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Abstract. The spectral behavior of some p-nitro-p-substituted benzoylhydrazones in the perchloric acid media
was followed, applying the UV spectroscopy. The position of the absorption maximum in the spectra was
defined in acidic media and the electronic transitions were discussed, as well (1<pH<7). The equilibrium
between neutral and protonated form was investigated in the ethanol-water (V/V, 1:1) solutions. The observed
changes in the UV spectra suggested that protonation process took place in one step. The pH region of
protonation ranges between 1.4 and 2.9. Using the changes in the UV spectra which appear as a result of the
protonation reaction the stoichiometric dissociation constants were determined numerically (pKsu™ = n-pH +
log/) and graphically (intercept of the dependence of log/ on pH). Thermodynamic dissociation constants were
estimated as an intercept of dependence of pKgn* on square root of the ionic strength. In order to achieve that,
measurements were performed at different ionic strengths: 0.1, 0.25 and 0.5 mol/dm?, adjusted with sodium
perchlorate. The obtained thermodynamic pKgr* values ranged between 2.07 and 2.58. In order to predict proton
transfer at a given pH, semiempirical methods AM1 and PM3 were applied. The influence of the substituents
present in the p-position of the benzene ring on pKpu"™ values of investigated hydrazones was discussed, too.
Total energy, binding energy, enthalpy of formation, Gibbs energies of formation, atomic charge and proton
affinity values were used to predict protonation site in hydrazone molecule. Furthermore, the stability and the
proton affinity of the isomers (£ and Z) in which hydrazones exist and their protonated forms were defined.
Keywords: p-nitro-p-substituted benzoylhydrazones; dissociation constants; protonation; UV spectroscopy;
semiempirical AM1 and PM3 methods.

Resumen. Se sigui6 el comportamiento espectral de algunas benzoilhidrazonas p-nitro-p sustituidas utilizando
acido perclorico como medio y aplicando espectroscopia UV. La absorcién maxima en los espectros se definio
en medios acidos y también se discutieron las transiciones electronicas (1<pH<7). Se investigé el equilibrio
entre la forma neutra y protonada en soluciones de etanol-agua (V / V, 1: 1). Los cambios observados en los
espectros UV sugirieron que el proceso de protonacion tuvo lugar en un sélo paso. La region de protonacion
oscila en el intervalo de pH entre 1.4 y 2.9. Utilizando los cambios en el espectro de UV que surgen como
resultado de la reaccion de protonacion, las constantes de disociacion estequiométricas fueron determinadas
numérica (pKsu" = n - pH + logl) y graficamente (intercepcion de la dependencia de logl en el pH). Las
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constantes de disociacion termodinamicas fueron estimadas como una interseccion en la dependencia de pKpu™
con la raiz cuadrada de la fuerza idnica. Para conseguir lo anterior, se realizaron mediciones a diferentes fuerzas
ionicas: 0.1, 0.25 y 0.5 mol / dm?, ajustadas con perclorato de sodio. Los valores termodinamicos de pKpn"
obtenidos oscilaron entre 2.07 y 2.58. Para predecir la transferencia de protones a un pH dado, se utilizaron los
métodos semiempiricos AM1 y PM3. También, se discutié la influencia de los sustituyentes presentes en la
posicién p del anillo de benceno de los valores pKgu® de las hidrazonas investigadas. Para predecir el sitio de
protonacion en la molécula de hidrazona, se utilizaron los valores de energia total, energia de union, entalpia
de formacion, energia de Gibbs, carga atomica y afinidad protonica. Ademas, se definio la estabilidad y la
afinidad protonica de isomeros (E'y Z) en las cuales existen las hidrazonas y sus formas protonadas.

Palabras clave: Benzoilhidrazonas p-nitro-p sustituidas; constantes de disociacion; protonacion;
espectroscopia UV; métodos semi empiricos AM1 y PM3.

