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Abstract

The pH-, water content-, sample concentration-, temperature- and time-dependences of the UV—vis spectra of the potentially tautomeric
azocoupling product 1 in (aqueous) ethanol solutions have been systematically investigated. On the basis of pH-dependence were determined
the pK,’ values corresponding to three interconnected acid—base equilibria 2b <> 1a < 3b <> 4b that originate from 1. The four species 1a, 2b, 3b,
4b involved in these equilibria are characterized on the basis of their different visible absorption bands. The hydrazone structure 1a of the initial
species is supported by the 'H and '*C NMR data. The dependence of the UV—vis spectra of (aqueous) ethanol solution of 1 upon the water
content, dye concentration, temperature or time seems to be due firstly to the acid—base equilibrium Ia < 3b. However, some irregularities in
these dependences might be interpreted as being caused by eventual superimposition upon the acid—base equilibrium Ia <> 3b of the azo—hy-
drazone (e.g. Ia <> 1b) and/or aggregation equilibrium. By the time dependence has been observed practically a kind of oscillation of the position
of the present equilibrium that is very difficult to explain.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction 1 has been compatible even with hydrazone tautomer structure

1a [3].

The compound 1 is an azocoupling product that might
appear [1—3] in more azo- and hydrazone-tautomeric forms
(e.g. 1a, 1b). However, it must be underlined that for the
azocoupling products of the l-aryl- or I-hetaryl-3-methyl-
pyrazolin-5-one — to which belongs also the compound 1
which forms the object of this study — most of the published
papers [4—13] sustain the practical presence of only the hydra-
zone tautomers. Correspondingly, the 'H NMR spectrum of
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But owing the great sensitivity of the visible absorption
spectrum of 1 to solvent nature and to acid, alkali or water
addition, in some of its solutions,[3] the involvement of the
hydrazone tautomer la in interconnected azo—hydrazone
was suggested (e.g. la<1b) and acid—base (la<2b,
la<=3b, 3b<4b) equilibria (Scheme 1).

In order to explain, otherwise, such a sensitivity to various
experimental factors of the UV—vis spectra of many other
dyes [14—16], but firstly of those able of azo—hydrazone tau-
tomerism [9,10,17—32] different interconnected equilibria
were also admitted [14,18,19b,22,25—28,30—32]: acid—base
with aggregation [14], acid—base with azo—hydrazone
[22,26,28,30—32], acid—base with azo—hydrazone and
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Scheme 1. Some of the interconnected azo-hydrazone and acid—base equilibria to which the dye 1 might participate.

aggregation [18,27b], azo—hydrazone with aggregation
[19b,25,27b]. There are, however, authors who have adopted
as explanation for such a sensitivity only one type of equilib-
ria: acid—base [9,10,15,16,20,23,24] or azo—hydrazone
[17,192a,21,29] or monomer—dimer [25b]. The above explana-
tions have been formulated especially on the basis of a system-
atic study of the dependence of the UV—vis absorption spectra
as a function of various factors: pH [9,10,14—16,18,20,22—
24,26—28,32], solvents [7,17—21,252a,26b,28,30—32], acid
[20,28,30—32], alkali [28,30—32], water [7,19a,21,32] or sur-
factants [27b] addition, temperature [19b,20,21a,25,29], time
[27a,32], and dye concentration [18,20,25,27a,32].
Therefore, with the object to ascertain as accurately as pos-
sible, the cause of the sensitivity to experimental factors of the
UV—vis spectra of the solutions of 1, in this work we set

ourselves as a task such a systematic UV—vis study. For this
purpose, the data obtained in the previous paper [3] concern-
ing the dependence of UV—vis spectra of 1 as a function of
solvents and acid or alkali addition to the ethanol or methanol
solutions, respectively, have been completed with those on the
dependence of the UV—vis spectra of the (aqueous) ethanol
solutions of 1 against pH, water content, dye concentration,
temperature and time, respectively. Supplementary, is made
also a full assignment of the signals from 'H and '*C NMR
spectra of 1. Thus we hope to determine also the existing
forms of 1 in the examined conditions. Also, the pH-depen-
dence of the above UV —vis spectra of 1 was used to determine
the pK,’ values of 1. The studied species, that may appear in
more tautomeric forms, are indicated generally as 1, 2, 3, 4,
but as 1a, 1b, 2a, 2b, etc., for a definite tautomer.
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2. Results and discussion
2.1. NMR spectra of 1 in CDCl;

