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Abstract

The aggregation behavior and tautomerism of three 0,0’-dihydroxy and one o-hydroxy-o’-methoxy azo dyes were
studied by UV-visible spectroscopy. Concentration dependent spectroscopic changes with the formation of isosbestic
points were observed indicating dimer—monomer equilibria. Combining all obtained data, the conclusion was reached
that the spectroscopic changes were due to a shift of the monomer—dimer equilibrium of the hydrazo form caused by
the inversion of the intermolecular hydrogen bonding to intermolecular hydrogen bonding. The K,ggregation fOr the
dye selected as an example was evaluated statistically and was found [(1.82£0.30)x 10* liter mol~!]. The effect of
temperature (10-60°C) on the monomer—dimer ratio and the effect of solvents upon stabilization of one form over the
other, supported the conclusion that the driving forces for the dimerization were the hydrophobic effect and the high
degree of entropy in solution. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The aggregation of dyes in aqueous solution is
of extreme importance in biological, colloid, sur-
face, textile, photographic and analytical chem-
istry [1]. In order to determine the mode of
aggregation, the aggregation constant in equili-
brium and the aggregation number, the aggrega-
tion of dyes has been investigated by a variety of
methods, viz. polarography [2,3], conductometry
[4], UV-vis [5-12], NMR [13,14], light scattering
[15] and electrolyte effects [16] measurements. The
tautomerism of 0,0’-dihydroxy azo compounds
[17-19], is not fully rationalized due to the
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existence of different species in equilibrium (azoe-
nol-hydrazoketone and monomer—dimer), which
are highly affected by the nature of the solvent [20—
27]. X-ray and '3C NMR have shown that fast
phenoxy proton intramolecular switching between
nitrogen and oxygen atoms at a rate of about
2.1073 s ! exists in solution, as well as solid state
[28]. The effect of sulfonate groups on the aggrega-
tion of some dyes has also been investigated [3,11].
The aggregation number (estimated as two) [2,3,11]
was not affected by changing the degree of sulfo-
nation. However, increasing the number of sulfo-
nate groups was found to increase the k
aggregation value at all temperatures investigated.

In this paper, the effect of concentration on the
UV-vis spectra of an aqueous solution of three
mono-sulfonated aryl azo pyrazolone and one aryl
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azo naphthol dyes was studied. The effect of tem-
perature on the absorption pattern, and conse-
quently on the different existing forms, was
investigated. The UV-vis spectra of these dyes in
solvents, were compared with that in aqueous
solution, and the different existing species are dis-
cussed. The study has been undertaken in an effort
to give a new approach for the dye aggregation
through hydrogen bond inversion.

2. Experimental

The dyes I-IV (given by the abbreviations
HNAP, HCAP, MNAP and HCAN, respectively)
have the structures shown in Scheme 1. They were
prepared by normal diazotization of the relevant
amine-containing component and coupling with
the appropriate coupler in alkaline medium at 0°C
[29]. The dyes were precipitated from neutral
solution by NaCl, dissolved in hot DMSO, filtered
and then precipitated by acetone [30]. TLC analy-
sis of each dye showed no visible impurities.
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A stock solution 10~3mol liter~! of the dyes
were prepared in double-distilled water and inves-
tigated spectrophotometrically, and were found to
be stable for months.

Infrared spectra were taken in KBr discs and also
in Nujol using a Perkin—Elmer 684 SP combined with
P.E. data station. "H NMR and H,H-COSY spectra
were measured in DMSO-dg at 400.13 MHz on a
Bruker AM 400 (Belgium). UV-vis measurements
were performed on a PU 8800 SP (UK) combined
with a cell temperature controller and a Best com-
pact 386 SX PC unit. Quartez cuvettes with thickness
0.1 mm till 4.0 cm were used for measurements.

