mode 

involving CCC bendings in phenyl groups as well as CNC bendings in the hydantoing 

group. The Raman spectrum of pure hydantoin shows a weak band at 1000 cm-1. 

 It is worth mentioning the presence of a strong band at 1422 cm-1 in the Raman 

spectrum of hydantoin, corresponding to β(CH2) vibrations. Another hydantoin band 

that vanishes in the Raman spectrum of DPH is seen at 580 cm-1 (the out-of-plane 

deformation of hydantoin coupled to CH2 rocking vibration). This deformation is 

hampered in DPH due to the connection to phenyl groups and that explains the 

extinction of the corresponding band. We emphasize here that reliable assignments of 

the vibrational bands of complex structures like active pharmaceutical ingredients can 

only be obtained by analyzing also the spectra of the constituting groups, if available.   

We would like to mention also that even though the Raman spectra recorded by using 

different excitation lasers are very similar in terms of peaks' positions and the relative 

intensities of nearby peaks, a significant change is observed in the bands' intensities 

when going from the 325 nm to 785 nm excitation laser lines. Thus, the 785 nm laser 

gives rise to more intense Raman bands within the 100-800 cm-1 spectral region, while 

in the 800-1800 cm-1 the most intense Raman bands are obtained with the 325 nm 

excitation laser. A significant increase is observed particularly for the Raman bands at 

1601, 1757 and 1195 cm-1. 

Similar changes were observed previously by Thorley et al. [Tho06]. As in our case, the 

mentioned work shows that the UV laser gives rise to more intense Raman bands at 

higher wavenumbers. Nergui et al. [Ner16] have proposed for adenine that such 

wavelength dependence of the Raman peak intensities could be explained by 

considering the pre-resonant conditions, even though the wavelength of the excitation 

lasers are far from resonance. Most probably, the same assumption is valid for the 

characteristic increase of Raman activities for the higher wavenumber Raman bands of 

DPH. Another explanation could be the polarizability dependence of DPH on the 

excitation laser wavelength. Further investigations are needed in order to clarify this 

behavior. 
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4.7 Conclusions 
The geometrical structures of the monomer and twelve unique dimers of 5,5-

diphenylhydantoin have been investigated at B3LYP/6-31+G(2d,2p) level of theory. 

Calculated relative ZPE-corrected energies for the DPH dimers show that the same two 

dimers (2AA and 2AB) are most stable in gas-phase and in solution, but an important 

change in relative stabilities is noted for the remaining set of 10 dimers. For the DPH 

monomer, the dihedral corresponding to the relative orientation of the two phenyl rings 

in solution decreases appreciable with respect to the solid state structure, 

simultaneously with a similar increase in the dihedrals between the phenyls and 

hydantoin units. On the other hand, an almost quantitative agreement is observed 

between the calculated distances between the phenyl centroids and the two oxygens of 

the molecule in liquid phase and solid state.  

The experimental UV-Vis and NMR spectra of DPH have been explained on the basis 

of the contributions due to Boltzmann weighted contributions of monomers and dimers.  

All the allowed electronic excitations are dominantly driven by charge-transfer type 

transitions between the subunits of the molecule.  

 The 1H and 13C NMR chemical shifts of DPH in DMSO were explained by 

considering the Boltzmann population averaged DFT calculated data for the six dimers. 

The only observed discrepancy between the experimental and computed data can be 

explained by the lack of describing the specific solute – solvent interactions.  

 The experimental Raman spectrum was obtained with five excitation laser lines 

and the assignment was made based on the calculated spectrum of a cluster of five DPH 

molecules. For this purpose we used the QM:QM methodology (two layers, B3LYP/3-

21G level of theory for the low layer composed of 4 molecules and  B3LYP/6-

311+G(2d,p) for the high layer composed of one molecule. This methodology was found 

to be much more convenient compared to the anharmonic calculations, due to the much 

shorter time required for running the jobs. 

 The Raman bands in the spectrum recorded with the 325 nm laser are more 

enhanced with respect to the other lasers for Raman shifts greater than 800 cm-1. For 

smaller wavenumbers, the 785 laser gives the most intense Raman bands. Pre-resonant 

conditions and the polarizability dependence of the molecule on the used laser could 

explain such behavior. 
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Chapter 5                

CONFORMATIONAL LANDSCAPE AND LOW LYING EXCITED 

STATES OF IMATINIB 

5.1 Introduction 

 Imatinib, (IMT, see Fig. 5.1), is a first generation tyrosine-kinase inhibitor (TKI), 

used mainly in the treatment of chronic myelogenous leukemia and gastrointestinal 

stromal tumors [Mul09, Ksi11, Had14]. It acts selectively on Abl tyrosine kinases 

[Sch09, Zha09, Zha10], Mast/stem cell growth factor receptor (c-Kit) and platelet-

derived growth factor receptors (PDGF-R) [Rub02, Mak02].  