The assignment of the signals from the 'H and '*C NMR
spectra of 1 in CDClj; is presented in Tables 1 and 2. The anal-
ysis of the "H NMR spectrum of 1 has been facilitated by great
diagnosis value of the most intensive signal of this spectrum,
namely that which is due to the six protons corresponding to
the N(CHjz), group. On this basis it has been possible to find
the total number of hydrogen atoms in the molecule 1 and the
number of hydrogen atoms corresponding to each signal
and to each type of hydrogen atoms, respectively. As expected
these numbers are compatible with any tautomeric forms of 1
(e.g. 1a, 1b). As in the '"H NMR spectrum of 1 appears only
one signal corresponding to the protons of N(CH3), group it
may be appreciated that in CDClj; solution 1 is detected for-
mally only as a single species or if there are more tautomeric
(or of another type) species these should be in a rapid equilib-
rium. On the other hand, the presence in the "H NMR spec-
trum of 1 of a very low field signal (13.55 ppm) supports the
hydrazone tautomer structure 1a for the detected species be-
cause for the other pyrazolin-5-one azocoupling products
such a signal was argued to be characteristic just for the hydra-
zone NH proton [3,4,7—9,12,13,30,31]. However, it is note-
worthy that the chemical shift (3.04 ppm) of the hydrogen
atoms present in the N(CHj3), group of 1 is very similar to
that found (3.1 ppm) for the same group bounded at one end
of the polymethine chain in some merocyanine dyes (cf.
[34]). This, in spite of the fact that the type of extensive con-
jugation characteristic for merocyanine [35] — that explains
the deshielding of the N(CH;), group protons of these —
may not involve formally the N(CHj3), group in the case of
1a (see formulae 1a).

In exchange the 13C-chemical shifts for 1 (Table 2) are sim-
ilar to those of the same types of carbon atoms present in other
pyrazolin-5-one azocoupling products for which has been as-
signed a hydrazone structure [3,5,7,8,30]. Therefore on the

Table 1
The 'H NMR data® of 1 corresponding to the hydrazone structure 1c

HSC\
N d
H,(’

a
b ¢

Table 2

The '3C-chemical shifts of 1, corresponding to hydrazone structure 1c?, of
1-phenyl-3-methyl-4-phenyl-hydrazonopyrazolin-5-one and of the 1-(4-hy-
droxy-6-methyl-pyrimidinil-2-yl) analogue® of the last

The 13C-chemical shifts 6 (ppm) for the compounds
position of 1 (1¢) 1-Ph-3-Me-4-Ph- Analogue of 1¢  Calculated
C-atoms hydrazonopyrazolin- unsubstituted 13C-chemical
5-one in the benzene  shifts for the
ring “a—d”
C-atoms in 1
3 147.1 1484 146.6
4 1240 1284 125.8
5 1595 1577 159.0
1 (3) - 118.4 -
2/ 161.5 138.0 161.3
4 1659 128.8 165.8
5 109.2  125.0 109.5
6 152.1 128.8 1525
a 150.1 1257 127.5 150.3¢
b 1126 129.6 129.9 114.2¢
c 1184 1157 116.7 117.5¢
d 1298 141.1 1404 128.6°
3-CH; 12.1 11.7 12.1
6'-CHjy 246 — 24.6

N(CHsj), 404 — -

The data for 1-Ph-3-Me-4-Ph-hydrazonopyrazolin-5-one are from references
[5a,8].
The similar italicized values are to be compared.
* See the structure of 1cin Table 1.
® This corresponds to the structure of 1c unsubstituted in the benzene ring.
© These are calculated from the corresponding values of the unsubstituted
analogue in benzene ring — presented in preceding column — using the incre-
ments of the N(CH;), substituent in para-position [33].

basis of NMR study of 1 it is concluded (cf. [3]) that in

CDClj; solution the structure of 1 corresponds to 1a.

