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Abstract

Understanding the interaction between drugs-and small inorganic or organic
molecules is critical in being able to interpret the drug-receptor interactions and acting
mechanism of these drugs. A combined solution and solid state study was performed
to describe the complexation chemistry of drug metronidazole (MZ) which has a
broad-spectrum antibacterial activity with two types of acceptors. The acceptors
include, c-acceptor (i.e., iodine) and w-acceptors (i.e., dichlorodicyanobenzoquinone
(DDQ), chloranil (CHL) and picric acid (PA)). The molecular structure, spectroscopic
characteristics, the binding modes as well as the thermal stability were deduced from
IR, UV-vis, '"H NMR and thermal studies. The binding ratio of complexation (MZ:
acceptor) was determined to be 1:2 for the iodine acceptor and 1:1 for the DDQ, CHL
or PA acceptor, according to the CHN elemental analyses and spectrophotometric
titrations. It has been found that the complexation with CHL and PA acceptors
increases the values of enthalpy and entropy, while the complexation with DDQ and
iodine acceptors decreases the values of these parameters compared with the free MZ
donor.
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1. Introduction

The study of the charge-transfer (CT) or proton-transfer interaction of drugs
and small molecularly acceptors have been a great deal of interest. It is a relevant
topic in life science, pharmacology, chemistry, and medicine. During the last decade,
a large number of studies have been reported on drug-acceptor interaction in solid
state and in solution. The drug-acceptor complexation is an important technique that
is cheaper, simpler, and more efficient than the methods of drug determination
described in the literature. Also, the study of this complexation may be useful in
understanding the drug-receptor interactions and the mechanism of drug: action.
Furthermore, the crystalline drug-acceptor complexes have a vital role in-biological
systems such as antimicrobial activity and DNA-binding. Literature shows that these
complexes exhibit potential antimicrobial properties against some Gram-positive and
Gram-negative bacteria as well as fungi [1-10]. Nitroimidazole derivatives have
showed broad varieties of biological activities especially antimicrobial activity. 5-
nitroimidazole based drugs have been applied to treat the infections induced by
bacteria and a range of pathogenic protozoan parasites for many years because
nitroimidazole derivatives can undergo bioreduction to produce electrophilic
substances that can damage portion and nucleic acids [11]. In this work, the drug-
acceptor interaction between drug metronidazole (MZ) and some o- and w-acceptors
was reported. The acceptors include, c-acceptor (i.e., iodine) and w-acceptors (i.e.,
dichlorodicyanobenzoquinone (DDQ), chloranil (CHL) and picric acid (PA)).
Metronidazole (MZ; CgHgN3O3) chemically 1-(2-hydroxyethyl)-2-methyl-5-
nitroimidazole, the structure of which is shown in Scheme 1, is a 5-nitroimidazole-
based drug with highly antibiotic and anticoccidial activity [12]. It is an antibiotic
used to treat different kinds of infections and frequently used in treating anaerobic and
protozoal infections [13-15]. MZ s used in surgery, especially breast cancer and
colon cancer surgery [16], and as a promoter to induce the growth of cattle, pigs, and
poultry and improve feed efficiency [17]. It is generally well tolerated, although it has
been banned by many countries and areas from use in food producing animals
because MZ is now believed to possess genotoxic, carcinogenic and mutagenic side
effects. MZ binds to DNA causing its damage; on the other hand it is capable of
inducing gene mutations in mammalian cells. It may be carcinogenic in mice and rates
if used in large doses for an extended period of time [18-20]. The objectives of the
current study were as follows: (i) to synthesize the CT complexes of drug MZ with
iodine, DDQ, CHL and PA acceptors; (ii) to characterize the formed complexes
structurally via infrared (IR), *H NMR, and electronic absorption spectroscopy: (iii) to
observe and differentiate the thermal behavior of the reported complexes using TG
and DTG techniques.

Scheme 1. Chemical structure of drug metronidazole (M2).



