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Abstract

Nonionic low-osmolar contrast agents are thought about safe for intravenous or intra-arterial administration. Iopamidol
is one of the contrast agents used for diagnostic clinical computed tomography (CT) protocols last four decades years.

The molecular structure of Iopamidol was calculated by the B3LYP density functional model with the LANL2DZ basis
set by the Gaussian program. The natural bond orbital analysis in terms of the hybridization of atoms and the electron-
ic structure of the title molecule have been analyzed by using the data obtained from the quantum chemical results.
First-order hyperpolarizability (ptot), the dipole moment () and polarizability (a) and anisotropic polarizability (Aa)
of the molecule have been reported. HOMO and LUMO energies and parameters related to energies, and dipole mo-
ment, polarizability and hyperpolarizability show minor dependences on the solvent polarity. The hardness of Iopami-
dol decreases with increasing solvent polarity. The stability of the Iopamidol contrast agent with the hyper conjugative
interactions, charge delocalization has been analyzed using natural bond orbital analysis. In addition, thermodynamic

properties were obtained in the range of 200-1000 K.

Keywords: Quantum chemical calculations; DFT; B3LYP; lopamidol; gaussian program; electronic structure.

1. Introduction

Iodinated X-ray contrast agents (ICM) are often used
to enable the medical imaging of soft tissues like organs and
blood vessels.! The nonionic, water-soluble, low-osmolar
contrast agents such as Iopamidol with the 1-N,3-N-bis(1,3-
dihydroxypropan-2-yl)-5-[[(2S)-2-hydroxypropanoyl]ami-
noJ-2,4,6-triiodobenzene-1,3-dicarboxamide IUPAC name
is widely used for intravascular administration.>® It has
very wide diagnostic applications, including the central
nervous system, the cardiovascular apparatus, and the uri-
nary tract. lopamidol, a clinically approved X-Ray contrast
agent, exhibits high water solubility and low toxicity.*> For
this reason, it can be safely administered intravenously at
very high doses like 400 mg/ml.* This contrast agent was
eliminated through the kidneys with a half-life of 2 hours.?

The molecule of Iopamidol contains a high number
of mobile protons on amide and alcohol moiety exchang-

ing with water. This contributes to a reduction in the MR
signal density of the water proton. So, Iopamidol com-
monly used for CT, may be also considered as a contrast
agent for Magnetic resonance imaging (MRI) applica-
tions.*

The geometry, dipole moment, polarizability, hyper-
polarizability, and other molecular properties can be af-
fected by the polarity of the solvent due to variable interac-
tions with the highest occupied and lowest unoccupied
molecular orbitals (HOMO-LUMO)%” and so the polarity
of the solvent can influence the stability and reactivity of
the molecule.® They can be obtained by quantum chemical
calculation without laboratory measurements, thus saving
time and equipment, reducing safety and disposal con-
cerns. So, investigation of the theoretical properties of the
molecules has recently attracted the attention of scientists
and quantum chemical calculation has been widely used to
study reaction mechanisms.’

Geng et al.: Theoretical B3LYP study on Electronic Structure ...



Acta Chim. Slov. 2021, 68, 320-331

Bellich et all discussed the structure of Iopamidol for
three different crystalline phases. In the anhydrous and
monohydrate crystal forms, they reported that Iopamidol
molecules are shown conformation of the long branches
emerging from the triiodobenzene ring, while the pentahy-
drate phase had anti-conformation. IR and Raman spectro-
scopic studies, conducted in conjunction with quantum
chemical calculations on three crystal forms, revealed that
distinctly different spectral properties can be attributed, in
particular, to different molecular structures.!?

The Density Functional Theory (DFT) calculations
eventually lead to a good understanding of molecular
properties and a detail of the molecular characteristics and
interactions.® Thermodynamic properties such as enthal-
py, entropy, and Gibbs free energy are important to under-
stand the stability of molecules at different temperatures
and pressures, which can be easily explained using DFT
with the Gaussian 03 program.!!1?

DFT has recently gained popularity as a cost-effec-
tive general procedure for studying the physical properties
of molecules. Unlike the Hartree-Fock theory, DFT gives a
good electron correlation through electron density func-
tions in the self-consistent Kohn-Sham procedure and
complex operations. Descriptions for systems requiring
electron correlation in the traditional ab initio approach is,
therefore, a cost-effective and reliable method.!>!413

Descriptors such as Chemical hardness, chemical
potential, polarizability, and softness known as global re-
activity descriptors based on density functional theory
have found great utility in field selectivity as well as in pre-
dicting the reactivity of atoms and molecules, therefore
this work presents the quantum chemical studies of the
effects of solvents on molecular properties of Iopamidol
such as the highest occupied molecular orbital energy
(Eqomo)» the lowest unoccupied molecular orbital energy
(ELumo)» energy gap (AE), electronegativity (x), electron
affinity (A), global hardness (), softness (S), ionization
potential (I), the fraction of electrons transferred and the
total energy (AN,,,,), nucleofugality (AE,) electrofugality
(AE,). These molecular properties of Iopamidol were com-
puted by the B3LYP density functional model with the
LANL2DZ basis set by the Gaussian program in the gas
phase and in solvents (chloroform, acetic acid, ethanol,
DME DMSO and water). This study was conducted to re-
port the media effect of lopamidol on dipole moment, po-
larizability, first-order hyperpolarizability and chemical
reactivity, the stability of Iopamidol in different solvent
systems and the development of new pharmaceutical and
(bio) chemical products derived from Iopamidol.