3. Results and discussion
3.1. Structure

The dyes in both the solid state and in con-
centrated solution exist exclusively in the hydrazo

structure. Infrared spectra (KBr) display vibration
bands corresponding to the vC=0 and vC=N
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Scheme 1. Structure and '"H NMR chemical shifts.
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groups at 1655 and 1500 cm~!, respectively. No
vibration bands were observed at the position
corresponding to VN=N around 1420cm~!. 'H
NMR and H,H-COSY spectra in DMSO-dg gave
the 'H chemical shifts, which correspond to the
hydrazo forms, as shown in Scheme 1.

The selected azo dyes were chosen to have a
comparable structure. Change both in the auxo-
chrome ("NO,, "OH, "OCHj; and ~Cl) and in the
coupler (methyl phenyl pyrazolone and Neville—
Winther’s acid) were performed. These changes
could elucidate the chromophore characters, and
result in some comparative correlation. Some of
the results obtained from the '"H NMR and H,H-
COSY chemical shifts are as follows:

(a) The hydroxyl proton of HNAP was non-
detectable, though that of HCAP dye dis-
plays a signal at 11.03 ppm. This is due to
the strong cross conjugation of the nitro
group in the p-position to the hydroxyl
group. The effect of the nitro group (—R
and —I effect) and the possibility of fast
exchange of this proton with the proton of
water traces which might exist in DMSO.
Both effects cause complete desheilding of
this proton. However, for the HCAP dye,
the chloro substituent has a lower effect on
the p-hydroxyl group, due to its relatively
small negative inductive effect (—I).

(b) The 'H NMR spectral pattern of both the
HNAP and MNAP dyes are almost the
same in d values and multiplicity, with only
one difference. The chemical shift of the
proton in the o-position to the hydroxy

group was 7.09, but the same o-position to
the methoxy group was 7.34. The downfield
shift of the latter is due to the higher elec-
tronegative inductive effect of the methoxy
group compared to the hydroxyl group.

(c) The & values for the o-hydroxy-p-chloro
proton of HCAN and that of the HCAP dye
are approximately the same for all protons.
This means that the environment around
this part is the same, regardless of the sec-
ond coupler type. Hence, the HCAN might
be compared directly with the HCAP dye in
the case of the hydroxyl proton ionization
and the inter- or intramolecular hydrogen
bonding which occurs with this proton.

3.2. Effect of dye concentration on association in
water

Figs. 1-4 show the electronic absorption spectra
of solutions of different concentrations of the dyes,
HNAP, MNAP, HCAP and HCAN, respectively, in
water in the range 5.0x107°—10"3mol liters~! and
at 22+0.1°C. HNAP Fig. 1, at concentration
5.0x10~*mol liter—!, displays two absorption
peaks. The first is of low intensity at 328 nm and the
second band is of higher intensity and of a broad
nature between 400 and 500 nm. Since the azo group
absorbs at shorter wavelength than the hydrazo
group and the dye is confirmed to exist mainly in the
hydrazo form, the 328 nm band is concluded to be
the azo form absorption, whereas the 400—-500 nm
band is due to the hydrazo form. The latter band is
argued to represent equilibrium between two species
(monomer—dimer) of the hydrazo form.

Mnm)

Fig. 1. The EAS of HNAP in water pH 4.9, at 22+ 1.0°C (cxd=2.0x10">mol liter~"). Curves 1-6 represent: 5.0x107°, 1.0x1073,
2.0x1073,5.0x107>, 2.0x10~%, and 1.0x 103 mol liter—' dye measured in a 4.0, 2.0, 1.0, 0.4, 0.1 and 0.02cm cuvette, respectively.
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The species absorbing at low energy (480 nm)
(hydrazo monomer) predominates in the case of
samples of low concentrations. On going to more
concentrated samples, the equilibrium is shifted
towards the hydrazo dimer which absorbs at
higher energy (400nm). The percentage of
hydrazo monomer in solution, and consequently
the coexisting azo species decreases, due to the
dimer formation. This is indicated by a hypo-
chromic shift of the absorption band at 480 and
320nm, and assigned to the hydrazo and the azo
species, respectively. In the case of concentrations
over 10~*mol liter~!, the high intense band at
400 nm prevails. Two clear isosbestic points are
observed at 356 and 420 nm.