 The accurate description of the 3D arrangement and molecular properties of 

thermally accessible conformational states is crucial for understanding its interaction 

with receptors [Ale10, Che11, Lop12, Pis14].  

Surprisingly, in spite of the importance of conformational space, to the best of our 

knowledge, only scarce data related to the conformers of IMT have been reported in the 

literature [Muc11, Che11]. For this reason, besides the conformational landscape, 

another interest was to compare the 3D structure of the bioactive conformations found 

in different IMT-tyrosine kinases complexes [Sch09, Zha09, Xio08, Che11] to that of 

other possible conformers. 

5.2 Experimental and computational details 

 UV-Vis spectra of IMT in water were recorded using a Jasco V-670 UV–Vis–NIR 

spectrophotometer with a slit width of 2 nm, in a quartz cuvette of 1 cm path length.  

 The conformational space of IMT was explored initially with Tinker software, 

using the MMFF94 molecular mechanics force field [Shi13]. This way, 4,024 

conformations were identified, within an energy window of 34 kcal·mol-1.  

For the next part of the study we used the hybrid B3LYP exchange-correlation 

functional [Bec93, Lee88, Vos80, Ste94] in conjunction with Pople’s "spectroscopic" 6-

31G(d) (BS1) and 6-31+G(d,p) (BS2) basis sets. Besides the first most stable 45 

conformers, whose relative free energies are less than 3.5 kcal·mol-1 we also optimized 

the geometries of IMT conformers found in the two known polymorphic forms and in c-

Abl kinase complexes, using their solid state structures as starting geometries. A total 

number of 49 conformers were optimized, whose relative energy spans a free energy 

interval from 0 to 4.80 kcal·mol-1. Finally, the gas-phase structures were re-optimized in 
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water at B3LYP/BS1 and B3LYP/BS2 levels of theory, using the PCM continuum 

solvation model [Tom05]. Fig. 5.2 present the first 9 most stable conformers, whose 

relative energies are less than the room temperature energy (0.592 kcal·mol-1). For 

comparison purposes we also included the two optimized and experimental structures 

of the conformers found in c-Abl kinase complex and in the α and β polymorphs.  

Absorption spectra of IMT were calculated using the CAM-B3LYP functional 

[Yan04] coupled to the 6-31+G(d,p) basis set and the simulated UV-Vis spectrum has 

been obtained by summation of the contributions from transitions to the first 80 singlet 

excited electronic states.  

5.3 Conformational landscape of Imatinib 

The most visible difference between C and T type conformers can be 

observed between those containing these letters in the sixth doublet, i.e, 

differing in the rotation around the N13-C14 bond. 

 
 

Fig. 5.1 a) Optimized structures of the most stable conformer of imatinib (IMT) in  water 

(5) at (PCM)-B3LYP/6-31+G(d,p) level of theory; b) Superimposed optimized structures of 

the most stable conformer of IMT in  water (5) at three levels of theory.  
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 The conformers with the sixth doublet as C- and C+ have a V-shape, [Nag02], 

while the conformers having the sixth doublet T- and T+ are  U-shaped  (see Fig. 5.2). It 

is worth mentioning note that only the conformer (15) (see Table 5.4) has an S-like 

shape, closest to that of the α and β polymorphs and to the structures found in IMT-c-

Abl complexes. Special attention has been paid to the piperazine fragment of IMT. In the 

chair form of N,N’-dimethyl-piperazine, which, according to our calculations, is more 

 
 

Fig. 5.2 PCM-B3LYP/6-31+G(d,p) optimized structures of the nine most stable IMT 

conformers in water, together with α and β crystal forms [Gri13], as well as with the A and B-

forms found in the kinase complex of c-Abl [Nag02]. (reproduced from ref. [Vin15]) 
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stable than the skewed boat by 8.23 kcal·mol-1, the two N-CH3 bonds can remain 

equatorial or axial, leading to three different conformations, eq-eq, eq-ax and ax-ax, with 

relative Gibbs energy of  0.00, 6.47 and 7.69 kcal·mol-1, respectively. 

