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In this paper, guanazole-DMSO/water complexes, formed by hydrogen bonding interactions, were
investigated by a combined experimental and computational approach. Two conformations of guanazole
molecule were considered. Seven hydrogen-bonded guanazole-DMSO/water (C,HsOS/H,0) complexes
were characterized in terms of geometries, energies and vibrational frequencies. The optimizations and
calculations were performed for the complexes by Density Functional Theory. In the experimental part,
the C,HsOS/H,O (DMSO/water) solutions of guanazole were prepared and infrared spectra of the solu-
tions were recorded. After the solvation process, significant shifts in the existing bands and appearance of
new bands were observed in the experimental spectra of guanazole. The following results are found from
this study: 1) guanazole (1) is more stable than guanazole (I1). 2) Seven guanazole-C;HsOS and gua-
nazole-H2O complexes are investigated. All nitrogen atoms of guanazole are hydrogen bond acceptors
and all hydrogen atoms are hydrogen bond donors. 3) Aqueous complexes of guanazole form stronger
hydrogen bonds compared to C,HsOS complexes. 4) The complexes with the most stable structures have
IpO---H-N and IpN---H-O type intermolecular interactions. For these interactions, hydrogen-bond lengths
of 1.78 and 1.90 A are calculated and interaction energies are —7.10 kJ/mol for guanazole-C,HsOS and
-50.5 kJ/mol for guanazole-H,O. Based on this energy difference between the complexes, guanazole
forms more stable complexes with water molecules compared to C,HsOS molecules, and with this prop-
erty, it is an ideal molecule for pharmacological purposes.
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TEOPUCKO M EKCHIEPUMEHTAJIHO HCTPA’KYBAILE HA MHTEPAKIIMMTE
HA BOAOPOJHO CBP3YBAIE MEI'Y T'BAHA30JI 1 DMSO/BOJIA

Bo oBoj Tpynm Oea mcTpakeHM BOJOPOJHHUTE HHTEPAKIMU My KOMIUIEKCHTE Ha TBaHA30J—
DMSO/Boga co KOMOWHHpaH EKCHEpHUMEHTaJeH M TEOpHCKH mpucramn. [IpenBua Oea 3eMeHH [Ba
KoH(opMepa Ha rBaHO30JICKaTa MoJiekya. Kapaktepusupanu 6ea celyM BOJAOPOIHO CBP3aHU KOMILIEKCH
Ha rBanazon-DMSO/Boma (C2HsOS/H20) Bo cMucna Ha HHBHATAa reOMeTpHUja, EHEpruja U BUOPAIMCKH
¢pexBeHnmy. ONTUMH3AUUTE U TIPECMETKUTE HAa KOMILJIEKCHTE Oea M3BPILIEHU CO TeopHjaTa Ha TyCTHHA
Ha (¢yHKUMOHANOT. Bo ekcnepumeHTanHuoT nen Oea mpurotBeHu pactBopu Ha CoHsOS/H.O
(DMSO/Bonia) Ha rBaHa3on W Oea CHMMEHM HHBHUTE HH(QpaupBeHn cnekrpu. Ilo mpomecor Ha
pacTBopame Oelie 3a0ese’kaHo 3Ha4ajHO TOMECTYBabE Ha MIOCTOJHUTE JICHTH U 110jaBa Ha HOBU JICHTH BO
eKCIIEPUMEHTAJIHUTE CHEKTPH Ha rBaHa3oi. O oBa HCTpaxKyBame ce JOOMEeHHU clieTHHUBE pe3ynraTw: 1)
reanasoi (I) e moctabmien on reanason (II). 2) Mcnuranu 6ea cemym komiuiekcu Ha reaHa3on-CoHeOS u
rea"azon-H>O. Cute a30THH aTOMM Ha TBaHA30JI C€ AKIENITOPH HA BPCKH M CHTE BOJOPOIHH aTOMH Ce
JIOHOPH Ha BOJIOPOTHH BPCKH. 3) BogHn KoMIiekcn Ha TBaHa30J1 00pa3yBaaT MOCHIIHN BOJOPOJHHA BPCKHU
Bo cmopenda co xommuiekcute Ha CoHgOS. 4) Kommmekcure co HajcTaOMIHU CTPYKTYpH MMaaT THI Ha
unarepakiun IpO---H-N u IpN---H-O. 3a oBue MHTEpaKIMH HA BOJOPOTHHUTE BPCKH € TPECMETAHO JeKa
nomkuauTe MM ce 1,78 1 1,90 A u eneprujata ma mntepamuute —7,10 kd/mol 3a reanazon-CoHsOS n
—50,5 kJ/mol 3a reanazon-H;O. Bp3 ocHOBa Ha OBHE pa3NUKH BO CHEPrHUTE MEry KOMILICKCHTE,
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T'BaHa30J1 00pa3yBa MOCTAOWITHYA KOMILICKCH CO MOJICKYJIUTE Ha BOJIa 0J0ITO co Moyiekyute Ha CoHsOS
Y TIOPaJy OBa CBOJCTBO € MeaTHa MOJICKYIa 3a (hapMaKOJIONIKH IIEJH.

