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Abstract

Studying of charge-transfer (C7) and proton transfer interactions is essential due
to their important role in many biological field and industrial applications. The
current work will add more information’s about the nature of interaction be-
tween 3,5-diamino-1,2,4-triazole (DAT) and 6-methyl-1,3,5-triazine-2,4-diamine
(MTDA) with 3,6-dichloro-2,5-dihydroxy-p-benzoquinone (chloranilic acid
CLA) which was studied spectrophotometrically in Ethanol (EtOH) and Me-
thanol (MeOH) solvents at different temperatures. The molecular composi-
tion of the formed complexes was studied by applying continuous variation
and spectrophotometric titration methods and found to be 1:1 charge transfer
complex for both Complex (DAT:CLA) and (MTDA:CLA) which are pro-
duced. Minimum-Maximum absorbance’s method has been applied to calcu-
late the formation constant Kcrand molecular extinction coefficient (&); they
recorded high values confirming high stability of the produced complexes.
Oscillator strength (), transition dipole moment (x), ionization potential
(Zp) and dissociation energy ( W) of the formed C7-complexes were also de-
termined and evaluated; they showed solvent dependency. It is concluded
that the formation constant (K¢r) of the complexes is found to depend on
the nature of both electron acceptor and donors and on the polarity of sol-
vents.
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1. Introduction

Charge transfer (C7) or proton transfer (PT) complexation is one of the impor-
tant operations which have many applications in many fields like a biological
system such as DNA binding [1], antimicrobial activity, antibacterial, antifungal
[2] and drug receptor [3]. Also, it used in controlling the speed of enzymatic
reactions [4], modern technology like organic solar cells [5], electrical conduc-
tivity and optical properties [6].

Triazine compounds are well known due to their broad biological activity to-
wards several diseases such as analgesic, anti-inflammatory, anti-oxidant, ana-
leptic [7]. A great deal of attention has been paid to triazine derivatives endowed
with antitumor activity [8], besides widely used in natural or synthetic, with a
great variety of pharmacological effects [9].

Due to the importance of triazines in many fields and in continuation of our
studies on charge or proton transfer, in this paper we would like to add some
information’s to the chemistry of triazanes through synthesis and characteriza-
tion of a novel charge transfer complex including proton transfer hydrogen bond-
ing between 3,5-diamino-1,2,4-triazole (DAT) as an electron donor is compared
on their other electron donor 6-Methyl-1,3,5-triazine-2,4-diamine (MTDA) with
electron acceptor chloranilic acid (CLA). This work presents the spectroscopic
characterization of the charge transfer.

This work aims to compare between DAT and MTDA with CLA. The mole-
cular composition of the formed complex will be identified through job’s me-
thod of continuous variations and spectrophotometric titration methods. The
formation constant (KCT) and molecular extinction coefficient (&) and spec-
troscopic physical parameters were estimated and evaluated including oscillator
strength (), transition dipole moment (), ionization potential (ID), and re-
sonance energy (Ry) which were also calculated and analyzed. The bonding na-
ture will be discussed through calculating thermodynamic parameters using

Van’t Hoff equation.

2. Experimental
2.1. Materials, Stock Solutions and Instrumentation

Powdered DAT (purity 98%) was obtained from Across Organics, Powdered
MTDA (purity 98%) was supplied by Alfa Aesar (Germany).; chloranilic acid
(purity 98%) was obtained from Sigma Aldrich, and spectroscopic grade, ethanol
and methanol were used without further purification. Standard stock solutions
of DAT (5 x 107 mol-L™!), MTDA (5 x 107> mol-L™!) and CLA (5 x 107> mol-L™!)
were immediately prepared before each series of measurements by dissolving
appropriate amount in 50 mL of solvent. All solutions were stored in dark place

for at least one week.

2.2. Instrumentation and Physical Measurements

The electronic absorption spectra were recorded in the region 200 - 700 nm us-
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ing double beams ultra-violate visible spectrophotometer (Shimadzu UV-1601,
Japan) with matched 1-cm quartz cells and personal spectroscopy software ver-

sion 3.7, connected to Shimadzu TCC-ZUOA temperature controller unit (Ja-

pan).

