Irreversible Anaerobic Photoreactions
of Phenylazopyrazolone-Dyes in Solution
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Irreversible degradation reactions of some 1-phenyl-3-methyl-4-arylazopyrazole-5-ones in
deoxygenated solutions were studied by flash and steady state photolysis. In addition to a
reversible photoisomerization a reduction of the substrates under investigation to amino com-
pounds was also observed. Degradation quantum yields were found to be lowest in hydrocarbon
solvents. They show a pronounced wavelength dependence in all used solvents. Possible reaction

mechanisms are discussed.

1. Introduction

Irreversible fading of azo-dyestuffs, which are of
major commercial interest, is mainly accomplished
by photoinduced oxidation and reduction under
aerobic resp. anaerobic conditions [1]. The com-
pounds used in the present investigations are deriv-
atives of l-phenyl-3-methyl-4-arylazo-pyrazol-5-ones
(also denoted as S-methyl-2-phenyl-(2 H-pyrazole-
3.4-dione-4(Z)-phenylhydrazone); PAP-derivatives).
They may exist in one of two possible tautomeric
forms, the keto-hydrazone (H) form, or the azo-
enole form. As a rule in solution they are totally in
the H-form, and only in strongly alkaline media
(pH > 11) they transform into the anion form (A),
common to both, the hydrazone and to the azo-form
[2, 3]. Fluorescence stems exclusively from the H-
form [2].
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It has been shown [4] that some essential photo-
chemical processes (like photoreduction or photo-
isomerization) of imino compounds (e.g. hydra-
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zones, Schiff-bases) are in principal similar to those
of azo-compounds. In addition to the above men-
tioned irreversible processes, also photoisomeriza-
tion reactions around the N=N double bond (resp.
the C=N bond) have been observed, resulting in a
reversible photochromic effect [5—8].

In a previous work [9] flash photolysis experi-
ments of phenylazopyrazolone derivatives under
anaerobic conditions have been undertaken. It was
shown that besides photoisomerization reactions
also photoreduction to phenylhydrazyl radicals
occurs. This process takes place only when sub-
stances are present which can transfer H-atoms to
the dyes excited states, e.g. aliphatic alcohols or
N-allylthiorea. The spectra of these radicals show a
characteristic pH-dependence.

The purpose of the present study was to follow
the fate of these hydrazyl radicals and to investigate
the formation of final products. Particular respect
was to be paid to solvent effects and to the behaviour
of both, the hydrazone and the azo-enolate forms.

2. Experimental

The synthesis of the studied compounds was ac-
complished by the standard procedure of diazotiza-
tion of the corresponding substituted anilines and
subsequent coupling in alkaline solution with 1-phen-
yl-3-methyl-pyrazolone-5 as described elsewhere [10].

Methanol, ethanol and 2-propanol were purified
by distillation over 2,4-diphenylhydrazone. Water
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was distilled four times. All other chemicals were
reagent grade.

In the flash photolysis experiments the solutions
contained 4 x 107 to 5x 1075 mol - dm™3 substrate
and 10 mol - dm=? ethanol if not stated otherwise.
For deoxygenation the solutions were purged with
O,-free argon. The temperature was 25 °C.

The equipment for flash photolysis (pulse length =
7 us, 20—200J) has been described [11]. Absorption
spectra of table compounds were taken either on a
Perkin-Elmer Coleman 575 spectrophotometer or on
a Specord M 40 (Carl Zeiss, Jena).

In the steady state experiments solutions of
5x 1073 mol - dm™® substrate were irradiated in
2 cm quartz cells with a medium pressure mercury
lamp (Tungsram HGO 125 W). Photodecomposi-
tion was usually confined to about 60% as moni-
tored by means of the substrate absorption maxima
at 400 nm. For the analysis with thin layer chro-
matography (TLC) solutions from several irradia-
tions were collected and concentrated 100 to 1. TLC
was performed with “silicagel without fluorescence
indicator” plates (E. Merck, Darmstadt) using ben-
zene acetone (3:2) as the mobile phase. The in-
dividual zones were scratched from the plate and
eluted with ethanol in order to take uv spectra.

Quantum yield determinations were carried out
at 250 andf 450 nm using a 450 W xenon lamp in
combination with a high intensity monochromator
(Schoeffel Kratos). Light intensities were monitored
by means of a photoelectric device (Yellow Springs
Instruments Kettering model 65A radiometer),
which was calibrated by means of chemical ac-
tinometry (potassium trioxalatoferrate (III) [12].