2. Theory and Computational Details

DFT (density functional theory) methods have be-
come very popular in recent years were used in this study.
The fundamental base of DFT is the use of electronic den-

sity instead of the wave function for calculating the energy
constitutes. All calculations were done by GAUSSIAN
09W software package,'® using the B3LYP functional® and
the LANL2DZ basis set.!” The B3LYP, a version of the DFT
method, uses Becke’s three-parameter functional (B3) and
includes a mixture of HF with DFT exchange terms associ-
ated with the gradient corrected correlation function of
Lee, Yang, and Parr(LYP)®. The geometry of the Iopamidol
contrast agent under investigation was determined by op-
timizing all the geometrical variables without any symme-
try constraints. In solvents with different dielectric con-
stants such as water, DMSO, DME, ethanol, acetic acid and
chloroform, the Solubility on Density Model applied in
Gaussian 09 was used for all calculations. The SMD model
is highly parameterized, uses the original polarizable con-
tinuity model (PCM), and the charge density of the dis-
solved molecule interacts with the dielectric environment
of the solvent via the surface tension at the solvent-solvent
boundary.

3. Results and Discussion

In the case of electronic response, the main effects
caused by the solvent medium!® (i) change of wave func-
tion due to change in structure perturbing environment,
(ii) change of geometric structure (iii) change of response
properties, and (iv) altering the dynamics of the excitation
processes.

Optimized structure, the highest occupied molecu-
lar orbital (HOMO), the lowest unoccupied molecular or-
bital (LUMO) and electron density of Iopamidol in the gas
phase calculated at the DFT/B3LYP level with the LAN-
L2DZ basis set was given in Figure 1. As seen from Figure
1, HOMO and LUMO are formed from mainly benzene
ring and iodine group attached to benzene ring.

A large Egomo — Erumo gap means high kinetic sta-
bility and low chemical reactivity due to energetically un-
favorable to add electrons to a high-lying LUMO. Mean-
while, a molecule with a small Eyopo — Erynmo gap is more
polarizable, is generally associated with a high chemical
reactivity-low kinetic stability and is termed as a soft mol-
ecule.!® The solvent medium changes the properties of sol-
vated molecules and sometimes significantly affects the
dynamics of the processes. Ten molecular orbital energy
near Eyoyo and Ejyyo to study the photo-physics and ki-
netic stability of Iopamidol compounds were shown in
Figure 2 in different phases such as gas, chloroform, acetic
acid, ethanol, DMFE, DMSO and water. Eyopo and five mo-
lecular orbital energy near HOMO of Iopamidol for —6.80,
-6.85,-6.95,-6.98, -7.10, -7.16 eV. E; ;)10 and five molec-
ular orbital energy near LUMO of Iopamidol for gas phase
are -2.19, -1.51, -1.46, -1.12, -0.95, -0.41 eV.

The highest occupied molecular orbital (HOMO)
which is the outermost orbital filled by electrons and the
lowest unoccupied molecular orbital (LUMO) represent-
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Figure 1. Optimized Structure, HOMO, LUMO and electron density of Iopamidol
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Figure 2. Frontier orbital energies for Iopamido

ing the first empty inner most orbital unfilled by electrons
called frontier orbitals are the main orbitals taking part in
a chemical reaction.?’

The HOMO-LUMO energy band gap is a very import-
ant parameter for the determination of molecular electrical
properties and an indication of molecular chemical stability.
The quantum molecular descriptors such as ionization po-
tential, electron affinity, chemical reactivity, kinetic stability,
polarizability, chemical hardness and softness, and electro-

ethanol DMF

negativity, electrofugality, nucleofugality can be calculated
by using the gap between Eyopo and Eyyyo

Enomo and Ejymo values and Eyomo and Eppmo
band gap values, computed with the B3LYP / LANL2DZ
level, and additionally, chemical potential, electron affini-
ty, electronegativity chemical hardness, softness and elec-
trophilicity, electrofugality, nucleofugality index parame-
ters, found using the computed HOMO and LUMO energy
values, were summarized in Table 1.
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Table 1. Parameters related with Eyono and Ejyyo-

EHOMO ELUMO AE n S X u Q AI\Imax AEn AEe
Gas -6.80 -2.19 4.62 2.31 0.22 4.50 -4.50 4.38 1.95 1.04 10.03
Chloroform -7.01 -2.26 4.75 2.37 0.21 4.64 -4.64 4.53 1.95 1.08 10.35
Acetic acid -7.02 -2.27 4.75 2.38 0.21 4.65 -4.65 4.54 1.95 1.08 10.37
Ethanol -7.06 -2.28 4.77 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.43
DMF -7.06 -2.28 4.78 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.43
DMSO -7.06 -2.28 4.78 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.44
Water -7.06 -2.29 4.78 2.39 0.21 4.67 -4.67 4.57 1.96 1.09 10.44

The highest occupied molecular orbitals (HOMO)
and the lowest empty molecular orbitals (LUMO), called
boundary molecule orbitals (FMOs), are the main orbitals
involved in the chemical reaction. The energy gap formed
between HOMO and LUMO indicates the chemical stabili-
ty of the molecules and is a critical parameter for determin-
ing the molecular electrical transport properties as well as
the properties of the molecules. The highest HOMO value
of -6.80 eV was found in the gas phase followed by -7.01,
-7.02, -7.06, -7.06, -7.06, -7.06 in chloroform, acetic acid,
ethanol, DMF, DMSO and water phases indicate that the
molecule will be best electron donor in the gas phase. So, it
was observed that the negative value of the HOMO in-
creased with the increase of dielectric constants of the sol-
vents. They reported that the inclusion of solvents for Iopa-
midol causes the HOMO values to become more negative.?!

