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Irradiation into the visible adsorption band of four trans-4-
dialkylamino-4’-nitroazobenzenes not subject to azo-hydra-
zone tautomerism leads to conversion of triplet oxygen to
singlet oxygen. Evidence for formation of singlet oxygen is
provided by characterization of cis-dibenzoyistilbene as the
predominant oxidation product of tetraphenylcyclopenta-
dienone and by inhibition of the oxidation by DABCO and
other singlet oxygen quenchers. Addition of the same con-
centration of 2 6-di-t-butyl-phenol has essentially no effect.
The rates of disappearance of the singlet oxygen scavengers
bilirubin and 1,3-diphenylisobenzofuran are also reduced in
the presence of DABCO. Quantum yields of singlet oxygen
formation between 0.03—2 X 107° were obtained for the
compounds examined in di-n-butylterephthalate. The singlet
oxygen yield parallels the triplet yield obtained from the
same azo compounds by laser flash photolysis.

INTRODUCTION

In spite of their technological importance substantial gaps
still exist in the understanding of the photodegradation
processes of aromatic azo dyes. Descriptions of decomposi-
tion modes as ‘oxidative’ or ‘reductive’ on the basis of a
Hammett op analysis have been made for a number of
substituted azo compounds; recent reviews summarize the
limited advances achieved [1-5]. Important aspects of
photoreduction processes in hydroxylic media have been
established in a few cases {6,7]. Studies of the fading of
substituted hydroxyazo dyes on cellophane and poly(ethy-
lene terephthalate) indicate an oxidation reaction, the
nature of the oxidizing agents and products were not eluci-
dated but some gquantum vields were reported [8,9].

It is to be expected that the chemical structure, polarity
and viscosity of the medium in which the phenomena are
examined should be key factors in determining whether a
hydrogen abstraction, an electron transfer or an energy
transfer process from the electronically excited state of the
azo dye is the kinetically decisive step for the decomposi-
tion. As to the possible role of singlet oxygen, it was
claimed in the context of an examination of a broad range
of dyes that azo compounds produce ‘virtually’ no singlet
oxygen and undergo only minimal bleaching [10,11].

In the case of the auto-sensitized photo-oxidation of
substituted arylazonaphthols in methanol however, good
evidence for a dominant role of !0F was presented [12].
The complex kinetics of the self-sensitized photo-oxidation
of arylazonaphtholates have been analyzed in depth in terms
of !0 as the oxidant [13]. With the exception of 4-alkyl-
amino-4"-nitroazobenzenes [11,14], the systems examined
so far under oxidation conditions are confined to hydroxy-
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azo compounds in which the hydrazone tautomer appears
to play the dominant role as the 'O generating species.
Transients from aromatic azo compounds were observed
recently for the first time and assigned to a triplet state [15].
The present study deals with photo-oxidation processes of
substituted azo compounds representative of the important
class of disperse dyes and which are not subject to azo-
hydrazone tautomerism.

EXPERIMENTAL

Meterials

Azo compounds 1—4 (Table 1} were of commercial origin
(BASF) and purified by column chromatography followed
by recrystallization prior to use as reported recently [15].
1,4-diazabicyclo[2.2.2.] -octane {DABCO, Aidrich, 99%),
tetraphenylcyclopentadienone (TPCP, Aldrich, 99%), 1,3-
diphenylisobenzofuran (DPIBF, EGA), zinc tetraphenyl-
porphine (ZnTPP, Fluka purum}, tetraphenylporphine (TPP,
Fluka purum), 2,6-di-t-butyl-p-cresol {Fluka, purum), 26-
di-t-butylphenol (EGA, purum), bilirubin (BR, Sigma,
~90% IXa isomer by tl.c.), bilirubindimethylester (BRE,
~97% [Xa isomer by t.l.c.) and nickel-dithiobenzil were
used as supplied. Azo-bis-isobutyronitrile (EGA) was purified
by recrystallization, With the exception of the phenols and
bilirubins the compounds were found to be homogeneous by
tle. 3,53 5 -tetra-t-butyl4 4’ -quinone  (TBSQ, mp.
311--315°C) was prepared and purified as reported [16].
Cis-c,a’-dibenzoylstilbene (cis-DBS) was obtained by photo-
oxidation of TPCP in benzene and purified by recrystaltiza-
tion [17]. The solvents employed were purified by frac-
tional distillation or zone refining [15].

