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Electron donor-acceptor complexes (CT-complexes) formed between hexane-1,6-diol (hexol) as a
donor with quinol (Q(OH),), picric acid (PA), 1,3-dinitrobenzene (DNB), chloranilic acid (CLA) and
p-chloranil (CHL) as a w-acceptors have been synthesized and spectroscopically studied in methanol as
a solvent at room temperature. Based on the elemental analyses and photometric titrations, the
stoichiometry of CT complexes formed with Q(OH),, PA, CLA and CHL as acceptors are found to be
1:2 ratio, but with DNB acceptor is found to be 1:1 ratio. Benesi-Hildebrand and its modification
methods were applied to estimate the spectroscopic and physical data. The spectroscopic techniques
such as (IR, 'H-NMR, and UV-vis) spectra and elemental analyses (C,H,N) as well as
thermogravimetric analysis (TG) were used to characterize the chelating behavior of the five hexol
synthetic CT complexes. The kinetic thermodynamic parameters such as, activation energy, E,
enthalpy, 4H", entropy, AS", and Gibbs free energy, AG", have been calculated from TG curves, using
Coats-Redfern and Horowitz-Metzger methods. The hexol CT-complexes were antimicrobial assessed
against two kinds of bacteria and fungi species. The results show that, hexol complexes which have
high energy gap values (HOMO-LUMO) exhibit good antibacterial activity against all bacteria species
under investigation, and only hexol/Q(OH), and hexol/PA complexes which possess highest energy
gap value exhibit a good antifungal activity against Candida albicans. These results reveal that the
energy gap reflects the chemical and biological activity of the charge transfer complex.
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1. INTRODUCTION

The term charge transfer complex (CTC) was introduced firstly by Mulliken [1-2], and
discussed widely by Foster [3]. Mulliken aimed to define a new type of adduct to explain the behavior
of certain classes of molecules, which do not conform to classical patterns of ionic, covalent, and
coordination of hydrogen bonding components. While such adducts largely retain some of the
propertied of the components, some changes are apparent, e.g. its solubility, the diamagnetic and
paramagnetic susceptibility. Other differences have also been found with electrochemical techniques.
Some complexes can be isolated as crystals of regular stoichiometry and structure. One feature of
charge transfer complexes is that the association constant of the complex decreases with increasing
temperature. The effect is due to the thermal motion disorienting the partners of the complex. Mulliken
[4,5] also showed that the charge transfer interactions within a molecular complex consisting of an
electron donor D and an electron acceptor A involved a resonance with a transfer of charge from D to
A:

D+A S DA SD +A

Charge transfer complexation is currently achieve the great importance in biochemical,
bioelectrochemical energy transfer process [6], biological systems [7], and drug-receptor binding
mechanism, for examples, drug action, enzyme catalysis, ion transfers through lipophilic membranes
[8], and certain m-acceptors have successfully been utilized in pharmaceutical analysis of some drugs
in pure form or in pharmaceutical preparations [9-15]. Recently, many studies have been widely
reported about the rapid interactions between different kinds of drugs and related compounds as donors
like morpholine, norfloxacin, ciprofloxacin, and sulfadoxine, with several types of ¢ and n-electron
acceptors [16-30]. On the other hand, electron donor-acceptor (EDA) interaction has a worth attention
for chemical reactions like addition, substitution and condensation [31,32]. It shows a great important
in many application topics and fields, like in non-liner optical materials and electrical conductivities
[33-36], second order non-liner optical activity [37], micro emulsion [38], surface chemistry [38],
photo catalysts [39], dendrimers [40], solar energy storage [41], organic semiconductors [42], as well
as in studying redox processes [43]. Charge transfer complexes using organic species are intensively
studied because of their special type of interaction, which is accompanied by the transfer of an electron
from the donor to the acceptor [44,45]. In addition, protonation of the donor from acidic acceptors is
generally a route for the formation of ion pair adducts [46-48].

Herein, this paper describes the comprehensive studies on the formation of CT-complexes
which formed between hexane-1,6-diol as a donor with five w-acceptors; quinol (Q(OH),), picric acid
(PA), dinitrobenzene (DNB), chloranilic acid (CLA), and p-chloranil (CHL). The nature and structure
of the final products both in solution and solid phase have been characterized to interpret the behavior
of interactions using elemental analysis, infrared (IR), *H-NMR and electronic spectra. The
spectroscopic, physical data were analyzed in terms of formation constant (Kcr), molar extinction
coefficient (&cr), standard free energy (4G°), oscillator strength (f), transition dipole moment (),
resonance energy (Ry) and ionization potential (Ip). The thermal behavior of the obtained complexes as
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well as kinetic thermodynamic parameters (E", AS", AH™ and AG’) have also been investigated.
Finally, antimicrobial activity of hexol complexes was tested against different Gram (+) and Gram (-)
bacteria species such as, Staphylococcus aureus (S. aureus), Bacillus subtilis, Escherichia coli (E. coli)
and Pseudomonas aeuroginosa (P. aeuroginosa), and antifungal screening was studied against two
species, Aspergillus flavus and Candida albicans.
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Formula I. Structure of hexol donor and r-acceptors.