The lowest LUMO energy of -2.29 eV was found to
be in water indicating that the molecule will be the best
accept electron in water compare to the gas phase and oth-
er solvents. The energy gap is used in determining molec-
ular electrical transport properties. The largest HO-
MO-LUMO gap of 4.78 ¢V was found in water solvent
which implies higher kinetic stability and less chemical
reactivity?? followed by 4.78 eV and the other studied sol-
vents and found 4.62 eV in the gas phase.

The electronic chemical potential as seen in Equa-
tion 1 is defined as the energy changes of the system with
respect to the electron number N at a fixed external poten-
tial v(r), i.e., the potential created by the nuclei?®> 24 The
electronic chemical potential is associated with the feasi-
bility of a system to exchange electron density with the en-
vironment at the ground state.

4= G

When the finite difference approximation is used the
following simple expression is obtained:

(1)

~ (I+A4)
= 2 (2)

Where, I is the ionization potential and A is the elec-
tron affinity of an atom or molecule. The ionization poten-

tial and the electron affinity can be approached by the
frontier HOMO and LUMO energies as by Eyopo and as
by Erumo according to Koopmans theorem?® and Kohn-
Sham formalism?® within the DFT, as a result, the elec-
tronic chemical potential can be expressed as:

~ (Enomo+ELumo
= >

3)

Accordingly, the electronic chemical potential allows
the establishment of the flux direction of the Global Elec-
tron Density Transfer?” along in a polar reaction. Likewise,
in a polar reaction having two molecules, such as A and B,
with uA < uB, the electron density flux will occur from
molecule B, which has the higher, towards molecule A,
which has the lower. So, in such a reaction A will act as the
electron-acceptor, whereas, B will act as the electron-do-
nor, i.e., the nucleophile. The larger electronic chemical
potential difference means global Electron Density Trans-
fer presents a low polar character. Iopamidol molecule in
solvent acts as a more electron acceptor molecule than in
the gas phase. The chemical potential of the molecule was
found to be increased as the dielectric constants of the sol-
vents increased from the gas phase. The chemical poten-
tials of the Iopamidol in chloroform, acetic acid, ethanol,
DME, DMSO, water are —4.64, —4.65, -4.67, —-4.67, -4.67,
-4.67 eV, respectively.

Pearson proposed the hard and soft acids and bases
(HSAB) principle in an acid/base reaction.

In 1963, Pearson established a classification of Lewis
acids and bases into hard and soft.28-** Within the concep-
tual DFT, Parr defined, in 1983, a quantitative expression
for the chemical hardness, which can be expressed as the
changes of the electronic chemical potential of the system
with respect to the electron number N at a fixed external
potential v(r).!8

= (;—HN)U(T) = (%)v(r)

The resistance of a molecule to exchange electron
density with the environment is defined as the chemical
hardness and when the finite difference approximation is
applied, the following simple expression is obtained:

(4)
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n= —{FTA) (5)

With the substitution OfI by EHOMO and A by ELUMO
can be expressed as:

n= (ELULZEHOWJ) (6)

Also the chemical hardness, chemical potential of
the molecule was found to be increased, the chemical soft-
ness of the molecule was found to be decreased as the di-
electric constants of the solvents increased from gas phase
to water and was confirmed to decrease as the dielectric
constant of the solvents increased from ethanol to water.

According to Parr and co-workers, global molecular
electrophilicity (w,,,) and global molecular nucleophilici-
ty (emol) index were defined and they were calculated based
on molecular hardness and molecular electronegativity of
the studied compounds with the help of the following
equations, respectively.

P )

The electrophilicity index measures the property of a
molecule to accept electrons. Nucleophile molecule is
characterized by a lower value of 1, w; and conversely elec-
trophile molecule is characterized by a high value of p, w.
Organic molecules having a value of more than 1.5 is clas-
sified as strong electrophiles, the value between 0.8 and 1.5
eV is classified as moderate electrophiles, smaller than 0.8
eV is said as marginal electrophiles.’! Terrier classified
high reactivity of the species that he studied as super elec-
trophiles.?? So, the electrophilicity index of Iopamidol in
the gas phase and different solvents of more than 1.5 eV is
classified as super electrophilic. The electrophilicity index
of Iopamidol increases with the increase of the dielectric
constant of the solvent.

The maximum number of electrons that an electro-
phile can obtain is given by the following formula.*?

AN, = —% 8)

The maximum charge transfer that is completely de-
termined by the electronic chemical potential of the mole-
cule measures the stabilization in energy when the system
acquires an additional electronic charge (AN) from the
environment.**~3¢ The maximum charge transfer AN, to
the electrophile means the ability of the system to obtain
additional electronic charge from the medium defining
the charge capacity of the molecule.

The maximum amount of electronic charge (AN,,,)
can define the donor and acceptor electron charge of mol-
ecules. The AN,,,, <0 indicates the molecule acts as an

electron donor.*’ In gas and solvent phase, lopamidol are
electron acceptors and can have significant power of elec-
tron affinity. The AN, index of Iopamidol increases as
follow: gas < chloroform < acetic acid < ethanol =DMF
=DMSO < water at the B3LYP/ LANL2DZ basis set. Ac-
cording to these results, it can be easily predicted that Io-
pamidol has the biggest AN, in water for the studied
solvents.