Introduction

Aroylhydrazones and their derivatives constitute a versatile class of compounds in organic chemistry.
They are a class of azomethines having the structure: Ar—CO-NH-N=CR;R,. Aroylhydrazones contain two
interlinked nitrogen atoms of different nature and nucleophilic character, and a carbon atom which may act as
either electrophile or nucleophile, according to the reaction environment [1,2]. In their structure is also
presented a C=N double bond that is conjugated with a lone electron pair of the terminal nitrogen atom. These
structural fragments are mainly responsible for the physical and the chemical properties of hydrazones. Both
nitrogen atoms of the hydrazone group are nucleophilic, although the amino type nitrogen is more reactive. The
carbon atom of hydrazone group has both electrophilic and nucleophilic character. Due to their structure
hydrazones are important compounds for drug design and, as possible ligands for metal complexes,
organocatalysis and for the syntheses of heterocyclic compounds [3]. There is a growing interest in the structural
studies of Aroylhydrazones, as they show a broad spectrum of applications in pharmaceutical and industrial
fields [4]. These observations increased the need for the development of new hydrazones that possess varied
biological activities [5-7]. Literature studies revealed that hydrazones, and various substituted hydrazones are
associated with a broad spectrum of biological activities such as: antioxidant, antibacterial, antiviral, analgesic,
antiplatelet, antimicrobial, and anticancer activities etc [8,9].

In order to combat diseases with minimal toxicity and maximal effects, hydrazones are synthesized as
drugs by many researchers. These predictions have provided therapeutic pathway for developing a new effective
biologically active hydrazones [10]. Hydrazones are very effective organic compounds, but at the same time
they are used as intermediates to prepare some biological active compounds by using the active hydrogen atom
of CONHN=CH- azomethine group [6,8].

Hydrazones also have analytical applications, which attract so many researchers [11]. They are very
important group of analytical regents for determination of various metal ions, by using different analytical
techniques [12]. Hydrazone derivatives may act as multidentate ligands and their transition metals complexes
were already used in the treatment of tuberculosis, in colorimetric or fluorimetric determinations, as well as, in
applications involving catalytic processes [13,14]. Hydrazones are also important intermediates in the syntheses
of nitrogen containing heterocyclic compounds [3]. Furthermore, hydrazones possess pesticide effects
(herbicides, insecticides, nematocides, rodenticides) and plant growth regulators activity [15]. Many hydrazone
derivatives have been reported to possess broad spectrum of insecticidal activities, and they can be used as
active ingredients for controlling agricultural and horticultural pests [16,17].

The biological activity of hydrazones and their derivatives depends on the ionic form which exists in
the solution. Hydrazones have acidic and basic functional groups and their ionization state is controlled by both,
pH of the solution, and the value of dissociation constants. Dissociation constant is the most valuable parameter
to understand chemical phenomenon such as: biological activity, absorption and extent of ionization of
compound in different pH. So, it is the key parameter in drug development and optimization of the dose [18].
Dissociation constants are also of vital importance in understanding and optimization of analytical procedures
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like acid-base titration, solvent extraction and complex formation. The accurate determination of dissociation
constant values is often required in many chemical and biochemical areas.

There are various techniques available for determination of dissociation constant such as:
potentiometric titration, nuclear magnetic resonance (NMR), capillary electrophoresis (CE), chromatography
(HPLC), hyper-Rayleigh scattering technique, UV spectroscopic methods etc. The ultraviolet-visible
spectrophotometry is one of the most frequently employed techniques for determination of dissociation constant
[18]. Knowing the pKpn" values of a drug, and the pH of the absorption site, the relative amount of ionized and
unionized drug in a solution at a particular pH, and the percent of drug ionized at this pH, can be determined
[19,20]. Because of that, there is a considerable interest in using experimental methods for determination of the
pKeu* values of different types of organic compounds.

The aim of the present work was to investigate the acid-base behavior of some p-nitro-p-substituted
benzoylhydrazones, in perchloric acid media (7<pH<1), as well as, to determine the stoichiometric dissociation
constant of protonated form at different ionic strength, and thermodynamic dissociation constant values at
constant ionic strength. In order to eliminate the influence of the solvent on the protonation reaction, method of
characteristic vector analysis (CVA) was employed [21,22]. Protonation site of hydrazone molecule, stability
of protonated form of £ and Z isomers and influence of the substituent were determined using semiempirical
data obtained applying semiempirical methods AM1 and PM3 [23,24].

Experimental

Chemicals and instrumentation

The investigated benzoylhydrazones were purified by recrystallization from ethanol or diluted ethanol
(ethanol/water = 1/1, V/V). The purity was tested by measuring the melting point, as well as, by elemental
analysis. The perchloric acid, sodium perchlorate and ethanol were of analytical grade p.a. (Merck), and they
were used without further purification. A digital pH meter with glass electrode was used for measurements of
the pH values (pH range from 1 to 14). The spectral measurements were carried out on a Varian Cary 50
spectrophotometer controlled by a computer and equipped with a 1 cm path length quartz cell, in the wavelength
region from 190 to 400 nm. The maximum scan rate was 24 000 nm/min with the resolution of 1.5 nm. An
Excel program was applied for calculation of the dissociation constants, while the UV spectra were obtained
with computer program Grams Version 4.10.