Kayunu 300poBu: rBaHa301; epeKTH Ha pacTBOpyBauH; BogopoaHo cBp3yBame; DFT; FT-IR cnexTpockomnija

1. INTRODUCTION

3,5-Diamino-1,2,4-triazole (guanazole) is a
considerable biomolecule and with antitumor, anti-
cancer and antimicrobial effects on living tissues
[1-3]. Researches on the biological, medical and
pharmacological properties of guanazole is still
popular [4-7], and since the determination of the
biological, chemical, and physical properties of
such effective compounds is of great importance,
many studies have been published on these proper-
ties of guanazole in the literature. Kumar et al.
recorded the infrared (IR) spectrum of guanazole
and calculated basic vibrational modes by using
Density Functional Theory (DFT) [8]. Similarly, in
another study, Guennoun et al. [9] calculated geo-
metric parameters, energies and vibrational modes
of guanazole using Hartree-Fock (HF) and DFT
levels. In addition, there are many studies pub-
lished on metal complexes of guanazole in the lit-
erature [10-13].

To the best of our knowledge, although there
are many published studies on vibrational frequen-
cies of guanazole, the studies on hydrogen-bonding
interactions between guanazole and solvent mole-
cules are very limited. Karpinska and Dobrowolski
completed a theoretical study on the energetics of
tautomers and conformers of guanazole in the gas
phase and in water [14]. For this reason, a theoreti-
cal and experimental study of hydrogen-bonded
guanazole-C;HsOS/H,O complexes was carried
out in this paper, in order to overcome this defi-
ciency in the literature.

Determining of the effects of solvent media
on the structural properties of any molecule is an
important issue in computational quantum chemis-
try. Solvent media is one factor involved in the
absorption, transport, and diffusion of drugs taken
into living tissues and cells. Although many mod-
els and methods have been described for the inves-
tigation of solvent effects on molecular structures,
few of them are close to explaining experimental
results. Such calculations are very costly and diffi-
cult to make with high reliability. One of the rea-
sonable models for analyzing the effects of solvent
environments on molecular structures is the Polar-
izable Continuum Model (PCM) [15]. This model
significantly reduces calculation costs. However, it
is not enough to use this model alone to study sol-

vent-ligand interactions. Instead, using both im-
plicit and explicit models is necessary to make cal-
culations more acceptable.

In this work, C,HsOS and H.O have been se-
lected as solvents for the investigation of intermo-
lecular interactions between solvent molecules and
guanazole. Although C:HsOS may have some side
effects on living cells, it is sometimes known to be
used in a number of medical applications [16].
Similarly, H,O is known as the most important
solvent for chemical and biological processes, and
it is essential for living organisms. Therefore, these
liquids are very important for the investigation of
intermolecular interactions. For the calculations,
DFT chosen because, among electronic structure
methods, it has given very successful results for
intermolecular interactions. In many studies in the
literature using this theory, efficient results have
been obtained. Calculations with DFT are also
known to be very successful in explaining experi-
mental results. The investigations were done with
both explicit and implicit approaches. In the exper-
imental study section, Fourier Transform Infrared
Spectroscopy was selected to reveal the hydrogen-
bonding interactions from an experimental view-
point. The obtained results from calculations were
matched with experimental data, and the effects of
the solvent environment on guanazole are dis-
cussed in detail.

2. COMPUTATIONAL METHODS

Three-dimensional geometries of the struc-
tures were drawn with the help of the Gaussview
visualization program [17]. By using drawn struc-
tures, all calculations on energies, molecular pa-
rameters and vibrational frequencies for guanazole
were performed with the Gaussian09 program [18].
The calculations in vacuum, DMSO, and aqueous
media were performed by the DFT/6-311++G(d,p)
method on a high capacity computer. All vibra-
tional modes were calculated from the optimized
structures. The potential energy distribution (PED),
obtained by using the VEDA4 program, was used
to characterize fundamental vibrational modes
[19]. The calculated vibrational frequencies were
scaled by 0.9668 to correct the differences between
the calculated and experimental results [20].
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Molecular interaction energies between sol-
vent molecules and guanazole can be obtained as the
energetic difference between the sum of the mono-
mers and the complexes. In this case, interaction en-
ergies for guanazole-C;HsOS and guanazole-H;O
Complexes are AEinteractionzEcompler(Eguanazole"'EC2H608)
and AEimeractionzEcomplex*(Eguanazole"'EHZO), reSpec-
tively. The counterpoise method [21], defined by
Boys and Bernardi, was used to correct the basis
set superposition error and better estimate the bind-
ing energies of the complexes. The PCM implicit
solvation model calculations were named Model |
and both implicit and explicit solvation model cal-
culations were named Model I1.