Ayers and co-workers®®3? have proposed nucleophil-
ic and electrophilic capabilities of a leaving group as nucle-
ofugality (AE,) and electrofugality (AE,) and defined as
follows:

:

AE, = EA+w =110 9)
—1)2

AEe=1P+m:% (10)

Electrofugality values of Iopamidol in gas chloro-
form, acetic acid, ethanol, DMF, DMSO and water are
10.03, 10.35, 10.37, 10.43, 10.43, 10.44, 10.44, respectively.
As seen from the result electrophilic capabilities of a leav-
ing group for Iopamidol are the highest in the water phase.

The electronic transitions of Iopamidol were calcu-
lated by time-dependent DFT in the gas phase Theoretical
results were used for the interpretation of experimental
absorption bands. The experimental (Amax) and calculat-
ed (ADFT) wavelengths of maximum absorption are
241nm* and 242.11 nm which was marked as HO-
MO-15-LUMO, HOMO-11-LUMO+1, HOMO-10->LU-
MO+1, HOMO-7-LUMO+1, HOMO-6>LUMO+1, HO-
MO-6>LUMO+2, HOMO-5>LUMO+1, HOMO-2->
LUMO+2, HOMO-2-LUMO+4, HOMO-1-LUMO+5,
HOMO-LUMO+1, HOMO-1>LUMO+4 transitions
which contributions are -0.20018, 0.17061, 0.14008,
-0.12374, 0.19838, 0.25823, 0.21063, -0.11627, 0.18419,
-0.17126, -0.12012, 0.12035.

Electric dipole polarizability which is a measure of
the linear response of an infinitesimal electric field (F) and
represents second-order variation energy is an important
property used in determining the polarizability of a mole-
cule or compound.*!

o (11)
OF,0F)

Where, the a,,, a,,and a_, quantities are the princi-
pal values of polarizability tensor. Polarizability (a)
which is the measure of distortion of a molecule in an
electric field, the anisotropy of the polarizability <Aa>
and Kappa were calculated using the following equation,
respectively:

1 12
a=§(axx+ayy+azz) (12)
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a
— [('lxx_ayy)2+(‘1yy_'zzz)2+('Izz_axx)2+6('1%2""1:2:);‘“13212)] /2 (13)
2

Aa

2 2 2

a + +

XX yy ZZ (14)
6<a>?

In unsubstituted aromatic molecules, the m electrons
in a direction perpendicular to the plane do not contribute
to the polarizability in a direction perpendicular to the
plane, only sigma bonds in the vertical direction contrib-
ute to the polarization of the molecules. Since the anisot-
ropy j becomes zero for the spherical symmetric charge
distribution, it gives a measure of the spherical symmetry
deviations. The calculated polarizability <a>, the anisotro-
py of the polarizability <Aa> and Kappa for Iopamidol
molecules are listed in Table 2.

The variation of <o> is in the atomic units and <Aa>
in esu (x1072%) for Iopamidol molecule are given. The re-
sult shows that the lowest polarizability and anisotropic
polarizability values obtained were 296 au and 21.77 x
1072 esu in the gas phase. It was observed that polarizabil-
ity and anisotropic polarizability increases with an in-
crease in the polarity of the solvents while the kappa de-
creases as the polarity of the solvents increases.

Broe = (B2 + B2 +2)
nﬁx = ﬂxxx + Bxyy + .szz
ﬁy = ﬁyyy = Bxxy 7+ Byzz

Bz = ﬁzzz + Bxxz + }nyz

(15)

The, and refer to the components of hyperpolariz-
ability along x, y and z components of molecular dipole
moment.

It can be seen from Table 3, the calculated p values of
Iopamidol using B3LYP/ LANL2DZ level (the B of Iopa-
midol for gas, chloroform, acetic acid, ethanol, DMF,

DMSO, water) are 1.48 x 1073 esu., 2.55 x 10730 esu., 2.69
x 1073% esu., 1.87 x 10~ esu., 3.04 x 107 esu., 3.06 x 10~
esu., 2.94 x 1070 esu., respectively. The first polarizability
values obtained using B3LYP/LANL2DZ level for Iopami-
dol are the largest value in DMSO and the lowest value in
gas phase.

4. Thermodynamic Properties

The total contribution of the electronic, translational,
rotational and vibrational energies to the entropy (S) and
heat capacity (Cv), as well as the rotational constants and
zero-point vibrational energies (ZPVE) of Iopamidol in the
gas phase and different solvents were presented in Table 4.

It can be observed in Table 4 that the specific heat
capacity of Iopamidol was found to increase with an in-
crease in the polarity of the solvent except in acetic acid
solution. The highest entropy value of 240.311 cal/mol was
found in the gas phase followed by 235.989, 235.189,
234.749 cal/mol in chloroform, acetic acid, ethanol solu-
tion. It was observed that as the dielectric constant of the
solvents was increased from chloroform to water the en-
tropy was found to be slightly decreased, while, entropy
was found to increase slightly in DME, DMSO, water. The
zero-point vibrational energy (ZPVE) decreases except in
acetic acid solution with the increase of dielectric constant.

Based on vibrational analysis at BSLYP/LANL2DZ
level, the standard statistical thermodynamic functions:
heat capacity (C°P,m), entropy (S°m), and enthalpy chang-
es (Hm),

for the Iopamidol, are obtained from the theoretical
harmonic frequencies in gas and solvent phases and pre-
sented in Figure 3. It can be observed that these thermody-
namic functions are increasing with temperature ranging
from 200 to 1000 K because molecular vibrational intensi-
ties increase with temperature.*?

Table 5, demonstrates the correlation of heat capaci-
ty at constant pressure, entropy, enthalpy respectively, for

Table 2. Polarizability ((a)), anisotropic polarizability (Aa), Kappa (k) of the optimized Iopamidol molecule in the gas phase and different solvents.