Stock and test solutions

The stock solutions of investigated hydrazones were prepared by dissolving an accurate weight of the
compound in the appropriate volume of 98 % ethanol, in a volumetric flask of 250 cm®. The concentration of
the investigated hydrazones in these solutions was about 110~ mol/dm?. The stock solutions were stable over
a long period of time, under ordinary conditions, which was confirmed with the recorded UV spectra. The test
solution was prepared from the stock solution with appropriate dilution in order to achieve concentration of
investigated hydrazones in the test solution of about 3-10~° mol/dm3. Because of the low solubility of
investigated hydrazones in aqueous solutions the test solutions were prepared in redistilled water and ethanol
with volume ratio 1:1 (V/V). The stability of these solutions was satisfactory for only 24 hours of time. A
constant amount of sodium perchlorate (1 mol/dm?®) was added in the test solutions, in order to maintain ionic
strength (0.1, 0.25 and 0.5 mol/dm?). The pH values of the test solution were adjusted in the range between 1
and 7 with a suitable amount of perchloric acid (0.5 mol/dm3). The UV spectra were taken immediately after
preparation of the test solutions, at room temperature. After that, the pH of each test solution was measured. At
the same time, the blanks were prepared with the same composition as the test solutions. Three series of the test
solutions were prepared, and all the measurements were performed in triplicate.

Structure of investigated hydrazones

Hydrazones possess an azomethine -NHN=CH group, thus they are considered as derivatives of
aldehydes and ketones in which the oxygen atom has been replaced by the _NNH, functional group [25].
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Actually, hydrazones are formed by the reaction of hydrazine or hydrazide with aldehydes and ketones in
ethanol [9,26]. In this investigation we used five p-nitro-p-substituted benzoylhydrazones previously
synthesized in our laboratory [27]. The structural and molecular formula of investigated hydrazones as well as
melting points are given in Table 1.

Table 1. The chemical structure of investigated hydrazones.

O i
R C S
NH—N—C R'

R= —H,—CH, —OCH,, —Cl, —OH R'=—NO,

No. Name Molecular Molecular Melting
formula mass [g/mol] | point [°C]
Hi N-p-nitrobenzaldehydebenzoylhydrazone Ci4H1103N3 269 236-239
H: N-p-nitrobenzaldehyde-p-ethylbenzoylhydrazone Ci5sH1303N3 283 246-248.5
Hs N-p-nitrobenzaldehyde-p-etoxybenzoylhydrazone Ci5sH1304N3 299 243-245.5
Ha | N-p-nitrobenzaldehyde-p-chlorobenzoylhydrazone | Ci4Hi0O3N3Cl 303 253-255
Hs N-p-nitrobenzaldehyde-p-doxybenzoylhydrazone Ci4H1104N3 285 328.5-330

The investigated hydrazones were structurally characterized by UV spectroscopy, infrared
spectroscopy (IR), nuclear magnetic resonance (\H NMR and '*C NMR), as well as, by elemental analysis [28].

pKeu" calculations
The dissociation constants of investigated hydrazones were calculated using the Henderson —
Hasselbach equation (Eq. 1) [20].

pKeu' = n-pH + log/ (1)

where, pKpu' is the dissociation constant of the protonated form, [ is the ionization ratio, and n is number of
transferred protons.

The ionization ratio I (I = ¢c(BH")/c(B)) is actually the ratio between the concentration of the protonated
(BH") and neutral (B) form of the hydrazones. The calculations of ionization ratio were performed using the
molar absorption coefficient values and the absorbance data obtained at four selected wavelengths. In
accordance with Beer’s law (Eq. 2) an over determined system of four equations (absorbance data) with two
unknown parameters (concentration of neutral and protonated form) was obtained.