2.2. UV—vis spectroscopic study

2.2.1. Preliminary remarks
As we have shown previously [3] the dye 1 has practically
the same UV—vis spectrum with only one intense and

Protons of the group

C(6')—CH; C(3)—CH; N(CH3) Cc(H-H

C(b)—H

C(c)—H N(1)—H Hydrazone NH

2.36; s; 3H 2.41; s; 3H 3.04; s; 6H 6.08; s; 1H

6.73; d; 2H; 8.2

7.39; d; 2H; 8.2 11.4;s; 1H 13.55;s; 1H

# There are given the chemical shift — é (ppm), the multiplicity (s — singlet; d — doublet), the number of protons and the coupling constant — J (Hz).
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relatively narrow absorption band in visible (A,,x ~ 520 nm) —
in CDCls, benzene, CCl,, dioxane, dimethylsulfoxide, anhy-
drous pyridine, and acidified ethanol or methanol. On this
basis and because for 1 in CDCl; has been assigned a
hydrazone structure 1a (see Section 2.1) the same structure
should be present in all above solutions. In exchange, the vis-
ible spectra in diluted (~1075 mol Lfl) neutral ethanol or
methanol solutions of 1 present usually three absorption bands
(Amax ~ 520, 435, 395 nm), even if some of these appear only
as shoulder (Fig. 1, curve 1). But these spectra with three
bands are converted by the addition of a small quantity of
acid ([HCI] =2 x 10~* mol Lfl) into spectra with only one
band in visible (Aynax ~ 520 nm, Fig. 1, curve 2) which corre-
sponds to the spectrum of 1 in CDCI; that has been assigned
to the hydrazone structure la (see above). In other words,
by the addition of small amounts of acid the disappearance
of the bands from ~435, 395 nm takes place on account of
the corresponding increase in the band at ~520 nm (Fig. 1,
curve 2). Approximately the same effect is also determined
by the addition of much water to the ethanol solution of 1
(Fig. 1, curve 3).

On the other hand, the addition of more acid (up to
[HCl] = 10~" mol Lfl) to the above acidified ethanol solution
of 1 (Fig. 1, curve 2) converts the spectrum with only one vis-
ible band of this ~520 nm into a spectrum with another
unique visible band (Fig. 1, curve 4). But in this last case
the single visible band is located at the lowest wavelength in
visible (Anax ~ 400 nm). In exchange, if the added quantity
of acid to the solutions having the absorption curves 1 or 2
in Fig. 1 is intermediate between the two above mentioned,
there takes place (Fig. 1, curve 5): (i) a decrease in the longest
wavelength band at 520 nm, (ii) the disappearance of the
band at ~435nm — in the case of diluted neutral ethanol
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T T T T t
300 400 500 600 700
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Fig. 1. The spectra of 1 in ethanol solutions with different additions of acid,
alkali or water. 1 — the initial ethanol solution of 1 (¢ =2.83 x 107> mol L™");
2 — the initial (1) solution of 1 after addition of low quantity of HCI (to
~10"* mol L™Y); 3 — the 50% ethanol—water (v/v) solution of 1; 4 — the ini-
tial (1) solution of 1 after addition of more HCI (to ~10~' molL™'); 5 — the
initial (1) solution of 1 after addition of an intermediate quantity of HCI be-
tween those corresponding to absorption curves 2 and 4; 6 — the initial (1)
solution of 1 after addition of low quantity of KOH (to ~3 x 10> mol L™ ");
7 — the initial (1) solution of 1 after addition of more KOH (to ~10~" molL™").

solution — and (iii) an increase in the band at 400 nm. The
greater quantity of acid leads in fact to the disappearance
also of the longest wavelength band (~520 nm) on account
of the corresponding increase in the band at 400 nm. Also,
the addition of KOH to ethanol or methanol solutions of 1
influences the visible spectra of these. A small quantity of
KOH only diminishes (Fig. 1, curve 6) the longest wavelength
band (520 nm) whilst more KOH determines its disappearance
(Fig. 1, curve 7) on account of the corresponding increase in
two bands of lower wavelength (435, 395 nm). The above-
discussed behaviors are compatible (cf. [3]) with the involve-
ment of the assigned hydrazone tautomer 1a (4,,,x ~ 520 nm)
in different equilibria (cf. Scheme 1), especially in the exam-
ined (aqueous) ethanol solutions.