2. Experimental methodologies

2.1 Reagents and solutions

Drug metronidazole (MZ; CgHgN3O3; 171.15) was obtained from Sigma-
Aldrich Chemical Company (USA) with a stated purity of greater than 98% and it was
used as such without further purification. The electron acceptors iodine (I,; 253.8),
2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ); CgCl,N,05; 227), chloranil (CHL,;
CsCl40O,; 245.88) or picric acid (PA; CgH3N3O7; 229.10) (Scheme 2) and -other
spectroscopic grade solvents were purchased from Aldrich and Merck Chemical
Companies and were used without modification. All chemicals used in this study were
of analytical reagent grade and used without further purification. A standard stock
solutions of MZ and each acceptor at a concentration of 5.0x10>M were freshly
prepared prior to each series of measurements by dissolving precisely weighed
quantities in a 100 mL volumetric flask using methanol or chloroform solvent. The
stock solutions of MZ and acceptors were protected from light. Solutions for
spectroscopic measurements were made by mixing appropriate volumes of donor and
acceptor stock solutions with the solvent immediately before running the spectra.

2.2 Reaction chemistry

To obtain the CT complexes, a methanol or chloroform solution of MZ (1
mmol) was stirred with a solution of each acceptor (1 mmol) in the same solvent for
ca. 30 min on a magnetic stirrer at room temperature. A change in color developed,
and the volume of the solution was reduced to one-half by evaporation on a water
bath, resulting in the precipitation of the solid CT complexes. The formed complexes
were isolated, filtered off and washed twice thoroughly with the minimum given
solvent to obtain the pure products. The solid products were then collected and dried
in vacuo for 48 h. Strong change in colors was observed upon mixing solutions of the
MZ donor with any of the acceptors. These observed new colors are dark brown for
MZ-l, and MZ-CHL, dark-reddish brown for MZ-DDQ and dark yellow for
MZ-PA reaction mixtures. These changes in colors represent strong evidence of the
CT interactions between the donor and each of the acceptors. These complexes were
characterized by spectroscopy (IR, *H NMR and UV-vis) elemental and thermal
analysis.

O OH
CN O,N NO,
CN
O O N02
DDQ CHL PA

Scheme 2. Chemical structure of the DDQ, CHL and PA acceptors.



2.3 Experimental measurements

To determine the stoichiometry of the MZ-acceptor interactions, various
molar ratio were examined by spectrophotometric titration measurements. These
titrations monitored the detectable CT bands during the reactions of I, DDQ, CHL or
PA with MZ. Briefly, 0.25, 0.50, 0.75, 1.00, 1.50, 2.0, 2.50, 3.00, 3.50 or 4.00 mL of
a standard solution (5.0x10* M) of the appropriate acceptor in methanol or
chloroform solvent was added to 1.00 ml of the MZ donor at 5.0x10™ M, dissolved-in
the same solvent. The final volume of the mixture was 5 ml. The concentration of the
donor (C4) was maintained at 5.0x10* M, whereas the concentration of the acceptor
(Ca) varied from 0.25x10™* M to 4.00x10“ M to produce solutions with a (donor:
acceptor) molar ratio that varied from 4:1 to 1:4. The absorbance of each complex
was plotted against the volume of the added acceptor.

2.4 Calculations background
2.4.1 Spectroscopic data

In the solution state, the spectroscopic data of the formed CT complexes were
calculated as summarized below. The formation constant (K) and the molar extinction
coefficient (¢) were determined spectrophotometrically using the 1:1 Benesi—
Hildebrand equation (Eq. 1) [21] for the (1:1) CT complexes (with DDQ, CHL and
PA acceptors) or the 1:2 modified Benesi—Hildebrand equation (Eq. 2) [22] for the
(1:2) CT complexes (with iodine acceptor). C, and Cg4 are the initial concentrations of
the acceptor and donor, respectively, and A is the absorbance of the CT band. By
plotting the (C,Cg)/A values for the 1:1 CT complex as a function of the
corresponding (Ca+Cq) values or (C,)*Cy/A values against C,(4C4+C,) values for the
1:2 CT complex, a straight line is obtained with a slope of 1/¢ and an intercept at
1/Ke. The values of energy (Ecr) of the interactions, oscillator strength (f), transition
dipole moments () and standard free energy change (AG°) were calculated as
described elsewhere [23-26].
(CaCy)/A=1/Ke+ (Ca + Cy)le 1)
(Ca)’ColA = 1/Ke +1/£C, (4Cq + Co) (2)