3. EXPERIMENTAL PROCEDURES

A commercial sample of guanazole (98 %
purity) was purchased from Sigma-Aldrich and
used without further purification. Two mmol of
guanazole (about 200 mg) were dissolved in either
5 ml of C;HsOS and 5 ml of purified H20, and the
solutions were stirred at 40 °C for 10 minutes,
yielding fully saturated solutions. The solutions

guanazole (I)

were filtered before making spectroscopic meas-
urements. The IR spectra of the solutions, free lig-
and, and pure solvents were recorded between
3750-550 cm* by Perkin Elmer Spectrum 100 FT-
IR spectrometer with ATR (Attenuated Total Re-
flection) equipment. The spectra were recorded at
room temperature with a resolution of 2 cm. The
IR spectra of pure solvents were used as reference
while recording spectra of the solutions. Before the
spectra of the solutions were recorded, the solvents
were filtered to remove precipitates.

4. RESULTS AND DISCUSSION

4.1. Monomer geometry analysis and atomic
charges

The two conformational structures of gua-
nazole molecule considered in this work are given
in Figure 1, as guanazole (1) and guanazole (I).

The distances between the 12H atom and the
hydrogen atoms attached to the 6N and 7N atoms
are greater in guanazole (I) than guanazole (I1).

guanazole (II)

Fig. 1. Optimized conformational structures of guanazole (1) and guanazole (1) with labels for carbon, nitrogen and hydrogen atoms

Thus, the repulsion forces between hydrogen
atoms are less, which allows guanazole (1) to be more
stable (lower energy) than guanazole (I1). The calcu-
lated energy difference between two structures is
9.95 Kcal/Mol, and this energy difference is quite
large. According to the relative population analysis, it
can be said that probability of guanazole (I) being
found of is 100 %. The Boltzmann distribution (Eq.
1) is used to obtain relative populations [22].

&_pieEi/k"T
N  z() 0
Z(T)=2 pe™' (1)
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Here, Z(T) is the partition function, kb is

Boltzmann’s constant, T (Kelvin) is absolute tem-
perature, E; is the i. energy level, and pi is the
number of states with energy Ei. According to the
calculations, guanazole (I) is the most stable struc-
ture in both vacuum and solvent media and further
calculations will be carried out only for this struc-
ture.

The optimized bond lengths, bond angles,
and dihedral angles for guanazole, calculated in
vacuum and solvent media using the DFT/6-
311++G(d,p) method, are listed in Table 1 together
with the experimental X-ray crystal data from the
literature [23].
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Table 1

Optimized geometrical parameters of guanazole monomer in vacuum, C,HOS and H,O
at DFT/6-311++G(d,p) level with experimental X-ray crystal data from literature

Bond lengths (A)  Vacuum C2HeOS  H:0  X-ray.*  Bondlengths (A) Vacuum C2HsOS H:0  X-ray.*
1C-4N 1.349 1.343 1.343 1.339 3N-4N 1.386 1.389 1.389 1.398
1C-5N 1.320 1.334 1.335 1.363 4N-12H 1.006 1.023 1.024 0.870
1C-7N 1.380 1.367 1.367 1.353 6N-10H 1.009 1.017 1.018 0.830
2C-3N 1.319 1.324 1.324 1.319 6N-11H 1.009 1.018 1.018 0.930
2C-5N 1.371 1.368 1.368 1.363 7N-8H 1.011 1.018 1.018 0.890
2C-6N 1.380 1.381 1.381 1.376 7N-9H 1.010 1.018 1.018 0.860

Bond angles (°)
4N-1C-5N 110.4 110.0 110.0 110.4 3N-4N-12H 119.7 120.8 1209  118.0
4N-1C-7N 124.1 124.4 124.4 124.1 1C-5N-2C 102.8 103.1 103.1  102.7
5N-1C-7N 125.5 125.5 125.4 125.4 2C-6N-10H 113.9 113.8 113.7  115.0
3N-2C-5N 115.7 115.2 115.2 115.9 2C-6N-11H 1145 114.3 1142  114.0
3N-2C-6N 123.1 123.2 123.2 122.9 10H-6N-11H 113.9 1124 112.3  114.0
5N-2C-6N 121.1 1215 1215 121.0 1C-7N-8H 112.2 1145 1145  115.0
2C-3N-4N 101.4 101.7 101.7 101.5 1C-7N-9H 115.9 116.4 116.3  119.0
1C-4N-3N 109.8 109.9 109.9 109.5 8H-7N-9H 112.5 1135 1135 115.0
1C-4N-12H 129.6 129.2 129.2 132.5