2. EXPERIMENTAL

2.1 Materials

Hexane-1,6-diol (hexol) (MF=CsH140,) and m-acceptors were of analytical reagent grade
(Merck Company) and used without any further purification. The structures of hexol and w-acceptors

are presented in Formula 1.
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2.2 Synthesis of hexol CT-complexes

The solid CT-complexes of hexol with acceptors; Q(OH),, PA, DNB, CLA, and CHL were
prepared by mixing 1 mmole of the hexol as a donor in methanol (20 ml) with 2 mmole of each
acceptor in the same solvent. The mixtures were stirred at room temperature for 1 h, precipitated the
solid CT-complexes. The solid precipitates were filtered off, washed several times with little amounts
of methanol, and then dried under vacuum over anhydrous calcium chloride.

2.3 Photometric titration measurements

The photometric titrations measurements were performed for the reactions of the donor with
Q(OH),, PA, DNB, CLA, and CHL at 293, 355, 235, 305, and 289 nm, respectively. A 0.25, 0.50,
0.75, 1.00, 1.50, 2.0, 2.50, 3.00, 3.50 and 4.00 mL aliquot of a standard solution (5.0x10™ M) of the
appropriate acceptor in MeOH was added to 1.00 ml of 5.0x10™ M hexol also in MeOH. The total
volume of the mixture was 5 mL. The concentration of hexol (Cq) in the reaction mixture was kept
fixed at 5.0x10* M whiles the concentration of the m-acceptors (C,) changed over a wide range of
concentrations from 0.25x10™ M to 4.00x10™ M, to produce solution in each case of donor: acceptor
molar reaction varying from 4:1 to 1:4. The stoichiometry of the molecular CT-complexes was
determined by the application of the conventional spectrophotometric molar ratio according to the
known methods [49] through the plot of the absorbance of each CT-complex as a function with the
ratio of (Cq): (Cy). The Benesi-Hildebrand and its modification plots were obtained [50,51] in order to
calculate the formation constant, Kcr, and the absorpativity, &, values for each CT-complex resulted
from this study.

2.4 Instrumentation and physical measurements

The electronic absorption spectra of the donor, acceptors and the resulted CT-complexes were
recorded in the region of (800-200 nm) by using a Perkin-Elmer Lambda 25 spectrophotometer with a
1 cm quartz cell. The mid infrared spectra (IR) measurements (KBr discs) of the solid CT-complexes
were carried out on a Genesis Il FT-IR spectrophotometer in the v= 4000-400 cm™ range. *H-NMR
spectra were obtained on a Bruker DRX-250 spectrometer, operating at 250.13 MHz using a dual 5
mm probe head. The measurements were carried out at ambient temperature using DMSO-ds as the
solvent and TMS as an internal reference. *H-NMR data are expressed in parts per million (ppm),
referenced internally to the residual proton impurity in DMSO solvent. Thermogravimetric
measurements (TGA) were carried out in the temperature range 25-800 °C in nitrogen atmosphere
using a using a Shimadzu TGA —50H thermal analyzers. The experimental conditions were aluminum
crucible with a definite mg of sample, dynamic nitrogen atmosphere (nitrogen flow 30 ml/min.) and
heating rate of 10 °C/min. The elemental analyses of carbon, hydrogen and nitrogen contents were
performed by the microanalysis unit at Cairo University, Egypt, using a Perkin-Elmer CHN 2400
(USA).
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2.5 Antimicrobial investigation

Antimicrobial activity of the hexol CT- complexes as well as the pure solvent was determined
using a modified Bauer-Kirby disc diffusion method [52], against different Gram (+) and Gram (-)
bacteria species; Staphylococcus aureus, Bacillus subtilis, Escherichia coli and Pseudomonas
aeuroginosa, and antifungal screening was studied against two species, Aspergillus flavus and Candida
albicans. The microanalysis unit at Cairo University, Egypt performed the investigations. For these
investigations, briefly, 100 ul of the test bacteria/fungi were grown in 10 ml of fresh media until they
reached a count of approximately 108 cells/ml for bacteria or 105 cells/ml for fungi [53]. 100 ul of
microbial suspension was spread onto agar plates. The nutrient ager medium for antibacterial was
(0.5% Peptone, 0.1% Beef extract, 0.2% Yeast extract, 0.5% NaCl and 1.5% Agar-Agar) and for
antifungal (3% Sucrose, 0.3% NaNOg3, 0.1% K;HPQ,4, 0.05% KCI, 0.001% FeSO,, 2% Agar-Agar)
[54]. Isolated colonies of each organism that might be playing a pathogenic role were selected from
primary agar plates and tested for susceptibility. Disc diffusion method for filamentous fungi tested by
using developed standard method (M38-A) [55], where disc diffusion method for yeast tested by
developed standard method (M44-P) [56]. Plates inoculated with filamentous fungi, bacteria and yeast
were incubated at 25 °C, 35-37 °C and 30 °C, respectively. After incubation for 48 h, the inhibition
(sterile) zone diameters (including disc) were measured with slipping calipers of the National
Committee for Clinical Laboratory standards (NCCLS, 1993) [57], and expressed in mm. Standard
discs of Tetracycline (Antibacterial agent) and Amphotericin B (Antifungal agent) served as positive
controls for antimicrobial activity, where filter discs impregnated with 10 ul of DMSO solvent were
used as a negative control. An inhibition zone diameter over 8 mm indicates that the tested compounds
are active against some of bacteria and fungi under investigation. The concentration of each solution
was 1.0x107 mol dm™. Commercial DMSO was employed to dissolve the tested samples.