2.4.2 Kinetic~thermodynamic data

Two methods were used to evaluate the kinetic—thermodynamic parameters;
the Coats—-Redfern method [27] and the Horowitz—Metzger [28] method. The Coats—
Redfern equation, which is an atypical integral method, can be represented using
(Eq. 3). ais the fraction of the sample decomposed at time t, T is the derivative peak
temperature, A is the frequency factor, R is the gas constant, E is the activation
energy, and ¢ is the linear heating rate. A plot of the left-hand side (LHS) against 1/T
was constructed. E is the activation energy in kJ mol™ and was calculated from the
slope. The A (s*) value was calculated from the intercept. The Horowitz—Metzger
equation can be represented using (Eq. 4). =T - Ts, W, = W, - W, W, is the mass loss
at the completion of the reaction, and w is the mass loss at time t. The plot of Log [log
(w.w,)] versus @ was constructed and was observed to be linear, and E~ was
calculated from its slope.
Ln[-In(1-)/ T4 = - E'/RT + In[AR/¢E ] (3)
Log [log (We/w,)] = E 6/2.303RT* log 2.303 (4)



2.5 Equipments

Elemental analyses for the C, H and N contents of the solid compounds were
performed by the microanalysis facility at Cairo University, Egypt, using a
Perkin—Elmer CHN 2400 (USA). All of the electronic absorption spectral
measurements were recorded in methanol or chloroform over a wavelength range of
200-800 nm using a Perkin—Elmer Lambda 25 UV/Vis double-beam
spectrophotometer at Taif University, Saudi Arabia. The instrument was fitted with a
quartz cell with a path length of 1.0 cm. The infrared (IR) spectra of the solid CT
complexes (as KBr discs) were acquired at room temperature using a Shimadzu FT-IR
spectrophotometer instrument (Japan) in the range of 4000-400 cm™ for 30 scans at a
2 cm™ resolution. The Raman laser spectra were performed on a Bruker FT-Raman
spectrophotometer equipped with a 50 mW laser. The NMR spectra were recorded on
Varian Mercury VX-300 NMR spectrometer. *H spectra were run at 300 MHz in
dimethylsulphoxide (DMSO-d6). Chemical shifts are quoted in 6 and were related to
that of the solvents. The measurements were performed at ambient temperature using
DMSO-ds (dimethylsulfoxide, dg) as a solvent and TMS (tetramethylsilane) as an
internal reference. The *H NMR data are expressed in parts per million (ppm) and are
internally referenced to the residual proton impurity in the DMSO solvent.
Thermogravimetric analyses (TG and DTG) was performed under nitrogen
atmosphere between room temperature and 800 °C at a heating rate of 10 °C/min
using a Shimadzu TGA-50H thermal analyzer at the Central Lab at Cairo University,

Egypt.

3. Results and discussion
3.1 Elemental analysis results

The synthesized solid complexes were analyzed in terms of their carbon,
hydrogen, and nitrogen_content in order to determine the stoichiometry of the
complex formation. The elemental analyses data were in satisfactory agreement with
the calculated values. The results of the formed CT complexes are as follows.
(MZ-1,): CgHgN3Ogsls; Mol. wt. = 678.75; Calc.: %C, 10.61; %H, 1.33; %N, 6.19,
Found: %C, 10.57; %H, 1.30; %N, 6.15. (MZ-DDQ): C14HCl;NsOs; Mol. wt. =
398.16; Calc.: %C, 42.23; %H, 2.28; %N, 17.59, Found: %C, 42.19; %H, 2.25; %N,
17.62. (MZ-CHL): C12HoCI4N3Os; Mol. wt. = 417.04; Calc.: %C, 34.53; %H, 2.16;
%N, 10.07, Found: %C, 34.50; %H, 2.12; %N, 10.11. (MZ-PA): C1,H12N¢O010; Mol.
wt. = 400.26; Calc.: %C, 36.01; %H, 3.02; %N, 21.0, Found: %C, 36.06; %H, 2.97,;
%N, 21.1. The stoichiometry of the interaction between the MZ donor and the
acceptors was found to be 1:2 for the iodine acceptor and 1:1 for the DDQ, CHL and
PA acceptors.