With the aim to ascertain as accurate as possible these equi-
libria, further is examined the influence of the pH, of the water
content, of the dye concentration, of the temperature and of the
time on the spectra of 1 in (aqueous) ethanol.

2.2.2. Influence of pH. The determination of pK, values

The pH has a very great influence on the UV—vis spectra of
1 in aqueous ethanol solutions (Fig. 2). The absorption curves
of the isomolar solutions of 1 in aqueous ethanol present dif-
ferent isosbestic points as a function of pH’ range. However,
by the examination of the UV—vis spectra in certain pH’
ranges, namely,: 1.8—5.6 (Fig. 3), 5.6—10.6 (Fig. 4), 10.6—
12.6 (Fig. 5), respectively, the absorption curves present the
same sharp isosbestic points in a certain pH' range even if
these are different in the three mentioned ranges.

The plot of absorbance vs. pH' at the analytical wavelength
(520 nm) in each above delimited range has a sigmoidal form
(e.g. Fig. 6). Such a form is characteristic for an acid—base
equilibrium [22,23,32,36a]. By derivation of the sigmoidal
curves (e.g. Fig. 7) were obtained the pK,’ values correspond-
ing to the three above pH ranges: pK,’ =3 +0.03,
pK.y' =7.06 £0.03, pK,' =11.31+0.03. The first pK,

absorbance
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Fig. 2. The pH' dependence of the spectra of the isomolar solutions of 1
(c=2.97x 10> mol L™") in ethanol—water (1 v/1 v) at ionic strength of
0.01 mol L™" KCI at 25 °C. For some curves are indicated the pH’ values:
1 —483;2—-4.01;3—-632;4—358,5—7.36;6—294;,7 —2.73;8 —
2.45;9 —2.23; 10 — 2.03; 11 — 1.79; 12 — 12.08; 13 — 9.55.
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Fig. 3. The pH' dependence of the spectra of the isomolar solutions of 1
(c=2.97x10 molL™) in ethanol—water (1 v/1v) at ionic strength of
0.01 molL™" KCI at 25 °C. For some curves are indicated the pH values:
1—1.79;2—2.03;3—223;4—245,5—273;6 —294;,7 —3.53; 8 —
4.01; 9 —4.83; 10 — 5.06; 11 — 5.60.

(pK41') seems to correspond (cf. [10,18,22,26a,36b]) to the pro-
tonation equilibrium of the dye 1 (1 + H" < 2b), while the
pK..' and pK,3' should correspond (cf.[9,16,18,20,21a,22—
24,26,27b,28,32,36—40]) to the deprotonation equilibria of
1 (1+HO <3b and 3b + HO™ <4b, respectively, see
Scheme 1). On the other hand, the presence of the well-defined
isosbestic points for the absorption curves in each above de-
limited pH range (Figs. 3—5) is compatible with the manifesta-
tion of acid—base equilibrium only between two species in
each of the three above pH’ range. The three acid—base equi-
libria are interconnected because they have as origin the
same compound 1. Therefore, the total number of the involved
species should be four: the protonated form 2b (or 2a)
(Amax ~ 400 nm), the initial species 1a (An.x ~ 520 nm), the
monodeprotonated species 3b (. ~ 435 and 395-sh nm)

absorbance
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Fig. 4. The pH' dependence of the spectra of the isomolar solutions of 1
(c=297x10°molL™") in ethanol—water (1 v/1 v) at ionic strength of
0.0l mol L™ KCI at 25 °C, in the pH’ range 5.6—10.55. 1 — 5.60; 2 —
6.32; 3 — 7.36; 4 — 9.55; 5 — 10.55.
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Fig. 5. The pH' dependence of the spectra of the isomolar solutions of 1
(c=2.97x 10> molL™") in ethanol—water (1 v/1v) at ionic strength of
0.01 mol L™" KCI at 25 °C, in the pH’ range 10.55—12.58. 1 — 10.55; 2 —
1091; 3 — 11.64; 4 — 12.08; 5 — 12.58.

