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Abstract

Photo-oxidative fading of seven pyrazolinylazo dyes was examined by exposing the dyed cellulose films immersed in an aerobic
aqueous Rose Bengal solution to a carbon arc. The ease with which the dye was photo-oxidised was determined as k0, the second-
order rate constant of the reaction of the dye with singlet oxygen, from the initial rate of the fading. Calculating standard enthalpies

of formation for the dyes in the gas phase and water by the PM5 method determined the azoehydrazone tautomerism (AHT) of the
dyes. Four dyes existed as a hydrazone tautomer (HT) and one dye as an azo tautomer (AT) in both phases without exhibiting AHT,
and two dyes as HT in the gas phase and as an azo/keto tautomer (A/KT) in water. According to frontier orbital theory, the reaction

sites for the corresponding tautomer(s) of azo dyes on cellulose to molecular singlet oxygen and their reactivity were analysed. The
reaction sites were primarily the double bonds (C]N) of the hydrazone structure and other double bonds in the pyrazoline ring and
secondarily several double bonds around carbon atoms connected with substituents. The probable reaction modes are ene and

[2C 2] cycloaddition toward the double bonds. These reaction modes were confirmed to be consistent with the absorption spectra of
decomposed products combined with cellulose. The k0-values obtained had a close correlation with the sum of Fukui’s electrophilic
frontier densities, f r

(E), at both atoms of the corresponding double bonds (i.e. a linear correlation between log k0 and the sum of f r
(E)).

The sum was demonstrated to be a molecular descriptor of the reactivity toward singlet oxygen of a molecule.

� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

In a previous paper [1], the present authors analysed
the azoehydrazone tautomerism (AHT) of azobenzenes,
phenylazopyrazolines and naphthalene diazo dyes in the
gas phase and water using the semiempirical molecular
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orbital (MO) PM5 method. These procedures predicted
that the AHT in both the gas and water phases occurs as
follows: arylazobenzene dyes with o-amino, o-acetyla-
mino or o-ureido groups exist as azo tautomers (ATs) in
both the gas phase and water with some exceptions in
the gas phase, while those with o-hydroxy groups exist as
ATs in the gas phase and as hydrazone tautomers (HTs)
in water. Due to the ketoeenol tautomerism of the
pyrazoline ring, three kinds of azo and hydrazone (azo/
enol, azo/keto (A/K) and hydrazone/keto) tautomers
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exist in phenylazopyrazolinyl dyes. The AHT of azo-
benzenes and phenylazopyrazolines is simple and clear,
while the AHT of other monoazo dyes derived from
H-acid is considerably complex [2,3].

When this MO calculation procedure is applied to
reactive dyes examined in the present study, all the
reactive groups are assumed to react with hydroxyl
groups, not with cellulose, although the dyes on
cellulose must be bound with hydroxyl groups of
cellulose. Neither effects of the glucose ring as the
monomer unit nor the position of the hydroxyl group
bound are taken into consideration. The authors make
this assumption as a starting point to discuss the AHT
and reactivity of reactive dyes in the celluloseereactive
dye system. The validity of this assumption is not
further persuaded, although there may be problems that
are debatable.

The absorption spectra of the reactive dyes bound
with cellulose shifted to a longer wavelength compared
with those in water. However, when dyed films were
immersed in water, no effect of water was detected on
the position of lmax, although the intensity of absorption
was changed due to expansion of the cellophane by
swelling in area.

In order to settle this azo and/or hydrazone assign-
ment problem, strict assignment of azo or hydrazone
tautomer must be made in a phase where absorption
spectra can be preciselymeasured, and quantum chemical
assignment by MO calculation must be done with high
accuracy. One may find no method with high reliability
for the assignment, although very recent reports treated
only the solvent effects on the lmax of electronic spectra
using semiempirical MO methods [4e7]. The authors
considered that the pattern of absorption spectra even for
fluorophors with simpler chemical structures was too
complex to analyse theoretically in detail.

In other previous papers [3,8], on the other hand, the
present authors discussed the reaction of azo and
hydrazone tautomers (A&HTs) with singlet oxygen
and revealed that A&HTs possess reactivities toward
singlet oxygen that are similar to each other.

In the present paper, the photo-oxidation, or the
reaction with singlet oxygen, of several yellow azo dyes
is examined using dyed cellophane films, and their
reaction sites and the corresponding reactivities of both
the A&HTs are analysed using the semiempirical MO
(PM5) method.

2. Experimental

2.1. Yellow dyes used

Seven pyrazolinylazo dyes were used in total, the
A&HTs of almost all of which were analysed in
a previous paper [1]. The chemical structures (except
for Pyr-Yellow, the hydrazone tautomers are illustrat-
ed), C.I. generic name, C.I. constitution number, and
abbreviations in parentheses are shown below:

(1) C.I. Reactive Yellow 2, hydrazone, C.I. 18972
(Yellow 2)
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(2) C.I. Reactive Yellow 13, hydrazone, C.I. 18990
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(3) C.I. Reactive Yellow 14, hydrazone, C.I. 19036
(Yellow 14)
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(4) C.I. Reactive Yellow 17, hydrazone, C.I. 18852
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(5) An aminopyrazolinyl azo dye, azo (Pyr-Yellow)
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(6) A carboxypyrazolinyl azo dye, hydrazone (Carbo-
pyr-Yellow)
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(7) A naphthylazopyrazolinyl dye, hydrazone (Naph-
pyr-Yellow)
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2.1.1. Numbering of atomic position
The numbers of atomic positions for individual dyes

of the chemical structures described are shown below
Tables 5 and 6, and are used in the text and other tables.
They are different from the numbering used in IUPAC
chemical nomenclature.

2.2. Dyeing of cellophane sheet

Cellophane films (Futamura Kagaku Kogyo K.K.
#300), were scoured in boiling water for more than 2 h
and dyed with each dye by the alkali-shock method to
obtain an absorbance between 0.4 and 0.8 at the lmax

[9,10].

2.3. Estimation of ease with which dyes are
photo-oxidised by the use of Rose Bengal

By exposing cellophane films dyed with reactive dyes
to a carbon arc on immersing the dyed film in an aerated
aqueous Rose Bengal solution, the relative fading of
individual dyes was estimated [9,10]. Because reactive
dyes combined with cellulose have different number of
sulfonic acid groups and thus the adsorption of Rose
Bengal on dyed cellulose is different from dyes especially
in low concentrations of neutral salt, a high concentra-
tion of sodium sulfate (0.5 M) was added to the Rose
Bengal solution. The solution was renewed every 5 h
during exposure to keep the adsorption of Rose Bengal
constant. From the initial rates of relative fading, A/A0,
where A0 and A were the absorbance measured at the
lmax of each dye on the initial and exposed samples,
respectively, the ease with which the dye was photo-
oxidised was estimated as k0 (dm3 mol�1 s�1) values
[9,10].

2.4. MO calculations

All MO calculations were made using CAChe
MOPAC 2002 (Windows edition, Version 6.1.10)
(Fujitsu Ltd.). For A&HTs as well as A/KTs of seven
yellow dyes (and the model pyrazolinyl compounds in
Schemes 1 and 2) in the gas phase and water, structure
optimization was performed to obtain their molecular
parameters such as standard heat of formation
(kcal mol�1), electron density at each atom in HOMO
and LUMO, electrophilic frontier density, dipole
moment and HOMO and LUMO energy using the
PM5 method.

3. Results and discussion

3.1. Photo-oxidation of yellow reactive dyes or ease
with which a dye is photo-oxidised by Rose Bengal

It is well known that one of the most common
sources of singlet oxygen is energy transfer from an
excited sensitizer such as Rose Bengal, Methylene Blue
or phthalocyanines [11e15]. The sensitizer absorbs the
light and is converted to an electronically excited singlet
state and then to an excited triplet state. This state then
transfers energy to oxygen, producing singlet oxygen
and regenerating the sensitizer. Singlet oxygen can
oxidise only dyes which exist nearby because the life of
singlet oxygen is very short.

The photosensitised oxidative fading of each dye on
cellulose film was drawn as relative fading profiles
against the time of exposure, as illustrated in Fig. 1
(cf. Section 2.3). The fading of Pyr-Yellow was discussed
in a previous study [16]. The order of the rate of fading
was as follows:

Pyr-Yellow[Yellow 14OYellow 2[Yellow 17

[Yellow 13[Carbopyr-Yellow

ONaphpyr-Yellow ð1Þ
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Pyrazolinylazo dyes had a wide range of ease with which
they were photo-oxidised, like the azo dyes examined
previously [9,10].

The values of second-order rate constants,
k0 (dm3 mol�1 s�1), for the reaction between dyes
and singlet oxygen were estimated from the initial slope
of fading illustrated in Fig. 1, using the previously
determined k0-value for Pyr-Yellow as the reference [16].
The results are listed in Table 1. Why pyrazolinylazo
dyes possess such a wide range of reactivities is discussed
next for each predominant tautomer.

3.2. Azoehydrazone tautomerism on cellulose

The AHT of hydroxyazo and aminoazo dyes depends
on the solvation or the environment in which the dyes
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Fig. 1. Relative rates of photosensitive fading of pyrazolinylazo dyes

on cellulose with Rose Bengal on exposure to carbon arc through

Toshiba Y-51 filter.
exist. The standard enthalpies, DfH
� (kcal mol�1), of

formation for these dyes in the gas phase and in water
were estimated using the PM5 method as listed in Tables
2 and 3 and in previous papers [1e3]. The tautomers,
which are supposed to exist predominantly from the
values of DfH

�, are also summarised in Table 4. They
coincided with the results of a previous study [1] except
for Yellow 14 in water, although some dyes were newly
added to the present study. Although the absolute
values of DfH

�(gas) in the gas phase and DfH
�(H2O) in

water for individual dyes were different depending upon
the Hamiltonian (AM1, PM3 and PM5) and their
versions of MOPAC, the MO calculations using these
methods resulted in almost the same estimation of AHT.

Dyes having the same predominant tautomer in both
phases according to the MO calculations can be
regarded to exist as the same tautomer. When they
showed different tautomers, however, one has unfortu-
nately no procedure to describe the solvation effects of
dyes in a solid polymer, but only in a pure liquid. In the
present study, the photo-oxidative fading of dyes by
Rose Bengal was examined under wet conditions or in
water-swollen cellulose. The extent of solvation of dyes
in polymers such as cellulose (dielectric constant
3Z 6.7e7.5 (20e70 �C [17]) and nylon 6 (3Z 3.3e5.2
(30e60 �C [18])) may be in between the extent in the gas
phase and in water, if the bulky hard segment of the
polymer as well as dyeepolymer interaction had no effect
on the optimized structure of the dyes in the substrate.
The absorption spectra of dyes on cellulose films,
however, were not affected by the swelling with water
except for the effects due to changes in the area of the
films. Water, which acted as swelling agent, might have
no effect on the solvation of dyes in the polymer. The
extent of solvation in cellulose might be in between both
the phases and the value of the dielectric constant closer
to that of the gas phase because solvent effects appeared
Table 1

Values of the rate constant, k0 (dm
3 mol�1 s�1), of the second-order reaction with 1O2 estimated from the initial slope of relative fading, A/A0, for

yellow reactive dyes on cellulose immersed in aerated Rose Bengal (3.3! 10�5 MC 0.5 M Na2SO4) solution on exposure to carbon arc through

a Toshiba filter Y-51 (cf. Fig. 1), absorption spectra of decomposed products on cellulose, and light-related colour fastness of dyes

Yellow dyes k0 Absorption spectra of the decomposed

products on cellulose

Lightfastness

on cottonb (1/6SD)

Perspiration-light

fastnessc (1/1SD)

1 Pyr-Yellow 6.9 [9] Same as Yellow 14 and almost same as

Carbopyr-Yellow

2 4.5

2 Yellow 13a 0.41 Similar to Naphpyr-Yellow 5 4.5

3 Yellow 14a 1.58 Same as Pyr-Yellow and almost same as

Carbopyr-Yellow

3 4.5

4 Yellow 17a 0.76 Analogous to Pyr-Yellow and Yellow 14 4.5 4.5

5 Yellow 2a 1.46 Large two UV peaks (Triazine and 2 phenyls) 4.5 4.5

6 Carbopyr-Yellow 0.147 Almost same as Pyr-Yellow and Yellow 14 5 4.5

7 Naphpyr-Yellow 0.117 Similar to Yellow 13 5 4.5

a C.I. reactive generic name.
b Exposure to carbon arc.
c JIS L 0888, alkaline artificial perspiration, carbon arc.
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Table 2