Torsional angles (°)

5N-2C-3N-4N -0.7 -0.5 -0.4 - 4N-1C-7N-9H 384 24.9 24.8 -

5N-1C-4N-12H -170.1 -0.7 -178.8 - 5N-1C-7N-8H -13.6 -23.2 -23.6 -

7N-1C-4N-12H 7.3 -1.7 21 - 5N-1C-7N-9H -144.7  -158.9 -159.1 -

7N-1C-4N-3N 175.8 176.0 176.0 - 3N-2C-6N-11H 221 22.5 22.6 -

4N-1C-7N-8H 169.4 160.6 160.2 - 2C-3N-4N-12H 1711 178.6 179.0 -

*Data were taken from Ref. [23].

The 2C-6N, 1C-4N and 1C-7N bonds exhib-
it single bond character, while 1C-5N and 2C-3N
bonds show typical double bond character. In
vacuum, single C-N bond lengths were calculated
between 1.350-1.380 A whereas double C-N
bonds were calculated to be 1.320 A. In C2HsOS
and H>O media, 2C-6N, 1C-4N and 1C-7N bonds
were calculated to be 1.381, 1.343, and 1.367 A
respectively. As seen from the table, the measured
experimental values of these bonds are 1.376,
1.339, and 1.353 A. The lengths of the double C=C
bonds were calculated to be shorter the single C-C
bonds, and the average energies of C-C and C=C
bonds are known to be about 350 and 600 kJ/mol,
respectively. The bond lengths between the 1C-5N
and 1C-7N atoms are the bond parameters most
affected by the change of environment. When
passed from vacuum to water, the bond length of
1C-5N increased while the bond length of 1C-7N
decreased. The main reason for this change is that,
when the PCM is included in the calculations for

H.0, the 12H-9H interaction is relatively reduced
because of a continuous dielectric environment.
Thus, while the 1C-7N bond length is reduced in
the solvent medium, the 1C-5N bond length in-
creases. Though the 12H-9H distance was 2.756 A
in vacuum, this length decreased to 2.638 A in
H>O medium.

When DFT calculated bond angles are ex-
amined, it can be seen that almost all of the angles
changed in the H,O environment. The alterations
caused by the environment change are more seri-
ous at the angles between the atoms outside the
ring and are small, as expected, at the angles be-
tween the atoms remaining in the plane of the tria-
zole ring. Another important review here is related
to dihedral angles. Dihedral angles can give very
important information about how molecules are
effected by changing physical conditions. In par-
ticular, planar structures can exhibit very precise
changes for dihedral angles due to external physi-
cal effects.

Maced. J. Chem. Chem. Eng. 39 (1), 65-76 (2020)
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In Table 1, some important dihedral angles
of guanazole are presented for vacuum, C;HsOS
and H.O environments. The solvent-induced
changes had considerable effects on the dihedral
angles. The 5N-2C-3N-4N dihedral angle is very
close to 180° and 0°. This result shows that the
triazole portion is almost planar and this increases
in the solvent environments. The 4N-1C-7N-8H
and 4N-1C-7N-9H dihedral angles between the
triazole ring and diamine portion of the molecule
were calculated to be approximately 169°-160°,
and 38°-25°, respectively, which indicates that the
molecular structure of guanazole is non-planar. As
seen from the table, others dihedral angles vary by

Table 2

less than 1°, while some vary by more than 14°. If
these changes are carefully examined, similar to
the case of the bond angles, the dihedral angles in
the triazole ring plane are effected less by the am-
bient change, while those outside the ring are much
more effected. Nevertheless, all of the optimized
geometric parameters, except for N-H bond
lengths, are quite consistent with the experimental
results from the literature, further verifying the
calculated results of this work. The reason for the
differences in N-H bond lengths between calculat-
ed and measured values are experimental errors
that cannot be solved and they were caused by
scattering factors in X-ray experiments.