3. RESULTS AND DISCUSSION

3.1 Elemental analysis

The elemental analysis data (C, H, and N) of the hexol CT-complexes were performed and the
obtained results as follow;

1 [(hexol)(Q(OH),)2]; CisH2606; Mol. wt. = 338; Calc.: %C, 63.90; %H, 7.69, Found:
%C, 63.26; %H, 7.10

2 [(hexol)(PA),]; CisH20016Ns; Mol. wt. = 576; Calc.: %C, 37.50; %H, 3.47; %N, 14.58,
Found: %C, 37.31; %H, 3.30; %N, 14.43

3 [(hexol)(DNB)]; C12H1506N2; Mol. wt. = 286; Calc.: %C, 50.35; %H, 6.29; %N, 9.79,
Found: %C, 49.32; %H, 6.37; %N, 9.25

4 [(hexol)(CLA),]; Ci18H18010Cl4; Mol. wt. = 536; Calc.: %C, 40.30; %H, 3.36, Found:
%C, 40.17; %H, 3.54



Int. J. Electrochem. Sci., Vol. 8, 2013 4239

5 [(hexol)(CHL)]; CigH1406Clg; Mol. wt. = 610; Calc.: %C, 37.41; %H, 2.50, Found:
%C, 37.45; %H, 2.76

It can be seen that the resulted values agree quite well with the calculated values, and the
suggested values are matched with the molar ratio introduced from the photometric titration curves.

3.2 Determination of formation constant (Kcr) and molar extinction coefficient (ecr)

The 1:1 modified Benesi-Hildebrand equation [50] was used in the calculations of the hexol-
DNB charge transfer complex;

(CaCa)/A = 1/Ke + (Ca + Ca)le (1)

where C, and Cgq are the initial concentrations of the acceptor and the donor, respectively, and A
is the absorbance of the strong band at nm. When the (C,Cq4)/A values for 1:1 charge transfer complex
are plotted against the corresponding (C, + Cg) values, straight line is obtained with a slope of 1/¢ and
intercept of 1/Ke.

The spectrophotometric titrations of the intermolecular charge transfer complexes formed from
the reactions of hexol with Q(OH),, PA, CLA, and CHL acceptors refereed to the formation of 1:2 CT
complexes. The 1:2 Eq. (2) [51] was used in the calculations;

(C2)?Cy/A = 1/Ke+ 1/£C, (4Cq + Cy) (2)

where C, and Cgy are the initial concentration of the acceptor (Q(OH),, PA, CLA and CHL) and
hexol, respectively, and A is the absorbance of the detected CT-band. The data obtained C,, Cg,
(Ca)’Cy, Ca(4Cy4+C,) and (Ca)*Cy/A in methanol were calculated. By plotting (Ca)°Cd/A values vs. C,
(4C4+Cy), straight lines are obtained with a slope of 1/¢ and an intercept of 1/Ke.

The data resulted (Table 1) shows that the hexol/A (where A: Q(OH),, PA, CLA, and CHL)
systems give high values of both formation constant (Kcr) and molar absorptivity (ect). This high
value of (Kcr) reflects the high stability of the CT-complexes.

3.3 Determination of the spectroscopic and physical data of the hexol CT- complexes

The spectroscopic and physical data such as formation constant (Kcr), molar extinction
coefficient (&ct), standard free energy (4G°), oscillator strength (f), transition dipole moment (1),
resonance energy (Rn), and ionization potential (lp), were estimated in methanol at 25 °C. The
calculations can be summarized as follow;

From the CT absorption spectra, the oscillator strength f can be estimated by using the
approximate formula [58];

f=4.319x107 7 dv (3)
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where /scr dv is the area under the curve of the extinction coefficient of the absorption band in
question vs. frequency. To a first approximation;

f= 4319><109 &t Vi (4)

where gt is the maximum extinction coefficient of the CT-band and v, is the half bandwidth
in cm™, i.e., the width of the band at half of the maximum extinction. The observed oscillator strength
values of the CT bands are given in Table 1. The transition dipole moment () of the hexol CT-
complexes, Table 1, have been calculated from Eq. (5) [59];

1 (Debye) = 0.0958 [scT Vil Vinax] (5)

The transition dipole moment is useful for determining if transitions are allowed, that the
transition from a bonding = orbital to an antibonding =" orbital is allowed because the integral defining
the transition dipole moment is nonzero. The ionization potential (Ip) of the hexol donor in their charge
transfer complexes were calculated by using empirical equation derived by Aloisi and Pignataro Eq.

(6) [60];
Ip (€V) =5.76 + 1.53x10™ vy (6)

where ver is the wave number in cm™ corresponding to the CT band formed from the
interaction between donor and acceptor. The electron donating power of a donor molecule is measured
by its ionization potential which is the energy required to remove an electron from the highest
occupied molecular orbital. Briegleb and Czekalla [61] theoretically derived the relation to obtain the
resonance energy (Rn) given as below;

et = 7.7x107 [hver/[Ry]-3.5] 0

where gt is the molar absorptivity coefficient of the CT-complex at the maximum of the CT
absorption, vcr is the frequency of the CT peak and Ry is the resonance energy of the complex in the
ground state, which, obviously is a contributing factor to the stability constant of the complex (a
ground state property). The values of Ry for the complexes under study have been given in Table 1.
The energy (Ecr) of the n-n” interaction between donor (hexol) and acceptors, was calculated by using
the equation derived by Briegleb [62];

Ecr= (h VCT) = (1243667/ﬂCT) (8)
where Acr is the wavelength of the CT band. The calculated values of Ecr are given in Table 1.