TABLE 1

Substituted trans-4-NN-dialkylamino-4'-nitroazobenzenes

O,;N 4 LN 2_3 1
5 & \\N 1 4 N/R
6 5 R

Position of Substitution

]

Compound (@} 3 6 2’ 6
1 OCH; NHCOCH, Br NO,
g OCH; NHCOCH;, Br CN
3 OCH; NHCOCH; Cl NGO,
4 OCH; NHCOCH, H NO,

{a) R' represents the group CH,CH,OH; R? the group CH,CH,CN



Apparatus and measurements

Steady state irradiations were carried out employing the
following appropriately arranged components. {1} A rotating
56-W sodium lamp (Philips, B/00/0) with a cut-off filter
(Schott glass filter KV 8650, 1 mm} to isolate the 589 nm
line. {2) Two 1000-W tungsten halogen lamps (Kaiser,
photoflood 3090195) cocled by an additional ventilator,
with an i.r.-absorbing glass filter, a cut-off filter {Schott
glass filter RG 630, 1mm) and an interference filter
{Schott, 51% transmittance at 650 nm). Constancy of light
intensity was monitored with a radiometer system (EG&G
580) with a detector (LED 550-2D).

Quantitative photolyses of the dye solutions were carried
out in 0.1 X 1 X 4 cm quartz cells while bubbling oxygen
through them at temperatures of 23 to 30°C in the arrange-
ments (1) and {2} respectively. Actinometry was carried out
according to the method of Hatchard and Parker [18].
A 0.15 M solution of K;Fe{C,04); in a b cm quartz cell was
used in an optical system consisting of a 1000-W high-pressure
mercury-xenon lamp (Hanovia, 977 BOO 10) and a mono-
chromator (Schoeffel, 1180 lines/nm, 180—800 nm). The
emission band at 546 nm was selected for irradiation and
the bandwidth set at 8 nm. Absorption measurements were
made with a spectrophotometer (Zeiss, PMQ3) and a recording
spectrophotometer {Cary, model 17) using cells with 0.1 or
0.02 cm pathlengths respectively. The g.l.c. analysis was
carried out by means of a Hewlett Packard chromatograph
{model 427 111} using an 11-m dimethylsilicone fluid OV—-101
glass capillary column, 120—280°C at 6%/min, carrier gas H,
{0.4 atm).

RESULTS AND DISCUSSION

Four substituted trans-4-dialkyiamino-4'-nitroazobenzenes
(compounds 1-4, Table 1) were photolyzed in oxygen satu-
rated solutions in the presence of singlet oxygen scavengers,
As suitable representatives, 3-methoxy-4-{N-2-hydroxyethy!,
N -2-cyanoethyl)amino -6-acetylamino-2’-bromo-4’,6 dinitro-
azobenzene (1) as sensitizer and tetraphenylcyclopenta-
dienone {TPCP) as 'O scavenger were chosen for a more
detailed examination. The absorption spectra of 1 and TPCP
as well as of 1 and 1,3-diphenylisobenzofuran (DPIBF)
before and after photolysis are shown in Figures 1 and 2,
respectively, An analysis of the absorptlon spectra of 1in
the concentration range of 2 X 107 to 2 X 107 M in di-n-
butylterephthalate (DNBT) did not indicate any deviation
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Figure 1 wAbscor,m‘lon spectra of a mixture of 7 (1 X 1073 M)
and TPCP (2 X 107* M) in DNBT, pathlength 0.02 cm, ob-
tained (a) before irradiation and (a') after irradiation at
589 nm (disappearance of 70% of the TPCP) (b} absorption
spectrum of TPCP (5§ X 107* M) in DNBT, pathlength 1 cm

from the Lambert—Beer's law. No evidence could be found
for a ground state complex of 1 at concentrations up to
2 X 107 M with TPCP at concentrations of {1-10}X 1073 M.
In the photolysis the absorbance of 1 was monitored bet-
ween 640 and 680 nm while the dnsappearance of TPCP
was monitored between 480 and 530 nm.
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Figure 2 — Absorption spectraofamixture of 1 (0.9 X 107 M)
and DPIBF (7 X 107* MJ in DNBT, pathlength 0.02 cm, ob-
tained (a) before irradiation and (a') after irradiation at
650 nm (disappearance of 30% of the DPIBF}