Enthalpy of formation DfH
� (gas) (kcal mol�1), dipole moment, m (debye), HOMO and LUMO energies, EHOMO and ELUMO (eV), for azo, azo/keto,

and hydrazone tautomers of yellow azo dyes in the gas phase, and DfH
�(H2O) for their tautomers in water, and electrophilic frontier density, f

ðEÞ
r , for

the most probable tautomer at the probable reaction sites, estimated by semiempirical molecular orbital PM5 method (cf. Tables 5 and 6)

Dye (Abbr.a) Yellow 13 (Y13) Yellow 14 (Y14) Yellow 17 (Y17) Pyr-Yellow (Pyr)

M.W. 544.938 544.981 526.535 495.524

AT A/KT HT AT A/KT HT AT A/KT HT AT A/KT HT

DfH
�(gas) �237.123 �239.621 �240.054 �190.521 �192.878 �199.772 �215.733 �212.610 �223.610 �138.928 �126.950 �136.631

m 4.889 9.233 7.531 6.554 6.532 8.443 5.876 7.865 4.367 7.423 11.346 4.289

EHOMO �9.591 �9.790 �9.745 �9.366 �9.290 �9.667 �9.515 �9.497 �9.550 �8.880 �9.214 �9.322

ELUMO �2.359 �2.350 �2.156 �1.643 �1.668 �1.654 �2.039 �1.925 �2.201 �1.557 �1.657 �1.406

DfH
�(H2O) �273.372 �280.719 �273.453 �216.882 �239.595 �247.941 �210.142 �219.984 �242.846 �182.557 �165.749 �173.953

f ðEÞ
r (position

for the most

probable

tautomer)

HT A/KT HT HT AT

0.082 (N4) 0.100 (C9) 0.137 (N4) 0.199 (C13) 0.457 (C1)

0.137 (C5) 0.134 (C8) 0.112 (C5) 0.058 (C8) 0.140 (C2)

0.176 (C15) 0.200 (C1) 0.106 (C1) 0.081 (N4) 0.093 (N6)

0.140 (C14) 0.050 (C5) 0.055 (N6) 0.077 (C5) 0.254 (N7)

0.183 (C19) 0.106 (N6) 0.100 (C15) 0.087 (C15) 0.164 (C8)

0.148 (N7) 0.048 (C14) 0.056 (C14) 0.085 (C13)

0.002 (C1) 0.071 (C12) 0.119 (C19) 0.088 (C19) 0.067 (C9)

0.026 (N6) 0.036 (C13) 0.052 (C8) 0.140 (C11) 0.056 (C10)

0.039 (C13) 0.033 (C12)

0.050 (C2) 0.111 (C16) 0.062 (C9) 0.160 (N4)

0.122 (N4) 0.039 (C17) 0.055 (C10) 0.021 (C5)

0.106 (C18)

0.058 (C1)

0.014 (N6)

f
ðEÞ
r (position): electrophilic frontier density at the corresponding atomic position.
a Abbr. = Abbreviation used in Fig. 5.

Table 3

Enthalpy of formation, DfH
�(gas) (kcal mol�1), dipole moment, m (debye), HOMO and LUMO energies, EHOMO and ELUMO (eV), for azo, azo/keto,

and hydrazone tautomers of yellow azo dyes in the gas phase, and DfH
�(H2O) for their tautomers in water, and electrophilic frontier density, f r

(E), for

the most probable tautomer at the probable reaction sites, estimated by semiempirical molecular orbital PM5 method (cf. Tables 5 and 6)

Dye (Abbr.a) Yellow 2 (Y2) Carbopyr-Yellow (Carb) Naphpyr-Yellow (Naph)

M.W. 788.565 526.492 596.601

AT A/K HT AT K/T HT AT A/KT HT

DfH
�(gas) �245.492 �248.415 �248.818 �254.771 �256.033 �261.698 �238.616 �241.475 �243.753

m 4.566 4.863 9.881 9.086 8.322 8.643 4.395 5.160 4.832

EHOMO �9.564 �9.621 �9.702 �9.513 �9.552 �9.676 �9.636 �9.660 �9.849

ELUMO �2.303 �2.333 �2.113 �1.779 �2.298 �2.113 �2.248 �2.437 �2.391

DfH
�(H2O) �290.656 �293.256 �301.338 �309.283 �311.838 �318.198 �293.099 �302.768 �301.242

fr
(E) (position)

for the most

probable

tautomer

HT A/KT HT HT A/KT

0.071 (N4) 0.171 (C1) 0.091 (N4) 0.145 (C19) 0.225 (C1)

0.071 (C5) 0.044 (C5) 0.112 (C5) 0.113 (C14) 0.048 (C5)

0.086 (C11) 0.112 (C8) 0.112 (C15) 0.143 (C15) 0.079 (N6)

0.045 (C12) 0.070 (C9) 0.075 (C14) 0.070 (N4) 0.159 (N7)

0.019 (C13) 0.027 (C10) 0.115 (C19) 0.108 (C5) 0.093 (C11)

0.055 (C8) 0.140 (C11) 0.046 (C13) 0.114 (C12)

0.050 (C9) 0.081 (C12) 0.085 (C8) 0.046 (C8) 0.092 (C8)

0.050 (C15) 0.044 (C13) 0.055 (C13) 0.114 (C13)

0.050 (C14) 0.061 (N6) 0.169 (C1) 0.030 (C1)

0.136 (C19) 0.111 (N7) 0.031 (N6) 0.016 (N6) 0.146 (N4)

0.056 (C16) 0.028 (C9) 0.014 (C2)

0.067 (C17) 0.095 (N4) 0.072 (C10)

0.044 (C18) 0.010 (C14)

0.052 (C1) 0.006 (C2)

0.023 (N6)

0.106 (N7)

0.012 (C10)

fr
(E) (position): Electrophilic frontier density at the corresponding atomic position.
a Abbr.=Abbreviation used in Fig. 5.
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Table 4

Predominant tautomers in the gas and water phases estimated by DfH
�(gas) and DfH

�(H2O) using PM5 method, their probable primary mode of

reaction for the tautomer with singlet oxygen (cf. Tables 2 and 3), and the atomic positions of their reactions

Yellow dyes Predominant tautomer (phasec) Probable primary mode of reaction (position)

1 Pyr-Yellow AT(g and w) AT: ene (C1]C2; H(N20), [2C 2] cycloaddition (C1]C2, N6]N7, C8]C13,

C9]C10), [[2C 2] cycloaddition (N4]C5)]b

2 Yellow 13a A/KT(w)/HT(g)/A/KT(g)d HT: ene (N4]C5; H(Me)), [2C 2] cycloaddition (N4]C5, C14]C15,

C14]C19), [ene (C1]N6; H(N7))]b

A/KT: [2C 2] cycloaddition (C8]C9, C1]C5, N6]N7,C12]C13), [[2C 2]

cycloaddition (C1]C2, N4]C5)]b

3 Yellow 14a HT(g and w) HT: ene (C1]N6; H(N7), N4]C5; H(Me)), [2C 2] cycloaddition (N4]C5,

C1]N6, C14]C15, C14]C19, C8]C13, C16]C17, C17]C18)

4 Yellow 17a HT(g and w) HT: [2C 2] cycloaddition(C13]C8, N4]C5, C14]C15, C14]C19, C11]C12,

C9]C10), ene (N4]C5; H(Me)), [ene and [2C 2] cycloaddition (C1]N6)]b

5 Yellow 2a HT(w)/HT(g)/A/KT(g)d HT: [2C 2] cycloaddition (N4]C5, C11]C12, C12]C13, C8]C9, C14]C15,

C14]C19, C16]C17, C17]C18, C1]N6), ene (C1]N6; H(N7)) [[2C 2]

cycloaddition (C10]C11)]b

A/KT: [2C 2] cycloaddition (C1]C5, C8]C9, C10]C11, C12]C13, C8]C13,

N6]N7), [[2C 2] cycloaddition (C14]C19, C9]C10)]b

6 Carbopyr-Yellow HT(g and w) HT: [2C 2] cycloaddition (N4]C5, C14]C15, C14]C19, C8]C13),

[ene (C1]N6; H(N7)), [2C 2] cycloaddition (C1]N6, C9]C10)]b

7 Naphpyr-Yellow A/KT(w)/HT(g) HT: [2C 2] cycloaddition (N4]C5, C14]C15, C14]C19), [ene (C1]N6; H(N7)),

[2C 2] cycloaddition (C1]N6, C8]C13)]b

A/KT: [2C 2] cycloaddition (C1]C5, C8]C13, C11]C12, N6]N7), [[2C 2]

cycloaddition (C9]C10)]b

a C.I. reactive generic name.
b [ ]: Contribution of this reaction(s) is small to the k0 values.
c gZGas, wZH2O.
d HT(g)/A/KT(g)ZA mixture of HT(g) and A/KT(g) (HT dominant) in the gas phase.
dominantly in the region of a low dielectric constant [7].
It was regarded, therefore, in the present study that the
extent of solvation in cellulose was approximated that in
the gas phase (for the dyes whose predominant tauto-
mers in both phases were different from each other, the
reactivities of both tautomers are discussed).

3.3. Reactivity of yellow azo dyes in terms of
frontier electron density estimated by MO method

Chemical reactions between singlet oxygen and vari-
ous organic compounds have been revealed to have three
different reaction modes providing (1) endoperoxides via
[2C 2] cycloaddition (DielseAlder reaction), (2) dioxe-
tanes or carbonyl fragments via [2C 2] cycloaddition
(dioxetane reaction) and (3) allylic hydroperoxides via
1,3-addition (ene reaction) [11,19e25]. In each reaction
mode, several reaction mechanisms are known to be
operative, although the preference of mechanisms is
dependent on the experimental conditions. The mecha-
nismmaynaturally dependupon the chemical structure of
the dyes examined. Since systematic comparisons of their
reactivity based ondetailed analyses of themechanismare
impossible, a comparison of reactivity among the seven
azo dyes examined is made in terms of frontier electron
density based on the frontier orbital theory [26].

Fukui et al. [26e29] introduced a factor called the
frontier electron density, f, which is the weighted sum of
the squares of the coefficients of LCAO MO. The sum is
weighted by the differences in energy from the frontier
orbital (HOMO or LUMO). Fukui’s original expression
can be generalized for the three, electrophilic, nucleo-
philic and radical, reaction types as follows:

f ðMÞ
r Z

ð2� nÞ
PN
jZ1

nj
�
Cj

r

�2
exp

�
�l

�
EHOMO �Ej

��

2
PN
jZ1

nj exp
�
�l

�
EHOMO �Ej

��

C

n
PN
jZ1

�
2� nj

��
Cj

r

�2
exp

�
�l

�
ELUMO �Ej

��

2
PN
jZ1

�
2� nj

�
exp

�
�l

�
ELUMO �Ej

�� ð2Þ

In this equation, (M ) describes the reaction type: (E) for
an electrophilic reaction, (R) for a radical reaction and
(N) for a nucleophilic reaction; n is a number indicating
the type of reaction: 0 for an electrophilic reaction, 1 for
a radical reaction and 2 for a nucleophilic reaction; N is
the total number of orbitals; nj is the number of electrons
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in the jth orbital and is usually 0, 1 or 2; Cr
j is the

coefficient of the jth LCAO MO at the rth atomic
position; Ej is the energy of the jth orbital; and l is
a scale factor that is usually set to 3.0 in these
calculations [30]. Only the first term in the right-hand
side of Eq. (2) contributes to f r

(E), the second term to f r
(N)

and both the first and second terms to f r
(R). Fukui et al.

[27] originally wrote Eq. (2) for the case of NZ 2 and
eliminated a factor of 2 in the denominator. In the
simplest case, f r

(M ) was described as follows [28]:

f ðMÞ
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Thus, in the MOPAC program the quantity is divided
by a factor of 2. In large molecules such as reactive dyes
with some tens of orbitals, orbitals larger than jZ 2
contribute to the quantity, although the contributions
by the first (HOMO or LUMO) and/or the second
highest or lowest orbitals are usually the largest.

In the photosensitised oxygenation reaction of azo
dyes, HTs were separately reported to react with singlet
oxygen via ene reaction [31,32]. According to the reports,
several workers suggested that only the reaction of HTs
with singlet oxygen is photofading [33e37]. Since azo
dyes, which can exist only as ATs, also undergo
photofading. ATs must suffer photosensitised oxidation,
as was demonstrated using MO theory [3,8]. In the
present study, the reactions of A&HT as well as A/KTs
with singlet oxygen are discussed using the same
procedure referring to the absorption spectra of decom-
posed products combined with cellulose (cf. Section 3.2).