Polarisibility Gas Chloroform Acetic acid Ethanol DMEF DMSO Water
<a> (au) 296 365 371 386 387 388 389
(<Aa> (esu) 1072 21.77 25.64 25.95 26.69 26.78 26.82 26.88
K 0.02646 0.02341 0.02315 0.02254 0.02247 0.02244 0.0224
Table 3. p x 107 (esu), px, By, Pz, in (a.u.) components and values calculated using DFT levels of theory for Iopamidol.
Gas Chloroform Acetic Acid Ethanol DMF DMSO Water
B 76.7636 173.4901 177.5463 184.9257 185.4881 185.5127 83.0876
X
By -87.2752 -224.2531 -240.4815 71.3396 -286.2781 -288.0864 273.9023
B 57.6274 83.6470 85.2293 88.1287 88.4319 88.5943 184.1473
z
1.48 2.55 2.69 1.87 3.04 3.06 2.94
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Table 4. Thermodynamic properties of the optimized Iopamidol molecule in the gas phase and different solvents.

Positions Vibrational Total Rotational Vibrational Total
Cv S
Gas 117.731 123.692 38.531 155.952 240.311
Chloroform 117.758 123.720 38.536 151.624 235.989
Acetic acid 117.751 123.713 38.536 150.823 235.189
Ethanol 117.760 123.722 38.536 150.384 234.749
DMEF 117.764 123.726 38.536 150.414 234.779
DMSO 117.766 123.728 38.536 150.426 234.791
Water 117.769 123.731 38.536 150.453 234.818
Rotational Constants (GHz) ZPVE (Kcal/Mol)

Gas 0.08199 0.06561 0.04052 249.87778

Chloroform 0.08118 0.06626 0.04031 249.85006

Acetic acid 0.08114 0.06629 0.04030 249.86599

Ethanol 0.08109 0.06635 0.04029 249.84713

DME 0.08109 0.06636 0.04029 249.84051

DMSO 0.08109 0.06636 0.04029 249.83742

Water 0.08108 0.06637 0.04029 249.83212

For Cv Electronic: 0.000, Translational: 2.981, Rotational: 2.981

For S Electronic: 0.000, Translational: 45.829

Table 5. Correlation of heat capacity, entropy and enthalpy with temperature for Iopamidol molecule

Iopamidol

Gas C =-0.0002T2 + 0.3841T + 28.257 S =-0.0001T2 + 0.5054T + 106.3 H = 9E-05T2 + 0.0865T - 9.6639
R?=0.9996 R*=0.9997 R?=0.9998

Chloroform C =-0.0002T2 + 0.3846T + 28.184 S =-0.0001T2 + 0.5085T + 101.17 H = 9E-05T2 + 0.0866T - 9.7776
R*=0.9996 R*=0.9999 R?=0.9998

Acetic acid C=-0.0001T2 + 0.3412T + 41.995 S=-9E-05T2 + 0.44T + 122.2 H =0.0001T2 + 0.0712T - 4.8992
R*=0.996 R*=0.9977 R*=0.999

Ethanol C=-0.0002T2 + 0.362T + 31.162 S =-0.0001T2 + 0.4743T + 105.21 H =6E-05T2 + 0.1283T - 14.295
R*=0.9997 R?=0.9999 R*=0.999

DMF C =-0.0002T2 + 0.3847T + 28.152 S =-0.0001T2 + 0.5086T + 99.937 H =9E-05T2 + 0.0867T - 9.8173
R*=0.9996 R*=0.9999 R?=0.9998

DMSO C =-0.0002T2 + 0.4077T + 19.679 S =-0.0001T2 + 0.5129T + 98.095 H =8E-05T2 + 0.1063T - 14.192
R*=0.9988 R*=0.9999 R*=0.9997

Water C =-0.0002T2 + 0.3917T + 26.68 S=-0.0001 T2+ 0.5086 T + 99.973 H =9E-05T? + 0.0828T - 9.2518

R*=0.9997

R?>=0.9999

R*=0.9998

the methods of DFT/LANL2DZ level. The correlation
equations between heat capacities, entropies, enthalpy
changes and temperatures were fitted by quadratic formu-
las, and the corresponding fitting factors (R2) for these
thermodynamic properties are 0.9996, 0.9997, and 0.9998
respectively for gas-phase; 0.9996, 0.9999, 0.9998 respec-
tively for chloroform. All the thermodynamic data supply
helpful information for further study on the Iopamidol.
All thermodynamic calculations were done in the gas
phase in solution such as chloroform, acetic acid, ethanol,
DME DMSO, water.

The net atomic charges of the Iopamidol contrast
agent in various solvents using the Mulliken Population
Analysis (MPA) method were given in Table 6. MPA val-
ues in different solvents were evidence of charge transfer
and polarization.**. The significant influences of the sol-

vents on the atomic charges are observed from the calcula-
tion. As seen from Table 6, the atomic charges increase
with the increase of solvent polarity from acetone to water.

All carbon atoms making a bond with iodine atom in
the benzene ring have a negative charge and the negative
charge of the carbon atom bonded iodine atom increase
with the increase of polarity of the solvent. The charge of
C,9 atom of Iopamidol in gas, chloroform, acetic acid, eth-
anol, DME, DMSO, and water phases is —0.7531, -0.7667,
-0.7680, -0.7711, -0.7715, -0.7717, -0.7719 &. The rest of
the carbon atoms in the benzene ring have positive excess
charges accumulation and the positive charge of the car-
bon atom in the benzene ring increase with the increase of
polarity of the solvent. The charges of nitrogen atoms are
the negative and negative value of the charge decreases
with the increase of polarity of the solvent. The charge of

Geng et al.: Theoretical B3LYP study on Electronic Structure ...