A= l;cieli )

Absorbance value which corresponds to the absorption maximum was used in calculations. Actually,
the obtained results were more accurate when four absorbance values were used. The calculations of the pKpn™
values were performed from the absorbance data at four selected wavelengths around the absorption maximum
that appears in neutral and acidic media. Following wavelengths were used: Hi (258, 266, 324 and 332 nm), Hz
(242, 250, 324 and 332 nm), H3 (258, 266, 330 and 338 nm), H4 (242, 250, 332 and 324 nm) and Hs (258, 266,
332 and 340 nm). The obtained overdetermined system had this form (Eq. 3):
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A = [eu(B)-c(B) + en(BH)-c«(BH"] I
A = [en(B)-c(B) + gn(BH)-¢«(BH] I (3)
Az = [e53(B)-c(B) + &3(BH')-c(BH] /
A = [£4(B)-¢(B) + £4(BH")-c(BH)] [

where, ¢(B) is the concentration of neutral form, ¢(BH") is the concentration of protonated form, &B) is the
molar absorption coefficient of neutral form, £4(BH") is the molar absorption coefficient of protonated form.
The obtained over determined system was calculated using Excel. The molar absorption coefficients were
calculated in accordance with equation (4).

&ri= Arilc(B)] 4)

In order to determine the molar absorption coefficients, the absorbance values of the neutral (pH 4.5)
and protonated (pH 1.4) form were used. For this purpose, the UV spectra were recorded at three different
concentrations (2.40-1073, 3.00-107 and 3.60- 10~ mol/dm?) of the investigated hydrazones in solution at ionic
strengths 0.1 mol/dm?, 0.25 mol/dm? and 0.5 mol/dm?.

The influence of the solvent can be eliminated by employing method of Characteristic Vector Analysis
(CVA), which has been tested and proven to be applicable in the analysis of spectroscopic data, to investigate
problems dealing with protonation [21,22]. The pKgu" values of the investigated hydrazones were determined
graphically, as an intercept of the dependence of log/ on pH [29]. When ¢(BH") = ¢(B), log/ = 0, and the
graphically determined pKgn* value is equal to the pH value of the solution. The thermodynamic pKgn™ values
were evaluated as an intercept with extrapolation of the curve pKgu" = f{v) to zero ionic strength [30].

Semiempirical calculations

There is a great interest in applying semiempirical methods to predict proton transfer at a given pH,
for different types of organic molecules. Optimization of the geometry of investigated hydrazones and
calculation of total energy, binding energy, enthalpy of formation, Gibbs energies of formation, atomic charge,
proton affinity values was performed using AM1 (Austin Model 1) and PM3 (Parametric Method 3)
semiempirical methods [23,31]. These parameters were further used for prediction of protonation site, influence
of the substituents in the para position in the benzene ring of investigated hydrazones, as well as the stability
of the isomers (£ and Z) and their protonated forms. Proton affinity values were calculated according to
following equations:

PA = AG(B) + AG(H") - AG(BH") (5)

PA = AH(B) + AH*(H") - AH(BH") )

where, PA is the proton affinity, AH°(B)/AG/(B) is the heat/Gibbs energy of formation for the molecule,
AH°(BH")/AG(BH") is the heat/Gibbs energy of formation for the cation and AH°(H")/AG(H") is the
heat/Gibbs energy for the proton formation and has the value of 367.2 /362.57 kcal/mol, kcal/mol [32].
Theoretical calculations were carried out at the restricted Hartree-Fock level (RHF) in the HYPERCHEM
program. All structures were optimized to a gradient norm of <0.1.
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Results and discussion

Spectral behavior of p-nitro-p-substituted benzoylhydrazones in acidic media

The experimental UV spectra of hydrazone N-p-nitrobenzaldehyde-p-etoxybenzoyl-hydrazone (Hs)
obtained in perchloric acid media in the pH region from 1.2 to 4.9 (water:ethanol = 1:1, V/V) maintaining the
ionic strength of 0.1 mol/dm? are shown in Fig. 1. Similar changes in the UV spectra of this hydrazone were
noticed at 0.25 and 0.5 mol/dm? ionic strength. The spectral behavior of the other investigated hydrazones (Hi,
H2, Hs and Hs, see Table 1) at the same conditions was similar and their UV spectra are dropped out.

pH=4.88

Alnm

Fig. 1. UV spectra of N-p-nitrobenzaldehyde-p-metoxybenzoylhydrazone, Hs (¢ = 3.00-10° mol/dm?®) in pH
region between 1.25 and 4.88 (1= 0.1 mol/dm?).