3.4. Photodecomposed products of yellow azo dyes
bound with cellulose

In a series of studies in which the photodecomposi-
tion of reactive dyes on cellulose was analysed, the
authors [38e42] reported that the absorption spectra of
decomposed products elucidated the existence of a res-
idue of reactive anchors reacted with the cellulose
substrate. The absorption spectra of samples exposed
for seven dyes are discussed using the procedure of
spectral analysis. The patterns of the absorption spectra
of the decomposed products bound with cellulose were
classified into several groups of reactive anchors as
summarised in Table 1. (The reaction schemes with
singlet oxygen are discussed in Section 3.6.)

Group A (Three pyrazolinylazo dyes with p-vinyl-
sulfonylanisole anchor in diazo component): Yellow 14,
Pyr-Yellow and Carbopyr-Yellow were synthesized by
diazotizing 2-methoxy-5-(2-sulfatoethylsulfonyl)aniline
and coupling with the corresponding pyrazolines. The
decomposed products of the three dyes gave similar
absorption spectra, although Carbopyr-Yellow showed
some differences in the shape (Fig. 2). Coupling
components had no effect on the spectra but did on
the rates of the photo-oxidation reaction.

Group B (Two pyrazolinylazo dyes with N-(p-vinyl-
sulfonylphenyl) anchor in coupling component): Yellow 13
and Naphpyr-Yellow belong to this group and seem to
have similar shapes in the absorption spectra of decom-
posed products (Fig. 3).

Group C (Azo dye with 2,5-dimethoxy-4-(vinylsulfo-
nyl)phenyl anchor in diazo component): Only Yellow 17
belongs to this group and has an additional 5-methoxy
group compared to dyes of Group A (Fig. 4) (cf. Section
3.6.4).

Group D (Pyrazolinylazo dye from o-sulfo-p-phenyl-
enediamine (diazo component) with 2-anilino-4-chloro-
triazinyl anchor): Yellow 2 is composed of a phenyl ring
bound with a large monochlorotriazinyl (MCT) anchor
compared with the diazo component residue.

Fig. 2. Absorption spectra of the original dye (1) and of the

decomposed products on cellophane film immersed in Rose Bengal

solution after exposure to carbon arc through a Toshiba Y-51 filter for

following times of exposure: (a) for Pyr-Yellow and exposure for

15 min (2) and 1 h (3) (completely decomposed product), (b) for Yellow

14 and the exposure for 0.5 h (2), 1 h (3) and 2 h (4) (completely

decomposed product), (c) for Carbopyr-Yellow and exposure for 5 h

(2) and 15 h (3) and the calculated spectrum (4) of the decomposed

products reducing that of original one from the spectrum (3).
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3.5. Reaction scheme of azo dyes with singlet
oxygen on the basis of frontier orbital theory

In the ene reaction of olefins having an allylic
hydrogen with singlet oxygen the olefins are oxidised
to allylic hydroperoxides concomitant with a shift of the
double bond [11,19e25,43e53]. These allylic hydro-
peroxides are easily converted to allylic alcohols.
Formation of a carboneO2 bond and removal of the
hydrogen occurs on the same surface of the p-system
and leads to exclusive formation of the trans olefinic
linkage. Preferential hydrogen abstraction often occurs
from sites germinal to the largest group, such as alkyl,
sulfenyl, sulfinyl, sulfone and carbonyl groups. Thus,
hydrogen abstraction from more than one site, a highly
stereospecific superficial ene process, has been reported.
Stephenson [43] suggested that an interaction between
the LUMO of the oxygen and the HOMO of the olefin
stabilises the transition state of the perepoxide-like
intermediate. This intermediate formation, a stepwise
mechanism, was demonstrated to occur in the rate-
determining step [44,45], while a concerted mechanism
was excluded [46,47]. The photo-oxidation of azo dyes

Fig. 3. Absorption spectra of the original dye (1) and of the

decomposed products on cellophane film immersed in Rose Bengal

solution after exposure to carbon arc through a Toshiba Y-51 filter for

following times of exposure: (a) for Yellow 13 and exposure for 2 h (2),

5 h (3), 10 h (4) and 15 h (5), and the calculated spectra (6) and (7) of

the decomposed products reducing that of the original one from the

spectra (3) and (4), respectively, and (b) for Naphpyr-Yellow and their

exposure for 5 h (2), 15 h (3) and 30 h (4), and the calculated spectrum

(5) of the decomposed products reducing that of original one from the

spectrum (4).

with singlet oxygen was supposed to occur at the atomic
position with the largest electron density of HOMO
[3,8,21,48].

Besides the ene reaction, because two double bonds
are fixed in a pyrazoline ring, singlet oxygen performs
a [2C 2] cycloaddition reaction with the constituent
atoms of the double bond to give 1,2-dioxetanes, which
are thermally decomposed into two carbonyl fragments
or ring opening accompanying the formation of two
carbonyl groups [51e65]. Some studies on the reac-
tions of pyrazolines with singlet oxygen were reported
[66e68]. It seems to have not yet been clarified whether
ene or [2C 2] cycloaddition reaction occurs on
pyrazolinyl double bonds to which amino or methyl
groups are attached or on olefins with allylic hydrogen
or not.

According to frontier orbital theory, the reaction
with singlet oxygen occurs at the position of the atom
with the largest electron density, dHOMO, of HOMO,
and the reactivity may be proportional to the f r

(E) values,
although what reaction mode at the position of the
second largest f r

(E) values is used should be determined
by the experimental results. Moreover, singlet oxygen
may act as a biradical against such double bonds unlike
the usual ionic reagents, and attack two neighbouring
atoms with higher f r

(E) values. The electrophilic reactivity

Fig. 4. Absorption spectra of the original dye (1) and of the

decomposed products on cellophane film immersed in Rose Bengal

solution after exposure to carbon arc through a Toshiba Y-51 filter for

following times of exposure: (a) for Yellow 2 and exposure for 0.5 h

(2), 1 h (3), 5 h (4) and 15 h (5) (completely decomposed product), and

(b) for Yellow 17 and exposure for 1 h (2), 2 h (3), 5 h (4), and the

calculated spectrum (5) of the decomposed products reducing that of

original one from the spectrum (4).
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of the double bonds toward singlet oxygen may be
described by the sum, Sm,n

(E) , of the reactivities of the two
atomic positions as follows:

SðEÞ
m;nZ

X
m;n

n
f ðEÞm Cf ðEÞn

o
ð4Þ

where m and n denote the atomic positions of the
corresponding double bonds, and when overlapped, the
overlapped position is counted only once. Double bonds
with a larger value of ( fm

(E)C fn
(E)) are taken into

consideration one by one. Singlet oxygen, however,
has no reactivity toward isolated atomic positions with
higher fr

(E) values, such as nitrogen imino bridge groups
and oxygen of sulfonate groups. The summation of
Eq. (4) should be performed from the position with the
largest value of ( fm

(E)C fn
(E)) to the site of the reaction

limit. The Sm,n
(E) values may describe the reactivity of

a dye against singlet oxygen, a molecular descriptor for
ene and/or [2C 2] cycloaddition reactions.

In order to confirm whether or not these MO theories
apply to the ene and/or [2C 2] cycloaddition reactions
of the A&HTs with singlet oxygen, the Sm,n

(E) values given
by Eq. (4) as the sum of f r

(E) value for the two atoms
forming the double bond, which singlet oxygen may
attack, were plotted against the log k0 values deter-
mined, as shown in Fig. 5. Formally, this relationship
between Sm,n

(E) values and log k0 has the same functional
relation as the Hammett equation [69] and may be an
extension of the multi-substituent effects, although there
is no reference compound.

The possibilities of the reaction modes and their
primary positions are summarised in Table 4. Taking all
the possibilities into consideration, the positions of the
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Fig. 5. Relationship between log k0 and Sm,n
(E)-values (the sum of

fr
(E), Eq. (4)) for a series of pyrazolinylazo dyes (see text). (Symbols for

dyes: Tables 2 and 3, symbols for tautomers: A: AT, H: HT, and

K: A/KT).
ordinate were determined or fixed by experiments, while
those of the abscissa were determined so as to find the
general correlation between the log k0 values and the
Sm,n
(E) values. The course of analyses for individual dyes is

explained next.

3.6. Reaction modes of pyrazolinylazo dyes with
singlet oxygen and thermal and/or photo
decomposition of intermediates

The reactions of pyrazolinylazo dyes with singlet
oxygen may generate decomposed products of definite
structures, implying that these reaction mechanisms
involved are ionic and not radical. The reactions are
pericyclic ones and very selective. However, singlet
oxygen is not only highly reactive but also of a biradical
character. The reaction mechanisms and their modes
toward azo dyes as well as their reaction sites, therefore,
usually become more than single-track. The main
reactions in the individual formation and decomposition
reactions may occur preferentially. Since the reaction
products formed by these primary reactions may suffer
further photo and/or thermal decomposition reactions,
which usually also become more than single-track, the
decomposed products bound to cellulose through re-
active anchor groups are a mixture of more than one end
product. The validity of the reaction mechanisms may
be analysed by the main component of the decomposed
products. Because more than two components may be
also contained in the end products on cellulose, the
reaction mechanisms are discussed over more than
single-tracks. In the case of azo dyes, since the primary
reaction site is the coupling position, which may be one
of the weakest points for colourfastness against chemical
attacks, the clearer the reaction mechanism becomes, the
larger the short-comings, and vice versa.

The thermal or photo elimination of N2 from azo
compounds, which occurs during the decomposition of
the reaction intermediates, was reviewed as dediazotiza-
tion [70e75]. It is utilized in imaging technology [72e74]
and as an initiator of radical reaction [76]. It has
also been treated theoretically using the MO method
[77]. Depending on the experimental conditions,
diazo compounds undergo several reactions such as
hydro- (replacement of a diazo group by hydrogen),
hydroxy- (formation of phenol), halogeno- and cyano-
dediazotization [72,75]. And in dye chemistry, the ene
reaction of HTs with singlet oxygen was studied [31e37]
and enlarged to include all the tautomers of azo dyes
[3,8] as well as [2C 2] cycloaddition of azo dyes in the
present study.

Since exposure continues to perform photosensitised
oxygenation in this study, thermal and photo
decompositions may occur concurrently with the for-
mation of dioxetanes. As mentioned below, Yellow 13,
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Carbopyr-Yellow and Naphpyr-Yellow yielded a small
amount of reaction intermediates to end products
during exposure. Thus, a few intermediates were
supposed to occur in practice, although they are not
illustrated in the schemes.

The pyrazolinylazo dyes examined possess many
double bonds that can react with singlet oxygen via ene
and/or [2C 2] cycloaddition, and moreover, these
reactions at various sites and their decomposition
reactions giving more than one product may occur
simultaneously. As representatives, the schemes of ene
and [2C 2] cycloaddition reactions at the double bonds
of C1]C2 for the ATs of respective model compounds
are illustrated in Scheme 1(a) and (b), while the
schemes of the corresponding reactions at those of
N4]C5 for the HTs are shown in Scheme 2(a) and (b).
The ene reaction starting with an azo dye (1) toward
singlet oxygen, drawn in Schemes 1(a) and 2(a), may
generate a hydroperoxide (2), a labile intermediate,
followed by further photolysis and/or thermolysis,
resulting in the corresponding phenol (3), one of the
end products, and oxidised aromatics (4) via dediazo-
tization, according to the previous Refs. [8,30,31,48].
On the other hand, the [2C 2] cycloaddition reaction,
drawn in Schemes 1(b) and 2(b), may generate 1,2-
dioxetane (2) [51e65], resulting in the ring opening of
the dioxetane to form carbonyl fragments (3) by
photolysis and/or thermolysis and followed by further
photolysis and/or thermolysis to give the corresponding
phenol (4), one of the end products, and oxidised
aromatics (5) via dediazotization. (Compound (5) has
a possibility of forming 4-vinylsulfonyl-2-nitroso-
1-(substituted amino)benzene via FischereHepp rear-
rangement, certainly if treated in HCl [78]. However,
since this was not the case, the formation was not
pursued.) When the diazo component contained a re-
active anchor group, the decomposed products, one of
which was a phenol, bound with cellulose through the
anchor system may be observed in the absorption
spectra (Scheme 1 as an example). When the coupling
component possessed the anchor group, oxidised frag-
ments of dye chromophore bound with cellulose
through the anchor system may be observed in the
absorption spectra (Scheme 2 as an example). Ene and
[2C 2] cycloaddition may give the same end product
bound with cellulose. In practice, since the dyes
examined possess more than one reactive double bond,
the end products may be a mixture from these
concurrent reactions. In conclusion, the [2C 2] cyclo-
addition (Cm]Cn) (m,n: same meaning as in Eq. (4))
of either one of which connects to a bridge group such
as azo and imino may generate 1,2-dioxetanes that
result in the corresponding ring-opened decomposed
products via dediazotization followed by the scission of
the CeN bond, and in the case of ene reaction, similar
bond scission may occur.
3.6.1. Reaction of ATs for Pyr-Yellow
Since a model aminopyrazolinyl azo dye, whose

chemical structure is illustrated as (1) in Scheme 1, exists
predominantly as ATs in the gas phase (DfH

�(gas)Z
�103.141 kcal mol�1 for the ATs and �98.538 kcal
mol�1 for the HTs, respectively), the reaction scheme
of only the ATs for this compound is illustrated to
explain the scheme of the ATs of the series of
pyrazolinylazo dyes examined. The DfH

�(gas) values of
the end product as well as the values of
corresponding transition state intermediate are shown
in Tables 7 and 8.