The calculated NBO atomic charges of guanazole in vacuum, C,HsOS and H>O media (in e)

Atoms Vacuum C2HsOS H20 Atoms Vacuum  C2HeOS H20
1C 0.560 0.572 0.573 7N -0.803 -0.819 -0.819
2C 0.518 0.522 0.522 8H 0.395 0.420 0.420
3N -0.403 -0.464 -0.465 9H 0.378 0.417 0.418
4N —0.409 -0.417 -0.417 10H 0.384 0.407 0.407
5N -0.601 -0.661 -0.663 11H 0.383 0.407 0.407
6N -0.803 -0.836 -0.837 12H 0.402 0.453 0.454

The calculated atomic charges of guanazole
are given in Table 2. The calculation of atomic
charges is an important indication of possible mo-
lecular sites. Especially when solvent-ligand inter-
actions are examined, the identification of the
atomic charges belonging to the ligand can provide
important information regarding the nature of the
complex structures to be formed. All of the nitro-
gen atoms of guanazole have negative charges,
while all of the carbon atoms have positive charg-
es. The 6N and 7N atoms have the most negative
charges in the molecule. These results show that all
of the nitrogen and hydrogen atoms in guanazole
have the potential to form hydrogen bonds with
solvent molecules. When passed from vacuum to
solvent environments, the negative charges of the
nitrogen atoms increase, while the positive charges
of hydrogen atoms increase more drastically. This
indicates that the hydrogen-bonded complexes to
be installed in the C,HsOS and aquatic environ-
ments may be even more stable.

Molecular electrostatic potential (MEP)
maps are drawings that visualize the distribution of

Maced. J. Chem. Chem. Eng. 39 (1), 65-76 (2020)

charges on the molecule in three dimensions.
These maps give the shape, size and charge distri-
bution of a molecule. Generally, in the MEP maps,
red colors represent electron-rich regions, while
blue colors represent electron-poor regions. MEP
maps also provide important information about the
nature of molecular bonds and they say a lot about
the difference in electronegativity.

To predict reactive sites for electrophilic and
nucleophilic attacks of guanazole, the MEP was
calculated, and in Figure 2, the MEP map is drawn
as transparent.

Figure 2 shows that, for both structures of
the molecule, the atoms with the greatest number
of electrons are nitrogen atoms as expected, while
the positive charges are concentrated on 9H and
12H atoms. Thus, hydrogen-bonded C,HsOS com-
plexes, in which C,HsOS molecules are attached to
8H, 9H, and 12H atoms, are more stable than other
cases. In aqueous complexes, hydrogen-bonded
versions formed between hydrogen atoms of H.O
molecules and electron-rich nitrogen atoms of gua-
nazole molecules are the most stable ones.



70 M. T. Bilkan

-0.6-
-0.8+
-1.0

NBO Charge (q in e)

N

guanazole (II)

9H 11H

= u
JUIE
& o N _oN L]

@ [1C2C 10H 12H
= 0.2
5 -0.4 3N
g 0.6 5N
0.8
7 L 7N

Fig. 2. MEP maps and histogram of the calculated NBO charges for guanazole (1) and guanazole (I1)

4.2. Interaction energies and optimized geometries
of guanazole-C,HsOS/H,O complexes

Hydrogen bonds are important determining
factors in the formation of physical and chemical
properties of fluids and solutions. Ligand-H.O
complexes occur mostly in the form of non-
covalent bonds. Such bindings contain some im-
portant parameters that provide useful information
about the nature of the interaction. The interaction
energy is one such important parameter which pro-
vides a lot of information about solvent-ligand
complexes. Highly accurate determination of the
interaction energy is possible by obtaining opti-
mized structures of complexes. In this study, hy-
drogen-bonded complexes formed by guanazole
molecules with C;HsOS and H>O molecules are
given in Figures 3 and 4, respectively.

As shown in the figures, the most stable op-
timized structures in both complexes are V1. Both
guanazole-C,;HsOS and guanazole-H,O complexes
have seven interaction structures. The binding dis-
tances of the structures are in the range of 1.78—
2.58 A and these values are less than the sum of
the Van der Waals radii of hydrogen and oxygen
(2.5-2.6 A) [24]. This distance is very critical for

determining the existence of intermolecular hydro-
gen bonds. C;HsOS has an oxygen atom with lone
pairs (Lp) of electrons. In the same way, the oxy-
gen atom in H>O molecule has two Lp of electrons
and these electrons provide weak bonds with the
hydrogen atoms. The guanazole molecule has five
hydrogen atoms and two open-ended nitrogen at-
oms. The nitrogen atoms of guanazole can bind
with hydrogen atoms on H.O molecules. Intermo-
lecular hydrogen bonds in the form of IpN---H-O,
IpO---H-N and IpN---H-C occur. The most stable
complex structures have IpN---H-O and IpO---H-N
type intermolecular H-bonds and the lengths of the
bonds are 1.78 and 1.90 A in C,HgOS complexes
and 1.90 and 1.89 A in H,O complexes, respective-
ly. In addition, while all of the H,O complexes are
singly connected, V3, V4, and V5 versions of gua-
nazole-C,HsOS complexes are binary connected.
The energy difference between the complex struc-
tures is quite small. The interaction energy is —7.10
kJ/mol for V1 guanazole-C,HsOS complex and
-50.5 kJ/mol for V1 version of guanazole-H;O
complex. For a stable interaction complex, the in-
teraction energy should be negative and the greater
the energy value, the stronger the hydrogen bond
strength.