From the Fig. 1 it can be seen that in the weak acid media (pH 4.9), in the UV spectra of hydrazone
Hj; there are two absorption bands. The first band is located at 198 nm wavelength, while the second one has a
maximum at 330 nm. According to the literature data the first absorption band is as a result of n—>n" electron
transitions, mainly in the aromatic structure of the molecules [33]. The second absorption band (330 nm) is
probably due to the n—>n" electron transitions [34]. Literature data revealed that when the nitrogen atom with
lone electron pair is present as it is case with hydrazone nitrogen, than there is a huge probability of n—>n
electron transitions [35].

By increasing the acidity of the solution a hypochromic effect was noticed for the first absorption band
(198 nm), while its position did not change. The first band has similar position for all investigated hydrazones
suggesting that the substituents present in the investigated hydrazones have no important influence on this band.
On the other hand the significant changes were observed in the intensity and the position of the second
absorption band (330 nm). Namely, by increasing the acidity of the solutions the intensity of this band decreased
and hypsochromic shift was observed. This absorption band disappeared at pH values less than 1.65. At the
same time, in acidic media (pH <2.77) a new absorption band at a wavelength of 260 nm appeared. The intensity
of this band increased, by increasing the acidity of the solution (See Fig. 1). At pH values lower than 2 there
were no further changes in the intensity and the position of this band. The described changes in the UV spectra
of hydrazone H3 are due to the reaction of protonation in acidic media.
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It can be noticed the existence of isosbestic points at 240 and 280 nm wavelength, in the UV spectra
of the hydrazone H3 (Fig. 1), but they are not clearly defined. One reason for this can be the influence of the
solvent taking into consideration that the protonation reaction is reversible i.e. the neutral and protonated form
are in equilibrium in the solution. The influence of the solvent from the experimental spectra can be eliminated
applying CVA method [21,22]. The reconstructed UV spectra of the hydrazone Hs at ionic strength 0.1 mol/dm3
are shown in the Fig. 2.

A

0.8

0.6

0.4

0.2

0.0 T T T T T T T —

200 250 300 350 JA/nm

Fig. 2. Reconstructed UV spectra of N-p-nitrobenzaldehyde-p-metoxybenzoylhydrazone, H3 (¢ = 3.00-10
mol/dm?), 1= 0.1 mol/dm3.

In the reconstructed spectra it can be observed well defined isosbestic point at 240 and 285 nm. The
existence of isosbestic points additionally confirmed that in the solution there are two forms (neutral and
protonated) of investigated hydrazones. The exact position of the absorption bands (neutral and protonated
form) of investigated hydrazones (Hi—Hs), as well as pH region of protonation is listed in Table 2.

Table 2. Wavelengths of the absorption maxima of hydrazones Hi—Hs in acidic media, and pH range of
protonation.

Hydrazone neutral form protonated form pH range of
pH A2max pH A2max protonation

Hi 4.77 328 1.33 262 14-27

H: 4.65 330 1.47 246 1.6-2.7

Hs 4.88 334 1.51 262 1.6-2.7

Ha 4.83 328 1.41 246 1.6-29

Hs 491 336 1.41 262 1.6-29
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The results presented in Table 2 demonstrated that by increasing the acidity of the solutions, the
absorption band which appeared at 330 nm shifted from 66 nm (Hi and Hs) to 84 nm (Hz) i.e. towards shorter
wavelengths. The pH region of protonation shows that there are no important differences in the acid-base
behavior of investigated hydrazones in acidic media (Table 2). The dependence of the absorbance values on pH
of the solution for investigated hydrazones (Hi — Hs) at 0.1 mol/dm? ionic strength are given in Fig. 3.

0.8 . " o .
d € @ y 2%
A S R AL T
v
" vv<<
0.6- . ve
<
nvA
.v A‘
0.4+ . <
’ <
<
< = H; (328 nm)
0.2 - :: ® H, (330 nm)
_— A H3(334nm)
% v Hy(328nm)
'& <« Hs (336 nm)
0.0 T T T T T T T T T
1 2 3 4 5
pH

Fig. 3. Dependence of absorbance on pH of the solution (z = 0.1 mol/dm®) of hydrazones Hi-Hs

The dependence of the absorbance on pH of the solution has sigmoidal shape with one plateau
indicating that the protonation reaction took place in one step. The upper plateau corresponds to the absorption
of the neutral form which exists in the solution. As a result of protonation process the absorbance values
decreased when the acidity of the solution increased. There were no noticed changes in the absorbance values,
with the further changes in the acidity of the solution (pH < 1.5). At this pH only the protonated form of the
compounds is present in the solution. The substituents present in the molecule of the investigated hydrazones
have not significant influence on the protonation process, presented with Scheme 1 [36]:

Scheme 1. Protonation process of investigated hydrazones.