The standard free energy changes of complexation (AG°) were calculated from the formation constant
by using the equation derived by Martin et al. [63];
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AG °=-2.303RT log Kcr €)]
where AG® is the free energy change of the CT-complexes (kJmol™), R is the gas constant

(8.314 Jmol™K), T is the temperature in Kelvin degrees (273+ °C) and Kcr is the formation constant of
the complex (Lmol™) at room temperature.

Table 1. Spectrophotometric results of the hexol CT-complexes.

hexol/Q(OH), 293  4.24 4.74x10" 6.57x10° 47.30 54.27 1098 0.91 43,796

hexol/PA 355 350 6.94x10" 9.29x10* 40.12 55.02 10.07 0.81 44,743
hexol/DNB 235 529 4.65x10* 5.00x10* 28.79 37.90 12.27 1.51 38,041
hexol/CLA 305 4.08 8.46x10" 7.43x10* 32.09 45.61 10.78 0.90 45,232
hexol/CHL 289 430 6.61x10" 7.28x10* 41.92 50.74 11.05 0.94 44,622

3.4 Spectroscopic characterization of CT-complexes

The electronic absorption spectra of hexol, rn-acceptors (Q(OH),, PA, DNB, CLA and CHL)
and the formed CT-complexes are shown in Fig. 1.The spectra demonstrate that the formed CT-
complexes have strong absorption bands at 293, 355, 235, 305 and 289 nm for [(hexol)(Q(OH),)],
[(hexol)(PA),], [(hexol)(DNB)], [(hexol)(CLA),] and [(hexol)(CHL),] complex, respectively. The
peak absorbances appeared in the spectra that assigned to the formed CT complexes were measured
and plotted as function of the ratio C4: C, according to the known method. The formation constant (K)
and molar absorptivity (&) for [(hexol)(DNB)] complex were calculated by applying the 1:1 Benesi-
Hildebrand Eq. (1), where, the 1:2 modified Benesi-Hildebrand Eqg. (2), was used in calculating for the
complexes of Q(OH),, PA, CLA and CHL acceptors. The modified Benesi-Hildebrand plots are given
in Fig. 2, where the data obtained throughout these calculations are given in Table 1. This Table have
the calculated values of the spectroscopic data like; &, K, 4 Ry, 4G, Ip and f, which deduced from Egs.
(3)-(9). Generally, these complexes show high values of both the formation constant (K) and the
extinction coefficients (&). These high values of K confirm the expected high stabilities of the formed
CT-complexes as a result of the expected high donation of the hexol. The equilibrium constants are
strongly dependent on the nature of the used acceptor including the type of electron withdrawing
substituents to it such as nitro and halo groups [64]. For example, the value of equilibrium constant for
[(hexol)(CLA),] is the highest value than other complexes. This value is about twice times higher than
the value of equilibrium constant for the complex [(hexol)(Q(OH)»)], reflecting the relatively higher
powerful electron acceptance ability for CLA.
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3.4.1 [(hexol)(Q(OH).)] complex

The full IR spectrum of the [(hexol)(Q(OH),)] CT-complex is shown in Fig. 3. The stretching
of O-H of both hexol and Q(OH), show a drastic shift to lower frequencies and increasing in the
intensities of vibration motions, which indicated that the interaction placed among the —OH group of
Q(OH), and —OH group of hexol through the hydrogen bonding detected within region 3000-2000 cm"
' Also the stretching of C-O of hexol and Q(OH), show a drastic shift to lower frequencies and
decreasing the intensities upon complexation. These shifts are resulted from building of higher charge
density on the hydrogen bond between donor and acceptor. According to these observations, the
suggested structure of hexol/Q(OH), complex is presented in Formula I1.

'H-NMR (CDCls) for symmetrical hexane-1,6-diol-di(benzene-1,4-diol), gave a signals at (Fig.
4): '"H-NMR (DMSO-dg, & ppm): & = 2.23 (t, 4H, 2(CH,CH,CH,-OH),, 2.58 (m, 4H, 2(CH,CH,CH,-
OH)y), 2.82 (s, 2H, 20H(CH,0OH),), 3.25 (s, 2H, 20H, hydrogen bonded), 3.38 (t, 4H,
2(CH,CH,CH,0H),), 6.62 (s, 8H, Ar-H), 7.74 (s, 2H, Ar-OH). The *H-NMR showed that the three
main signals at 1.44, 1.57 and 2.42 ppm in the free hexol due to aliphatic protons of CH, (8H) and
protons of hydroxyl group (2H) were downfield shifted, indicating the involvement of the CH,-OH
groups in complxation. These displacement due to the increase of the shielding of these protons with
overall decrease in the value of the coupling constant because of the change of the magnetic
environment of all protons as a result of complex formation. The *H-NMR spectrum also shows
signals at 6= 6.62 and 7.74 for eight aromatic quinol protons and two quinol OH protons, respectively.

HO
i
/H*\\\ /\/\/\/O~\\ /O
O (|3 H
H
OH

Formula I1. Suggested structure of [(hexol) (Q(OH),),] complex.
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Figure 1. Electronic absorption spectra of hexol CT-complexes coupled with titration spectra of each

system at the detectable peak.
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Figure 2. The modified Benesi-Hildebrand plots of hexol-Q(OH),, hexol-PA, hexol-DNB, hexol-CLA
and hexol-CHL systems at detectable peaks of 293, 355, 235, 305 and 289 nm, respectively.