Maced. J. Chem. Chem. Eng. 39 (1), 65-76 (2020)
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In Figure 5, the interaction energies of the
C,HsOS/H,O complexes of guanazole are given
as histograms. In particular, H,O complexes have
much stronger hydrogen bonds than C;HsOS
complexes. For guanazole-C;HsOS, the energies
of V1, V2, V3 and V4 are close to each other and
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significantly higher than V5, V6 and V7 struc-
tures. For guanazole-H,O, the energies of the V1
and V2 are close to each other and significantly
higher than other versions. This can also be at-
tributed to the excellent solubility of guanazole in
H,0.
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Fig. 5. Histogram for the interaction energies of guanazole-C2HsOS/H20 complexes

4.3. Vibrational modes of guanazole-C,HsOS/H,0
complexes

It is known that external physical influences,
such as temperature-pressure changes, hydrogen
bonds, and solvent effects cause variation in mo-
lecular geometries and therefore shifts in vibra-
tional modes. Such external influences also signifi-
cantly affect intra-molecular and intermolecular
hydrogen bonds. In particular, the solvent media
effects both intramolecular bonds and intermolecu-
lar hydrogen bonds directly. Moreover, hydrogen-
bonding interactions can occur between the solvent
and ligand molecules and this can cause new bands
rising in the experimental IR spectrum. For deter-
mination of all these effects the existence of gua-
nazole-C,HsOS/H,O complexes were investigated
experimentally and theoretically. In theoretical
calculations, all of the interactions have been stud-
ied in solvent environments.

g;m,‘..e\\/\/w\// WW\K N
DMSO v
\W\/M

3750 3500 3250 3000 1750 1500 1250 1000 750 500
Wavenumbers (cm’™")

\ /“\M

guanazole- DMSO

Transmittance (Arb. Units)

Fig. 6. Experimental IR spectra of guanazole, C2HsOS
and guanazole-C2HsOS solution

The experimental IR spectra of the gua-
nazole-C,HsOS/H,0 solutions were plotted in Fig-
ures 6 and 7 together with free ligand and solvent
spectra. While the spectra of the solutions are rec-
orded, the solvent spectra were used as back-
grounds. The reason for this is that the vibrations
of solvent-ligand interactions can be observed by
eliminating the internal vibrations of the solvent
molecules as much as possible. When the recorded
spectra of solutions were compared with those of
free ligand, it was seen that the spectral bands
shifted and/or new bands arose. This shows that
hydrogen-bonded complexes may form between
solvent molecules and ligand molecules.

100 A
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Fig. 7. Experimental IR spectra of guanazole, H20
and guanazole-H20 solution

For the most stable complex structures, vi-
brational frequencies and their relative intensities
calculated by Model 1l (guanazole-C;HsOS/H,O
complex in solvent medium) and Model | (only
guanazole in solvent medium) were given in Ta-
bles 3 and 4 alongside experimental values.
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Table 3
Vibrational modes of the most stable guanazole-C,HsOS complex (for V1)
Model I Model |
Mode Exp. PED (%)*
Freq. lir Freq. lir