and the double deprotonated species 4b (A.x ~ 440 and
397-sh nm). As has been shown (see Section 2.1) the initial
species has been detected by NMR only as hydrazone tautomer
1a. The fact that the protonation of the initial species (Fig. 1,
curve 4, [HCI] = 10~" mol L™") causes a very large hypsochro-
mic shift of the longest wavelength band (from 520 to 400 nm)
suggests a major change of the chromophore system, e.g. from
1a to the hydroxyazo tautomer form 2b of the protonated spe-
cies of 1 (see also Fig. 3). Such a transformation by protonation
of the hydrazone tautomers has been ascribed [10] also in the
case of other pyrazolin-5-one azocoupling products. Also,
monodeprotonated species of 1 exhibits a large hypsochromic
shift of the longest wavelength band relative to the one of the
initial species (from 520 to about 435 and 395-sh nm, see
Figs. 1 and 4). Therefore we assign for this a common anion
structure having principally an azonature 3b, as have been
given also for the corresponding anion arising from other azo-
coupling products capable of azo—hydrazone tautomerism
[20,26,32,36b—39]. However, it is noteworthy that the initial
species 1, its monoprotonated species 2 and its monodeproto-
nated species 3 may appear in more tautomeric forms

1.5

1.25

absorbance
o
~
(4]

1.5 25 3.5 4.5 5.5
pH

Fig. 6. The plot absorbance vs. pH' corresponding to the pH’ range 1.79—5.6,
respectively, to the pK,," determination of the dye 1.
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Fig. 7. The first derivative for the plot from Fig. 6 that gives the pK,;’ value.

(e.g. la=1b, 2a<=2b, 3a<+3c). In exchange, the twice de-
protonated species of 1 appear only as delocalized dianion
that should have principally also an azostructure 4b. The great
similarity between the UV—vis spectra of the twice deproto-
nated 4b and monodeprotonated 3b species (Fig. 5) — for
which has been assigned above an azostructure — supports
this assignment. As a conclusion of the study of the pH’ depen-
dence of the UV—vis spectra and of the pK,’ determination for
1 it must be underlined that such obtained data undoubtedly
prove the involvement of 1 in acid—base equilibria. Conse-
quently, an explanation of the great sensitivity of the UV—vis
spectra of the (aqueous) ethanol solutions of 1 to different exper-
imental factors, but firstly to acid or base presence, should be even
the manifestation in these conditions of the acid—base equilibria.

2.2.3. The effect of water content in ethanol solutions

The UV—vis absorption curves of isomolar solutions of 1 in
ethanol with different water content (0—50%) are presented in
Fig. 8. The modification of the composition of the solvent
from absolute ethanol (curve 1) to 50% (v/v) ethanol—water
(curve 6) has approximately the same effect as the addition
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Fig. 8. The dependence of the spectra of the isomolar (aqueous) ethanol solu-

tions of 1 (¢ = 1.322 x 107> mol L") on the water content at 25 °C. 1 — Ab-

solute ethanol solution; 2 — ethanol—water (9 v/1 v); 3 — ethanol—water (8 v/

2 v); 4 — ethanol—water (7 v/3 v); 5 — ethanol—water (6 v/4 v); 6 — ethanol—
water (1 v/1v).

of small quantity of acid ([HCI]=2 x 10"*molL™") to the
solution of 1 in absolute ethanol (compare the curves 2 and
3 from Fig. 1). On the other hand, the absorption curves
from Fig. 8 are similar to some absorption curves from
Fig. 4, curves that correspond to the first deprotonation equi-
librium Ia <> 3b. Therefore, it may be appreciated that the wa-
ter addition to the ethanol solution of 1 determines the shift of
the equilibrium Ia < 3b towards 1a (cf. [32]) because the wa-
ter is a stronger acid than the ethanol. Hence the sensitivity to
the water content of the ethanol solutions of 1 is caused appar-
ently by the manifestation of the acid—base equilibrium
3b < la. We mention that the UV—vis spectra of the 4-phenyl-
azo-1-naphthol show a similar dependence upon the water
content of ethanol as that exhibited in the case of 1. But this
dependence in the case of 4-phenylazo-1-naphthol has been
ascribed to the azo—hydrazone tautomerism [7,19a,21].