3. Results and Discussion
3.1. Observation of the CT Band

Figure 1 shows the electronic absorption spectra of the charge transfer complex
3,5-diamino-1,2,4-triazole (DAT) and 6-methyl-1,3,5-triazine-2,4-diamine (MTDA),
with the e-acceptor chloranilic acid (CLA) and a mixture of both 5 x 10 mol-L™!
DAT + 5 x 10™* mol-L™* CLA and 5 x 10™* mol-L™* MTDA + 5 x 10™* mol-L™* CLA
in ethanol (EtOH) and methanol (MeOH) solutions. It is worth mentioning that,
the mixing of the donor and acceptor gave immediate deep purple color in both
Complex (DAT:CLA) and Complex (MTDA:CLA), which is evident for the
formation of charge transfer complex and stable for two hours. A newly absorp-
tion band at Am.x 524.5 nm both in ethanol and methanol in Complex (DAT:CLA)
detected that was attributed to the formation of the PT complex between DAT
and CLA. While the An. in Complex (MTDA:CLA) is 524.5 nm and 524 nm in
ethanol and methanol was attributed to the formation of the PT complex be-
tween MTDA and CLA. It is worth reporting, it used the blank included the
same concentration of chloranilic acid to remove a possible overlap that may

arise between complexes and acceptor absorption bands.

3.2. Molecular Composition of the Formed HBCT Complex

The molecular composition of the formed HBCT-complexes was determined by
applying Job’s method of continuous variations [10], The symmetrical curves
with a maximum at 0.5 mole fraction indicating of 1:1 C7-complex formation in
both (DAT:CLA) and (MTDA:CLA) in different solvents studied and a repre-
sentative plot is given in (Figure 2).

In the Photometric titration method, small volumes of chloranilic acid are
added to known concentration of donor and the absorption values are recorded
against the added volume of CLA, where two straight lines were produced inter-
cepting at 1:1 ratio of both (DAT:CLA) and (MTDA:CLA). Accordingly, one can
conclude from Figure 2 and Figure 3 the solvent polarity has not any effect on

the complex composition.

3.3. Formation Constant of the Formed Complex

Based on the electronic spectra of the HBCTI-complex at various donor’s con-
centrations (Figure 4), K¢ and & were calculated using the Minimum-Maximum

absorbances method [11].

A&omplex - Anin
Ko = (1)
C:Donor (Anax - A:omplex )
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Figure 1. Electronic spectra of donor, acceptor and C7-complex in EtOH and MeOH.
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Figure 2. Job’s plot of HBCTI-complexes in EtOH and MeOH.
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Figure 3. Photometric titration plot of HBCTI-complexes in EtOH and MeOH.
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Figure 4. Van’t Hoff plot of HBCTI-complexes in EtOH and MeOH.
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where An.x is the maximum absorbance of the complex, Ani, is the minimum
absorbance of the complex, Acomplex is the complexes absorbance values between
Amax and Amin, and Cponer is the concentration of the added donor in mol-L™". The
set of equilibrium constants were averaged.

Can conclude from Table 1, there is a small variation in the formation con-
stant between ethanol and methanol. The stability constant (K¢7) of the formed
complex DAT-CLA found equal to 3.9030 x 10° L-mol ™ and 3.1975 x 10°> L-mol™
in EtOH and MeOH respectively. On the other hand, the stability constant (Kcy)
of the formed complex MTDA-CLA found equal to 5.444 x 10° L-mol™ and
4.846 x 10° L-mol ™ in EtOH and MeOH respectively.

From the above we conclude the Formation constant of MTDA-CLA is higher
amounts and the higher stability of the complex DAT-CLA.