18 548 24.20 515 94.29 565 w Thnen(75)+8rnm(11)
19 603 23.30 590 60.55 605 w I'hinen(60)
20 621 0.27 - - 618 w Vsc(94)
21 640 0.78 644 0.89 638sh Vnc(32)+8enc(24)
22 655 0.75 - - 648 m Vsc(92)
23 673 2.12 689 2.79 678 W Tnnne(36)+Tenen(14)
24 740 8.40 746 9.27 743 s I'nenc(36)+nnnc(31)
25 775 1.57 778 2.80 772m Snen(60)+Vne(23)
26 793 4.37 — - 820 m Trnnc(28)+T enen(17)+T onne(15)
27 885 0.24 - - 888 m I'Hesc(66)
28 908 11.63 - - 911m Vso(74)
29 921 0.75 - - 946 m Thesc(50)
30 975 8.98 - - 990 m THesc(37)+Vso(22)
31 997 0.07 988 3.25 - dneN(48)+Vne(22)+8enc(13)
32 1004 1.64 - - 1011 vs I'Hesc(62)
33 1029 2.29 - - - SHNe(52)+8enc(28)
34 1045 151 1030 1.76 1064sh VNc(42)+3Hne(12)
35 1084 1.09 1085 2.20 1078 m VNe(45)+8Hnc(28)
36 1123 0.15 1024 10.74 1123 m dHnc(25)+Vne(21)+0nen(12)
37 1287 0.06 - - 1280 w dHcH(98)
38 1308 0.44 - - 1314 w dHcn(97)
39 1338 2.09 1122 0.64 1338 w Vne(32)+3Hnn(17)+5Hnc(11)
40 1389 2.74 - - - SHcH(58)
41 1391 17.90 1282 0.74 1365 w VNC(27)+8HNN(26)+3nen(11)
42 1399 1.55 - - 1402 m dren(72)
43 1400 0.12 - - - dHcH(64)
44 1414 2.00 - - 1403 m drcn(74)
45 1442 8.65 1369 47.03 1416 sh Vne(58)
46 1524 10.94 1437 43.18 1483 m VNe(29)+3HNH(15)+0HNc(12)
47 1547 8.79 1526 12.31 1563 vs SHNH(43)+6HNN(18)
48 1561 23.94 1558 100.00 1584 s SHNH(67)
49 1590 14.92 1585 43.96 1628 m VNe(35)+8HnH(20)
50 2934 0.01 - - 2700 vw Vcr(99)
51 2936 0.04 - - 2709 vw Vcn(100)
52 3030 0.01 - - 2756 vw Vcr(94)
53 3034 0.04 - - 2775 vw Vcn(93)
54 3041 0.00 - - 2797 vw VcH(99)
55 3041 0.01 - - 2910 w VcH(98)
56 3176 100.00 3225 74.84 3122 m Vnn(97)
57 3307 13.52 3300 40.73 3191 m VnH(96)
58 3311 3.02 3311 15.77 3309 w VnH(96)
59 3391 8.67 3388 28.95 3322w VnH(100)
60 3396 6.76 3396 22.14 3368 w VnH(100)

vs: very strong; s: strong; m: medium; w: weak; vw; very weak
*V: stretching modes; 6: bending modes; I': torsional modes.
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Table 4
Vibrational modes of the most stable guanazole-H>O complex (for V1)
Model 11 Model |
Mode Exp. PED (%)*
Freq. lir Freq. lir

13 502 89.67 516 94.16 566 w T'HNenN(80)+8HNH(10)
14 570 60.51 592 60.30 605 m Thnen(70)
15 645 0.12 644 0.93 617 m Scnc(31)+Vne(25)
16 686 2.18 689 2.88 722 W I'nnnc(60)+T'nenc(20)
17 745 7.82 746 9.56 767 vw I'nnnc(49)+T'nenc(30)
18 783 1.91 778 2.86 805 m Snen(59)+Vne(26)
19 967 19.61 - - 951w 80HN(51)+8Hnc(18)+T ornn(13)
20 998 5.75 988 3.46 1015m dneN(40)+Vne(17)+3enc(15)
21 1025 9.10 1024 10.35 1047 sh SHne(50)+8enc(27)
22 1032 4.27 1030 1.83 1056 s Vnc(38)+3Hnc(35)
23 1086 2.23 1084 2.23 1120 vw Vne(61)+8Hnc(17)
24 1126 0.64 1121 0.69 1149 vw SHNe(26)+VNe(23)+dnen(13)
25 1283 0.70 1281 0.75 1345 m SHne(53)+Vne(22)
26 1371 45.49 1369 47.01 1409 s Vnc(38)+nen(10)
27 1442 43.15 1437 43.07 1486 s Vne(56)
28 1516 50.56 1516 47.02 1558 vs VNe(35)+8HNH(16)+8Hnc(10)
29 1528 12.17 1525 11.95 1582 s SHnH(38)+Vc(14)
30 1556 13.92 1557 44.69 - SHNH(29)
31 1563 100.00 1585 100.00 1621 vs dHNH(66)
32 1589 41.56 - - 1640sh Vnc(35)+8HoH(87)
33 3206 72.47 3218 75.75 3099 m VnH(99)
34 3297 45.55 3297 40.87 3236w VnH(98)
35 3309 21.02 3308 15.99 3304 w VnH(98)
36 3344 202.89 - - 3419 vw Von(94)
37 3385 28.03 3384 29.33 3361 w VnH(100)
38 3394 22.88 3392 22.30 3393 w Vnn(99)
39 3551 33.70 - - 3565w Von(98)

Vs: very strong; s: strong; m: medium; w: weak; vw: very weak
*V: stretching modes; d: bending modes; I': torsional modes