Semiempirical data

The influence of the nitro group present in the hydrazone molecule on the protonation site, was
investigated by means of semiempirical calculation applying AM1 and PM3 methods. The obtained values of
Gibbs energy of formation, enthalpy of formation and proton affinity values are listed in Table 3.
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Table 3. Gibbs energy of formation (AGy), enthalpy of formation (AH)) and proton affinity (PA) of neutral (B)
and protonated (BH") form (N-sp? and N-sp? hybridized nitrogen atoms) of hydrazones (Hi—Hs) calculated by
AM1 and PM3 semiempirical methods.

AM1 PM3

AGy AHy AGy AHy

Hydrazone [keal/mol] [keal/mol] [keal/mol] [keal/mol]
1 24.78 64.66 6.39 46.57
2 15.53 56.69 -8.25 35.79

B 3 -17.72 25.96 -39.93 6.88

4 16.37 58.24 1.847 40.32
5 21.57 19.85 -40.81 0.8205
1 189.50 230.33 171.47 213.85
BH' 2 182.77 221.93 161.76 203.37
(N-sp?) 3 149.06 190.55 125.15 172.51
4 185.97 225.70 166.10 208.36
5 146.10 15.32 125.48 167.08
1 203.43 242.05 183.91 222.47
BH' 2 192.73 232.84 174.34 211.65
(N-sp) 3 159.36 201.08 138.62 181.53
4 196.77 237.45 173.25 217.06
5 156.14 196.28 132.35 175.29
PA(H)) PA(Gy) PA(H)) PA(Gy)

[kcal/mol] [kcal/mol] [kcal/mol] [kcal/mol]
1 201.48 194.57 199.86 197.84
BH* 2 201.91 195.32 199.57 192.55
(N-sp?) 3 202.56 195.78 197.76 197.48
4 199.69 192.96 199.11 188.31
5 201.68 194.89 200.89 196.27
1 189.76 184.19 191.24 183.91
BH" 2 191.00 185.36 191.29 179.97
(N-sp) 3 192.03 185.48 178.74 174.01
4 187.94 182.16 190.41 181.16
5 190.72 184.85 192.68 189.40

Comparing the proton affinity values calculated using AM1 and PM3 methods (see Table 3) it can be
seen that the probable protonation site (higher proton affinity values) in the molecule of investigated hydrazone
is sp? hybridized nitrogen atom. The PA values are lower for hydrazone Hy in comparison with PA values of
other investigated hydrazones. This indicated that presence of the chlorine atom in the hydrazone molecule (Hs)
causes a decrease in the affinity of sp? nitrogen atom toward proton. The proton affinity values also suggested
that the protonation reaction can be written according to Scheme 1.

In order to predict the stability of the Z and E isomers the values of total energy and proton affinity
were compared. The calculation of proton affinity was made by the equation (6) given in the experimental part
in accordance with AM1 semiempirical method. The obtained values are given in Table 4.
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Table 4. Total energy (Ew1), enthalpy of formation (AH)) and proton affinity (PA) of neutral (B) and sp?
protonated form (BH") of hydrazones (Hi—Hs) estimated by AM1 semiempirical method.

neutral form sp® protonated form
Hydrazone Ee AH, Eer AH, PA
1 -81186.68 65.27 -81336.60 230.28 202.14
-81176.64 75.31 -81336.87 229.99 21247
) -84784.45 54.34 -84932.66 221.04 200.45
-84781.48 57.31 -84932.42 221.28 203.18
3 -92162.06 25.87 -92318.42 184.43 208.59
-92159.33 28.61 -92316.91 185.94 209.82
4 -88490.43 58.87 -89639.14 225.06 200.96
-89480.42 68.87 -89639.36 224.84 211.18
5 -88580.60 20.50 -88730.45 185.03 202.62
-88570.51 30.59 -89731.20 184.83 21291

The total energy values demonstrated that the Z isomer has a little bit higher total energy values. This
means that the Z isomer is slightly more stable in neutral media in comparison with the £ isomer. The situation
is different in acidic media where the cation is formed due to protonation of sp? hybridized nitrogen atom.
Namely, in acidic media there is no difference in the total energy values i.e. in the stability of the Z and £
isomers. From the Table 4 it can be seen that the £ isomer has higher PA values compared to Z isomer. This
suggested that the £ isomer can be easily protonated in acidic media.