HCAP, (Fig. 2) at the lowest concentration,
5.0x107%mol liter—' gives an intense band at
440 nm. Going to more concentrated solutions, this
band is hypsochromically shifted. The most con-
centrated solution, (10~3 mol liter—!, displays a band
at 412 nm.
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MNAP, (Fig. 3) at the lowest concentration,
(5.0x10~°mol liter!") displays absorption with
two maxima at 412 and 310 nm. On increasing the
concentration to 1.0x107?mol liter—!, the main
band at 412 nm is gradually hypochromically and
hypsochromiclly shifted to 395 nm, while the band
at 310nm is only shifted hypercromically. The
isosbestic point observed at 332 nm indicates that
a simple equilibrium occurs between the pre-men-
tioned different species.

HCAN (Fig. 4) at low concentration
(5x10~%mol liter™") gives two bands at 300 and
a nonsymetric band at A, 527nm. In more
concentrated solutions, the former band is gra-
dually hypochromically shifted, and the 527 nm
band is shifted hypsochromically with simulta-
neous hypochromic shift. At the highest con-
centration  (1.0x1073mol liter™!) the dye

displays two bands. The first appears at 300 nm
while the second appears at 495nm with a
shoulder at 527 nm.

A

400

(nm)

Fig. 2. Effect of concentration on EAS of HCAP dye in water (pH 5.9) at 22 +1.0°C (cxd =2.0x 107> mol liter~'). Curves 1-5 represent:
5.0x107°, 1.0x107>, 2.0x107°,1.0x10~%, and 1.0x 10~3mol liter—! dye measured in 4.0, 2.0, 1.0, 0.2 and 0.02 cm cuvette, respectively.
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Fig. 3. Effect of concentration on the EAS of MNAP in water (pH 5.9) at 22+1.0°C (cxd=2.0x10">mol liter~!). Curves 1-6
represent: 5.0x107°, 1.0x1073, 2.0x1073, 5.0x107>, 2.0x10~%, and 1.0x10~3mol liter~! dye measured in 4.0, 2.0, 1.0, 0.2, 0.1 and

0.02 cm cuvette, respectively.
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Fig. 4. Effect of concentration on the EAS of HCAN in water (pH 5.7) at 22+1.0°C (cxd=2.0x10">mol liter~!). Curves 1-3
represent: 5.0x107, 5.0x10~° and 1.0x10~3mol liter—! dye measured in 4.0, 0.4 and 0.02cm cuvettes, respectively.

Azopyrazolones and the dyes under investiga-
tion exist predominantly in the hydrazo-keto
form. Hence, this tautomeric form should exist in
aqueous solution. Regarding the aggregation of
sulfonated azo dyes in water through hydrogen
bonding forming aggregates at relatively high
concentrations, mainly to the dimer form by
charge interaction between the hydrazo groups
partial dipoles, the spectral change observed is
explained on the basis of a hydrazo-monomer
hydrazo-dimer equilibrium Scheme 2. The higher

energy electronic absorption band is attributed to
the hydrazo-dimer that prevails at high con-
centration, to lower both the system entropy and
the hydrophobic interaction between the major
organic part of the dye molecules and water. The
dimerization between each of the two hydrazo
molecules occurs through intermolecular hydrogen
bonding orienting the water solubilizing groups and
hydrophilic groups (e.g. —-SO~3 and OH groups) in
contact with water and the hydrophobic organic
part is in the dimer, thus minimizing contact with
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Scheme 2. Hydrazo-monomer hydrazo-dimer equilibrium.

water. On dilution, intermolecular hydrogen
bonding undergoes gradual stretching, and further
dilution causes monomerization by rupture of this
intermolecular hydrogen bonding, and its conver-
sion to intramolecular hydrogen bonding inside
the monomer.