3.4.2 [(hexol)(PA),] complex

The full spectrum of this CT-complex is shown in Fig. 3. The OH stretching vibration band in
hexol was shifted and decreased in the CT complex. This shifted band is attributed to the stretching
vibration of the intermolecular hydrogen bond [65]. This result caused to the protonation of the *OH
group of the donor from two sides, through protons transfer from the acidic center of the PA acceptor
under the acid-base theory. The shift of the IR bands of the acceptor to lower wavenumbers reflects a
donor to acceptor charge transfer of n— " interaction, Dyomo — Diumo transition [66]. The hydrogen
bonding between the hexol donor and PA acceptor can be formulated as formula I11.
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'H-NMR (CDCl3) for symmetrical hexane-1,6-diol-di(2,4,6-trinitrophenol), gave signals at
(Fig. 4): 'H-NMR (DMSO-ds, & ppm): & = 1.64 (t, 4H, 2(CH,CH,CH,-OH), 2.60 (m, 4H,
2(CH,CH,CH,-OH)), 2.88 (s, 2H, 20H(CH,0H)), 3.03 (t, 4H, 2(CH,CH,CH,0H)), 8.00 (s, 4H, Ar-
H), 8.80 (s, 2H, Ar-OH, hydrogen bonded). The *H-NMR showed that the two signals at 1.44 and 1.57
ppm in the free hexol, which assigned to aliphatic proton (8H) were downfield shifted, this shift is due
to the CT-complex formation. The peak observed at 8.80 ppm in the complex is due to the formation
of hydrogen bonding between picric acid and hexol, because in free picric acid the peak at 6= 11.94
ppm is due to the —OH proton of picric acid [67] which is absent in the spectrum of CT-complex. The
'H-NMR confirm that the reaction between hexol and PA carried out in 1:2 ratio through formation of
hydrogen bond between the hydroxyl group of hexol and phenolic group of PA.

O2N NO»
||-| NO2
~H~__ /\/\/\/O~\ 0
(e @] H

|
NO» H
O2N NO,

Formula I11. Suggested structure of [(hexol) (PA).] complex.

3.4.3 [(hexol)(DNB)] complex

A comparison of the relevant IR spectral bands of the free donor, hexol, and DNB acceptor
with corresponding appeared in the IR spectrum of the isolated CT complex, clearly indicated that the
characteristic bands of hexol (v(-OH); 3392 and 3323 cm™) show critical decreasing in intensity. This
could be attributed to the expected electronic structure changes upon the formation of the CT-complex.
The assumption place of CT-interaction between hexol and DNB comes through the ability of
hydrogen centered between two with-drawing nitro groups to form hydrogen bonding with one of —-OH
groups of hexol. Thus it may conclude that the molecular complexes are formed through n—=" charge
migration from HOMO of the donor to the LUMO of the acceptor. The expected structure due the
intermolecular reaction between hexol and DNB is given in formula IV.

'H-NMR (CDCls) for hexane-1,6-diol-1,3-dinitrobenzene, gave a signals at (Fig. 4): ‘H-NMR
(DMSO-dg, 6 ppm): & = 2.60 (t, 2H, (CH,-OH), 2.65 (m, 2H, (CH,CH,-OH), 3.00 (m, 4H,
(CH,CH,CH,CH,OH), 325 (m, 2H, (CH, CH, CH,- CH,CH,OH), 3.25 (t, 2H,
(CH,CH,CH,CH,CH,CH,0H), 3.34 (s (br), 1H, 10H, hydrogen bonded), 4.02 (s , 1H, 10OH, non-
hydrogen bonded), 7.74 (t appears s, H, Ar-H, C5), 8.52 (d, 2H, Ar-H, C4,C6), 8.88 (s, 1H, Ar-H, C2).
The *H-NMR spectrum of hexol/DNB complex showed that the signals due to protons of CH, of the
free aliphatic hexol were downfield shifted in the complex, referring to the formation of CT-complex
between the electron poor DNB and the electron rich —OH of hexol.
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Formula 1V. Suggested structure of [(hexol) (DNB)] complex.

3.4.4 [(hexol)(CLA),] complex

The appearance of a group of IR spectral bands in the spectrum of this CT-complex supports
the conclusion that a deformation of the electronic environment of hexol is occurred by accepting
protons from CLA. The IR spectrum of CT-complex is characterized by a band appearing in the region
> 3400 cm™, which is not observed in the spectra of the free donor and acceptor. This band attributed
to the stretching vibration of the intermolecular hydrogen bond from (—OH) group in CLA acceptor to
the (—OH) group in hexol.

The reaction of hexol as donor with CLA as acceptor gave a new charge transfer complex
named by hexane-1,6-diol-di(2,5-dichloro-3,6-dihydroxy-1,4-benzoquinone) (Formula V). *H-NMR
(DMSO-dg, 6 ppm): & = 1.42 (t, 4H, 2(CH,CH,CH,-OH), 1.53 (m, 4H, 2(CH,CH,CH,-OH)), 2.61 (t,
4H, 2(CH,CH,CH,0H)), 2.83 (s, 2H, 20H, 2(-CH,-OH)), 5.74 (s, 2H, Ar-OH, hydrogen bonded),
8.67 (s, 2H, Ar-OH, phenolic protons). The *H-NMR showed broad signal at 6= 5.74 ppm which
assigned to the involvement of -OH group in the formation of CT-complex between hexol and CLA.
The hydrogen bonding of phenolic protons of CLA with the hexol hydroxyl groups increases the
shielding effect by the lone pair of electrons of the oxygen atom of hexol, and this led to shifting their
band to high filed, 6= 5.74 ppm and become more broad, while the non-hydrogen bonded phenolic
protons appears at 6 = 8.67 ppm due to the anisotropic effect of the benzene ring.