The most stable conformer in gas-phase (1) has the piperazine fragment in the chair 

form with eq-eq conformation. According to data presented in Fig. 5.2, the chair 

conformation is preserved for all IMT conformers considered within a relative Gibbs 

energy of 0.49 kcal·mol-1. 

As shown in Table 5.2, the first nine most stable conformers in water are dominant, 

constituting more than 68% Boltzmann population. The most stable conformer in gas-

phase is (1), while conformer (5) is the most stabilized in water; the main differences 

between the structures of the two conformers consist in the relative orientation of the 

piperazine group relative to the rest of the molecule. Such difference is expected 

considering that this group represents the hydrophobic moiety of IMT [Nag02]. The α 

dihedral angle between the pyridine and methylbenzene rings has values between 50o 

and 90o in type II inhibitor-protein complexes, but for the first most stable nine free IMT 

conformers in Table 5.1, α values oscillate between -35o  32o. The β dihedral angle 

between piperazine and methylbenzene group is largely distributed between 0o and 90o 

in protein-imatinib complexes and the same happens for the free conformers whose β 

values are between 42o and 77o.   

Table 5.4 lists the experimental dihedral angles of IMT as found in the c-Abl kinase 

complex [Nag02], but also the α and β polymorphic forms [Gri13]. The dihedral angle Φ5 

for IMT in tyrosine kinase complex is 97.5o giving rise to a value of 92.6o for α angle, 

characteristic for type II inhibitors.   

Notably, only conformer (15) has a S-like shape, resembling the conformation found in 

both, solid state polymorphs [Gri13] and c-Abl-IMT complex [Nag02]. Moreover, from 

Fig. 5.2 it is evident that the major difference between the structures of the free V-shape 

conformers and the bioactive conformer bound to c-Abl kinase consists in the relative 

orientation of the pyrimidine-pyridine groups. It is this moiety through which the IMT 

ligand binds to the ATP pocket of TK. 

To conclude the discussion about the structural features of IMT conformers, we would 

like to note that the BS1 basis set was demonstrated as a good compromise for 

obtaining optimized geometries, relative energies and even excitation energies, at least 

for small or medium-sized molecules [Jua13, Per13, Sur14, Chi14, Sjo14]. 
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  On the other hand, the basis set drastically affects the relative stability of the 

conformers. It is possible to estimate the difference in fusion enthalpies between two 

polymorphic forms as the difference between the enthalpies of conformers in gas-phase 

[Pol01, Kla00]. 

Table 5.2 Relative free energies and Boltzmann populations of the 20 most stable conformers 

of imatinib in gas-phase [B3LYP/6-31G(d) level of theory] and in water [PCM-B3LYP/6-31G(d) 

and PCM-B3LYP/6-31+G(d,p) levels of theory] at room temperature 

Conformer 

Gas-phase 
B3LYP/6-31G(d) 

Water 
PCM-B3LYP/6-31G(d) 

Water 
PCM-B3LYP/6-31+G(d,p) 

∆Ga 

(kcal·mol-1) 
Population 

(%) 
∆Gb 

(kcal·mol-1) 
Population 

(%) 
∆Gc 

(kcal·mol-1) 
Population 

(%) 

G-A+C-C-C+C-T-  
(1) 

0.00 16.24 0.31 6.15 1.06 1.85 

G-A+C-C-C+C+T-  
(2) 

0.40 8.38 0.35 5.75 1.07 1.83 

T-G+C-C-C-C-T-  
(3) 

0.40 8.37 0.26 6.64 0.27 7.07 

G-A+C-C-C+C-T+  
(4) 

0.44 7.82 0.14 8.12 0.66 3.67 

T-A-C-C-C-C+T-  
(5) 

0.48 7.28 0.00 10.33 0.00 11.13 

T-G+C-C-C+C+T+  
(6) 

0.69 5.16 0.35 5.74 0.26 7.22 

G-A+C+C+C+C-T-  
(7) 

0.71 4.95 0.51 4.38 0.34 6.29 

G-G-C-C-C+C+T-  
(8) 

0.72 4.84 0.85 2.49 0.65 3.72 

T-G+C+C+C-C+T-  
(9) 

0.74 4.72 0.83 2.58 0.94 2.28 

T-G+C-C-C-T+T+  
(10) 

0.97 3.22 0.16 7.86 0.41 5.57 

G-A+C-C-C+C-C-  
(11) 