2.2.4. The effect of dye 1 concentration in ethanol solutions

The UV—vis absorption curves in ethanol at different con-
centrations of 1 in the range 10™*—10"°mol L', keeping
constant the value “cp x I’ (cp = dye concentration, [ = path
length of the cell) are presented in Fig. 9. They are similar
to some absorption curves from Fig. 8 that have been shown
above (Section 2.2.3) to correspond apparently to the first de-
protonation equilibrium Ia <> 3b. In accordance with such an
equilibrium the decrease in the concentration (the dilution)
shifts this towards deprotonated (or ionized) form 3b. Other-
wise such an interpretation of dye concentration effect has
been given recently for other azocoupling products capable
of azo—hydrazone tautomerism [20,28,32]. Consequently, we
consider that also the sensitivity of the UV—vis spectra in
ethanol towards the dye 1 concentration variation is caused
very likely by acid—base equilibrium Ia < 3b.

We mention, however, that a concentration dependence of
the UV—vis absorption spectra similar to that shown by 1

absorbance
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Fig. 9. The concentration dependence of the spectra of the dye 1 in absolute
ethanol at 25 °C and constant product: ¢p x I=1.84 x 107> molL™" For
each curve is given the dye concentration in mol L' and the path length of
the cell in cm. 1 — 3.68 x 107, 0.5; 2 — 1.84 x 107, 1; 3 — 0.92 x 107>,
2,4 —3.68x107°5.
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has been ascribed in the case of other azocoupling products to
the aggregation [25b] or to the interconnected azo—hydrazone
and aggregation equilibria [25a,27]. Concerning the
alternative interpretations of the water content- or dye concen-
tration- dependence it must be underlined that the UV—vis ab-
sorption curves of the isomolare solutions of 1 in ethanol with
different water content (Fig. 8) as well as the absorption
curves in ethanol at different concentrations of 1 and constant
“cp x I’ value (Fig. 9) have given distorted isosbestic points.
Such a situation might indicate that it is present as a non-sim-
ple ionization step (cf. [27b,32]), that the ionization equilib-
rium la<3b is connected with another equilibrium, e.g. by
azo—hydrazone (cf. [3,18,22,26,27b,28,31,32,36b,37,39,40]) —
or (and) aggregation (cf. [14,27b,18]) — equilibrium. This
possibility is more probable as the UV—vis spectrum of the
common anion 3b with a principally azostructure is expected
to be similar to that of the corresponding undeprotonated
hydroxy—azo tautomer 1b because in the two mentioned
species should be present practically similar azochromo-
phores. On the other hand also the UV—vis spectrum of the
initial undeprotonated hydrazone tautomer 1la is expected to
be quite similar to that of its eventual dimer on the basis of
such findings [25] in the case of other azocoupling products
that have been detected principally [25a] as hydrazone tauto-
mers. Therefore, in the above conditions it is very difficult
to differentiate the equilibria that involve very probably
more species with similar UV—vis absorption spectra.

2.2.5. The effect of temperature on the visible spectra of the
ethanol solutions of 1

The UV—vis absorption curves of 1 in ethanol solutions at
different temperatures in the range 18—60 °C are presented in
Figs. 10 and 11. The temperature dependence of the spectra of
1 differs as a function of the source (Primexchim or mixture
Primexchim + Cristal — Bucharest) of absolute ethanol.
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Fig. 10. The temperature dependence of the spectra of 1
(c=3.44 x 10~> molL™") in absolute ethanol (mixture 87 v/13 v from the
ethanol provided by Primexchim and Cristal (Bucharest), respectively). For
each curve is given the measurement temperature in °C. 1 — 18; 2 — 21;
3—25;4—30;5—35,6—40,7 — 45,8 —50;9 — 55; 10 — 60; 11 — after
cooling to room temperature.
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Fig. 11. The temperature dependence of the spectra of 1

(¢=3.96 x 107> mol L") in absolute ethanol provided by Primexchim, Bu-
charest (pH' =7.90). For each curve is given the measurement temperature
in °C. 1 —18;2 —20;3 —25;4 —30; 5 — 35; 6 — 40; 7 — 45; 8 — 50;
9 — 55; 10 — 60; 11 — after cooling to room temperature.