O

HO Cl
H )

|
/H‘~‘ /\/\/\/ -~
Cl 0 \9 O \H,o Cl
o) H
Cl OH
o)

Formula V. Suggested structure of [(hexol) (CLA)2] complex.

3.4.5 [(hexol)( CHL),] complex

The assignments data of hexol show that the intensive strong absorption band at 3392 cm™
which characteristic of the v(O-H) vibration of the hydroxyl group, was critically decreased in the
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intensities in the CT-complex spectrum upon molecular complex formation. According to these
observations, the suggested structure of [(hexol)(CHL),] complex was given in Formula V1.

For the reaction between hexol and CHL, the hexane-1,6-diol-di(2,3,5,6-tertachlorocyclohexa-
2,5-diene-1,4-dione) compound is resulted. *H-NMR (DMSO-ds, & ppm): & = 1.52 (t, 4H,
2(CH,CH,CH,-OH), 1.69 (m appears singlet, 4H, 2(CH,CH,CH,-OH)), 2.63 (s, 2H, 20H, hydrogen
bonded, 2(-CH,-OH)), 2.88 (t, 4H, 2(CH,CH,CH,0H)y). 'H-NMR spectrum for this compound shows
four main signals around 1.52, 1.69, 2.63 and 2.88 ppm, due to the three kinds of CH; protons of hexol
and protons of OH group in hexol, respectively. All signals are downfield shifted compared to signals
of free donor, referring to the formation of CT-complex. The *H- NMR spectroscopic data proved the
formation of symmetrical compound with 8 different hydrogen protons, 6 for aliphatic CH, and 2 for
OH of hexol.

Cl
0 Cl
Cl
N NN e P e cl
cl o o SHU
Cl
cl o
Cl

Formula V1. Suggested structure of [(hexol) (CHL),] complex.

i
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3500 3000 2500 2000 1500 1000 500

Wavenumbers (cm™)
Figure 3. Infrared spectra of (A) hexol/Q(OH),, (B) hexol/PA, (C) hexol/DNB, (D) hexol/CLA and
(E) hexol/CHL CT complexes.
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Figure 4. 'H-NMR spectrum of (A) hexol/Q(OH),, (B) hexol/PA, (C) hexol/DNB, (D) hexol/CLA and
(E) hexol/CHL complexes.

3.5 Thermogravimetric studies

The thermo gravimetric analysis give an idea about the thermal stabilities of the prepared
charge transfer complexes and show the different in physical behavior between starting and resulting
compounds [68]. The hexol CT-complexes are stable at room temperature and can be stored for several
months without any changes. The obtained complexes were studied by thermogravimetric analysis
from ambient temperature to 800 °C N, atmospheres. The TG curves were redrawn as mg mass loss
versus temperature (TG). Typical TG curves of hexol CT-complexes are presented in Fig. 5, and the
thermo analytical results are listed in Table 2. The overall loss of mass from the TG curves is 99.98%
for [(hexoD)(Q(OH),)], 99.94% for [(hexol)(PA).], 97.61% for [(hexol)(DNB)], 99.91% for
[(hexol)(CLA),] and 95.03% for [(hexol)( CHL),].

The data obtained indicate that the [(hexol)(Q(OH),)] complex is thermally stable in the
temperature range 25-130 °C. Decomposition of the complex start at ~130 °C and finished at ~300 °C,
with maximum decomposition at 248 °C. The thermal decomposition of the complex occurs in one-
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step within the range of 200-800 °C which attributed to the loss of 6C,H;, 7H, and 6CO molecules,
representing a weight loss of 0bs.=99.98, cal.= 100.00%. The [(hexol)(PA),] complex beginning
decomposed at ~70 °C in two definite decomposition steps (200 and 430 °C) within the temperature
range 25-800 °C. The first decomposition step (obs. = 40.33%, calc. = 39.76%) within the temperature
range 70-250 °C, may be attributed to the liberation of one molecule of PA. The second decomposition
step existed within the temperature range 250-800 °C (obs. = 59.66%, calc. = 60.24%), which are
reasonably by the loss of one molecule of PA and hexol molecule. The thermal analysis curve of
[(hexol)(DNB)] complex show that decomposition takes places in one stage. This stage occurs at
maximum temperature of 220 °C in the temperature range 250-800 corresponding to the formation of
4CyH; + 5H; + 4CO + 2NO . The curve of [(hexol)(CLA),] complex was thermally decomposed in
nearly three decomposition steps within temperature range 25-800 °C. The first decomposition step
(obs. = 32.56%, calc. = 32.84%) within temperature range 25-250 °C, may be assigned to the liberation
of 2Cl,, 20, and H,O molecules. The second decomposition step found within the temperature range
250-450 °C (obs. = 56.19%, calc. = 55.97%), which is assigned by the removal of 4C,H,, 4H,, 5CO
and 1.50, molecules with remaining five carbon atoms in the final step as a final residual. The CT-
complex of hexol with CHL; [(hexol)(CHL),] complex, was degraded by two decomposition steps
from 25-235 °C and 235-800 °C, with maximum temperature of 200 and 306 °C, respectively. The
first decomposition step has a weight loss about 19.79% with librated of 1.5Cl, and H,O molecules.
The last decomposition step has an extremely large scale of weight loss for about 75.66% due to
libration of the rest of both donor and acceptor. Few carbon atoms remain as a final residual.