There is much debate about the AHT of this dye in
the gas phase as well as on cellulose left to discuss,
although no one has a procedure to settle it. At present,
the absorption spectra of reactive dyes with solubilising
groups cannot be measured in the gas phase. No
procedure has been found to calculate the electronic
spectrum in a solid polymer with a low dielectric
constant using the MO method.

As mentioned above, because singlet oxygen may
conduct ene and [2C 2] cycloaddition reactions with
pyrazolinylazo dyes, which reactions occur predomi-
nantly and which ones are excluded should be analysed.
In order to clarify these situations, ene and [2C 2]
cycloaddition reactions at the double bonds of C1]C2
(for ATs), C1]N6 (for HTs), N4]C5 (for A&HTs),
C1]C5 (for A/KTs), etc. were analysed by calculating
the enthalpy of formation for the predominant tau-
tomers of the azo dyes examined: the reactants,
intermediates and products, as well as the intermediates
at the transition state geometry (TSG), using the PM5
method. Besides the double bonds in coupling compo-
nent, Table 6 shows that double bonds: C8]C13 and
C9]C10 possess considerable values of dHOMO in-
dicating potential reactivity toward singlet oxygen. The
[2C 2] cycloaddition at these two double bonds was
also discussed. The values of DfH

�(gas) at the TSG may
correspond to the saddle point between the reactant
(starting material) and the corresponding intermediate
in the reaction coordinate.

Scheme 1(a) and (b) describes the ene reaction and
[2C 2] cycloaddition, respectively, at the double bond
of C1]C2 for the ATs of a model compound with
singlet oxygen, which are applicable only to the ATs
of Pyr-Yellow. The probable reaction modes for the
predominant tautomers are summarised in Table 4 as
ene (ATs; C1]C2; H(N20)), which describes the ene
reaction performing the addition of singlet oxygen to
the double bond between C1 and C2 and the
abstraction of hydrogen from the amino group of
N20 (see Section 2.1.1 for the numbering of atomic
sites). The electron density of HOMO had the largest
value at the C1 atom, the same situation as ATs of
almost all dyes examined (cf. Tables 2, 3, 5 and 6).
The fr

(E) values, which describe the electrophilic
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Table 5

Electron density, dHOMO, of HOMO at each atomic position for azo, azo/keto and hydrazone tautomers of Yellow 13, Yellow 14, Yellow 17 and

Yellow 2 in the gas phase, calculated using PM5 method

Yellow 13 Yellow 14 Yellow 17 Yellow 2

AT AK HT AT AK HT AT AK HT AT AK HT

C1 0.223 0.149 0.007 0.130 0.166 0.070 0.062 0.010 0.083 0.174 0.137 0.030

C2 0.033 0.010 0.028 0.038 0.007 0.028 0.019 0.002 0.018 0.013 0.005 0.023

N3 0.047 0.032 0.265 0.025 0.024 0.219 0.137 0.002 0.102 0.033 0.020 0.160

N4 0.036 0.087 0.047 0.025 0.097 0.123 0.071 0.002 0.066 0.034 0.074 0.067

C5 0.019 0.034 0.088 0.010 0.063 0.105 0.052 0.004 0.041 0.039 0.033 0.065

N6 0.027 0.036 0.010 0.121 0.056 0.037 0.009 0.034 0.010 0.026 0.025 0.016

N7 0.143 0.080 0.008 0.180 0.081 0.109 0.112 0.045 0.150 0.100 0.071 0.064

C8 0.069 0.101 0.000 0.147 0.148 0.008 0.029 0.053 0.036 0.087 0.092 0.020

C9 0.080 0.078 0.000 0.043 0.033 0.001 0.000 0.049 0.007 0.080 0.057 0.022

C10 0.007 0.016 0.000 0.058 0.058 0.001 0.024 0.112 0.019 0.015 0.015 0.010

C11 0.105 0.117 0.000 0.054 0.047 0.000 0.068 0.128 0.089 0.128 0.124 0.035

C12 0.044 0.054 0.000 0.001 0.001 0.001 0.007 0.054 0.006 0.054 0.066 0.016

C13 0.036 0.026 0.000 0.063 0.059 0.010 0.100 0.264 0.112 0.029 0.036 0.009

C14 0.007 0.004 0.089 0.000 0.000 0.019 0.023 0.000 0.018 0.002 0.000 0.041

C15 0.008 0.004 0.083 0.000 0.000 0.012 0.033 0.000 0.026 0.000 0.001 0.006

C16 0.000 0.000 0.005 0.000 0.000 0.011 0.000 0.000 0.000 0.000 0.000 0.021

C17 0.012 0.006 0.149 0.000 0.000 0.019 0.048 0.001 0.038 0.004 0.002 0.058

C18 0.000 0.000 0.005 0.000 0.000 0.004 0.000 0.000 0.000 0.000 0.000 0.010

C19 0.009 0.004 0.087 0.001 0.001 0.032 0.035 0.000 0.027 0.005 0.001 0.100

O20 0.021 0.054 0.085 0.025 0.054 0.054 0.086 0.004 0.025

N35 0.081 0.104 0.028

The numbers of atoms in the chemical structures are shown below. Yellow 13: R1Z SO3H; R2ZCl; R3ZCOOH; R4ZR5ZR7ZH;

R6Z SO2CH2CH2OH. Yellow 14: R1ZOCH3; R2ZR5ZH; R3Z SO2CH2CH2OH; R4ZCH3; R6Z SO3H; R7ZCl. Yellow 17: R1Z
R3ZOCH3; R2Z SO2CH2CH2OH; R4ZR5ZR7ZH; R6Z SO3H. Yellow 2: R1ZR6Z SO3H; R2Z 4-( p-sulfoanilino)-6-hydroxytriazin-2-

ylamino(N35); R3ZR4ZH; R5ZR7ZCl.
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reactivity given by Eq. (2), for the primary mode of
reaction: ene (ATs; C1]C2; H(N20)) are listed in
Table 2 as 0.457 (C1) and 0.140 (C2), the sum of
which, Sm,n

(E) (m,n: 1,2), was largest among the ene
reactions against all the individual double bonds of
dyes used, as shown in Tables 2 and 3. The largest
value corresponds also to the largest k0 value of this
dye. The fr

(E) values for the ene (N4]C5; H(Me)) in
Table 2, were 0.160 (N4) and 0.021 (C5), while the
values of dHOMO in Table 6 were 0.085 (N4) and 0.002
(C5), respectively. Thus, the contribution of this mode
to the k0 value of Pyr-Yellow may be regarded as too
small to estimate due to the very small value of fr

(E) at
C5 in spite of the large one at N4. (Taking the lower
limits of fr

(E) and dHOMO into consideration, the
double bonds which may react with singlet oxygen
are mentioned below.)

The double bonds, C1]C2 and N4]C5, possess also
the possibility of performing [2C 2] cycloaddition,
besides ene reaction. In order to speculate whether
either one or both of ene and [2C 2] cycloaddition
reactions occur, the values of DfH

�(gas) for the
corresponding reaction intermediates at TSG were
calculated by the PM5 method. As mentioned above,
the double bonds, C8]C13 and C9]C10, may perform
[2C 2] cycloaddition. The values of Sm,n

(E) (m,n: 8,13) and
Sm,n
(E) (m,n: 9,10) come next to Sm,n

(E) (m,n: 1,2) and are
followed by the reactivity at N4]C5 which may be
actually negligible. The results of enthalpy analyses for
the ene and [2C 2] cycloaddition reactions at probable
positions are listed in Tables 7e9. The values of
activation energies for the ene and [2C 2] cycloaddition
reactions for the predominant tautomers of all dyes
examined were nearly equal to each other but a small
difference between reaction modes irrespective of the
A&HTs (Table 7) was observed. Moreover, the
DfH

�(gas) of the intermediates at TSG had no reason-
able relation with the DfH

�(gas) of hydroperoxides for
ene reaction and that for [2C 2] cycloaddition products.
Thus, for all the dyes examined, no one can decide
whether ene or [2C 2] cycloaddition reactions occur
dominantly, because the values of Sm,n

(E) identify no
dominance between them. Tables 7 and 8 also indicate
small differences in the activation energies for
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Table 6

Electron density, dHOMO, of HOMO at each atomic position for azo, azo/keto and hydrazone tautomers of Pyr-Yellow, Carbopyr-Yellow and

Naphpyr-Yellow in the gas phase, calculated using PM5 method

Pyr-Yellow Carbopyr-Yellow Naphpyr-Yellow

AT AK HT AT AK HT AT AK HT

C1 0.269 0.200 0.120 0.131 0.085 0.093 0.207 0.168 0.006

C2 0.078 0.004 0.005 0.011 0.042 0.076 0.037 0.007 0.019

N3 0.006 0.072 0.129 0.045 0.095 0.064 0.030 0.048 0.271

N4 0.085 0.140 0.082 0.018 0.070 0.175 0.043 0.108 0.052

C5 0.002 0.065 0.044 0.050 0.013 0.024 0.010 0.028 0.090

N6 0.023 0.030 0.043 0.087 0.117 0.017 0.032 0.032 0.008

N7 0.123 0.093 0.228 0.123 0.089 0.125 0.147 0.098 0.011

C8 0.088 0.074 0.055 0.171 0.136 0.027 0.056 0.059 0.001

C9 0.038 0.026 0.022 0.036 0.019 0.011 0.036 0.031 0.001

C10 0.026 0.024 0.014 0.070 0.051 0.015 0.004 0.002 0.000

C11 0.039 0.030 0.025 0.058 0.036 0.009 0.090 0.077 0.002

C12 0.000 0.000 0.002 0.002 0.002 0.000 0.070 0.058 0.001

C13 0.045 0.034 0.034 0.071 0.050 0.014 0.075 0.067 0.002

C14 0.000 0.011 0.012 0.001 0.007 0.037 0.006 0.005 0.091

C15 0.001 0.009 0.016 0.001 0.012 0.047 0.006 0.007 0.081

C16 0.000 0.000 0.001 0.000 0.000 0.000 0.000 0.000 0.007

C17 0.001 0.005 0.011 0.002 0.015 0.071 0.009 0.010 0.142

C18 0.000 0.000 0.000 0.000 0.000 0.001 0.000 0.000 0.004

C19 0.001 0.003 0.010 0.002 0.013 0.049 0.006 0.006 0.082

X20*1 0.124 0.114 0.098 0.030 0.055 0.112 0.024 0.069 0.087

C21 0.011 0.010 0.000

C22 0.059 0.051 0.001

C23 0.012 0.009 0.000

C24 0.016 0.014 0.000

The numbers of atoms in the chemical structures are shown below.
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Naphpyr-Yellow
[2C 2] cycloaddition between double bonds at different
positions, although the values of Sm,n

(E) showed some
dominance between them, implying a limit to the
analytical method using the heat of formation for the
reaction intermediates.