3.2 Characteristics CT bands

Figure 1 displays the electronic absorption spectra of the MZ donor (5.0x10™
M) and the acceptor (5.0x10), along with those of the prepared CT complexes for
the MZ-I,, MZ-DDQ, MZ-CHL, MZ-PA systems, respectively. These figures
indicated change in the UV-Vis spectrum of the donor upon the addition of the
acceptor and revealed the presence of the absorption bands that correspond to the CT
interactions. The absorption bands appeared at 280 and 365 for 1, complex, 400 and
525 for DDQ complex, 217 for CHL complex and 370 nm for PA complex,
respectively, are presumably due to the MZ—acceptor interactions and are indicative
of the formation of a CT complex. The MZ donor displays a strong band at 230 nm.



On mixing the solutions of the donor and acceptors, this characteristic band red-shifts,
increases strongly in intensity in I, complex, while it blue-shifts, increases strongly in
intensity and becomes more broad in CHL and PA complexes. This band is centered
at 237, 230, 217 and 215 nm for MZ-1,, MZ-DDQ, MZ-CHL and MZ-PA products,
respectively. The spectrum of the MZ-l, complex was characterized by two
significant broad bands at 280 and 365 nm that correspond to the MZ-iodine
interaction. The appearance of these two bands is well known to be characteristic of

the formation of the triiodine ion (l3) [29-31]. The observed electronic absorption

spectrum of the iodine complex confirmed the formation of the [MZ—I]+I3-compIex.
The absorption spectrum of the formed DDQ complex revealed the presence of a new
broad band observed in the visible region (at 525 nm). Neither free MZ donor nor free
DDQ acceptor has measurable absorptions at this wavelength. This new broad band at
longer wavelength is indicative of the formation of the CT complex between MZ and
DDQ.

3.3. Stoichiometry of the interaction

The stoichiometry of the formed CT complexes between the MZ donor and the
acceptors was determined by applying a varying molar ratio spectrophotometric
titration method. The electronic spectra of the MZ—acceptor systems were recorded
with varying concentrations of acceptor and a constant MZ concentration. The
composition of the complexes was determined graphically by plotting the absorbance
as a function of the volume of acceptor (in mL). Representative spectrophotometric
titration plots based on the characterized absorption bands are shown in Figure 2. The
results show that the largest interaction between MZ donor and each acceptor
occurred at a MZ: acceptor ratio of 1:2 for iodine acceptor and of 1:1 for DDQ, CHL
and PA acceptors. The structures of the new formed CT complexes were formulated

to be [MZ—I]+I3', [(MZ)(DDQ)], [(MZ)(CHL)] and [(MZ)(PA)]. These structures and
stoichiometries agree quite well with the elemental analyses of the formed solid
complexes.

3.4 Spectroscopic data

Representative Benesi—Hildebrand plots are shown in Figure 3, and the values
of both K and & are thus determined and are given in Table 1 along with the other
spectroscopic data (f, 1, Ect and AG°®) calculated as previously described in section
(2.4.1). In general, the 1:2 complexes exhibit high values for the formation constants
(K).- The MZ-1, complex shows higher K value compared with the other 1:1
complexes. This high K value indicates a strong interaction between the MZ-I, pairs
and confirms a high stability of the prepared complex. The complex stability is
strongly dependent on the nature of the used acceptor including the type of electron
withdrawing subsitituents to it such as nitro and halo groups. The complex containing
the DDQ acceptor exhibits a higher K value compared with the other 1:1 complexes,
which reflects the relatively higher powerful electron acceptance ability of DDQ. The
DDQ acceptor has two cyano and two chloro groups between two carbonyl groups.
This causes high delocalization leads to a great increase in the Lewis acidity of the
acceptor, and hence the higher value of K for its complex compared with the others.
The observed high value of K suggests that the formed CT complex is strongly bound
and highly stable. The stability of the 1:1 complexes decreases in the following order:
MZ-DDQ > MZ-PA > MZ-CHL. The MZ-DDQ complex also exhibits higher
values of both f and g, which indicates a strong interaction between the MZ-DDQ
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pairs with relatively high probabilities of CT transitions. All of the AG° values are
negative. These negative values indicate that the interaction between the MZ donor
and the acceptors is spontaneous. The AG® values of the complexes in decreasing
order for the different acceptors are as follows: I, > DDQ > PA > PA.

Table 1. Spectral properties of the MZ-acceptor CT complexes at 298 K.