3.6 Kinetic thermodynamic studies

The kinetic studies on thermal process are expected to provide sufficient information regarding
Arrhenius parameters viz. activation energy (E’), frequency factor (A), enthalpy of activation (H),
entropy of activation (S), free energy of activation (G*). Two major different methods were applied
for the evaluation of kinetic thermodynamic parameters, Coats-Redfern [69] and Horowitz-Metzger
[70].

3.6.1 Coats-Redfern equation

The Coats-Redfern equation (10), which is atypical integral method, can be represented as:
Lo dad(1-0)" = (A1) fo, €FRTdT (10)

For convenience of integration, the lower limit T is usually taken as zero. This equation on
integration gives:

Ln[-In(1-a)/ T4 = - E'/RT + In[AR/¢E ] (11)
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where « is the fraction of the sample decomposed at time T, T is the derivative peak
temperature, A is frequency factor, R is the gas constant, E is the activation energy and ¢ is the linear
heating rate. A plot of left-hand side (LHS) against 1/T was drawn. E" is the energy of activation in KJ
mol™ and calculated from the slop and A in (s) from the intercept. The entropy of activation 4S™ in
(JK™* mol™) was calculated by using the equation:

AS* =R In (Ah/KT,) (12)

where k is the Boltzmann constant, h is the Plank's constant and Ts is the DTG peak
temperature.

3.6.2 Horowitz-Metzger equation

The Horowitz-Metzger (Eg. 13) was written in the form as follows:
log [log (W./w,)] = E6/2.303RT’ - log 2.303 (13)

where =T - Ts, W, = W, - W, W, = mass loss at the completion of the reaction; w = mass loss
up to time t.

The plot of Log[log (w./w,)] versus @ was drawn and found to be linear from the slope E” was
calculated. The pre-exponential factor, A, was calculated from the Eg. (14):

E"GRTS = Al [pexp (-E/RTY)] (14)

From the TG curves, the activation energy, E’, entropy of activations, 4S", enthalpy activations,
AH’, and Gibbs free energy, AG", were calculate from;

AH ' =E -RTand AG = AH"-TAS

The evaluated kinetic parameters for the first stages, using Coats-Redfern and Horowitz-
Metzger equations, are listed in Table 3. The results show that the kinetic data obtained by the two
methods are comparable and in harmony with each other. From Table 3, the following outcomes are
draw:

1 Higher value of activation energy suggests the higher thermal stability. The complexes
of CHL, DNB and Q(OH), acceptors show higher values of activation energies, indicating higher
thermal stability of these complexes.

2 The activation energy values (E’) of hexol complexes arranged with order of thermal
stability as: [(hexol)(CHL);] > [(hexol)(DNB)] > [(hexol)(Q(OH);)] > [(hexol)(PA);] =
[(hexol)(CLA),].
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3 The higher values of (E”) and lower values of (A) favor the reaction to proceed slower
than normal [71]. This can be seen in case of hexol/PA and hexol/CLA complexes.
4 The satisfactory values of correlation coefficients of the Arrhenius plots of the thermal

decomposition steps were found to be (r ~ 1) in all cases indicate good fit with linear function and
reasonable agreement between experimental data and the values of kinetic parameters.

5 It is clear that the thermal decomposition process of all hexol complexes is non-
spontaneous, i.e., the complexes are thermally stable.

3.7 Antimicrobial activities

Applying the disc diffusion method, all of the newly synthesized hexol complexes were
screened in vitro for antibacterial and antifungal activity. The activity was determined against four
bacterial species, two Gram (+); Staphylococcus aureus (S. aureus) and Bacillus subtilis, and two
Gram (-); Escherichia coli (E. coli) and Pseudomonas aeuroginosa (P. aeuroginosa). The antifungal
screening was studied against two species, Aspergillus flavus and Candida albicans. The activity was
performed by measuring the inhibition zone diameter values (mm) of the investigated complexes
against microorganisms and the screening results obtained are listed in Table 4, and statistically
presented in Figures 6 and 7. A comparative study of hexol complexes showed that hexol/Q(OH), and
hexol/CHL complexes exhibit an antibacterial activity against all Gram-positive and Gram-negative
bacteria species than other complexes. The results show that only hexol/Q(OH), and hexol/PA
complexes exhibit good antifungal activity against Candida albicans. All the five complexes exhibited
no inhibitory activates against Aspergillus flavus species.

16 -
124
=4 hexol-Q(OH),
§ \ —— hexol-PA
= 87 hexol-DNB
f_m — hexol-CLA
= hexol-CHL

4 4 {

0 100 200 300 400 500 600 700 800
Temp [°C]

Figure 5. TG curves of hexol CT-complexes.
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Table 2. Thermo analytical results for the hexol CT-complexes.