For the reasonsmentioned above, the authors adopted
the othermethod to assess the ease of the two reactions, as
first approximation, by comparing the heat of reactions
for the corresponding reactions. Then, the reactivity to
the two reactions may be discussed by the differences in
the DfH

�(gas) of hydroperoxide for ene reaction and that
for [2C 2] cycloaddition product, 1,2-dioxetane. For the
ATs of Pyr-Yellow, the order of the reactivity estimated
by the heat of reactions was as follows:

ene ðC1]C2; HðN20ÞÞO½2C2� cycloaddition ðC1]C2Þ
O½2C2� cycloaddition ðC8]C13Þ
O½2C2� cycloaddition ðC8]C9Þ
Oene ðN4]C5; HðMeÞÞ
O½2C2� cycloaddition ðN4]C5Þ
O½2C2� cycloaddition ðC9]C10Þ
[½2C2� cycloaddition ðN6]N7Þ ð5Þ



Table 7

Heat of f bonds of (C1]N6), (C1]C2), (C1]C5) and (N4]C5) for the

predomin

DfH
�(gas) of

intermediate

at TSGa

DfH
�(gas) of

intermediate

DfH
�(gas) of

addition

product

Reaction [2C 2] cycloaddition (C1]N6)

Model py �8.513 �8.439 �14.484

Yellow 1 �216.966 �216.966 �220.423

Yellow 1 �175.612 �175.609 �183.103

Yellow 1 �200.576 �200.510 �205.753

Yellow 2 �226.533 �226.532 �233.744

Carbopyr �238.353 �238.348 �244.788

Naphpyr �219.285 �219.279 �224.414

Reaction [2C 2] cycloaddition (C1]C2)

Model Py �79.182 �79.182 �109.967

Pyr-Yello �116.154 �116.154 �145.497

Reaction [2C 2] cycloaddition (C1]C5)

Yellow 1 �214.762 �214.762 �246.848

Yellow 2 �224.248 �224.191 �252.939

Naphpyr �213.307 �213.307 �247.048

Reaction [2C 2] cycloaddition (N4]C5)

Model py 0.490 0.461 �21.134

Yellow 1 �215.117 �214.990 �227.239

Yellow 1 �175.723 �175.665 �188.650

Yellow 1 �200.429 �200.427 �212.986

Yellow 2 �221.629 �221.607 �238.155

Carbopyr �237.034 �236.997 �249.131

Naphpyr �218.222 �218.212 �231.772

Model Py �78.101 �78.092 �84.992

Pyr-Yello �115.603 �115.568 �122.571

In Schem (3)*5. In Scheme 2, starting materialZ (1) *1, intermediate at

TSGZ (2
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ormation, DfH
�(gas) (kcal mol�1), of intermediate and products in the ene and [2C 2] cycloaddition reactions at the double

ant tautomer of pyrazolinylazo dyes with singlet oxygen, calculated by PM5 method

Tautomer Molecular

weight

DfH
�(gas) of

intermediate

at TSGa

DfH
�(gas) of

intermediate

DfH
�(gas) of

hydroperoxide

mode (position) Ene (C1]N6; H(N7))

razolinylazo*1 HT 418.423 �8.344 �8.331 �54.479

3 HT 576.936 �214.313 �214.300 �264.608

4 HT 576.980 �175.829 �175.829 �219.760

7 HT 558.534 �200.467 �200.299 �242.155

HT 820.564 �225.703 �225.701 �268.476

-Yellow HT 558.491 �237.067 �237.045 �282.909

-Yellow HT 628.600 �219.962 �219.958 �266.830

mode (position) Ene (C1]C2; H(N20)

r-Yellow*2 AT 497.497 �79.354*3 �79.354*4 �119.940*5

w AT 527.523 �115.701 �115.691 �157.290

mode (position) Ene (C1]C5; H(Me))

3 A/KT 576.936 �214.687 �214.685 �256.854

A/KT 820.564 �221.037 �221.009 �262.980

-Yellow A/KT 628.600 �214.011 �213.913 �258.440

mode (position) Ene (N4]C5; H(Me))

razolinylazo*1 HT 418.423 0.461*6 0.462*7 �36.414*5

3 HT 576.936 �214.728 �214.727 �243.789

4 HT 576.980 �173.161 �173.161 �218.439

7 HT 558.534 �200.647 �200.642 �226.787

HT 820.564 �224.335 �224.229 �253.076

-Yellow HT 558.491 e e e

-Yellow HT 628.600 �220.770 �220.764 �246.152

r-Yellow*2 AT 497.497 �78.894 �78.864 �99.606

w AT 527.523 �115.603 �115.568 �135.923

e 1, starting materialZ (1)*2, intermediate at TSGZ (2)*3, intermediate at PM5 geometryZ (2)*4 and the hydroperoxideZ
)*6, intermediate at PM5 geometryZ (2)*7 and the hydroperoxideZ (3)*5.

Transition state geometry.
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Table 8

Heat of formation, DfH
�(gas) (kcal mol�1), of intermediate and products (1,2-dioxetane) in [2C 2] cycloaddition reactions at the double bonds of

(C8]C9), (C8]C13), (C9]C10), (N6]N7), (C12]C13) and (C1]C5) for predominant tautomers of pyrazolinylazo dyes with singlet oxygen

Dye Molecular weight DfH
�(gas) of

intermediate at TSG

DfH
�(gas) of

intermediate

DfH
�(gas) of

addition product

Reaction mode (position) [2C 2] cycloaddition (C8]C9)

Pyr-Yellow AT 527.523 �116.036 �115.924 �137.696

Yellow 17 HT 558.534 �200.581 �200.547 �220.546

Yellow 2 HT 820.564 �223.504 �223.483 �245.677

Carbopyr-Yellow HT 558.491 �237.260 �237.231 �258.123

Yellow 13 A/KT 576.936 �214.578 �214.578 �232.873

Yellow 2 A/KT 820.564 �221.857 �221.856 �239.869

Naphpyr-Yellow A/KT 628.600 �216.258 �216.257 �227.765

Reaction mode (position) [2C 2] cycloaddition (C8]C13)

Pyr-Yellow AT 527.523 �116.136 �116.114 �138.229

Yellow 14 HT 576.980 �175.769 �175.730 �197.589

Yellow 17 HT 558.534 �200.630 �200.630 �223.325

Carbopyr-Yellow HT 558.491 �232.058 �232.988 �249.906

Naphpyr-Yellow HT 628.600 �219.538 �219.530 �237.708

Yellow 13 A/KT 576.936 �215.849 �215.849 �224.140

Yellow 2 A/KT 820.564 �221.495 �221.495 �231.862

Naphpyr-Yellow A/KT 628.600 �213.422 �216.313 �239.047

Reaction mode (position) [2C 2] cycloaddition (C9]C10)

Pyr-Yellow AT 527.523 �116.172 �116.060 �121.166

Yellow 17 HT 558.534 �200.521 �200.468 �225.357

Carbopyr-Yellow HT 558.491 �237.351 �237.347 �242.752

Reaction mode (position) [2C 2] cycloaddition (N6]N7)

Pyr-Yellow AT 527.523 �116.106 �116.033 �98.956

Yellow 13 A/KT 576.936 �214.708 �214.704 �198.463

Yellow 2 A/KT 820.564 �224.498 �224.498 �202.971

Naphpyr-Yellow A/KT 628.600 �217.913 �217.905 �197.598

Reaction mode (position) [2C 2] cycloaddition (C12]C13)

Yellow 13 A/KT 576.936 �215.660 �215.604 �225.561

Yellow 2 A/KT 820.564 �221.496 �221.494 �227.965

Reaction mode (position) [2C 2] cycloaddition (C1]C5)

Yellow 2 A/KT 820.564 �224.373 �224.369 �252.939

Table 9

Heat of formation, DfH
�(gas) (kcal mol�1), of intermediates and products (1,2-dioxetane) in the [2C 2] cycloaddition reactions at the possible double

bonds of (C14]C15), (C14]C19), (C16]C17), (C17]C18), (C10]C11) and (C11]C12) for the predominant tautomer of dyes with singlet

oxygen

M.W. DfH
�(gas) of

intermediate at TSG

DfH
�(gas) of

intermediate

DfH
�(gas) of

hydroperoxide

DfH
�(gas) of

intermediate at TSG

DfH
�(gas) of

intermediate

DfH
�(gas) of

addition product

Mode [2C 2] cycloaddition (C14]C15) for HT [2C 2] cycloaddition (C14]C19) for HT

Yellow 13 576.936 �216.808 �216.771 �235.283 �216.808 �216.771 �235.283

Yellow 14 576.980 �175.862 �175.860 �193.685 �175.945 �175.939 �193.942

Yellow 17 558.534 �200.539 �200.535 �218.949 �200.515 �200.512 �218.949

Yellow 2 820.564 �224.329 �224.318 �243.410 �224.353 �224.342 �242.275

Carbpyr-Yellow 558.491 �236.813 �236.813 �255.555 �236.813 �236.813 �255.555

Naphpyr-Yellow 628.600 �219.391 �219.389 �238.430 �219.391 �219.389 �238.430

Mode [2C 2] cycloaddition (C16]C17) for HT [2C 2] cycloaddition (C17]C18) for HT

Yellow 14 576.980 �175.733 �175.713 �182.414 �175.779 �175.777 �182.402

Yellow 2 820.564 �224.170 �224.165 �235.721 �222.854 �222.849 �233.676

Mode [2C 2] cycloaddition (C10]C11) for HT [2C 2] cycloaddition (C11]C12) for HT

Yellow 17 558.534 �200.603 �200.550 �208.288 �200.928 �202.920 �214.766

Yellow 2 820.564 �223.551 �223.516 �238.245 �223.550 �223.550 �240.739

Mode [2C 2] cycloaddition (C10]C11) for A/KT [2C 2] cycloaddition (C11]C12) for A/KT

Yellow 2 820.564 �213.373 �213.356 �239.287 �221.459 �221.418 �241.026

Naphpyr-Yellow 628.600 e e e �213.373 �213.356 �220.814
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MO calculation implies that both the ene and [2C 2]
cycloaddition reactions may occur at the double bonds
of C1]C2 and N4]C5 in pyrazoline ring, although the
reactions take place more predominantly at the double
bond of C1]C2 than that of N4]C5 (cf. Table 7). The
possibility of reactions other than ene (C1]C2;
H(N20)) may be reduced due to the low heat of reaction
for the reaction modes, resulting in the predominant
mode of reaction illustrated in Scheme 1(a). For the
next probable reaction mode, [2C 2] cycloaddition
(C1]C2), the reaction scheme may be described as
shown in Scheme 1(b), resulting in the same decomposed
product bound with cellulose as that of the ene reaction.
If the next probable mode occurred, no confirmation of
the contribution may be possible. This fact may indicate
no exclusion of the possibility of reaction at the other
double bonds. Although the contribution of individual
double bonds to the reactivity may be small enough, the
summation of their contributions becomes considerably
large. The DfH

�(gas) values for (C8]C9) might indicate
also some contribution of this bond due to the double
bond character, since no double bond was fixed
in benzene ring. In this case, no double counting of
Sm,n
(E)-values must be made.
Judging only from Sm,n

(E) values, the double bond of
N6]N7 may have high potential reactivity. However,
Table 8 showed that the DfH

�(gas) values for the
products are higher than those for the products at the
other double bonds, implying that the reaction may not
proceed at the intermediate stage. As explained below,
four dyes among seven dyes examined have azo groups
with high reactivity (cf. Table 8). Since Sm,n

(E) (m,n: 6,7)
for these dyes are too large to neglect, the exclusion of
the bond from reactivity results in the considerable
deviations of their plots from the common correlation
line (cf. Fig. 5). The energy barrier of dioxetanes from
azo group may be regarded to be overcome by the high
energies of singlet oxygen.

Besides the double bond of N6]N7, the exclusion of
the reactivity of N4]C5 may be explained as follows:
in the MO calculation of DfH

�(gas) for ene (N4]C5;
H(Me)) and [2C 2] cycloaddition (N4]C5), the
reaction intermediates may be constructed by shifting
electron density to bind the oxygen with carbon (C5) in
spite of the very small dHOMO, while the values of
dHOMO and fr

(E) may describe the values before the
binding.

According to Scheme 1(a), azo scission may result
in 2-methoxy-5-(2-hydroxyethyl-sulfonyl)phenol bound
with cellulose as one of the main end products,
although the details of the reaction scheme of group
transformation after the ene intermediate to form the
corresponding hydroperoxide as well as 1,2-dioxetanes
via [2C 2] cycloaddition and their thermal decompo-
sition were not sought [8,11,21,51e69]. Since the
[2C 2] cycloaddition (C8]C13) may cause the bond
scission of C8eN7 and the [2C 2] cycloaddition
(C9]C10) that of C10esulfur as the side reactions
(cf. Section 3.6.2.1), their reactions may result in the
fading of dyes on cellulose. The decomposed product
may be a phenyl residue with a VS anchor and a VS
anchor without an aromatic nucleus. The existence of
the ene product in the absorption spectrum may prove
the validity of the primary mechanism analysed. The
same shape of the spectra for the end products as that
of Yellow 14 (cf. Section 3.6.2.2) may indicate its
validity.