Where it seems that the stability of the formed complex is connected by sol-
vent polarity where the higher polar solvent methanol exhibited the smaller val-
ue of the formation constant than ethanol. Consequently, the trend of increasing
the formation constants follows the order EtOH > MeOH, as can be seen from
Table 1.

The high values of the stability constant are attributed to the high donating
power of donor, the high electron affinity of CLA and the high electric permit-
tivity for both ethanol and methanol. On the other hand, the increase of electron
density on the complex nitrogen facilitates the formation of proton transfer hy-
drogen bonding between the H-donor Complexes (OH) and the H-acceptor of
donors (ring nitrogen). This hydrogen bonding adds extra stability to the

formed complex.

3.4. Determination of the Spectroscopic Physical Data

The stability of the formed complex can be evident from calculating the spec-
troscopic physical parameters These parameters included oscillator strength (],
transition dipole moment () [12], charge transfer energy (Ecs) [13], ionization
potential (Zp) [14] and resonance energy (Ry) [15].

The experimental oscillator strength (#), which is a dimensionless quantity,
used to express the transition probability of the C7-band [16] and transition di-
pole moment () is a valuable tool that confirms the existence of proton transfer
interaction in the formed complex, calculated through the following equations
[17]:

f =432x10°[ £, -Avy, | )

1= 0.0958] £, - AV [V | 3)

where Avy, is the half bandwidth of absorbance, &, and v, are the mo-

max
lar extinction coefficient and wave number at the maximum absorption of the
complex, respectively.

The charge transfer Ecrenergy is a measure of the ease of charge transfer from

donor to the acceptor and it represents the transitions 7-7 and n-7.
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Table 1. Spectroscopic physical data for HBCTI-complexes.

Kerx 107 Average Kerx 1073

Solvent Amax Ccra Coar Amin Amax Acomplex (L-mol™) (L-mol™)
0.0002 0.169 0.8640
0.0003 0.261 1.3717
0.0004 0.307 1.4286
DAT-CLA 524.5 0.001 00005 0.075 0.713 043 2730 3.9030 758
EtOH 0.0006 0.502 3.3728
0.0007 0.526 3.4454
0.0008 0.617 7.0573
0.0009 0.655 11.1111
0.0002 0.140 0.4963
0.0003 0.232 0.9091
0.0004 0.297 1.0811
0.0005 0.385 1.4512
DAT-CLA
McOH 524.5 0.001 0.0006 0.073 0.815 0.513 2.4283 3.1975 558
0.0007 0.548 2.5415
0.0008 0.636 3.9316
0.0009 0.702 6.1849
0.0010 0.746 9.7536
0.0002 0.172 0.542
0.0003 0.264 1.185
0.0004 0.344 1.525
0.0005 0.422 1.942
MTDA-CLA 524.5 0.001 00006 0.084 0.775 0o 2782 5.444 775
EtOH 0.0007 0.559 3215
0.0008 0.609 4.076
0.0009 0.676 6.997
0.0010 0.712 10.827
0.0012 0.744 21.153
0.0002 0.155 0.584
0.0003 0.252 0.947
0.0004 0.339 1.209
0.0005 0.414 1.426
MIDACLA ), 0.001 ooe 0068  0.899 oo L0 4.846 899
MeOH 0.0007 0.563 2.104
0.0008 0.653 2.972
0.0009 0.752 5.170
0.0010 0.787 6.419
0.0012 0.873 25.80
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The charge transfer energy is calculated based on Equation (4) [13]
Eor =1243.667/ 2, (4)

The ionization potential Ip is the energy required to remove an electron from
the donor’s molecular orbital participating in charge transfer interaction and can

be calculated from Aloisi and Piganator equation.

I, (eV)=5.76+1.53x10"* -v; (5)

The dissociation energy (W) of the formed C7 complex was calculated from
the corresponding CT energy (Ecr), the ionization potential of the donor (/p)
and electron affinity of the acceptor (£,) using the following relationship [18]:

Eer =1 —E,-W (6)

The resonance energy (Ry) is a ground state property that contributes to the
stability of the formed complex. These parameters can be calculated using Equa-
tions (2)-(6).