*max *max
monomer (nm) dimer (nm)
HNAP 480 400 SA 80
HCAP 440 412 S\ 28
MNAP 412 395 S 17
HCAN 527 495 SA 32

The concentration equilibrium constant (K.) for
the dimerization of HNAP was calculated based
on absorbance measurements at N, wavelength
Ai(i=1,2, ... N;) in the region of the two forms
existence for a series of N, solutions with different
total concentration # (j=1,2, ... N,) of the dye. The
best estimation of the concentration equilibrium
constant (K.) and molar absorption coefficient
values for the monomer and dimer (7, 1 and €, 2,
respectively) can be obtained by minimization of
the criterion function (U) having the form of the
weighed sum of squared deviations [16].

UK, €i1....€n2) = EAIMEIM
i=lj=

1 4obsy2
WileiiCrj+e€2Cry— A7)

where Cj,j and C,,j are the concentration of
monomer and dimer in the jth solution, respec-
tively; Wij are weight coefficients; “i;j°® are
experimental absorbance values. The K. values for
HNAP were calculated through the above equa-
tion using a non-linear regression computer pro-
gram. The K. values obtained were relatively
comparable in the wavelength range 420-520 nm,
giving an average K.=(1.82+0.30)x10 *liter
mol~!. However, outside this wavelength range,
irregular K. values are obtained.

3.3. Effect of temperature on the hydrazo
monomer—dimer equilibrium

The change of the HNAP absorption spectral
pattern at two concentrations (1.0x107° and
1.0x10~*mol liter~!) was studied at different
temperatures. The 10~>mol liter~! solution exists
in a mixture of hydrazo monomer and dimer at
low temperature. Raising the temperature from
10°C+1.0 to 60°C+1.0 propagates the monomer
formation. This is indicated from the dimension of
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the dimer band at 410nm, accompanied by a
hyperchromic shift of the monomer band at 480 nm.
An isosbestic point appears at 420 nm (Fig. 5).

The 10~*mol liter~! dye solution (Fig. 6) at
relatively low temperature exists predominantly in
the dimer form, as shown by the band at 400 nm.
Raising the temperature from 10°C+1.0 to
60°C £ 1.0 results in significant hyperchromic shift
at the wavelength range corresponding to the
monomer form at 480 nm. This is accompanied by
a slight hypochromic shift of the dimer band at
400 nm. Again an isosbestic point is observed at
420nm, i.e. the same position as it appears in
Fig. 1. The shift of equilibrium by heating was
reversible for the 10~*mol liter—' solution, but
was irreversible by cooling the 10> mol liter—!
solution from 70 to 10°C.

The most probable explanation is that at low
temperature the charge delocalization through the
molecule is partially restricted, and the hydrogen

0.7
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0.3

0.1

400 500 600

Anm)

Fig. 5. Effect of increase of temperature on the EAS of
1.0x10>mol liter~! HNAP dye in water in 4.0cm cuvette.
Curves 1-5: 10, 30, 40, 50, 60+ 1.0°C.

bond length (intermolecular hydrogen bonding) is
relatively shorter and more stable. Also the high
degree of entropy in the concentrated solution
assists dimerization. Raising the temperature of
the 10~#mol liter—' solution increases the mole-
cule energy, charge delocalization, weakens the
intermolecular hydrogen bonding, and conse-
quently assists dimer dissociation (monomeriza-
tion). The effect of heating on the monomer/dimer
ratio in this case is small, due to high entropy
caused by high concentration that restricts the
formation of monomer. On loosing this heat
energy (cooling) the formed monomer species
aggregate to the lower entropy and lower energetic
dimer form through a reversible equilibrium.
Meanwhile, the monomer amount, on heating the
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Fig. 6. Effect of increase of temperature on the EAS of
1.0x10~*mol liter—' HNAP dye in water. Curves 1-5: 10, 30,
40, 50, 60 £ 1.0°C.
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10~3mol liter~! solution, increases significantly.
Two factors, heat and dilution, work in parallel to
perform significant monomerization. Cooling this
diluted solution from 70 to 10°C does not affect the
dimer/monomer ratio (irreversible temperature
effect). This is due to the stabilization of the already
formed monomer, at high temperature, by dilution.