Plotting the Sm,n
(E) value for the corresponding atomic

positions of double bonds that have the possibility of
reacting with singlet oxygen against log k0, at first for the
most reactive position and secondly adding the contri-
bution of following reactive ones, is illustrated in Fig. 5.
Taking the plots of all the dyes examined into consider-
ation produced a linear correlation between Sm,n

(E) values
vs. log k0. The plot of the Sm,n

(E) (m,n: 1,2, 6e10,13) value
for ene (C1]C2; H(N20)) and/or [2C 2] cycloaddition
of the corresponding bonds for the ATs fitted with the
linear correlation line between the Sm,n

(E) value vs. log k0 for
a series of azo dyes examined. The addition of the
contribution of ene (N4]C5; H(Me)) and/or [2C 2]
cycloaddition (N4]C5) caused sideward deviation from
the line of correlation, while the exclusion of [2C 2]
cycloaddition (N6]N7) resulted in a deviation in the
reverse direction.

3.6.2. Reaction of azo dyes with same diazo component
as that of Pyr-Yellow

3.6.2.1. HTs for model pyrazolinylazo dyes. Pyrazolinyl-
azo dyes with an o-hydroxy group may exist pre-
dominantly as the HTs in the gas phase except for
Pyr-Yellow with an o-amino group. (The chemical
structure of a model compound (1) used for the
explanation is illustrated in Scheme 2. DfH

�(gas) for
the ATsZ�22.916 kcal mol�1 and that for the HTsZ
�32.069 kcal mol�1.) The reaction scheme for the HTs is
described in Scheme 2(a) for ene (N4]C5; H(Me), and
2(b) for [2C 2] cycloaddition (N4]C5) as the HTs of
a model compound. The schemes of each reaction mode
for each dye examined may be explained by this scheme,
although a modification of substituents is needed.

3.6.2.2. HTs of Yellow 14 and Carbopyr-Yellow. Yellow
14, Pyr-Yellow and Carbopyr-Yellow belong to this
group of dyes (Group A). The spectra of the decom-
posed products for the three dyes, illustrated in Fig. 2,
coincided with each other, although those for Carbo-
pyr-Yellow showed some deviations and remain debat-
able. Yellow 14 and Carbopyr-Yellow may exist as
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HTs. The dHOMO for Yellow 14 in Table 5 suggests that
the double bonds with probable reactivity were
C1]N6 and N4]C5 in pyrazoline ring, the bonds
around C14 and C17 in N-phenyl ring and those
around C8 in diazo component. The other double
bonds around had also some reactivity. In the case of
Carbopyr-Yellow (cf. Table 6), the reactivity of
C1]N6 may be excluded due to the small value of
dHOMO at N6, that around C17 due to the small one at
C16 and C18 and that around C10 due to the small one
at C9. The exclusion of the reactivity for Yellow 14 is
fewer than that of Carbopyr-Yellow (cf. Table 2). That
is why Carbopyr-Yellow has smaller reactivity than
Yellow 14 in spite of their similar properties. These
double bonds have a possibility of performing the ene
and [2C 2] cycloaddition reactions. Only the reaction
scheme of the latter mode for HTs is illustrated in
Scheme 2(b), but the schemes for the other modes may
be seen by the analogy to the illustrated ones. The four
reaction modes, ene (C1]N6; H(N7) and N4]C5;
H(Me)), [2C 2] cycloaddition (C1]N6 and N4]C5),
might result in a common decomposed product of the
diazo component, 2-methoxy-5-(2-hydroxyethylsulfo-
nyl)phenol. But no one could decide which modes of
reaction occurred from the absorption spectra of the
decomposed products. The lmax of the absorption
spectra of completely decomposed products for Pyr-
Yellow and Yellow 14 (cf. Fig. 2(a) and (b)) were 202.5
and 242.5 nm (relative ratiosZ 1.0:0.60 for Pyr-Yellow
and 1.0:0.58 for Yellow 14), a complete coincidence of
the spectra.

The results of enthalpy analyses for the end products,
hydroperoxide and dioxetane, of the nine reaction
modes of Yellow 14 and Carbopyr-Yellow are listed in
Tables 7 and 8. Carbopyr-Yellow has no possibility of
an ene reaction at N4]C5 due to the lack of a hydrogen
atom to be abstracted. The heat of reaction estimated
from the values of DfH

�(gas) for the HTs of Carbopyr-
Yellow in the seven modes of reaction indicated the
reactivity in the following order:

ene ðC1]N6; HðN7ÞÞ
[½2C2� cycloaddition ðC14]C15Þ
]½2C2� cycloaddition ðC14]C19Þ
O½2C2� cycloaddition ðC8]C13Þ
O½2C2� cycloaddition ðN4]C5Þ
O½2C2� cycloaddition ðC1]N6Þ
O½2C2� cycloaddition ðC9]C10Þ ð6Þ

The order of reactivity from the Sm,n
(E) values listed in

Table 3 was very different from that of (6). The Sm,n
(E)

values indicated the dominant reactivity of N4]C5 and
the following reactivities at several double bonds as
listed in Table 3. For the same reason (smaller values of
f r
(E) at both sites than at N6), the reactivity at C9]C10
may be excluded. In the MO calculation of DfH

�(gas)
for ene (C1]N6; H(N7)), the reaction intermediate may
be constructed by shifting electron density to bind the
oxygen with the nitrogen (N6). The values of dHOMO

and f r
(E) may describe the values before the binding. The

order of reactivity was estimated from the Sm,n
(E) values by

taking also the order from the DfH
�(gas) values of the

reaction intermediates and the products into consider-
ation.

On the other hand, the heat of reaction estimated
similarly by the nine modes of reaction (cf. Table 3)
indicated the following order of reactivity for the HTs of
Yellow 14:

ene ðC1]N6; HðN7ÞÞOene ðN4]C5; HðMeÞÞ
O½2C2� cycloaddition ðC8]C13Þ
O½2C2� cycloaddition ðC14]C19Þ
z½2C2� cycloaddition ðC14]C15Þ
O½2C2� cycloaddition ðN4]C5Þ
O½2C2� cycloaddition ðC1]N6Þ
O½2C2� cycloaddition ðC16]C17Þ
z½2C2� cycloaddition ðC17]C18Þ ð7Þ

Differences among reaction modes in the heat of
reaction were small, although a small difference between
the double bonds of different positions was noticed. The
Sm,n
(E) value at the atomic position of the double bonds,

listed in Table 2, also indicated considerably higher
reactivity of N4]C5 than that of C1]N6. Both the
enthalpy analyses and the treatment by frontier orbital
theory on the probable reaction modes for Yellow 14
indicated that the reaction occurred primarily at both
the double bonds of C4]C5 and C1]N6 and
secondarily in the double bonds around atoms bound
with large substituents.

The absorption spectra of decomposed products for
Carbopyr-Yellow showed some resemblance in the
shape. The lmax of the spectra for this dye (cf. Fig. 2(c))
were 202.5 and 242.5 nm (relative ratiosZ 1.0:0.71),
a complete coincidence in the wavelength for Pyr-Yellow
and Yellow 14 but some differences in the ratio.

The plot of Sm,n
(E) value (m,n: 1,4e6, 8,13e19) for

Yellow 14 and that of the Sm,n
(E) value (m,n: 4,5,8,13e

15,19) for Carbopyr-Yellow against log k0 fit well the
linear common correlation together with other dyes. The
fitness of the plots for the HTs of two dyes was good
with the common correlation line drawn in Fig. 5, as
well as the accordance of the absorption spectra of the
decomposed products, suggesting that the above dis-
cussions on the AHT by DfH

�(gas) and DfH
�(H2O) and

the reactivity using frontier orbital theory were consis-
tent with the experiments.



169T. Hihara et al. / Dyes and Pigments 69 (2006) 151e176
3.6.3. Reaction of pyrazolinylazo dyes that contain VS
anchor in coupling component

3.6.3.1. HTs of Yellow 13 and Naphpyr-Yellow.
Yellow 13 and Naphpyr-Yellow, synthesized with the
same coupling component, which possesses a VS an-
chor, belong to this group (Group B). Yellow 13 may
exist dominantly as HTs with a considerable population
as A/KTs in the gas phase, while predominantly as
A/KTs in water. Naphpyr-Yellow may exist as HTs in
the gas phase and as A/KTs in water.

The estimated values of DfH
�(gas) for the end

products of Yellow 13 in the six modes of reactions
indicated similarly the reactivity in the following order:

eneðC1]N6; HðN7ÞÞ[eneðN4]C5; HðMeÞÞ
O½2C2� cycloaddition ðC14]C15Þ
]½2C2� cycloaddition ðC14]C19Þ
O½2C2� cycloaddition ðC1]N6Þ
O½2C2� cycloaddition ðN4]C5Þ ð8Þ

and those for the end products of Naphpyr-Yellow for
the seven modes of reactions are in the following order:

ene ðC1]N6; HðN7ÞÞ[ene ðN4]C5; HðMeÞÞ
O½2C2� cycloaddition ðC14]C15Þ
Z½2C2� cycloaddition ðC14]C19Þ
O½2C2� cycloaddition ðC8]C13Þ
O½2C2� cycloaddition ðN4]C5Þ
O½2C2� cycloaddition ðC1]N6Þ ð9Þ

The reaction of two dyes with singlet oxygen may
occur dominantly at the double bonds of C1]N6
and N4]C5, but the f r

(E) values listed in Tables 2 and 3
indicated clearly the predominance of the latter
double bond. Although the chemical structures of the
chromophores are different, the reaction schemes are
illustrated in Scheme 2(a) for ene (N4]C5), and (b) for
[2C 2] cycloaddition (N4]C5). The schemes for the
other modes may be seen by analogy of the illustrated
ones.

In the case of Yellow 13, the Sm,n
(E) (m,n: 1,6) value may

be excluded due to the small values of dHOMO at C1
(0.007) and N6 (0.01), respectively, as well as the f r

(E)

values as listed in Table 2. The reactivities at the double
bonds of C16]C17, C17]C18 and C18]C19 may be
also excluded due to the small values of dHOMO at the
alternating positions, C16 (0.005) and C18 (0.005) in
spite of large values of f r

(E) and dHOMO at C17 and C19.
The exclusion may lower the reactivity of the HTs.

The plot of Sm,n
(E) (m,n: 4,5,14,15,19) for the HTs of

Yellow 13 vs. log k0 showed a deviation from the common
correlation line in the direction of smaller reactivity.
On the other hand, the f r
(E) values at the double bond

of C8]C13 for the HTs of Naphpyr-Yellow in Table 3
at 0.046 (C8) and 0.055 (C13) were not small, while the
values of dHOMO (0.001 (C8) and 0.002 (C13)) were
extremely small in spite of the f r

(E) values. The sum, Sm,n
(E)

(m,n:8,13), was small compared with the values for other
dyes exhibiting reactivity, indicating a limit of reactivity.
(As mentioned above, the reactivity at the double bond
with such small values of dHOMO was regarded as
negligible.) If the contribution of this position was taken
into consideration, the plots of Sm,n

(E) (m,n:4,5,14,15,19)
vs. log k0 showed a deviation from the correlation line,
but ignoring this bond gave a good coincidence as the
HTs. Although the limiting value to the reactions with
singlet oxygen could not be determined experimentally
or from the absorption spectra of decomposed products,
the assumption regarding negligibility may be supported.
Since the contribution of the reaction at the double bond
of C8]C13 may be ignored as described above, the
reaction scheme was not illustrated.

When the reaction scheme for [2C 2] cycloaddition
(N4]C5) was considered, the decomposed product for
these two dyes, 4-(2-hydroxyethylsulfonyl)-2-nitrosoani-
line, might be identical (cf. Scheme 2(b)). The absorp-
tion spectra of decomposed products for Yellow 13 and
Naphpyr-Yellow were very similar to each other,
a further resemblance between them; compared with
that between dyes of Group A. Inspecting the spectra in
detail, however, Yellow 13 had a tiny absorption peak
around 350 nm unlike Naphpyr-Yellow, while the latter
dye had a small peak around 220 nm. Since the other
parts of the spectra or the general pattern resembled
each other, complete solution might be impossible.
Prolonged exposure of Yellow 13 seemed to decrease the
absorption around 350 nm, which probably explains an
incomplete group transformation due to a short time of
exposure to Yellow 13 resulting in a mixture of
compounds (3) as shown in Scheme 2(a) and (b), or
a co-occurrence of the reaction at C1]N6 to the
reaction products due to the reactions at N4]C5. In
fact, since many possibilities could occur, the complete
analysis might be impossible. However, the resemblance
in the spectral shape might indicate the existence of
common reaction schemes.