Acta Chim. Slov. 2021, 68, 320-331 307
500 500
g #Heat Capacity (@) .l. § # Heat Capacity (b) ..I
2 400 | gut® 2400 | o
= W Entropy [ | = M Entropy L
= 300 ™ ) u®
:?'Qu E AEnthalp\‘... b 3300 AEnthalp*.-
E ] s £ oo
§ 200 | m PRS2 o 3200 } " RS A
=3 * L AAA & = 'S 4 AA
<
g 100 | *® AAA‘AAA El(m | .,0 AAAAAAA
0 v
E o asssd - 0 AAA“‘.‘AA i ,
0 200 400 600 800 1000
eipeistase B 0 200 400 600 800 1000
Temperature, K
500 i 500
é # Heat Capacity (c) ...I g # Heat Capacity (d) .-.i
E 109 M Entropy ..-. ‘2400 M Entropy .l..
2 m ] L)
G300 | Abnthalpy F300  AEnthalpy .. g
E O eoe® E P
£200 | - . sose? £200 " eeooe?
2 * AR T * AA
EIOO - ”.‘ AAAAA E]OO 0". AAA‘
2 AAA AA é . AAA AA
a 0 A A A - 2 k . 0 Ad Ad ‘n‘ n
0 200 400 600 800 1000 0 200 400 600 200 1000
Temperature, K Temperature, K
500 © . " 500
g # Heat Capacity at L £ # Heat Capacity 0] ...
g 400 | [ L 5400 M Entrop pd -
g M Entropy ... 5 Y .-l
= s ad = L AEnthal |
g 300 AEnthaIpy.... o 8300 nthalpy ... o
‘E * E L 4
§ 200 a® POTTE S0 S200 | m T2 244
= *® - AA AR Z 'y AA A
£ 100 +*? ‘AAA“ 2100 | +** AAAAAA
b5 A 5] AA
B 5 AAAAAART . E g AAAAA .
0 200 400 600 800 1000 0 200 400 600 800 1000
s Temperature, K
I'emperature, K
,, 500
3 # Heat Capacity (2) o od
g 400t mEntropy o L
& A Enthalpy m | d
= 300 | |
2 .. -
£ | 'Y J
g 200 - PR o4 *
Z *® A
5] ¢® A
£ 100 *® LAAA
E YL
E o AAAA
0 200 400 600 800 1000

Temperature, K

Figure 3. Correlation graph of heat capacity, entropy and enthalpy with temperature for Iopamidol molecule

N, atom of Iopamidol in gas, chloroform, acetic acid, eth-
anol, DMF, DMSO, and the water phase is -0.3366,
-0.3298, -0.3293, -0.3280, -0.3278, -0.3278, —-0.3277 é&.
The charge of Nj; atom is -0.3473, -0.3406, -0.3397,
-0.3376, -0.3373, -0.3372, -0.3371 &. All oxygen atoms
belonging to the hydroxyl group and carbonyl group for
Iopamidol have neagative charge, and the negative charge

of both oxygen atoms increases with the increase of polar-
ity of the solvent.

Selected second-order perturbation energies (E (2)
kcal/mol) with values greater than 5 kcal/mol

for Iopamidol in gas phase were presented in Table 7,
and Table 8 includes only energies for the other studied
solvents and gas phase. The energies for the interaction

Geng et al.: Theoretical B3LYP study on Electronic Structure ...



328

Acta Chim. Slov. 2021, 68, 320-331

Table 6. Some Mulliken Atomic charges (e) of Iopamidol in various solvents.

Gas Chloroform Acetic acid Ethanol DMF DMSO Water
I 0.1672 0.1899 0.1919 0.1970 0.1976 0.1978 0.1982
I, 0.1792 0.1868 0.1878 0.1904 0.1907 0.1909 0.1911
I3 0.1704 0.1910 0.1927 0.1967 0.1972 0.1974 0.1977
Oy -0.5147 -0.5337 -0.5353 -0.5390 -0.5394 -0.5396 -0.5398
Os -0.4972 -0.5264 -0.5290 -0.5352 -0.5359 -0.5363 -0.5367
Og -0.4761 -0.5177 -0.5210 -0.5290 -0.5299 -0.5303 -0.5309
O, -0.5135 -0.5409 -0.5428 -0.5473 -0.5479 -0.5481 -0.5484
Oy -0.3082 -0.3494 -0.3529 -0.3616 -0.3626 -0.3630 -0.3636
Oy -0.2577 -0.3129 -0.3176 -0.3290 -0.3303 -0.3309 -0.3317
Oqg -0.5047 -0.5291 -0.5307 -0.5343 -0.5347 -0.5348 -0.5351
O -0.2612 -0.3174 -0.3220 -0.3330 -0.3343 -0.3349 -0.3357
N, -0.3366 -0.3298 -0.3293 -0.3280 -0.3278 -0.3278 -0.3277
Ni3 -0.3473 -0.3406 -0.3397 -0.3376 -0.3373 -0.3372 -0.3371
N4 -0.5198 -0.5101 -0.5092 -0.5068 -0.5065 -0.5064 -0.5062
C,; 0.5775 0.5957 0.5971 0.6001 0.6004 0.6005 0.6007
Cig 0.5511 0.5666 0.5679 0.5710 0.5714 0.5715 0.5718
Cyo -0.7531 -0.7667 -0.7680 -0.7711 -0.7715 -0.7717 -0.7719
Cyo 0.8067 0.8134 0.8139 0.8153 0.8155 0.8155 0.8156
Cy -0.7098 -0.7287 -0.7303 -0.7343 -0.7348 -0.7350 -0.7353
Cy, -0.7149 -0.7283 -0.7296 -0.7325 -0.7328 -0.7330 -0.7332

Table 7. Selected second-order perturbation energy (E (2) kcal/mol) with values greater than 10 kcal/mol (except for iodine interaction) for Iopami-

dol in gas phase.