Found Calc.
hexol/Q(OH), [ 25-800 248 99.98 100 6C,H, + 7TH, + 6CO
(C18H2606)
hexol/PA | 25-250 200 40.33 39.76 PA
(C18H20016N6) T 250-800 430 59.66 60.24 PA, Hexol
hexol/DNB [ 25-800 220 98.66 100 4C,H, + 5H, + 4CO + 2NO
(C12H1806N2)
hexol/CLA | 25-250 200 32.56 32.84 2Cl, + %0, + H,0
(C18H18010Cla) T 250-450 300 56.19 55.97 4C,H, + 4H, + 5CO + 1.50,
I 450-800 510 11.25 11.19 5C
hexol/CHL [ 25-235 200 19.79 20.41 1.5Cl, + H,0
(C18H1406Clg) T 235-800 306 76.16 75.66 CHL, 5C,H, + Cl, + H,0 + O,
Residue 4.05 3.94 2C

Table 3. Kinetic parameters determined using the Coats-Redfern (CR) and Horowitz-Metzger ((HM).

E A AS” AH" AG”
[(hexol)(Q(OH),),] CR 1.65x10° 9.63x10% -1.65x10° 1.63x10° 1.50x10°
HM 1.87x10° 10.81x10% -1.87x10° 1.55x10° 1.46x10°
[(hexol)(PA),] CR 3.22x10* 6.93x10° -1.83x10° 2.90x10* 9.43x10*
HM 3.51x10* 7.87x10° -1.81x10° 2.67x10* 9.31x10*
[(hexol)(DNB)] CR 1.88x10° 2.67x10% -1.64x10? 1.42x10° 9.11x10*
HM 1.94x10° 2.77x10% -1.51x10° 1.46x10° 9.69x10*
[(hexol)(CLA),] CR 3.22x10* 2.33x10° -1.44x10° 3.22x10* 9.22x10*
HM 3.17x10* 2.91x10° -1.36x10° 3.16x10% 10.34x10*
[(hexol)(CHL),] CR 2.22x10° 1.33x10% -1.76x10° 2.19x10° 1.66x10°
HM 2.35x10° 1.46x10% -1.66x10° 2.11x10° 1.51x10°

% Units of parameters: E in kI mol™, Aiins™, 4S in J mol*K™, 4H and 4G in kJ mol™.

Table 4. The inhibition diameter zone values (mm) for hexol CT-complexes.

Bacteria Fungi

Bacillus Escherichia coli, (G)  Pseudomonas Staphylococcus Aspergillus Candida

subtilis, aeuroginosa, (G aureus, (G") flavus albicans

Gy )
Control: DMSO 0.0 0.0 0.0 0.0 0.0 0.0
Tetracycline 34.0 32.0 34.0 30.0 - -
Amphotericin B - - - - 18.0 19.0
hexol/Q(OH), 9.0 9.0 12.0 12.0 0.0 14.0
hexol/PA 9.0 0.0 0.0 0.0 0.0 10.0
hexol/DNB 0.0 9.0 0.0 9.0 0.0 0.0
hexol/CLA 0.0 0.0 0.0 0.0 0.0 0.0
hexol/CHL 10.0 11.0 12.0 9.0 0.0 0.0

a .
G: Gram reaction.
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Figure 6. Statistical representation for antibacterial activity of hexol complexes.
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Figure 7. Statistical representation for antifungal activity of hexol complexes.

3.8 HOMO and LUMO analysis

Molecular orbital and their properties like energy are very useful to the physicists and chemists
and their frontier electron density used for predicting the most reactive position in n-electron system
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and also explained several types of reaction in conjugated system [72]. The electronic absorption
corresponds to the transition from the ground to the first excited state is mainly described by on
electron excitation from the highest occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO) [73]. Moreover, the Eigen values of highest occupied molecular orbitals —
HOMOs (= donor) and lowest unoccupied molecular orbitals — LUMOs (n acceptor) and their energy
gap reflect the chemical activity [74]. Recently, the energy gap between HOMO and LUMO has been
used to prove the bioactivity from intra-molecular charge transfer (ICT) [75,76].

Computational analysis of energy levels of HOMO and LUMO orbitals was calculated and the
frontier orbitals (HOMO, LUMO) of free hexol donor and CT-complexes are plotted in Fig. 8. The
HOMO, LUMO and the results of the energy gap values are reported in Table 5. Hexol/DNB and
hexol/CLA complexes present a decreased HOMO-LUMO energy gap compared to Q(OH),, PA and
CHL complexes, and this is due to a strong increase of HOMO energy, while LUMO energy increases
slightly. The reduced HOMO-LUMO energy gap can be read as a prediction of enhanced reactivity,
hence reduced stability, of the DNB and CLA complexes. On the other hand, the hexol/PA and
hexol/Q(OH), complexes have high-energy gap equal to 16.4 and 7.3 eV, respectively, which are the
more stable hexol complexes. The order of stability can be summarized as; PA > Q(OH), > CHL >
DNB > CLA.

It is clearly shown from antimicrobial results and energy gap values that, the hexol complexes
which have high energy gap values exhibit an antibacterial activity against all bacteria species under
investigation, and only hexol/Q(OH), and hexol/PA complexes, which possess highest energy gap
value exhibit good antifungal activity against Candida albicans. The obtained results reveal that the
energy gap reflects the chemical and biological activity of the charge transfer complex.

Table 5. HOMO, LUMO and energy gap values of hexol and CT-complexes in eV.

hexol/Q(OH),  -1.328 -8.674 7.346
hexol/PA 205593  189.208  16.385
hexol/DNB -9.177 -8.855 -0.322
hexol/CLA -0.043 -7.406 -1.637
hexol/CHL -2.390 -7.406 5.016
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