Tables 3 and 4 show vibrational modes of
V1 structures, the most stable complex structures
of the a 1:1 binding ratio in both solvents. Modes,
bolded in the tables, are vibrations resulting from
guanazole-C,HsOS/H,0 interactions. When Table
3 is examined, carbon-hydrogen stretching modes
were calculated in the range of 2900-3040 cm™ at
weak intensity. In the recorded solution spectrum,
C-H vibrations are seen at 2700-2900 cm™. In the
experimental spectrum of guanazole/C,HsOS solu-
tion, bands at 1404 and 1402 cm are from
C2HsOS vibrations. In the experimental part of Ta-
ble 3, 1011vs, 990m and 888m modes belong to H-
C-S-C torsional vibrations and these modes are
calculated at 1004, 975, and 885 cm™. The medi-
um intensity band at 911 cm™ belongs to a S-O
stretching action, whereas the 648m and 618w
bands belong to S-C stretching vibrations. These

modes were calculated at 908, 655 and 621 cm,
respectively. It is surprising in Table 3 that the
mode, which is the combination of H-N-C, N-C-N
bending, and NC stretching vibrations, is calculat-
ed at 1024 cm™ in implicit (Model 1) calculations
and 1123 cm™ in explicit (Model I1) calculations.
Although this mode belongs to the internal vibra-
tion of guanazole, hydrogen bonding between the
12H atom of guanazole and the 180 atom of
C2HsOS caused this shift.

In Table 4, strong O-H stretching vibrations
are calculated at 3551 and 3344 cm™. These modes
correspond to the bands seen at 3565 and 3419 cm
in the experimental spectrum of the guanazole-H,O
solution. The shoulder band at 1640 cm™, which is
not present in the spectrum of solid guanazole, was
determined as the H-O-H angle-bending mode and
this was calculated at 1589 cm™. Another band not
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present in the spectrum of free guanazole is 951w.
This band is in the spectrum of the solution and it
was calculated at 967 cm™ with medium intensity.
All of these calculated modes are quite compatible
with experimental values and results from the liter-
ature [25].

5. CONCLUSIONS

In this study, solvent effects and hydrogen
bonding interactions on the guanazole molecule
were investigated through experimental and theo-
retical approaches. Two conformations of gua-
nazole were taken into account. Geometry optimi-
zations were done using the DFT/6-311++G(d,p)
method and geometric parameters of stable geome-
tries, total energies, NBO charges and vibrational
frequencies were calculated by the same level of
theory. In the experimental part, C.HsOS and
aqueous solutions of the guanazole were prepared
and experimental IR spectra were recorded in the
mid-region. In order to describe the interaction
between guanazole and solvent molecules in solu-
tions, various models were made from experi-
mental data, and the nature of interaction was de-
termined. The results of the study can be summa-
rized as follows:

e Guanazole may theoretically exist in two tau-
tomeric structures guanazole (I) and guanazole
(I1). The probability of the presence of gua-
nazole (1) is 100%.

e Seven guanazole-C,HsOS and seven guanazole-
H,O complexes were obtained. All nitrogen at-
oms of guanazole were determined to be hydro-
gen bond acceptors and all hydrogen atoms are
hydrogen bond donors. In addition, aqueous
complexes of guanazole were found to form
stronger hydrogen bonds compared to C,HsOS
complexes.

e Guanazole is dissolves well in C;HsOS and
H,O and homogeneous mixtures can be ob-
tained in both solvents, but more stable com-
plexes form with H,O molecules. With this
property, guanazole is thought to be an ideal
molecule for pharmacological purposes.

o According to the results of the spectral analysis,
it was observed that new bands, which were not
present in the solid phase spectrum, appeared in
the IR spectrum of the aqueous solution of gua-
nazole, and this was attributed to the formation
of guanazole-C;HsOS/H.O complexes. Among
the 1:1 interactions, intermolecular IpO---H-N
and IpN---H- O interactions were determined to
be the most stable structures for the complexes.

Maced. J. Chem. Chem. Eng. 39 (1), 65-76 (2020)

For these interactions, h-bond lengths were cal-
culated to be about 1.78 and 1.90 A, and inter-
action energies were —7.10 kJ/mol for the gua-
nazole-C,HsOS (V1) complex and —50.5 kJ/mol
for the guanazole-H,0O (V1) complex.

e 8H, 9H and 12H atoms were the most positive
atoms of the molecule and the hydrogen-
bonded complexes of the O---H-N type formed
with these atoms are more stable than the ones
formed with other hydrogen atoms of the mole-
cule.

e As expected, all physical and chemical proper-
ties of guanazole changed when passed from
vacuum to solvent environment and important
shifts occurred in the vibrational frequencies of
guanazole.
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