Donor (i)  Type Occupancy ED(j) Acceptor Type  Occupancy ED(j kcfl( /fr)lol E(J:f(l) F:l’f)
C17-Cay m 167185  -0.74673  Ci-Cy  m* 0.39117 -0.00725  18.95 0.29 0.067
C17-Cay m 167185  -0.74673  Cy-Cy  m* 0.39095 -0.00959  22.39 0.29 0.073
Cis-Cuo m 167060  -029565  C-Cy  m* 0.39611 -0.00844  23.39 0.29 0.074
Ci5-Cuo m 167060  -029565  Cy-Cy  m* 0.39095 -0.00959  19.16 0.29 0.067
Cy0-Cay m 165835  -0.29446  C,-Cy  m* 0.39611 -0.00844  19.73 0.29 0.068
Cy0-Cay m 165835  -0.29446  Ci-C,y  m* 0.39117 -0.00725  23.60 0.29 0.074
I LP3 194231  -027742  C;gCyy T 0.39117 -0.00725 7.31 0.27 0.043
I, LP3 1.93293 -0.26730 Cy-Cy1 O * 0.39095 -0.00959 7.83 0.26 0.044
I; LP3 1.93545 -0.27219 C7-Cyy m 0.39611 -0.00844 7.81 0.26 0.044
Og LP2 1.86415 -0.29057 Ni3-Cos G* 0.06954 0.42301 16.06 0.71 0.097
Oy LP2 186415  -0.29057  C;,-C,;  o% 0.06831 0.35615 18.75 0.65 0.100
Oy LP2 1.86542 -0.25360 Ni3-Cyy G* 0.07259 0.42608 21.11 0.68 0.109
Oy LP2 1.86542 -0.25360 Ci3-Cyy G* 0.07486 0.35976 19.38 0.61 0.099
oM LP2 187731  -0.25037  N;4-Cp  o% 0.07966 0.41160 23.83 0.66 0.113
oM LP2 187731  -0.25037  C,eCs;  o% 0.08219 0.33581 19.06 0.59 0.095
N, LP1 1.65078 -0.27471 03-Cys o* 0.20853 0.18886 24.37 0.46 0.098
N LP1  1.65078  -0.27471 04-Cy;  T* 0.17216 0.23265 12.69 0.51 0.075
N3 LP1 1.66817 -0.26134 0y-Cyy G* 0.25871 0.09976 39.60 0.36 0.109
Ny LP1 1.66817 -0.26134 011-Cy9 TU* 0.21432 0.10625 33.67 0.38 0.103

LP3(I;) > n*(Cy5-Cyo), LP3(I,) > m*(Cyy-Cyy) and LP3(I3)
> m* (Cy7-C,,) 7.31, 7.83 and 7.81 kcal mol~!, respectively
demonstrate the intramolecular hyperconjugative interac-
tion between the iodine atoms and benzene ring in the
ground state for Iopamidol in gas phase.

The interaction energy from the I, electron pairs cor-
responds to conjugation with the antibonding molecular
orbitals of the neighboring C,,-C,; whereas, these interac-

tion energies correspond to conjugation with the antibo-
nding molecular orbitals of the neighboring LP3(I;) >
m*C,,-C9 with the stabilization energy 7.41, 7.42, 7.43
kcal/mol in chloroform, acetic acid, and ethanol, respec-
tively, and 7.44 kcal/mol in DMF, DMSO, water. The inter-
action LP3(I,) > m*(Cy,-C,,) in gas phase shifted to LP3(I,)
> 7*(C;4-C,;) in studied solvents and LP3(15) > *(C;,-Cy,)
was shifted to LP3(I3) > m*(C,-C,,) in studied solvents.
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Table 8. Interaction energies of Iopamidol in gas phase and in different solvents.

Donor Type  Acceptor Type Gas Chloroform  Acetic Acid Ethanol DMF DMSO  Water
E(2) kcal/mol