3. Results
3.1. Flash photolysis experiments

Flash photolysis experiments of aqueous 4 x
107 mol - dm~* PAP-derivatives in the presence of
10 mol - dm™3 methanol showed the formation of
transients with two absorption bands (< 350 nm and
460—470 nm) and a simultaneous degradation of
the starting compound (4= 350-450 nm; Figs. |
and 2). The absorption spectra of both, substrate
and transients, are usually partly overlapping. The
measured spectra were therefore corrected by means
of a computer program.

The results obtained in this way for PAP I and IV
in neutral and alkaline solution are shown in Figs. 1
and 2.

Spectral and kinetic data are compiled in Table 1.
Because of the simultaneously occurring photo-
isomerization processes [9] the extinction coeffi-
cients (¢) of the free radicals could not be evaluated
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Fig. 1. Transient absorption spectra obtained by flash
photolysis (discharge voltage 15 kV) of deoxygenated solu-
tions of 4x10"°mol-dm™3 phenylazopyrazolone in
10 mol - dm~3 aqueous methanol (pH = 7): A) 500 us after
flash: A’) corrected for absorption of the starting com-
pound (see text); B) 3s after flash. Inserr: UV absorption
spectrum of phenylazopyrazolone in 10 mol - dm~3 aqueous
methanol (pH = 7).
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Fig. 2. Transient absorption spectra obtained by flash

photolysis (discharge voltage 15 kV) of deoxygenated solu-
tions of 4x107°mol-dm™3 phenylazopyrazolone in
10 mol - dm™3 aqueous methanol (pH=12): A) 200 ps
after flash: A’) corected for absorption of the starting
compound (see text): B) 3s after flash. Insert: UV ab-
sorption spectrum of phenylazopyrazolone in 10 mol - dm~?
aqueous methanol (pH = 12).
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Table 1. Spectral and kinetic data of transients produced by flash photolysis of phenylazo-
pyrazolone derivatives (PAP) in deoxygenated aqueous 10 mol:-dm~3 methanol (discharge

voltage 15 kV; flash length: 5 ps).

PAP Substituent Kinetics at: Kinetics at:
No. (X)

pH=7 pH=12

k] 2 k/é‘ k| 2 k/£

[nm] [s71 [s/cm] [nm] [s71 [s/cm]

I —N(CHj), 570 1x103 8x 103 555 1 x 102 1.1 x 10
II —NH, 560 - = 550 5x 104 3.9x10°
111 -H 470 — - 475 5x10* 3.5x10°
1A% —CN 460 1x10° 4x10% 505 1x103 3.0x 10°
\Y -Cl 460 = - 485 - —

by comparison of transient absorption and the
bleaching of the starting compound. A rough esti-
mate of the extinction coefficients gives an order of
magnitude of 10 dm’mol™' cm™', both in neutral
and alkaline solutions, with higher values for deriv-
atives with electron donating substituents, such as
—NHZ and —N(CH3)2

The decay of the transients in many cases appears
to be complex. Experiments at various flash in-
tensities allowed us to separate contributions of first
and a second order reactions (dimerization or/and
disproportionation) (Table 1). As the extinction coef-
ficients are not known exactly, the second order rate
constants can only roughly be estimated. The data
suggest nearly diffusion controlled dimerization or/
and disproportionation processes.

The absorption of the starting compounds is
partly recovered within ~ | ms in neutral solutions.
In alkaline media (pH = 12) two kinetic components
for the re-formation can be distinguished: 1) With
halflife time /2 =500 ps and 2) /2 = 1s. Thereby
60—70% of the initial absorption of the substrate
are recovered within 3 s. The decay of the fast com-
ponent is qualitatively in the same time range as
that of the transient.

Transients with very similar spectral character-
istics as in neutral aqueous solutions were also
obtained in pure methanol. In this solvent also a
slow kinetic component in the re-formation of the
initial absorption (halflife time 7/2 = 1s) was ob-
served.