Dissociation constants of protonated form, pKgu*

Stoichiometric pKpn™ values of N-p-nitrobenzaldehyde-p-substituted benzoylhydrazones (Hi—Hs)
calculated from the absorbance values of the experimental and reconstructed spectra at ionic strength of 0.1,
0.25 and 0.5 mol/dm? are listed in Tables 5 and 6, respectively. Statistical data (standard deviation (SD), relative
standard deviation (RSD), coefficient of determination (R?)) and the range in which the obtained results are
placed with confidence level of 0.05 (95%) are also given in Tables 5 and 6. The graphically obtained
dissociation constants and the thermodynamic dissociation constants are presented in the Tables 5 and 6, as
well. The dissociation constants values were obtained graphically, as an intercept from the dependence of log/
on pH of the solution (Fig. 4).

log/

08 1
06 1 *

0.4 1

047 vo 1.0198x+2.362

R=0.9662
06 4 pH

Fig. 4. Dependence of log/ on pH for N-p-nitrobenzaldehyde-p-metoxybenzoylhydrazone, Hi (¢ = 3.00-107
mol/dm?), 1= 0.1 mol/dm3.
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The thermodynamic dissociation constant (table 3 and 4) were evaluated as an intercept from the
dependence pKpn" = fivu), with extrapolation to zero ionic strength [37, 38]. For illustration, the way of
determination of thermodynamic dissociation constants for hydrazone Hi is given in Fig. 5.

pKai® 236 1

235 1

£

[ =)
[
.|_

L

2.3 1 y=0.0767x+2.2971
R'=0,9855
229 T T T T T T T '

0 01 02 03 04 05 06 0.7 08|

Ja

Fig. 5. The dependence of pKgy* on Vu for N-p-nitrobenzaldehyde-p-metoxybenzoylhydrazone (Hi, ¢ =
3.00-10"° mol/dm?)

The dependence pKpi* = fivut) can be used for water solution as well as for solution where the volume
ratio of ethanol is 50 %.

Table 5. Dissociation constant values (stoichiometric, graphically, thermodynamic) and statistical data
(standard deviation (SD), relative standard deviation (RSD), coefficient of determination (R?)), experimental
spectra

)7, numerically graphically
+ +
[nrlnosl]/d n pPKsu SD RSD pPKsu R

0.1 9 2.32(+0.05) 0.08 3.59 2.36 0.966
Hi 0.25 9 2.33(+0.03) 0.05 2.20 2.38 0.986
0.5 9 2.35(+0.04) 0.07 2.86 241 0.976

“pKeu' (R?) 2.29 (0.985) 2.32 (0.999)
0.1 8 2.58(%+0.02) 0.03 1.16 2.59 0.994
H, 0.25 8 2.60(+0.03) 0.05 1.96 2.62 0.984
0.5 8 2.62(+0.02) 0.04 1.49 2.65 0.990

“pKeu' (R?) 2.55(0.974) 2.55 (0.989)
0.1 8 2.46(+0.04) 0.07 2.73 2.42 0.970
Hs 0.25 8 2.46(%0.05) 0.07 2.86 2.43 0.970
0.5 8 2.49(%0.06) 0.09 3.66 2.45 0.952

“pKeu' (R?) 2.42 (0.937) 2.39 (0.926)
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0.1 10 2.07(x0.03) 0.04 2.06 2.17 0.990
H, |25 10 2.09(0.03) 0.05 2.46 2.21 0.988
0.5 10 2.11(20.03) 0.05 2.57 2.27 0.990

“pKsu* (R?) 2.05 (0.999) 2.08 (0.999)
0.1 11 2.34(20.03) 0.06 2.38 2.35 0.980
He |_025 11 2.45(20.06) 0.09 371 2.44 0.948
0.5 11 2.51(20.04) 0.07 278 2.53 0.970

“pKsu* (R?) 2.22 (0.969) 2.22 (0.996)

“pKpi" - thermodynamic dissociation constants, 4 - ionic strength, n - number of measurements.

Table 6. Dissociation constant values (stoichiometric, graphically, thermodynamic) and statistical data
(standard deviation (SD), relative standard deviation (RSD), coefficient of determination (R?)), reconstructed
spectra.