1,-Cyo o C1-Cyy o* 7.06 7.10 7.11 7.12 7.12 7.12 7.12

1,-Cyo o C15-Cyy o* 7.07 7.05 7.05 7.06 7.06 7.06 7.06

L-Cy, o C15-Cio o* 7.15 7.16 7.16 7.16 7.17 7.17 7.17

L-Cy, o Cy-Cyy o* 7.12 7.19 7.19 7.21 7.21 7.21 7.21

I;-Cypy o C1-Cio o* 7.11 7.17 7.39 7.19 7.19 7.19 7.19

I;-Cypy o Cy-Cyy o* 7.13 7.21 7.22 7.23 7.24 7.24 7.24

C1-Cio n Ci5-Cyy o 22.60 22.58 22.53 2253 2253 22.52

C1-Cio n Cy-Cyy o 19.17 19.17 19.17 19.17 1917  19.17

C1-Cyy n C15-Cio o 18.95

C-Cyy n Cy-Cyy ™ 2239

C15-Cio n C-Cyy ™ 2339

C15-Cio n Cy-Cyy o 19.16

C15-Cyy n C1-Cio o 19.64 19.64 19.63 19.63 1963  19.63

C15-Cyy n Cy-Cyy o 22.71 22.67 22.60 2259 2259  22.58

C15-Coa o Ny5-Cie o* 6.25 6.26 6.29 6.30 6.30 6.30

Cy-Cyy n C1-Cyy o 19.73

Cy-Cyy n C1-Cio ™ 23.60 23.53 23.53 2353 2353 2353

Cy-Cyy n C15-Cyy o 23.53 19.52 19.61 19.62 1962  19.63

Cy-Cy, T Ci5-Cpo m* 19.48

I LP3 C17-Cy9 m* 7.41 7.42 7.43 7.44 7.44 7.44

I, LP3 Ci15-Cyg m* 7.31

I, LP3  C;5-Cy o 7.90 7.90 7.90 7.90 7.90 7.90

I, LP3 Cy-Cy1 m* 7.83

I3 LP3 Ci7-Cypy m* 7.81

I3 LP3 Cy-Cy m* 7.65 7.66 7.69 7.69 7.69 7.69

Og Lp2 Os-Hy; o* 9.35 14.20 14.52 15.38 15.48 15.52 15.59

Og LpP2 Ni3-Cys o* 16.06 13.76 13.59 13.17 13.12 13.10 13.06

Og LpP2 Cy17-Cys o* 18.75 18.21 18.14 17.97 17.95 17.94 17.93

Oy Lp2 Ni3-Cyy o* 21.11 20.05 19.96 19.74 19.72 19.71 19.69

Oy LpP2 Ci3-Cyy o* 19.38 18.35 18.26 18.05 18.03 18.02 18.00

0y, LP2  N,-Cy ot 23.83 22.61 22.51 22.27 2224 2223 2221

O LpP2 Cy9-Csg o* 19.06 18.02 17.93 17.72 17.70 17.69 17.67

Ni, LP1 03-Cys o* 24.37 72.52 75.67 82.43 83.14 83.44 83.90

Np, LP1 04-Cy; m* 12.69

Ni; LP1 0y-Cyy o* 39.60 81.88 83.09 85.07 85.29 85.37 85.50

NP LP1  0,,-Cy o* 15.95 17.47 21.64 2215 2237 22.73

NP LP1  0,;-Cy ™ 33.67 16.10 14.84 12.02 1173 11.61 11.41

The stabilization energy for the interaction LP1(Og) >
0*(N},-Cy3) and LP2(Og) > 0*( O5-Hy) increases with the
increase of the dielectric constant of the solvent whereas
the stabilization energy for the interaction LP2(Og) >
0*(N,-Cy3) and LP2(Og) > ¢*( C,;-C,3) decreases with
the increase of the dielectric constant of the solvent.

5. Conclusions

The ground state molecular geometries, polarizabili-
ty, anisotropic polarizability, hyperpolarizability, and fron-
tier orbital energies of Iopamidol were theoretically inves-
tigated in gas, chloroform, acetic a4cid, ethanol, DMF,
DMSO, and water phase to understand the structure—
property relationship of the molecular structure of Iopa-
midol in terms of solvent effects.

From the obtained results by using the DFT calcula-
tions, it was obtained that the dipole moment, electro-
philicity index, polarizability and first-order hyperpolariz-
ability of Iopamidol was gradually increased with the
increase of dielectric constant of the solvent.

Likewise, the largest HOMO-LUMO gap was found in
water solvent and this means higher kinetic stability and less
chemical reactivity with increasing polarity of solvents.
Therefore, quantum chemical calculations aid the under-
standing of the structure- property relationship of molecules.

Solvent effects on thermodynamic properties of the
optimized geometry of the molecule were investigated and
reported. The variation of solvent influences the structural,
electronic, and molecular properties of the Iopamidol and
will be useful in the design and development of Iopamidol
as a contrast agent.
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The NBO analysis has provided a detailed in-sight
into the type of hybridization and the nature of bonding in
Iopamidol. he stabilization energy for the interaction
LP1(Og) > 0*(N;,-C,3) increases with the increase of the
dielectric constant of the solvent whereas the stabilization
energy for the interaction LP2(Og) - 0*(N,-C,3) decreas-
es with the increase of the dielectric constant of the sol-
vent. The negative charge of carbon atoms attached to the
iodine atom in the benzene ring increase with the increase
of polarity of the solvent. The rest of the carbon atoms in
the benzene ring have positive and positive charge density
with the increase of polarity of the solvent.
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Neionske kontrastne snovi z nizko osmolalnostjo veljajo za varne pri intravenozni in intraarterialni aplikaciji. lopamidol
je eno od kontrastnih sredstev ki se uporablja za diagnosti¢no ra¢unalni$ko tomografijo (CT) Ze $tiri desetletja.
Molekulsko strukturo Iopamidola smo izra¢unali s funkcionalnim modelom B3LYP in baznim setom LANL2DZ dolo-
¢enim z Gaussovim programom. Analizo veznih orbital, hibridizacijo atomov in elektronsko strukturo molekule smo iz-
vedli s podatki dobljenimi iz kvantno kemijskih izra¢unov. V ¢lanku podajamo vrednosti za hiperpolarizabilnost prvega
reda (Ptot), dipolni moment (), polarizabilnost (a) in anizotropno polarizabilnost (Aa) molekule. Energije HOMO in
LUMO in parametri povezani z energijami, dipolnim momentom, polarizabilnostjo in hiperpolarizabilnostjo so le malo
odvisni od polarnosti topila. Trdota Iopamidola se zmanj$uje z nara§¢anjem polarnosti topila. Analizirali smo stabilnost
kontrastnega sredstva Iopamidol s hiperkonjugativnimi interakcijami in izra¢unali K.
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