Property Complexes
MZ—-I, MZ-DDQ MZ-CHL MZ-PA

Amax (NM) 280 525 217 370
Formation constant; K (Lmol™) 5.25%x10’ 10.64x10" 7.22x10° 9.83x10"
Extinction coefficient; &na (Lmol™cm™) 123x10° 13.6x10" 2.88x10° 12.9x10°
Energy value; Ect (eV) 4.44 2.37 5.73 3.36
Oscillator strength; f 17.72 9.82 2.74 7.26
Dipole moment; u 32.47 10.47 3.56 6.99

Free energy; AG (kJ mol™) -4.41x10" | -3.44x10" -3.40x10% | -3.42x10°

3.5 IR measurements
3.5.1 MZ vibrational modes

The IR spectra of the free MZ donor and of their corresponding solid CT
products were recorded and are shown in Figure 1S. The peak assignments for the
important peaks are reported in ' Table 1S. The free MZ donor shows the following
vibrations: (i) O-H vibrations; the O-H group gives rise to three vibrations namely
stretching, in-plane and out-of plane bending vibrations. Bands due to the O-H
stretching are of medium to strong intensity and are generally observed in the region
around 3500 cm™. The strong band observed at 3219 cm™ in the IR spectrum of MZ is
assigned to O-H stretching vibrations. The O-H in-plane bending vibration appears as
a strong band at 1265 cm™, while the O-H out-of-plane deformation vibration was
observed at 679 cm™ [32]. (ii) C-H vibrations; it is easy to assign the C-H stretching
vibration for the MZ donor because it has only one C-H stretching unit in the
imidazole ring. The hetero aromatic structure of MZ shows the presence of C-H
stretching vibration at 3100 cm™, which is the characteristic region for the ready
identification of v(C-H) [33]. (iii) CH, group vibrations; the C-H stretching
vibrations of the methylene group are at lower frequencies than those of the aromatic
C-H ring stretching. The asymmetric CH, stretching vibration is generally observed in
the region 3000-2900 cm™, while the CH, symmetric stretch will appear between
2900-2800 cm™ [34]. The bands observed at 2982 and 2850 cm™ in the IR spectrum
of MZ are assigned to v,(CH,) and vs(CH;) modes, respectively. (iv) NO, vibrations;
the molecule with NO, group possesses va(NO,) band in the range 1625-1540 cm™
and that of the v4(NO,) vibration in the range 1400-1360 cm™ [35]. The bands
observed at 1535 and 1369 cm™ are assigned to va(NO,) and v.(NO,) vibrations,
respectively. The deformation vibrations of NO, group (scissoring, wagging, rocking
and twisting) contribute to several normal modes in the low frequency region. The
bands observed at 826 and 744 cm™ are assigned to NO, scissoring and wagging
modes, respectively. (v) Methyl group vibrations; MZ donor possesses one CHs
group. The bands observed at 3017 and 2956 cm™ are assigned to va(CHs) and
vs(CH3) modes, respectively, while the bands observed at 1429 and 949 cm™ are
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assigned to CH; deformation and rocking vibrations, respectively. The rocking
vibrations of CH3 group unit appear as independent vibrations. (vi) Ring vibrations
(C-N, C=N vibrations); the band observed at 1486 cm™ as a very strong band is
assigned to the C=N stretching mode. The bands at 1265 and 1074 cm™ are assigned
to vas(C-N) (overlapping with the O-H in-plane bending band) and v4(C-N) vibrations,
respectively.

3.5.2 Complexes vibrational modes
(i) lodine complex

The stretching vibrational of v(C=N) absorption band of free MZ donor is
appeared at 1486 cm™ and under complexation this band was shifted and exhibited
decreased intensity. The bands of v(O-H), vs(C-N), vas(C-N) and 8(C-N) were still
unshifted. The observed shift in the v(C=N) band upon complexation clearly indicated
that the —.C=N moiety of the donor participated in the CT bonding with iodine.
Furthermore, the nitro vibration bands; vis(NO), vas(NOz) and 3(NOy), slightly
shifted with respect to those of the free donor; this is most likely due to intermolecular
CT interactions. Such shifts suggest electron transfer from the N atom of the donor to
the iodine molecule to form the corresponding triiodide complex. The observed UV-
vis spectrum of this system confirmed the formation of the [MZ—I]+I3'compIex. The
IR measurements indicate that the electron transfer from the N atom of (C=N) group
in the imidazole ring not from the N atom of (C-N) group. The nitrogen atom of
(C=N) is a m-deficient nitrogen which.is more basic rather than the m-excessive
nitrogen of (C-N). The lone pair of electrons of n-deficient N atom presents in a
polarized-hybridized sp? orbital, -but in the t-excessive N atom it present in a non-
hybridized p orbital (Scheme 3). Furthermore, the presence of the NO, group in the
imidazole ring decreases the electronegativity of the =-deficient N atom (ortho
position) while, it has no effect towards the n-deficient N atom (meta position).