0.97 3.20 0.29 6.31 0.63 3.87 

T-G+C+C+C+T-T-  
(12) 

0.97 3.19 1.18 1.45 0.78 3.00 

T-G+C+C+C-C+C-  
(13) 

1.02 2.97 0.42 5.14 0.03 10.59 

T-G+C-C-C+T-T-  
(14) 

1.04 2.87 0.47 4.73 0.49 4.84 

T-G+C-T+C-T+T-  
(15) 

1.04 2.84 1.12 1.59 1.69 0.64 

T-G+C+C+C-C+C+  
(16) 

1.05 2.83 0.15 8.07 0.03 10.63 

G-A+C-C-C+C-C+  
(17) 

1.05 2.81 0.43 5.05 1.09 1.76 

T-G+C-C+C+T-T-  
(18) 

1.05 2.79 0.48 4.66 0.49 4.86 

T-A-C+C-C-T-C+  
(19) 

1.06 2.77 1.13 1.56 0.98 2.13 

G-A+C-C-C+T-T-  
(20) 

1.06 2.76 1.20 1.38 0.72 3.30 

arelative to conformer (1) 
brelative to conformer (5) 
crelative to conformer (5) 

 



 
Raluca-Andreea Luchian – PhD thesis summary  Chapter 5 

 
39 

 

Thus, for an ideal solution, the mole fraction x of solute at saturation is a function of 

fusion enthalpy ∆H, molar heat capacity ∆Cp, the melting temperature Tm and the 

temperature T of the solution [Pol01]: 

𝑥 = 𝑒𝑥𝑝(−(∆𝐻/𝑅) ∙ (
1

𝑇
−

1

𝑇𝑚
)  +  (∆𝐶𝑝/𝑅 ) ∙ ((𝑇𝑚 − 𝑇)/𝑇 + 𝑙𝑛(𝑇/𝑇𝑚))            (5.1) 

For IMT, the difference in fusion enthalpy is estimated as Hβ-Hα = 2.45 kJ·mol-1 

and the difference in molar heat capacity ∆Cp is approximated by the difference in 

fusion entropy (∆Sβ-∆Sα = -3.67 JK-1mol-1) for transition from crystal form to 

supercooled liquid form (as ∆S=Sgas-Swater). The ratio xα/xβ was calculated as: 

𝑥𝛼/𝑥𝛽  =  𝑒𝑥𝑝 (
𝐻𝛽−𝐻𝛼

𝑅
∙ (

1

𝑇
−

1

𝑇𝑚𝑚
) −

∆𝑆𝛽−∆𝑆𝛼

𝑅
∙ (

𝑇𝑚−𝑇

𝑇
+  𝑙𝑛 (

𝑇

𝑇𝑚𝑚
)))                   (5.2) 

where Tmm = 494.5 K is the average value of the experimental melting temperatures of 

the two polymorphs [Gri13]. At room temperature (T=298 K) we obtained a value of 

2.26 for the ratio of mole fractions, in excellent  agreement with experimental finding 

that α-form polymorph is 2.5 times more soluble than the β-form. 

Table 5.4 Experimental and calculated dihedral angles (degrees) and relative free energy 

characterizing the IMT α and β crystal forms [Dic09] and A-form and B-form in tyrosine 

kinase complex [Ste94] and their optimized conformers in water. Exp. Experimental data, Opt. 

Optimized; A, B. The two forms found in c-Abl kinase complexes with IMT [Ste94]; α, β the 

two structures determined in the α and β polymorphs of imatinib [Che11] 
 

 ∆Ga) Φ1 Φ2 Φ3 Φ4 Φ/5 Φ6 Φ7 

Exp. A 
[Nag02] 

n.a. -179.0 49.4 15.7 -176.6 97.5 -0.5 170.3 

Opt.-A 
water 

1.77 -166.6 46.0 27.3 -175.4 112.8 5.3 156.6 

Exp. B 
[Nag02] 

n.a. -179.8 49.4 24.6 -179.8 97.5 -0.5 -12.1 

Opt.-B 
water 

1.60 -168.0 53.4 27.6 -176.3 112.3 5.4 -23.7 

Exp. α  
[Gri13] 

n.a. -165.7 43.5 -25.8 -164.6 77.9 -26.9 36.6 

Opt. α 
water 

1.19 -167.7 48.8 -29.2 -168.7 -6.1 -0.8 24.4 

Exp. β 
[Gri13] 

n.a. -168.3 23.7 35.3 -129.2 -113.3 -3.9 -13.2 

Opt. β 
water 

1.47 -167.5 52.2 27.8 -0.6 -111.0 -6.8 -24.1 

a) relative to conformer (5)  