Eer =1.7x10" /[ vy /[Ry]-35] )

The calculated values of the different spectroscopic physical parameters in
both Complex (DAT:CLA) and (MTDA:CLA) are reported in Table 2. As can be
seen from Table 2, the values of the oscillator strengths are increased gradually
on moving from methanol to ethanol, confirming the high probability of charge
transfer with less polar solvent ethanol in consisting with the stability constant
values. On the other hand, the transition dipole moment follows the same trend
as the oscillator strength of methanol was smaller than ethanol. Hence one con-
cludes from Table 2, the probability of H-transfer in ethanol is higher compared
with methanol. Furthermore, one can deduct from oscillator strength and tran-
sition dipole moment, that the stability of the formed complex is attributed to
the presence of two interactions, the C7 (charge transfer) and PT proton trans-
fer).

In Complex (DAT:CLA), the ionization potential recorded the same and small
values in both EtOH and MeOH, asserting the formation of stable complex and
one can conclude that the same donor molecular orbital interacts with CLA to
produce the charge transfer complex. The obtained ionization potential values
recorded small values due to the high basicity of DAT (two nitrogen ring and
two amino groups). While The ionization potential in Complex (MTDA:CLA)
was recorded the same and little higher value than Complex (MTDA:CLA) in

Table 2. Spectroscopic physical parameters of complexes in different solvents.

Complex Solvent Ecr(eV) Ip (eV) W (eV) Rn f # (Debye)
Complex EtOH 23711 8.6771 5.2059 0.0226 0.4826 73329
(DAT:CLA) MeOH 23711 8.6771 5.2059 0.0168 03375 6.1322
Complex EtOH 23711 8.677 5.2059 0.0047 0.0938 3.234
(MTDA:CLA) MeOH 2.3734 8.679 5.2054 0.0052 0.0930 3218
DOI: 10.4236/0jpc.2020.101002 40 Open Journal of Physical Chemistry
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both EtOH and MeOH respectively, due to the high basicity of MTDA (three ni-
trogen ring, two amino groups and one methyl group).

This behavior suggests that the electron responsible for the basic strength of
donors (n-electrons) is the same involved in the CT interaction of donors with
CLA in EtOH and MeOH. Hence, the investigated donors behave as n-donor
towards 7-acceptor (CLA). This means that the highest occupied molecular (HOMO)
is the non-bonding molecular orbital and the A-bond complexing sites of donor
is pyridinic like nitrogen by its lone electron pair. Therefore, the CT interaction
is attributed to the promotion of non-bonding electrons of the donors the lowest
unoccupied 7-molecular orbital of the acceptor CLA (LUMO). Consequently,
one can deduce that the formed charge transfer complex is mainly n-7 type in
both EtOH and MeOH. It seems that the high donating power of donor from the
presence of two ring nitrogen’s and two amino in DTA and three nitrogen ring,
two amino groups and one methyl group in MTDA groups is presumably re-
sponsible for this situation. The charge transfer energy recorded the same values
in both EtOH and MeOH.

3.5. Determination of Thermodynamic Parameters

The thermodynamic properties of the complexes were studied by estimating the
enthalpy change, AH" (k-J-mol™), the entropy change, AS* (J-(k'-mol™) and as
well as Gibbs free energy change, AG" (k-J-mol™) of the charge transfer reaction.
The Kcrvalues for the [DAT-CLA] and [MTDA-CLA] systems at different tem-
peratures were determined by minimum-maximum absorbances method. The
thermodynamic parameters (AH", AS”) were calculated from the obtained Kcr
value at 20°C, 25°C, 30°C, 35°C and 40°C using the Van’t Hoff equation:
AH® AS°

In KCT :—ﬁ'l' R (8)

where AH" and AS™ are the enthalpy and entropy of the C7 complex formation,
respectively. R is the gas constant (8.314 J-mol™k™) and T'is the absolute tem-
perature in Kelvin. Plotting the values of In Kcr versus 1000/ 7; a straight line was
obtained (Figure 4). The slope and intercept of the line were equal to (~AH"/R)
and (AS’/R), respectively; thus, the values of AH" and AS” were determined.