Scheme 3. The hybridized and non-hybridized orbitals of the nitrogen atoms in the
imidazole ring.



Raman spectroscopy can provide valuable information on the nature and
structural features of polyiodide anions. Figure 4 shows the representative Raman
spectrum of the MZ-I, complex. The spectrum of this complex contained the

characteristic bands for triiodide (I3) at 175, 138 and 87 cm™, corresponding to
vas(I-1), vs(1-1) and 8(l3 ), respectively. The observed Raman spectrum confirmed the
formation of the antisymmetric triiodide ion (I3). So, the prepared CT complex could
be represented as [MZ—I]+I3. A general mechanism can be proposed for the formation

of the [MZ—I]+I3' complex as follows [36-39]: the dye initially forms an outer
complex with iodine in a fast step, followed by its transformation into an inner
complex, followed by a fast reaction of the resulting inner complex with‘another mole

of iodine to form a triiodide (I3 ) ion, as depicted below.

MZ + 1, 5 MZ-1, (outer complex) Fast
MZ-l, 5 [MZ-1]'T (inner complex) Slow
[MZ-1]'T + 1, 5 [MZ-1]"l5 (triiodide complex) . Fast

(ii) DDQ complex

When DDQ acceptor complexed with the MZ donor, the bands that results
from the v(C=N) vibration of the free DDQ acceptor were changed in frequencies and
decrease in intensities upon CT compexation. Free DDQ shows two v(C=N) vibration
at 2250 and 2331 cm™, while in its complex it occur at 2235 and 2211 cm™. The
cyano group (C=N) is an electron-withdrawing group that exists in DDQ in a
conjugated bonding system.. The CN groups in DDQ withdraw electrons from the
aromatic ring, and such a process will make the aromatic ring an electron-accepting
region. Instead, MZ donor contains high electron density over the imidazole ring (five
7 electrons over 6 atoms in the ring). Only the fully saturated nitrogen atom of (C-N)
group is in a position to donate its lone pair of electrons into the m-system and
contributes in the ‘aromaticity of the imidazole ring. So, because of the electron-
withdrawing process and the conjugated electron system in the DDQ acceptor, and the
good electron-donating ability of the imidazole ring, the interactions mode
(MZ—DDQ) occur through t—n* charge migration via the imidazole ring of the MZ
donor and the aromatic ring of the DDQ acceptor [40-45].

(iii) CHL complex

When CHL acceptor complexed with the MZ donor, the vibration frequency
of the v(C=N) and v(O-H) for MZ existed at 1486 and 3219 cm™, respectively, were
still unshifted, this meaning that C=N and O-H groups are not participated in the CT
complezation. The group of bands observed at 3093, 2951, 2843 cm™ in this complex
were assigned to vs(C-H) + v,5(C-H) vibrations with different position wavenumbers
compared with the free MZ. The stretching vibrational of v(C=0) absorption band of
free CHL is appeared at 1685 cm™ and under complexation this band was still
unshifted. The bands associated with v(C-Cl) at 903 and 709 cm™ in the free CHL
were shifted to lower wavenumbers and decreasing in the intensities of the
characteristic peaks, these shifts due to the increasing in the electron density around
CHL moiety. The interactions mode (MZ—CHL) can be occur through nm—=n*
transition.



(iv) PA complex

When PA acceptor was complexed with the MZ donor, the characteristic
bands of the free donor and acceptor were shifted and decreased in the intensities. The
outlined changes in the bands of v(C=N) (for MZ donor) and v(O-H) (for PA
acceptor) upon complexation clearly supports the formation of the CT complexes
between donor and acceptor. The vibrational absorption band of v(O-H) was shifted
to higher frequencies while those of v(C=N) was shifted to lower frequencies. This
complex is also characterized by a medium bands appearing in the region between
2400 and 2800 cm™. These broadened bands presence at 2742, 2567, 2496 cm™ was
attributed to the stretching vibration of a proton attached to the donation site (C=N) of
the donor and forming *NH group. All these observations indicates that the
complexation occurs through the formation of intermolecular H-bonding between the
basic center on the donor (C=N group) and the acidic center on the acceptor (OH
group) [46-52].