These transients are not formed in cyclohexane or
dioxane. In these solvents generally degradation of
the substrate and the formation of another type of
species could be observed. The absorption maxima
of these transients, however, are in all cases situated

at too short wavelengths to be measured under our
experimental conditions. The bleaching processes
are partly reversible; the halflife times for their
decay, as well as for the re-formation of the dye are
approximately the same, namely: /2= 10 ms in
cyclohexane and t/2 = 500 ps in dioxane. In no case
full reversibility was observed. On the other hand,
in alcohols and in aqueous solutions the observation
of this reversible reaction was not directly possible
because of obviously different simultaneous pro-
cesses. However, contributions to the kinetics of the
re-formation of the dye must be assumed.

3.2. Steady state photolysis

The spectra of 4’-cyanophenylazopyrazolone(IV)
in cyclohexane and of 4’-dimethylaminophenylazo-
pyrazolone(l) in ethanol irradiated at various uv-
doses are shown in Figs. 3 and 4. In ethanol (Fig. 4)
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Fig. 3. Spectral changes in the UV-spectra of 4’-cyano-
phenylazopyrazolone(IV) in cyclohexane. The numbers on
the curves give the irradiation time in minutes.
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Fig. 4. Spectra changes in the UV-spectra of 4’-dimethyl-
aminophenylazopyrazolone(I) in ethanol. The numbers on
the curves give the irradiation time in minutes.

Table 2. Degradation quantum yields (Qp) of 4’-dimethyl-
aminophenylazopyrazolone (PAP-I) in various solvents at
room temperature.

Solvent Op determined at:

250 nm 450 nm
Cyclohexane 0.0105 1.64 x 1073
Dioxane 0.01 -
Dioxane+ 1 M ethanol 0.0138 —~
Dioxane/ethanol = 1:1 0.015 -
Ethanol 0.019 .
Propanol-2 0.0436 1.55x 1073
H,O/ethanol = 1:1 (pH 7) 0.0176 1x1073
H,O/ethanol = 1:1 (pH 12) 0.012 =

the existence of isosbestic points around 290 and
390 nm and the formation of stable absorptions in
the near uv-range are observed, whereas in cyclo-
hexane only products are formed which absorb
below 300 nm.

The absorption maxima of the products formed
from the various substrates in ethanol are for:
R—H: 280 nm, R—CN: 280 nm, R—NH,: 325 nm
and R—(CHj),: 330 nm. They are in good agree-
ment with those of the corresponding 4-substituted
anilines.

The degradation quantum yields (Qp) for 4’-di-
methylaminophenylazopyrazolone (PAP-I)  were
determined at 250 and 450 nm in various solvents
and are compiled in Table 2. The pronounced wave-
length dependence as well as the solvent effects
should be noted.

TLC separation of final products produced in
irradiated solutions of PAP-III both in ethanol and

in ethanol-water mixtures (1:1) at pH =11 yielded
three main zones:

a) Ry=0.74, which was proven to be the un-
changed dye both by its Rr-value and uv spectra.

b) Rr=0.27, identified as aniline by means of R
and uv-spectra both in alkaline and in acidic
medium.

¢) R;=0.04; the Ri-values and absorption spectrum
are identical with those of the photoproduct ob-
tained from aminopyrazolone in ethanolic solu-
tion. Its structure was not further investigated.

Formation of azobenzene in substantial amounts
could be excluded.

The same products were found both with the
hydrazo and with the enolate form.

4. Discussion

As mentioned above, the studied compounds
exist almost totally in the keto-hydrazo form and
only in alkaline solutions in the enolate form. It has
been shown that the chromophore of the long wave-
length transition is formed by the charge transfer
system between the C=O group and R—Ph [13].
This transition is of n-=m* character (¢=2.6x
10*dm?*mol~! cm™!).

Two different photoinduced processes are clearly
distinguishable:

a) A partially reversible photoprocess, leading to a
final product which absorbs at lower wave-
lengths.

b) The formation of hydrazyl radicals.

Process b) is only observed in alcohols or in the
presence of hydrogen donating substance, such as
N-allylthiourea [9].

The isomerization process can principally be at-
tributed to a keto-enol tautomery, for which the
position of the equilibrium is different in the
ground state and in the excited state, or to a geom-
etrical isomerization at the C=N bond, namely:

5=
/R0y N=C N
R N o C-N —-R—@N o’ 12)
“N=C N I
Aok CH3
]
CH3

A shift of the keto-enol equilibrium in the S,
state is unlikely because of: a) the mirror symmetry
between the absorption and emission spectra and
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b) the identity of the emission spectra of the phen-
ylazopyrazolone and a N-methyl substituted deriv-
ative in which the keto-hydrazoform is fixed [2].
The photoenolization process cannot be ruled out
for the flash photolysis results, if it is assumed that
the isomerization proceeds via the triplet state.
There is, however, no direct evidence for such a
process in our systems.