The results obtained are given in Table 3 all complexes the value of formation
constant decreases with increasing temperature in methanol and ethanol indi-
cating that the C7 reaction is exothermic, where the enthalpy of formation
(-AH’) recorded 1.28 and 1.34 k-J-mol™ in EtOH and MeOH, respectively in
Complex (DAT:CLA) and in complex (MTDA:CLA) was recorded 4.65 and 3.15
k-J-mol™ in EtOH and MeOH, respectively. Consequently, the electron density
increases on donors, leading to high ~AH".

One observes in Table 3, that the entropy AS" recorded small different be-
tween EtOH and MeOH it was 64.5 and 62.6 J-k-mol™ in Complex (DAT:CLA)
while the entropy AS” recorded small different between EtOH and MeOH it was
59.4 and 60.0 J-k-mol™.
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Table 3. Thermodynamic parameter for HBCTI-complex formation in different solvents.

Complex

Complex
(DAT:CLA)

Complex
(MTDA:CLA)

Temp. Kerx 1078 -AH AS -AG
K (L-mol™) (k-J-mol™) (J-k*mol™) (k-J-mol™)
EtOH
293 3.95
298 3.90
303 3.89 1.28 64.5 20.5
308 3.84
MeOH
313 3.82
293 3.22
298 3.20
303 3.17 1.34 62.6 20.00
308 3.14
313 3.11
EtOH
293 5.56
298 5.44
303 5.26 4.65 55.9 259
308 5.14
313 491
MeOH
293 4.90
298 4.85
303 4.73 3.15 60.0 16.4
308 4.70
313 4.49

The standard Gibbs free energy change of the complexation process (AG")
was estimated from the K¢r value at room temperature using Equation (9). The
negative value of AG" (Table 3) indicates the spontaneous reaction between
donors and acceptor with strong interaction as can be understood from the high
negative value of AG".
~ —2.303x8.314x298log K;
- 1000

AG® )

3.6. Application of the Studied HBCTI Reaction

Based on the formation of stable purple colored C7-complex between CLA and
donors, we proposed in this section a simple, rapid, and accurate spectrophoto-
metric method for determination of donors. Hence, under the optimum reaction
conditions Beer’s plot at various 1:1 molar ratio between donors and CLA was
constructed (Figure 5). The regression equations in both EtOH and MeOH were
studied by the least square method.
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Figure 5. Beer’s law plot for HBCTI-complexes in different solvents.

In all cases, Beer’s law plots were linear with very small intercepts, slopes and
good correlation coefficients in the general concentration ranges (1.98 - 39.60
pg-mL™') in Complex (DAT:CLA) and (2.50 - 50.1 pg-mL™') in Complex
(MTDA:CLA) (Table 4). The limits of detection and quantification were calcu-
lated according to the IUPAC definition [19]. The calculated values were listed
in Table 4. They recorded small values confirming the high accuracy of methods
studied. It has been found also that the confidence intervals of intercept and
slope recorded small values confirming excellent linearity between the absor-
bance and concentration (Table 4). The accuracy and precision of the method
was established by performing analysis of solutions containing five different
amounts (within Beer’s law limits) of all donors and measuring the absorbance
of their HBCT complexes with CLA in EtOH and MeOH. The concentration of
donors was determined from the regression equation and then calculated the
recovery percentages, the standard deviation SD, and relative standard deviation
RSD. The recovery percentages recorder values near 100% with RSD ranging
from 0.7547 to 0.8323 in Complex (DAT:CLA), while the complex (MTDA:CLA)
value from 1.49 to 1.94 confirming high accuracy and precision of the proposed
method (Table 5). Comparison of the difference between the mean and true value
[20] with the largest difference that could be executed as a result of indeterminate

+s
error — has been carried out and the results were collected in Table 5. It has

Jn
— e o .
been found that ( X — ) were less than T indicating that no significant dif-
n

ference exists between the mean and true values.
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Table 4. Quantitative parameters of HBCTI-complexes in EtOH and MeOH.