3.6 'H NMR measurements

The nuclear magnetic resonance, 400 MHz *H-.NMR spectrum of the complex
containing the PA acceptor was measured in DMSO-ds solvent at room temperature
using tetramethylsilane (TMS) as internal standard. The positions of chemical shift (3)
of the different types of protons are expected to be shifted based on the changes in the
electronic environment around the protons attached to the groups which contain the
site of donation and involvement in the complexation. The free MZ donor produced
signals at 6 = 2.37 (s, 3H, CHg), 3.76 (t, 2H, CH, CH,CH,OH), 4.35 (t, 2H, CH,,
CH,CH,0H), 4.64 (t, 1H, OH), 7.91 (s, 1H, imidazole proton) [33]. The reaction of
MZ donor with PA acceptor yielded a new CT complex, which produced signals at
(Figure 5) & = 2.60 (s, 3H, CHs), 3.74 (t, 2H, CH, CH,CH,OH), 4.47 (t, 2H, CH,,
CH,CH,0H), 7.45 (s, 3H, OH proton and 2 H for picric acid protons), 8.49 (s, 1H,
imidazole proton), 8.59 (s, 1H, "NH, hydrogen bonded with picric acid OH). Free MZ
donor displays characteristic signal at 4.64 ppm, corresponding to the (—OH) proton.
On complexation with PA and acceptor, this signal was shifted and appeared at new &
values at & =7.45 ppm. The peak at & =11.94 ppm, which is assigned to the (—OH)
proton of free picric acid [53], is absence in the spectrum of this complex. Instead, the
peak appeared at 8.59 ppm, is assigned to “NH proton. It is clearly obvious that the
formation of this new signal indicating the involvement of the imine nitrogen of donor
and (-OH) group of acceptor in chelating through the deprotonation from the PA to
the MZ. The intensities and chemical shifts of the aromatic signals were significantly
affected by the existence of the (N*—H) charge-transfer interaction between the
donor and the acceptor molecules. The downfield shift for the imidazole ring proton
may be attributed to the presence of the electron deficient PA ring which resulted in a
deshielding to the entire imidazole ring and its substituents protons.

3.7 Complexation pathway

The results of elemental analyses, UV-vis, IR and *H NMR spectral data are in
agreement with each other to support the predicted structures of the obtained CT
complexes. The suggested complexation mechanism of the CT complexes between
MZ donor with different acceptors is illustrated in Scheme 4.
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Scheme 4. Proposed structural formula of the MZ CT complexes.
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3.8 TG and DTG profiles

To confirm the composition and structures of the formed solid CT complexes,
Thermal analyses (TG and DTG) were carried out for the MZ donor and its
complexes with I, DDQ, CHL and PA acceptors. The measurements were carried out
under nitrogen atmosphere in the temperature range of 25-800 °C. Their
representative thermograms are illustrated in Figure 2S. The possible thermal
degradation patterns for these compounds are collected in Table 2S. Fairly close
values of the calculated and experimental percentage of the moieties expelled from
these complexes strongly support the experimentally determined stoichiometry of the
complexes.