Namely, it is opposite for the two sorts of ethanol. We mention
that the measured pH’ of the ethanol from Primexchim was
slightly lower (pH' =7.90) than that from Cristal
(pH' = 8.90). On the other hand the absorption curves from
Figs. 10 and 11 are similar to some absorption curves from
Figs. 8 and 9 that have been shown above (Sections 2.2.3
and 2.2.4) to correspond apparently to the acid—base equilib-
rium Ia <> 3b. On this basis we consider that also the temper-
ature dependence of the spectra of 1 is caused by the same
acid—base equilibrium Ia < 3b. Otherwise such an opinion
was formulated also concerning other potentially tautomeric
azocoupling products [20,28] and it is known that the mea-
sured pH' changes with temperature [41].

However, it is noteworthy again that several authors as-
cribed the temperature dependence of the UV—vis spectra of
some azocoupling products to the shift of their azo—hydrazone
equilibrium [17b,21a,25a,29], while others [19b] considered
the involvement of an aggregation equilibrium also. We should
also take into consideration these two last possibilities for 1
especially because at slightly lower pH' (Fig. 11) the temper-
ature dependence of the spectra is reversed in comparison with
that in Fig. 10. But each of these types of temperature depen-
dence mentioned above has been found already by the exam-
ination of other azocoupling products. Thus, e.g., the
dependence illustrated in Fig. 11 is entirely similar to that
found for other azocoupling products in cyclohexanone [20],
formamide [21] or water [25a], while the reversed dependence
from Fig. 10 is similar to that of 1-phenylazo-4-naphthol in
ethanol [17b,29]. However, with an exception [20], the pro-
posed equilibrium for each of the above cited temperature
dependence has been the azo—hydrazone equilibrium. There-
fore, it may not be excluded the possibility of the involvement,
beside the acid—base equilibrium 3b < 1a (Fig. 11), of the
azo—hydrazone equilibrium Ia < 1b (Fig. 10) in the tempera-
ture dependence of spectra of 1 in ethanol (see also the final
discussion from Section 2.2.4).
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Anyway it is to underline that the absorption curves at dif-
ferent temperatures present isosbestic points and the fact that
the observed changes with temperature increase are com-
pletely reversible by cooling to the initial temperature.

2.2.6. The time dependence of the UV—vis spectra of 1
in absolute ethanol

Although the time dependence of the spectrum of 1 in eth-
anol is irregular (Figs. 12 and 13) apparently are present two
species in equilibrium because the absorption curves at
different registration time intervals, after the preparation of
the solution, show a quite well-defined isosbestic point
(Fig. 12). But the equilibrium position seems to oscillate
with time (Fig. 12) similar to the variation of the absorbance
at a certain wavelength (Fig. 13). At the beginning the equilib-
rium shifts towards the species with the absorption bands at
lower wavelength (about 435 and 395 nm) then, on the con-
trary, towards that with absorption band at longest wavelength
in visible (over 520 nm), then again towards that of the lower
wavelength and finally towards that with longest wavelength
band — which we have assigned already to the hydrazone tau-
tomer la. The last shift continues, even if not with the same
intensity, practically for a month, with only two insignificant
opposite shifts at ~12 and 17 days (Fig. 13), respectively.

On the other hand, the absorption curves at different regis-
tration time intervals of 1 in ethanol (Fig. 12) are similar to
those from Figs. 8 and 10 that have been shown above (Sec-
tions2.2.3 and 2.2.5) to correspond apparently to acid—base
equilibrium Ia<>3b. Therefore, we consider that also the
equilibrium which is exhibited when investigating the time de-
pendence of the spectra of 1 in ethanol (Fig. 12) corresponds
firstly to the acid—base equilibrium Za < 3b. The irregular var-
iation of the position of this with the time is caused probably

— 16
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Fig. 12. The time dependence of the spectra of ethanol solution of 1
(c=3.44 x 107> mol L™"). For each curve is given the time interval in hours
that is gone from the preparation of the solution up to the registration of the
spectrum. 1 — O (the initial probe); 2 — 0.36; 3 — 1.26; 4 — 2; 5 — 2.83;
6 — 3.36; 7 —20.3; 8 —52; 9 — 70.5; 10 — 118; 11 — 142; 12 — 166;
13 — 191; 14 — 291; 15 — 337; 16 — 410; 17 — 480; 18 — 678.