The plot of the Sm,n
(E) (m,n:4,5,14,15,19) value for the

HTs of Naphpyr-Yellow vs. log k0 fit considerably well
into the linear correlation among all the dyes examined,
as mentioned above, while that for the HTs of Yellow 13
showed some deviations in the lower direction from the
linear relation.

Incoherence between the Sm,n
(E) values and the in-

equality (8) in the reactivity might imply that the
reactions at C1]N6 required a large activation energy
or a large modification of molecular geometry to cause
the double bond and singlet oxygen to interact for both
the dyes. The Sm,n

(E) values might describe the reactivity of
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the double bond before reaction, while the energy of
formation for the product and even for the intermediate
might describe the reactivity after reaction or at the
geometry of the intermediate.

3.6.3.2. A/KTs of Yellow 13 and Naphpyr-Yellow.
Unlike Pyr-Yellow and Yellow 14, the HTs of Yellow
13 decreased the stability with a transfer from the gas
phase into water, resulting in the HTs as the pre-
dominant tautomer but with a considerable population
as the A/KTs in the gas phase. As a comparison, the
A/KTs of Naphpyr-Yellow exhibiting similar AHT were
also analysed. The reaction modes and their reactivities
were tried to discuss them as the minor contributions to
the HTs. No MO parameters useful for describing the
reactivity of the A/KTs on cellulose might be available,
since the A/KTs in the gas phase possessed lower
stability than the HTs.

From the DfH
�(gas) values of the end products for

probable reaction modes, the order of reactivity of the
A/KTs for Yellow 13 was as follows:

eneðC1]C5; HðMeÞÞO½2C2� cycloaddition ðC1]C5Þ
O½2C2� cycloaddition ðC8]C9Þ
O½2C2� cycloaddition ðC12]C13Þ
O½2C2� cycloaddition ðC8]C13Þ
[½2C2� cycloaddition ðN6]N7Þ; ð10Þ

and the order of reactivity of the A/KTs for Naphpyr-
Yellow was as follows:

eneðC1]C5; HðMeÞÞO½2C2� cycloaddition ðC1]C5Þ
O½2C2� cycloaddition ðC8]C13Þ
O½2C2� cycloaddition ðC8]C9Þ
O½2C2� cycloaddition ðC11]C12Þ
O½2C2� cycloaddition ðN6]N7Þ: ð11Þ

The orders (10) and (11) were almost the same for
both the dyes. The Sm,n

(E) values at different double bonds
indicated a different order: the amino-substituted carbon
atom of the diazo component had the greatest reactivity.
Sm,n
(E) (m,n:8,9) for Yellow 13 and Sm,n

(E) (m,n: 8,13) for
Naphpyr-Yellow were estimated to be the unique
probable double bonds of the reaction. The next
predominant double bond (N4]C5) seemed to contrib-
ute to the reactivity of Yellow 13, but almost not for
Naphpyr-Yellow. The contributions of the double bonds
of C8]C13 and C12]C13 for Yellow 13 may contrib-
ute to the reactivity of A/KTs for Yellow 13. However,
the contribution of C2 and N4 may be excluded due to
the lack of double bond at C1]C2 and N4]C5 in spite
of large values of f r

(E) at C2 and N4, listed in Table 2. The
validity of these selections could not be examined
experimentally. The plot of Sm,n
(E) (m,n:1,5e8,11e13) for

the A/KTs of Naphpyr-Yellow vs. log k0 showed a very
large deviation in the higher direction.

As shown in Table 2 for the f r
(E) value and in Table 5

for dHOMO, the double bonds with predominant re-
activity varied with tautomers due to the shifts of
electrons of HOMO. The reactivities, however, were
treated as similar to each other. The Sm,n

(E) (m,n: 1,2,4e
9,12,13) value for the predominantly reactive positions
for the A/KTs of Yellow 13 showed a slight deviation
from the common correlation line between the Sm,n

(E)

value and log k0 for all the dyes in the larger direction of
reactivity (Fig. 5). Thus, an intermediate point between
Sm,n
(E) (m,n: 1,2,4e9,12,13) of the A/KTs and Sm,n

(E)

(m,n:4,5,14,15,19) for the HTs coincided with the
common correlation line of all the dyes examined, as
expected, although the populations of HTs and A/KTs
for Yellow 13 could not be determined. The contribu-
tions of both tautomers resulted in a good fit with the
common line of correlation for this dye.

Compared the reactivity of this dye with those of the
other dyes, Yellow 13 had rather low reactivity; the
values of f r

(E) (Table 2) and dHOMO (Table 5) of this dye
were smaller than those of the other dyes, resulting in
a lack of reactivity at some double bonds. The transfer
from the A/KTs to the HTs seemed to strengthen the
tendency such as a lack of reactivity at C8.

In the case of A/KTs for Naphpyr-Yellow, the plot of
the Sm,n

(E) (m,n:1,5,6e8,11e13) value vs. log k0 deviated
markedly in the larger direction, a shift from the
correlation line. The contributions of the double bond
at (C1]C2) for this dye may be excluded due to the small
values of f r

(E) (0.014) andof dHOMO (0.007) atC2,while the
contribution atN4]C5 due to the lack of double bond of
N4]C5. If the small deviation in the lower direction for
the HTs was taken into consideration, the reactivity of
this dye may be described by the present treatment
irrespective of the large deviations of the A/KTs.

Since reactions at N4]C5 may result in ring opening
to give a pyrazoline residue and those at the latter
positions may give the original coupling component or its
4-substituted compound, the decomposed products may
be a mixture of these products. The absorption spectra of
the decomposed products would be identical if only the
original component was formed. Because this might not
be the case, the spectra might resemble each other but not
be the same. The absorption spectra illustrated in
Fig. 2(a) and (b) seem to show these situations accurately.
Unfortunately, however, further analyses to confirm the
validity of above discussion may be impossible.

3.6.4. Reaction of HTs for Yellow 17
This dye may exist predominantly as HTs in both the

gas phase and water. No differences in the reaction
modes and the absorption spectra of decomposed
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products, except for the effects by 5-methoxy group,
therefore, from those of Group A may be anticipated.

The heats of formation for the end products of each
reaction mode indicated the reactivity in the following
order:

ene ðC1]N6; HðN7ÞÞOene ðN4]C5; HðMeÞÞ
O½2C2� cycloaddition ðC9]C10Þ
O½2C2� cycloaddition ðC8]C13Þ
O½2C2� cycloaddition ðC8]C9Þ
O½2C2� cycloaddition ðC14]C15Þ
Z½2C2� cycloaddition ðC14]C19Þ
O½2C2� cycloaddition ðC11]C12Þ
O½2C2� cycloaddition ðN4]C5Þ
O½2C2� cycloaddition ðC1]N6Þ ð12Þ

The distribution of dHOMO for HTs as well as the f r
(E)

values suggested higher reactivity at the double bond of
(C8]C13) than at the double bond of (N4]C5),
although the inequality (12) did not show the same
order. The sum of f r

(E) values at the atomic positions of
the double bonds, listed in Tables 2 and 3, also indicated
considerable reactivities at the double bonds around C8,
C14 and C11 from the lower limits of the Sm,n

(E) as in the
case of Yellow 14.

Taking the inequality (12) and the f r
(E) values in

Table 3 into consideration, [2C 2] cycloaddition
(C8]C13), ene (N4]C5; H(Me)) and [2C 2] cycload-
dition (N4]C5) may occur dominantly. The reaction
scheme of ene (N4]C5; H(Me)) is described in Scheme
2(a) and that of [2C 2] cycloaddition (N4]C5) in
Scheme 2(b), although anchor groups as well as two
methoxy groups are not included in the schemes. The
schemes for the other modes may be seen by analogy to
the illustrated ones.

Therefore, the reaction schemes for Yellow 17 may be
the same as those for Group A at the double bond of
N4]C5 and different from them at C8]C9 and
partially similar at the reaction at C1. Like Group A,
the absorption spectra of decomposed products that
were generated via the two modes of reaction might be
the same as each other. A peak around 300 nm might be
attributed to incomplete group transformation due to
the shorter period of exposure to Yellow 17.

Plotting the Sm,n
(E) (m,n: 4,5,8e15,19) values of this dye

against log k0 obtained above, whose positions were
mentioned from the above analyses, produced a good fit
with the linear correlation for all the dyes (Fig. 5). The
position of C1]N6 may be excluded due to the
very small value of f r

(E), 0.014 (NZ 6). The decomposed
products may be supposed to be a mixture of
1-substituted 2,5-dimethoxy-4-(2-hydroxyethylsulfonyl)-
phenol and the absorption spectra may not contradict
the above discussion.
3.6.5. Reaction of Yellow 2
The heats of formation in both the gas phase and

water indicated that this dye exists predominantly as
HTs in water and in a mixture of HTs and A/KTs in the
gas phase. The reactivity of this dye is analysed for HTs
and A/KTs.

3.6.5.1. HTs. From the distribution of dHOMO and the
f r
(E) values for the HTs, almost double bonds may
possess a possibility of reacting. The heats of formation
of the end products for Yellow 2 in the twelve modes of
reaction indicated reactivity in the following order:

ene ðC1]N6; HðN7ÞÞ[ene ðN4]C5; HðMeÞÞ
z½2C2� cycloadditionðC1]C5Þ
O½2C2� cycloaddition ðC8]C9Þ
O½2C2� cycloaddition ðC14]C15Þ
z½2C2� cycloaddition ðC14]C19Þ
O½2C2� cycloaddition ðC11]C12Þ
O½2C2� cycloaddition ðN4]C5Þ
Z½2C2� cycloaddition ðC10]C11Þ
O½2C2� cycloaddition ðC16]C17Þ
O½2C2� cycloaddition ðC17]C18Þ
Z½2C2� cycloaddition ðC1]N6Þ ð13Þ

The order of reactivity from the Sm,n
(E) values was difficult

to compare with the order (13). The ene at the double
bond of C10]C11 was excluded due to the lack of an
active hydrogen to be abstracted. The reactions at the
double bond of C10]C11 might be excluded due to the
very small values of f r

(E) values at C10 and that of
C1]N6 as in the boundary. The reactivity at N7 may be
excluded due to the lack of double bond around N7
irrespective of considerable value of f r

(E) (Table 3).
Taking the inequality (13) and the f r

(E) values in Table 3
into consideration, the reactivity of HTs was analysed.

Among the possible modes of reaction, only the
reaction schemes of ene (N4]C5; H(Me)) and [2C 2]
cycloaddition (N4]C5) are described in Scheme 2(a)
and (b), although the substituents including anchors
should be modified. The schemes for the other modes
may be seen by analogy to the illustrated ones.

According to Scheme 2(a) and by analogy, the
decomposed products combined with cellulose may be
identical irrespective of the modes and sites of reaction,
while in [2C 2] cycloaddition (C11]C12) the 3-
sulfoanilino ring may be opened. Whether or not all
the modes or either one or two of them occurred may
not be determined from the absorption spectra of
decomposed products.

Since superposition of two reaction modes at the
same atomic position results in the occurrence of either
mode, the sum of the f r

(E) values at several double
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bonds may describe the whole reactivity of Yellow 2.
Plotting the Sm,n

(E) (m,n: 1,4e6,8,9,11e19) value against
log k0 showed a large shift sideward in the lower
direction to the common correlation line among all
dyes examined.

3.6.5.2. A/KTs. As Table 3 shows, Yellow 2 has the
possibility of existing as a mixture of HTs and A/KTs on
cellulose. No precise population ratio of these two
tautomers could be estimated, although the HTs might
be predominant over the A/KTs. From the distribution
of dHOMO and the f r

(E) values for the HTs, six double
bonds, C1]C5, C8]C9, C10]C11, C12]C13,
C8]C13 and N6]N7, may possess the possibility of
reacting. The reactivity related to C2 and C14 was
considerably lowered by the substituent effects due to
the very small values of f r

(E) at C2 and C14, compared
with those of HTs.