The TG and DTG thermogram of the MZ donor indicated that this drug is
thermally stable in the 25-145 °C temperature range. The thermal decomposition of
the drug proceeds via one degradation step, corresponding to a very strong
endothermic peak at 244 °C. The donor begins decomposed at ~145 °C and was
complete at ~500° C, and the observed weight loss associated with this step is
(0bs.=99.91, cal.= 100.0%), which can be attributed to the loss of the CgHgN3O
organic moiety (2.5C;H;+NO,+N,+CO+2H;). The complex containing the iodine
acceptor was thermally decomposed in nearly two decomposition steps within the 80-
600 °C temperature range. The first mass loss (obs.=62.57, cal.= 62.61%) with
DTGmax 0Of 212 °C corresponds to the libration of MZ and one I, molecule. The
second decomposition step at maximum ~270 °C founded within the 350-600 °C
temperature range (0bs.=36.80, cal.= 37.39%) which may be assigned to the removal
of one I, molecule. Figure 2S (c) shows the thermogram of the [(MZ)(DDQ)]
complex. It decomposes in three degradation steps; at temperature (DTGnax) 67, 225
and 688 °C. The first decompasition step in the temperature range of 50-270 °C has a
weight loss of approximately 31.36% and is attributed to the loss of 2HCN and CL,
moieties. The second decomposition step occurred within the 270-550 °C temperature
range and was assigned to the removal of C,H,+NO,+NO+2.5H, molecules. The final
decomposition step occurred within the 550-800 °C temperature range corresponding
to loss of NO; representing a weight loss of (obs.=10.76, cal.= 11.56%) then leaving
residual carbon as final products. Figure 2S (d) shows the thermal behavior of the
[(MZ)(CHL)] complex. From the first step 120-260 °C, the mass loss at DTGmax Of
198 is (0bs.=58.91, cal.= 58.96%) which is reasonably by the loss of CHL moiety.
Continuous mass loss in the TG curve from 260-750 °C corresponds to the loss of the
donor moiety (obs.=40.89, cal.= 41.04%). The thermal degradation of the [(MZ)(PA)]
complex occurs in two degradation stages within the 155-800 °C temperature range.
These stages are correspond to a single strong and sharp endothermic peak at 245 °C,
and are associated with weight losses of 71.9% and 13%. The first stage of
decomposition corresponds to the loss of 4NO,+C,H,+CO,+N,+3H, molecules with a
weight loss of 71.9%, which is in good agreement with the calculated value (71.96%).
The second stage of decomposition corresponds to the loss of two C,H, molecules
with a weight loss of 13.02% very close to the expected theoretical value of 12.99%.
The final decomposition of the complex is the residual carbon atoms.
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3.9 Kinetic-thermodynamic data

The Kinetic-thermodynamic parameters (i.e., the activation energy (E’), the
frequency factor (A), the enthalpy of activation (H"), the entropy of activation (S') and
the Gibbs free energy of activation (G")) associated with the MZ donor and its CT
complexes were evaluated graphically (Figure 3S) by employing the Coats—Redfern
and Horowitz—Metzger methods, previously described in section (2.4.2), and the
evaluated data are listed in Table 3S. The kinetic-thermodynamic data obtained from
the two methods are comparable and can be considered in good agreement with each
other. The activation energy (E’) of the complexes is expected to increase with the
increasing thermal stability of complexes. Therefore, the E  value for the
[(MZ)(CHL)] complex is higher compared to the other complexes, which indicates
the higher thermal stability of the [(MZ)(CHL)] complex. By comparing the E~ values
for the main decomposition stage of the complexes, we observed the following trend
for the different acceptors: CHL > PA > DDQ > lodine. These differences may be due
to the reactivity of the complexes and the electronic configuration of the acceptor
when complexed with the MZ donor. The negative values of the AS™ indicate that the
activation complexes have more ordered structure than the reactants. The 4S" values
of the complexes occur in a decreasing order for the different acceptors as follows:
CHL > PA > lodine > DDQ. A liner relationship obtained between AH™ and AS™
(Figure 6) for all complexes. It has been found that the complexation with CHL and
PA acceptors increases the values of enthalpy and entropy, while the complexation
with DDQ and iodine acceptors decreases the values of these parameters compared
with the free MZ donor.

4. Conclusions

As one of the important nitroimidazole derivatives, metronidazole (MZ) has
been widely used as antimicrobial medicine. Herein this work, physico-chemical and
thermal characteristics of MZ complexes with iodine, DDQ, CHL and PA were
reported. MZ reacts instantly with the reported acceptors to form colored CT
complexes. Significant changes in the ultraviolet-visible spectra were observed and
may be attributed to the formation of the CT complexes. Elemental analyses and
spectrophotometric titration methods conclude that the complexes are formed based
on a 1:1 stoichiometric ratio, except for iodine acceptor (1:2 ratio). The isolated solid
complexes were structurally and thermally characterized using UV-vis, IR, *H NMR
and thermal techniques. TG analysis indicates that the formation of the complexes
was stable, exothermic and spontaneous. Our study provides a basis to understand the
mechanism of the interaction of drug MZ with different - and w-acceptors
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Figure. 1: Electronic spectra of MZ—Il,, MZ-DDQ, MZ-CHL and MZ-PA complex.
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