by the complex interaction of the involved species (the hydra-
zone 1a and the anion 3b) with ethanol used as solvent. These
complex — and different — solvent—solute interactions should
be of the type involved by the solvation (ion—dipole, hydrogen
bonding and dipole—dipole interactions) and probably these
evolutes more or less at hazard especially in the first time in-
terval after dissolving (dissolution). It is possible that this evo-
Iution be bound to the low solubility of the dye 1. We mention
that such a time dependence of the spectra of the azocoupling
products was investigated rarely (e.g. [27a,32]) and in each
case this dependence has shown a certain irregularity. But
the other authors [27a] have ascribed such a time dependence
of the spectra to an unexpected manner of the interconnection
of the azo—hydrazone — and dimerization- equilibria. It is ap-
preciated [27a] that a certain concentration increase deter-
mines an aggregation of the azomonomer whilst the further
concentration increase determines the disaggregation to the
hydrazone monomer of the previously aggregate. Evidently
the possibility of superimposition of such equilibria upon the
acid—base one Ia < 3b cannot be excluded (compare also Sec-
tions 2.2.4 and 2.2.5) but now we have no clear argument for
these. We hope that further investigation in this direction will
bring more light.

2.3. Conclusions

The pH-dependence of the UV—vis absorption spectra of
the aqueous ethanol solutions of the dye 1 indicates three in-
terconnected acid—base equilibria (2b< la < 3b<4b) that
have been characterized by the corresponding pK,' values.
There were also ascribed the four involved species (1a, 2b,
3b, 4b). The hydrazone structure 1a of the initial species is
supported also by the 'H and '*C NMR data.

The dependence of the UV—vis spectra of the (aqueous) eth-
anol solution of 1 on the water content, dye concentration, tem-
perature or time has been interpreted as being determined firstly
by the manifestation in the examined conditions of the acid—
base equilibrium Za <> 3b. However, due to some irregularities
found at the above investigations there is not totally excluded
the possibility of the superimposition upon the acid—base equi-
librium Ia < 3b of the azo—hydrazone (e.g. Ia< 1b) and/or
aggregation equilibria. Anyway, the great sensitivity to experi-
mental factors of the UV—vis spectra of (aqueous) ethanol
solutions of 1 is caused firstly by acid—base equilibria.

3. Experimental

The synthesis and purification of the dye 1 were made as
previously described [1—3] (cf. [30]). Analytical grade re-
agents and solvents were provided by Merck (Darmstadt),
Fluka (Bucks), Primexchim and Cristal (Bucharest). They
were used without further purification. The water used was
doubly distilled. As a rule a relatively concentrated (10~*—
107 mol L") stock solution of the dye 1 in ethanol was pre-
pared. This solution was used as such or diluted with initial
solvent or water or HC1 or KOH solution to the concentration
needed in spectroscopic measurements (10°—10"° mol L™").
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Fig. 13. The plot absorbance at 520 nm vs. time for ethanol solution of 1 (¢ = 3.44 x 10> mol L") at room temperature. Each point corresponds to a time interval
that is gone from the preparation of the solution up to the registration of the spectrum. (a) The first 52 h; (b) from 52 to 678 h.

The ionization constants (pK, values) were determined at
25 °C in the presence of 0.01 mol L™' KCl on the basis of cor-
relation between pH' and absorbance at analytical wavelength
(520 nm). The correlation was fitted with the aid of the pro-
gramme Table Curve Windows v.1.10, Table Curve™, Jandel
Scientific, Copyright 1989—1993 AISN Software. The pH’
of solutions was established by the addition of either HCI or
KOH with the object to discourage dye aggregation (cf.
[26a]). The electronic absorption spectra were performed on
a Jasco-V-520 spectrophotometer. Matched glass or quartz
cells of 0.5, 1.0, 2.0 and 5 cm were used. Especially by the ex-
amination of temperature- or time-dependence the cells have
been tightly closed during the entire measurement. The exper-
imental pH' values corresponding to the working conditions
were measured by a digital Pracitronic MV-870 pH-meter
equipped with a combined pH-reference electrode ESHC-02,
produced by Naposenz SRL, Cluj Napoca. Because the pH’
and pK,’ values were measured in (aqueous) ethanol solutions
for these are used the pH' and pK,’ notations. The temperature
was controlled with an ultra thermostat. The NMR spectra
were registered in CDCl; with a Varian Gemini 300
(300 MHz) spectrometer.
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