Similar to azo-compounds syn-anti conforma-
tional changes have been observed with a variety of
substances with imine structure [S—8]. Except in a
few cases [7, 14, 15] the back reaction appeared to
be very fast so that no classical photochromy was
observed. The obtained results are not in disagree-
ment with such an isomerization, but as the presented
experimental data (Table 1) do not allow to cal-
culate the spectra of the isomerized forms, the final
assignment of the transients is still not established.
Based on the observed wavelength effects (Table 2)
this isomerization reaction seems to originate from
the S, state or from a state which is populated from
the S,. For aromatic Schiff-bases twisting around
the azomethine bond in the S; state has been pre-
viously observed [8, 16], similar to results with azo-
compounds [17]. Assuming the observed isomeriza-
tion to originate also from the S, state, the process
could account for the high rate of nonradiative
decay, which manifests itself in the low degradation
quantum yields in the visible region, and probably
also in the previously observed low fluorescence
quantum yield [2].

As the hydrazyl radicals are dnly formed in
solutions containing reducing substances such as
aliphatic alcohols or N-allylthiourea, but not in
pure cyclohexane or dioxane [9], the most likely
process for their formation is H-abstraction by an
excited state from the solvent or from dissolved
reducing agents. For a dye reaction in the ground
state by photogenerated excited states of impurities
or by reactivity intermediates derived from them, as
observed for a particular case of imine derivatives
[18], there is no indication.

As mentioned above, the quantum yield for
degradation of the dyes (Qp) in polar as well as in
unpolar solvents is almost negligible upon irradia-
tion in the long wavelength band, but is drastically
higher at 250 nm (Table 2). A similar observation
was made recently in a study upon reductive cleav-
age of some azo-dyes [19, 20]. In this case the effect
was explained by the participation of high lying

triplet states. However, it has been shown for azo-
dyes that the quantum yield of isomerization is
higher upon excitation in the long wavelength band
(m- *). It can be assumed that »n n* states should
more easily undergo reduction processes because of
their higher polarity. The existence of n* states
around 300 nm is suggested by the results of quan-
tumchemical calculations [13]. These states could be
populated via higher excited states and enable the
reduction processes.

The present results show that further reactions of
the hydrazyl radicals ultimately lead to a splitting of
the N—N-bond and finally result in the formation
of amines. Two possible mechanisms are suggested
for explanation of the hydrazyl radicals decay:

a) Disproportionation of the primary transients:

Reaction 3:

RS
. R C—N
H” “N-C | N\N-C/ |
N
i “c=N
(Ri) Chy (RH) cI;H3
+
0, H-0
R N ! s
C=N 2k, c-N
+ C -— 4
g oS | RAOrv-n-< |
NH C=N B CeN
CH3 CH3

(Final products) (Phenylhydrazine derivative)

b) Splitting of the primary transients:

o, O
o O -
kq |

2N o
O e U Dy + e
. 4 2 + N=C_ N (4)
W N-cC | i
N
C=N |
] CHj
(R1) CH3 (R2)
O‘C —N
Ri+R) ——= RH + [ | (5)
IC\ ;N
NH ?
CH3

Disproportionation reactions of hydrazyl radicals
and subsequently of thus produced hydrazo com-
pounds to amines are known [21-24] and could
account for the determined products. On the other
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hand, a mechanism suggesting a splitting of the
intermediates has been also observed in ESR studies
of related compounds [25].

The obtained kinetic data show a disappearance
of the hydrazyl radicals according to a first as well
as to a second order process. Disproportionation
reactions are naturally favoured under high in-
tensity conditions (flash photolysis), whereas under
steady state conditions the *“splitting mechanism”
should be mainly operative. The relative rates of the
two processes obviously reflect substituent and sol-
vent effects. The limited accuracy of the present
data, however, prevents a detailed analysis in this
respect.

The hydrazine derivatives formed as final prod-
ucts of the disproportionation reaction of the
hydrazyl radicals are not definitely observable in
the flash experiments because of their short wave-
length absorption. They may decompose either by
thermal disproportionation [23, 24], yielding sub-
stituted aniline and aminopyrazolone, or photo-
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