3.4. Effect of solvent

The  electronic  absorption  spectra  at
3.8x10~>mol liter~! of selected HNAP and HCAP
dyes (Figs. 7 and 8) in DMSO, DMF, n-butanol and
water, respectively, were recorded over the wave-
length range 300-620nm at 22+1.0°C. HNAP
(Fig. 7) in DMSO, DMF, n-butanol and water
shows a completely different absorption pattern. In
DMSO a band occurs at 415 nm, and corresponds
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0.3
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to the hydrazo—dimer. DMF stabilizes both the
hydrazo-dimer and the hydrazo-monomer forms
absorbing at 430 and 532nm, respectively, The
latter form is predominant. In butanol, both the
hydrazo—dimer and the hydrazo-monomer forms
exist in a slow equilibrium, as indicated by the
slightly overlapped band at 420 and 500 nm. In
water, as in butanol, the two bands observed at
420 and 470 nm are due to the absorption of the
hydrazo-dimer and hydrazo-monomer forms.
However, these two bands almost nearly overlap
as one broad band, which might be explained as a
result of a fast equilibrium between the dimer and
monomer forms. HCAP (Fig. 8) displays an
intense band at 440 nm in DMF, whereas in other
solvents, this band occurs at 418 nm regardless of
the solvent type. In the case of DMF, the hydrazo-
monomer is more stabilized. DMF probably

A

500

(nm)

Fig. 7. The EAS of 3.8x107>mol liter~' HNAP dye in DMF, DMSO, H,O and butanol.
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Fig. 8. The EAS of 3.9x 10~ mol liter~! HCAP dye in DMF, DMSO, H,O and butanol.

destabilizes the dimer form by decomposition of
its intermolecular hydrogen bonding. DMSO,
H,O and butanol stabilize the intermolecular
hydrogen bonding in the dimer more than the
intramolecular one in the monomer form. Based
on the above results, it is concluded that the main
criterion, which changes the shape and position of
the electronic absorption band in solvents is the
hydrazo-monomer-dimer equilibrium. Changes in
the spectra depend on the solvent’s physical para-
meters (micro structure, hydrogen bonding,
polarity, etc.), which affect this equilibrium
through their effect on the inter- or intramolecular
hydrogen bonding existing in the dimer or mono-
mer forms, respectively. Therefore, the solvent role
is to stabilize one form rather than the other, to

enhance or slow or block the rate of achieving the
equilibrium, and to accommodate one form of lower
activation energy and steric factors than the other.

4. Conclusion

The aggregation of 0,0’-dihydroxyazo dyes in
solution is strongly affected by the concentration
of the dye, the temperature and the solvent in
which the measurements are performed. Since the
aggregation of these dyes increases dimer forma-
tion, these factors directly shift the dimer—-mono-
mer equilibrium in solution through their effect on
the inter- or intramolecular hydrogen bonding,
which exists in the dimer and monomer forms,
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respectively. At high dilution, the less stable inter-
molecular hydrogen bonding in the dimer form is
converted to the more stable intramolecular
hydrogen bonding in the monomer form, which is
not affected by more further dilution. Heating has
the same effect as dilution, and stabilizes the
monomerization. The role of solvent on the dimer
monomer equilibrium is due to how far do the
solvent parameters stabilize one form of hydrogen
bonding (inter or intra) relative to the other
(Scheme 1).
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