Complex Parameter Ethanol Methanol
Beer’s law limits, pg-mL™! 1.98 - 39.64 1.98 - 39.64
Limit of detection, pg-mL™! 0.9900 1.0419
Limit of quantification, pg-mL™! 3.2991 3.4728
(ISZ'T’?EJIE’;) Regression equation Y'= 0.008652.X — 0.002089 ¥'= 0.009507.X — 0.002284
Intercept, a —0.002089 + 0.00132595 —0.002284 + 0.001534
Slope, b 0.008652 + 0.0000558523 0.009507 + 0.00006460
Correlation coefficient, R 0.99925 0.99917
Beer’s law limits, pg-mL™* 2.50 - 50.1 2.50 - 50.1
Limit of detection, pg-mL™ 0.658 0.122
Limit of quantification, pg-mL™* 0. 685 0.147
(M(':I‘(l))nglcez A) Regression equation Y= 0.006558.X — 0.004268 Y=0.007716.X - 0.002284

Intercept, a
Slope, b

Correlation coefficient, R?

—0.004268 + 0.001767

0.006558 + 0.00005894

0.998548

—0.0008684 + 0.001618

0.007716 + 0.00005397

0.99912

Table 5. Accuracy and precision of the applied spectrophotometric method.

Solvent tak:rrln:;rr:L“ Am:;r;Lfc_)P nd Rec.% X SD RSD ‘X - y‘ it—sn Confidence limits

9.91 9.87 99.60
15.85 15.80 99.68

Ethanol 19.82 20.10 101.41 100.33 0.7572  0.7547 0.33  £0.9401 100.33 + 0.9401
27.75 28.00 100.90
Complex 35.67 35.70 100.08
(DAT:CLA) 11.90 11.90 100.00
17.84 17.80 99.78

Methanol 25.76 25.62 99.46 99.87 0.8312 0.8323 0.13  +1.0320 99.87 £ 1.0320
33.69 33.60 99.73
39.64 39.80 100.40
10.01 10.4 104.00
17.52 17.6 100.00

Ethanol 25.03 25.0 100.00 101.0 1.956 1.94 0.10 +2.428 101.0 £ 2.428
32.53 32.2 99.00
Complex 45.05 44.9 99.60
(MTDA:CLA) 7.50 7.76 103.0
17.52 17.50 99.8

Methanol 25.03 25.4 101.0 101.0 1.505 1.49 0.10 +1.868 101.0 + 1.868
30.03 29.9 99.6
35.04 35.4 101.0
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4. Conclusion

A charge and proton transfers complexation reaction of between 3,5-diamino-
1,2,4-triazole (DAT) and 6-Methyl-1,3,5-triazine-2,4-diamine (MTDA) with
3,6-dichloro-2,5-dihydroxy-p-benzoquinone (chloranilic acid CLA) was studied
spectrophotometrically in Ethanol (EtOH) and Methanol (MeOH) solvents at
different temperatures have been investigated experimentally by using the spec-
troscopic techniques UVvis. We got a new band at An.x 524.5 nm both in ethanol
and methanol in Complex (DAT:CLA), while in complex (MTDA:CLA) there
are 524.5 nm and 524 nm in ethanol and methanol. The molecular composition
of the complex was found to be 1:1 charge transfer complex for both Complex
(DAT:CLA) and (MTDA:CLA) by job and spectrophotometric methods. The
stability constant was determined in the investigated solvents; they exhibited
that MTDA-CLA was higher amounts and the higher stability of the complex
(DAT-CLA). The thermodynamic parameters were determined and evaluated;
they showed solvent dependency. It is concluded that the formation constant
(KCT) of the complexes is found to depend upon the nature of both electron ac-

ceptor and donors and on the polarity of solvents.
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