Exp. - experimental data; Opt.-optimized; A, B – the two forms found in c-Abl kinase 

complexes with imatinib [Nag02]; α, β  - the two structures determined in the α and β 

polymorphs of imatinib [Gri13]; n.a. – not available 
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In addition, considering the difference in experimental fusion enthalpies between β and 

α forms of 3.18 kJ·mol-1 [Gri13] our calculations predict that 2.45 kJ·mol-1 is due to 

conformational difference and 0.73 kJ·mol-1 is due to the difference of the Van der Waals 

interactions in crystal. 

5.4 Electronic transitions and UV-Vis spectrum of Imatinib 

Figure 5.4 illustrates the evolution of the UV-Vis spectrum of IMT in water as a 

function of concentration within the 10-5-10-4 M range. While a clear red-shift of the 

peak around 195-203 nm is observed by increasing the concentration, the other two 

absorbance peaks at 237 nm and 257 nm do not change their positions.  

The UV-Vis spectrum of IMT was calculated at CAM-B3LYP/BS2//B3LYP/BS2 

level of theory. For concentrations lower than 10-4 M it is assumed that the monomers 

contribute predominantly to the absorption spectrum in solution. The relative Gibbs 

energies (∆G) and populations given in Table 5.2 suggest that the predominant 

contribution to UV-Vis spectra of IMT in water comes from the nine most stable 

imatinib monomers (5), (16), (13), (6), (3), (7), (10), (18) and (14) whose relative 

energies are within 0.49 kcal·mol-1 and together constitute more than 68% of the total 

 
Fig. 5.4 Concentration dependence of the absorption spectra of IMT in water at room 

temperature. The simulated spectrum was calculated as Boltzmann population averaged 

spectra at room temperature of the nine most stable conformers in water. The stick 

spectrum corresponds to conformer (5). 
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population. As shown in Fig. 5.4, the positions and intensities of the experimental bands 

are very well reproduced by calculations.  

 According to quantum chemical calculations, each of the nine most stable 

conformers of IMT give mainly four calculated absorption bands: around 190 nm, due 

mainly to HOMO-6LUMO+4 transition; at 254 nm, due to HOMO-2LUMO+1 

transition; at 265 nm, due to HOMOLUMO+1 transition and 270 nm due to 

HOMOLUMO+1 and HOMOLUMO+2 transitions.  

The analysis of the shapes of MOs involved in the above mentioned transitions of 

(5) in water show that the highest energy observed transition (HOMO-6LUMO+4) at 

190 nm is mainly due to a redistribution of electronic charge onto the phenyl moiety. 

The electronic transition HOMO-2LUMO+1 at 254 nm is a result of charge transfer 

from methylbenzene and piperazine rings to phenyl group, concomitant with a 

redistribution of charge within the methylbenzene ring. The HOMO orbital is 

delocalized onto the methylbenzene, pyrimidine and amide group. The lowest energy 

electronic transitions HOMO LUMO+1 and HOMO-LUMO+2 simulated in water at 258 

nm and observed experimentally at 257 nm is due to the charge transfer from 

methylbenzene and pyrimidine groups to the phenyl ring.  

5.5 Conclusions 

Combining molecular mechanics and DFT quantum chemistry methods we were 

able to characterize 20 conformers of IMT, all of them being confirmed as minima on the 

PES. The relative Gibbs energies of the nine most stable IMT monomers in water were 

within 0.49 kcal·mol-1 and together constitute more than 68% of the total population.  

In water solution, IMT presents three UV-Vis absorbance peaks in the range 195-

203 nm, 237 nm and 257 nm. A reliable assignment of the electronic transitions of IMT 

is provided based on the Boltzmann populations-averaged spectra of its conformers in 

water. While 6-31G(d) basis set seems to be an optimum choice for geometry 

optimizations of IMT and presumably, for similar drugs, the 6-31+G(d,p) is required for 

relative energies and excitation energy  calculations. Only by using the CAM-B3LYP long 

range corrected functional was it possible to reproduce quantitatively the lowest energy 

electronic absorption peak. Based on the calculated thermochemical data, a value of 

2.26 was estimated for the ratio of mole fractions xα/xβ corresponding to the two known 

polymorphs of IMT, in excellent agreement with previously published experimental 

findings.  
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