7 numerically graphically
[mol/dm’] n pKen" SD | RSD pKen'* R
0.1 9 2.26(%0.06) 0.09 | 4.31 2.18 0.948
Hi 0.25 9 2.27(0.05) 0.07 3.89 2.18 0.966
0.5 9 2.29(%0.06) 0.09 | 4.08 2.22 0.948
"pKeu’ (R?) 2.23 (0.944) 2.15(0.941)
0.1 8 2.35(£0.07) 0.10 | 4.29 2.38 0.935
Ha 0.25 8 2.41(0.05) 0.07 3.18 2.40 0.964
0.5 8 2.45(10.05) 0.08 3.29 2.41 0.960
“pKeu' (R?) 2.29 (0.998) 2.35(0.963)
0.1 8 2.36(0.03) 0.05 2.12 2.31 0.984
Hs 0.25 8 2.40(%0.06) 0.08 3.65 2.32 0.952
0.5 8 2.43(%0.06) 0.09 3.67 2.35 0.954
"pKeu’ (R?) 2.31 (0.995) 2.27 (0.969)
0.1 10 2.27(+0.02) 0.03 1.48 2.33 0.994
Ha 0.25 10 2.28(%0.06) 0.08 3.92 2.39 0.964
0.5 10 2.30(£0.04) 0.05 2.53 241 0.984
“pKeu' (R?) 2.24 (0.995) 2.17 (0.838)
0.1 11 2.26(10.04) 0.07 3.24 2.25 0.968
Hs 0.25 11 2.28(10.06) 0.09 | 4.25 2.30 0.942
0.5 11 2.29(£0.07) 0.11 4.66 2.38 0.935
“pKeu' (R?) 2.25(0.997) 2.14 (0.991)

*pKpn" - thermodynamic dissociation constants, 4 - ionic strength, n - number of measurements.

There are no significant differences in the values of stoichiometric dissociation constants of all
investigated hydrazones (H1 — Hs). The calculated pKgr" values are identical to those graphically obtained (See
Tables 5 and 6). This means that dissociation constants can be successfully determined, in the both ways. This
was also confirmed with the results of the t-test i.e. the value of t-parameter (-0.05) was below critical value
(2.306) of this parameter. At the same time, there were no important differences in the pKpu* values determined
from the absorbance data of the experimental UV spectra with those determined from the absorbance data of
the reconstructed spectra (See Tables 5 and 6). By increasing the value of the ionic strength, the pKgn® values
slightly increased which is in accordance with the theoretical expectations.
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By comparison of thermodynamic dissociation constants it can be seen that the values ranged from
2.05 for hydrazone Ha to 2.55 for hydrazone Hz. The following order of thermodynamic pKgn* values was
observed (Table 5):

Hydrazone: Ha Hs Hi: Hs H:
pKeu+ 2.05 222 229 242 255
—  »  the strength of the protonated base decreases

The hydrazones Ha (—Cl) and Hs (—OH) have a little lower pKgn" values i.e. theirs protonated forms
are stronger acids compared with hydrazones Hi-Hs. This is probably due to the influence of the present
substituents in the molecule. Actually, the protonated form of hydrazone Ha which has chlorine atom in para
position of benzene ring is the strongest acid compared with other investigated hydrazones. The weakest acid
is hydrazone Hz (—CH3).

Conclusion

The spectral behavior of five p-nitro-p-substituted hydrazones was investigated in perchloric acid
media, using the methods of UV spectroscopy. The changes in the UV spectra indicated that protonation
reaction occurred in acidic media. The dependence of absorbance on pH indicated that the protonation process
took place in one step. The influence of the solvent (50 % ethanol) was eliminated using the method of
characteristic vector analysis (CVA). The changes in the UV spectra were used for calculation of dissociation
constants. The pKpn™ values were determined numerically and graphically. In order to determine the
thermodynamic dissociation constants the measurements were performed at three different ionic strengths (0.1,
0.25 and 0.5 mol/dm?). It should be emphasized that there are no big differences in the pKpn' values of all
investigated hydrazones suggesting that the substituents (—H, —-CH3, -OCH3, —Cl and —OH) have no significant
influence. The proton affinity values indicated that the probable protonation site in the molecule of investigated
hydrazone is sp? hybridized nitrogen atom, and the E isomer can be easily protonated. The Z isomer is slightly
more stable in comparison with the £ isomer in neutral media, while in acidic media there is no difference in
stability of the Z and E isomers.
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