The heats of formation of the end products for
Yellow 2 in the five modes of reaction indicated the
reactivity in the following order:

ene ðC1]C5; HðMeÞÞO½2C2� cycloaddition ðC1]C5Þ
O½2C2� cycloaddition ðC11]C12Þ
O½2C2� cycloaddition ðC8]C9Þ
z½2C2� cycloaddition ðC10]C11Þ
O½2C2� cycloaddition ðC8]C13Þ
O½2C2� cycloaddition ðC12]C13Þ
O½2C2� cycloaddition ðN6]N7Þ ð14Þ

The order of reactivity from the Sm,n
(E) values (cf. Table 3)

coincided well with the order (14). Plotting of the Sm,n
(E)

(m,n: 1,5e13) value against log k0 showed a large shift
sideward in the smaller direction to the common
correlation line among all dyes examined as in the case
of HTs. However, the values of Sm,n

(E) (m,n: 1,4e6,8e
9,11e19) for the HTs and Sm,n

(E) (m,n: 1,5e13) for
A/KTs were almost identical with each other, an
exceptional behavior in azo dyes was examined. It may
be due to the lack of reactivity at C1]C2 and around
C14 by the very small values of f r

(E) at C2 and C14,
respectively, and due to that at N4]C5 by no double
bond character in the A/KTs. The results obtained using
MOPAC program of the present version seemed to give
smaller values of dHOMO and f r

(E) in the chromophore of
this dye compared with the other dyes examined,
because dHOMO existed also in triazine ring.

Compared with the complexity of the reaction
mechanism, the absorption spectra observed seemed to
be simple. Although there might be no contradiction
between them, no further discussion may be impossible.
3.7. Analyses of particular substituent effects

Among dyes examined, some particular effects
improving the photostability were recognized.

3.7.1. Effect of o-sulfo groups on reactivity of azo dyes
Among the seven dyes, three dyes (Yellow 2, Yellow

13 and Naphpyr-Yellow) with relatively low reactivity
toward singlet oxygen possess a sulfo group at the
o-position to the amino group in the diazo component.
No other substituents were recognized to decrease the
reactivity against singlet oxygen. It was found to be
difficult to elucidate the effect of o-sulfo groups on the
reactivity of parent dyes because, for example, if all the
substituents in the N-phenyl and diazo components were
removed to simplify the effect, no definite effects of the
o-sulfo group were clarified, since introducing o-sulfo
groups changed the AHT. A decrease in the reactivity by
the o-sulfo group may be attributed to compound effects
caused by the mutual interactions of many factors.

As far as these three dyes are concerned, the
introduction of o-sulfo groups decreased the dHOMO at
C1 (the position of coupling). Since, in HOMO,
a decrease in dHOMO at C1 may result inevitably in an
increase at the other positions (total densityZ 1.0),
o-sulfo groups did not always cause a decrease in the
reactivity toward singlet oxygen. In fact, the o-sulfo
groups of a model compound (1N-phenyl-3-methyl-4-
phenylazopyrazol-5-one) decreased the dHOMO at C8,
but not at C1, compared with the original compound.
Thus, in the three dyes examined, substituents other
than the o-sulfo group might disperse electrons in
HOMO so as to decrease the reactivities of double
bonds in the total molecule. The detailed analyses of
substituents in a particular dye on the photo reactivity
may be a future theme in R&D in dye chemistry.

3.7.2. Effect of AHT and dHOMO at particular atom on
reactivity of dyes

Tables 2 and 3 show that only one dye existed
dominantly as ATs in the gas phase, three dyes as HTs,
and the other four dyes had, besides HTs, the
contribution of A/KTs needed to take into consider-
ation. Although electrons shifted by AHT, whether or
not the reactivity against singlet oxygen changes with
AHT is not determined without any qualification. But
HTs in the four dyes listed had lower reactivity than that
of ATs or A/KTs except for Yellow 2. Since the number
of electrons in each orbital is constant, a reason why
HTs had such properties must exist. Inspecting dHOMO

in Tables 5 and 6 indicated that the primary reason for
low reactivity was the high dHOMO at N3, a site of non-
reactivity. Irrespective of the population of tautomers,
except for Carbopyr-Yellow, high density at the
nitrogen lowered indirectly the f r

(E) values in the sites
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of reaction for the HTs of the six dyes. This property
might be effective against singlet oxygen but not
usually against electrophiles and sometimes against
nucleophiles. The reactive dyes should be molecular-
designed from various viewpoints, since in principle,
there are no dyes with non-reactivity against all
chemicals.

3.7.3. Relationship between light fastness on cotton and
reactivity toward singlet oxygen

In previous studies [10,79], the authors found a linear
relationship between the ratings of light fastness (LF) of
reactive azo dyes as well as vat dyes on dry cotton
fabrics and log(k0 f ), where f is the photosensitivity of
the dye. Unfortunately, no f values of the seven yellow
dyes were determined due to the spectral overlap on the
spectrum of Pyr-Yellow, which has been used as a probe
to determine the f values for a series of dyes other than
yellow dyes. Since the f value of Pyr-Yellow was
estimated to be very small [10], those for the other
pyrazolinylazo dyes may be also small, as supposed by
the fact that they have similar ratings of excellent
perspiration-light fastness (Table 1).

The LF of dyes examined is listed in Table 1. If the
factor of photosensitivity was assumed to be nearly
constant, or was ignored, for all the yellow dyes
examined, they showed a linear relation between log k0
and the ratings of LF. This fact implies that pyrazoli-
nylazo dyes possess very small values of f but large or
considerable values of k0, which determine the ratings of
LF. Pyrazolinylazo dyes with a large k0 value, therefore,
should be safely used in single dyeing or in mixture
dyeing only with dyes with small values of f. Among the
dyes examined, dyes with small values of both f and k0
may be ideal reactive dyes.

3.8. Molecular descriptors for ene and [2C 2]
cycloaddition: photo-oxidative fading, its utility
and limit

Applying the semiempirical MO theory to the
pyrazolinylazo dyes and comparing their rates of fading
on cellophane by Rose Bengal, how and to what extent
the MO theory can describe the photo-oxidative re-
action for the predominant tautomer were analysed.

According to frontier orbital theory, these reactions
were analysed using a semiempirical MO PM5 method.
The AHT of pyrazolinylazo dyes with o-hydroxy or
o-amino groups was discussed by calculating the heat of
formation for the A&HTs of these dyes in both the gas
phase and water. The dyes with o-hydroxy groups were
considered to exist as HTs in the gas phase and water as
well as on cellulose.

The Sm,n
(E) values given by Eq. (4) for the available

double bonds (Cm]Cn), where duplicated sites are
counted only once, describe the reactivity of a dye
against singlet oxygen, a molecular descriptor for ene
and/or [2C 2] cycloaddition reactions for the reaction
of azo dyes. Double bonds with larger values of
( f m

(E)C f n
(E)) are taken into consideration one by one.

The summation is performed from the position with the
largest value of ( f m

(E)C f n
(E)) to the position of the lowest

limit. Since, although the relational factor may be
smaller than unity, the electrophilic frontier density is
proportional to log k0, the lowest limit may correspond
to the measuring limit. When the values of ( f m

(E)C f n
(E))

are large but either one of those of f r
(E)(rZm or n) are

smaller than a limit, the contribution of the atomic
positions to the reaction is the subject to debate. The
positions with small f r

(E) values should be excluded
because of low reactivity, although whether or what
factors it depended on or the limit could not be
determined.

This procedure is not limited by a narrow range of
chemical structures with one substituent each but may
be applied to wider structures with more than one
substituent than Hammett rule can. However, it was not
be determined to what extent the range can be
expanded.

From the viewpoint of molecular descriptors, the
present procedure can be utilized for the molecular
design of azo dyes with higher LF. Unlike the Hammett
rule, the present procedure has no reference compounds.
Although the introduction of frontier orbital energy
may be one of the answers like superdelocalizability [26],
no one may estimate the precise values as reactants on
cellulose. The range of application may be wider than
the Hammett rule, although the application beyond
fundamental structures seems to show another linear
correlation. According to Fukui’s frontier orbital
theory, the electrophilic reactivity of dyes is proportion-
al to the sum of electron densities at the atomic positions
of corresponding double bonds (Eq. (4)) in an unlimited
range of chemical structures. This equation takes the
effects of orbitals other than HOMO into consideration
in the frontier electron densities, but those of differences
in the HOMO energies, EHOMO, which were related to
superdelocalizability [26], among dyes examined were
not considered. The dyes used in the present study
possess a narrow range of EHOMO (cf. Tables 2 and 3).
In reality, the energy difference between the EHOMO of
dyes and the ELUMO of singlet oxygen must be
considered.

The molecular orbital calculation should be carried
out for dyes on water-swollen cellulose. Since absorp-
tion spectra on the substrate are the same as those on
dry cellulose but in water, the MO calculation was
approximated by that in the gas phase due to the
dielectric constant near the constant of gas phase.

Plots between Sm,n
(E) values versus log k0 for the series

of pyrazolinylazo dyes examined showed a good corre-
lation between them. The absorption spectra of the
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decomposed products bound with cellulose proved the
predominant reaction mode except for the side reac-
tions. The reactivity of azo dyes may be described by the
frontier orbital theory, in which ene and [2C 2]
cycloaddition reactions are treated.

4. Summary

The fact that the reaction of pyrazolinylazo dyes with
singlet oxygen formed decomposed products of definite
structures may show that the reaction was ionic but not
radical. From the absorption spectra of decomposed
products by the photosensitised oxygenation reaction of
the azo dyes bound with cellulose, the reaction schemes
for the oxygenation reaction with singlet oxygen and for
the photolysis and/or thermolysis of their intermediates
were discussed.

According to frontier orbital theory, the reactivities
of the predominant tautomers, the sites, mechanism and
rates of reaction, were analysed for seven dyes. Their
reactions with singlet oxygen occurred via ene and/or
[2C 2] cycloaddition. The rates of reaction estimated
experimentally were demonstrated to have close rela-
tionships with the sum of electrophilic frontier densities
of both atoms of the double bonds, which possess the
reactivities. The absorption spectra of decomposed
products proved the validity of these analyses.

Since pyrazolinylazo dyes possess fixed double bonds,
the dyes with high reactivity toward singlet oxygen
exhibit the highest reaction site at C1]C2 for ATs,
C1]C5 for A/KTs and at C1]N6 and N4]C5 for
HTs. Substituents that decrease the reactivity of the
pyrazolinylazo dyes dispersed the dHOMO at the sites
into other atomic sites. Although one of the substituents
was the o-sulfo group, its fulfillment required the
introduction of other substituents at suitable positions.
An introduction of such substituents has been found to
develop pyrazolinylazo dyes with excellent LF, since
pyrazolinylazo dyes possess low photosensitivity.

The molecular descriptor for the reactivity of azo
dyes toward singlet oxygen was proved to be the Sm,n

(E)

values given by Eq. (2) based on Fukui’s frontier orbital
theory. The common relation line between log k0 and
Sm,n
(E)values as the sum of electrophilic electron density at

the double bonds with potential reactivity, demonstrat-
ed experimentally using seven dyes, may be an extension
of the Hammett equation to the multi-substituent effect
beyond single aromatic rings.
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[65] Adam W, Saha-Möller CR, Schönberger A. Type I and type II

photosensitised oxidative modifications of 2#-deoxyguanosine by

triplet-excited ketones generated thermally from the 1,2-dioxatane

HTMD. Journal of the American Chemical Society

1997;119(4):719e23.

[66] Orfanopoulos M, Smonou I, Foote CS. Intermediates in the

ene reactions of singlet oxygen and N-phenyl-1,2,4-triazoline-3,5-

dione with olefins. Journal of the American Chemical Society

1990;112(9):3607e14.

[67] Duchstein H-J, Ruch-Zaske G, Holzmann G, Wollenberg E,

Weber H. Die Reaktion von Sigulett-Sauerstoff mit 4-Amino-3-

pyrazolin-5-onen. Archiv der Pharmazie (Weinheim)

1988;321:25e7.
[68] Akasaka T, Nakagawa M, Nomura Y, Sato R, Someno K,

Ando W. Reaction of singlet oxygen with 2-pyrazolin: implication

for cation radical-superoxide ion pair intermediate. Tetrahedron

1986;42(14):3807e12.
[69] Karelson M. Molecular descriptors in QSAR/QSPR. New York:

Wiley-Interscience; 2000.

[70] Engel PS. Mechanism of the thermal and photochemical

decomposition of azoalkanes. Chemical Reviews 1980;80(4):

99e150.

[71] Zollinger H. Diazo chemistry I, aromatic and heteroaromatic

compounds. Weinheim: VCH; 1994.

[72] Forstinger K, Metz HJ. Diazo compounds and diazo reactions.

6th ed. In: Ullmann’s encyclopedia of industrial chemistry, vol. 10

Weinheim: WileyeVCH; 2002. p. 497e517.
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