The disappearance of TPCP obeyed zero-order kinetics
(Figure 3). Control experiments established that {a) essen-
tially no disappearance of TPCP occurred under argon either
in the presence or in the absence of the azo compounds, (b)
TPCP disappeared in thf: absence of the azo compound and
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Figure 3 - Decrease of [TPCP] in oxygen saturated DNBT
solutions on irradiation of 7 e}, 2 (»), 3 (D) and 4 (9.
Initial [TPCP] = 2 X 103 M and [azo compound] =
1 X 1073 M- 299.5% of the incident light was absorbed by
the mixture and <6% was absorbed by TPCP, \,, . =589 nm;
23-30°C
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in the presence of oxygen at a rate of less than 1/30 of that
in the standard runs, {c) no discernible thermal reaction
occurred when all three reactants (TPCP, 1 and O,) were
present, and (d) the zero-order rate constant was essentially
independent of [TPCP] in the range (0.8-8) X 1073 M.
Zero-order kinetics were also clearly established when com-
pound 1 was used as a sensitizer in the presence of TPCP
and 2,6- di-t- butylphenol at a concentration of 0.5 M. DPIBF,
an efficient singlet oxygen trapping agent at concentrations
of {0.2-1.6) X 107 M, also disappeared according to zero-
order kinetics in the presence of 1 (Figure 4) while bilirubin
{BR) and bilirubindimethylester (BRE) as 'O scavengers
showed more complex kinetics for their disappearance,
On the time scale of the kinetic experiments, typically
30—-300 minutes, there was no measurable change in the
absorbance of the azo compounds during the disappearance
of the singlet oxygen scavengers {TPCP, DPIBF, BR and
BRE). In order to exclude guenching of the triplet state of
the sensitizer by BR {triplet energy of about 34 kcal/mol [19])
and DPIBF both additives were used at concentrations
considerably below that of oxygen {~25 X 1073 M [20]).
Addition of DABCQ in concentrations from 3 X 107 to
7 X 107" M resulted in progressively reduced rates of disap-
pearance of DPIBF. This was also observed when TPCP
was used as ‘05 scavenger.

Photolyses of 1 and TPCP as well as of 1and BRin DNBT,
1-phenylethanol, and diphenyl-dipheny! ether mixtures gave
rate constants of TPCP or BR disappearance which decrease
in the three solvents in this order {see Table 2). The rate of
oxidation in 1-phenylethanol, a good hydrogen donor, is
slower than that in DNBT. This suggests that a radical
formed by H abstraction is not involved in the initial phase
of the disappearance of the trapping agent.

In order to examine the nature of the disappearance of
TPCP in more detail a nickel chelate compound (nickel-
dithiobenzil}, DABCQ, and a substituted ‘stilbene-quinone’
3,5,3',5 tetra-t-butyl-4,4"-quinone (TBSQ) as 07 quenchers

TABLE 2

Relative Initial Rate Constants, k;e'
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Figure 4 — Decrease in [DPIBF] in oxygen saturated DNBT
solutions on irradiation of 1 (0.95 X 107 M} in the presence
and absence of light (@, O respectively). Inset: Reciprocal of
the rate constant of the disappearance of DPIBF on irradiat-
ing an oxygen saturated DNBT solution of 1 platted against
[DABCO] ; Ay, = 650 nm,; 23-30°C

of the Disappearance of TPCP and BR

on Irradiation of Four Azo Compounds in Oxygen Saturated Solutions and

Relative Triplet Yields, ¢"®, of the Azo Compounds

Salvent n® Compound® k' (TPCP) ‘! k™ (BR) @ oret®
DNBT 17 1 1.0 1.0
DNBT 2 3.3 3.3
DNBT 3 0.36 0.5
DNBT 4 0.05 ~0.03
DNBT l 1.0 1.0 1.0
o-Terphenyl-

Diphenyl ether 17 1 0.47 0.3
{(1:1)

1-Phenylethanol 9 1 0.3 05 0.3
Diphenyl-

Diphenyl ether 4.7 1 0.17 0.3 0.23
(1:3)

Chioroform 0.5 1 <<0.06

(a) Values in cp at 25°C determined by a viscosimeter, cf. [15]
(b} For compounds 1. 4 see Table 1,23—30°C; A, . =589 nm
lc) [TPCP) = 2x107

{(d) [BRI] = 2x10™* IV!

{e) Taken from ref. [15]

EXC
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on the one hand and 2,68-di-t-butylphenol and 2,6-di-t-butyl-p-
cresol as free radical scavengers on the other hand were
employed. The nickel-complex, a well-known effective
singlet oxygen quencher, and TBSQ at concentrations of
11 X 1072 and 2.0 X 107 M respectively, cause a reduc-
tion in the rate of disappearance of TPCP by a factor of b
and 4, respectively. DABCO, at a concentration of
5 X 1072 M reduces this rate by a factor of 10, Under these
conditions 2,6-di-t-butylphenol and 2 6-di-t-butyl-p<cresol
have essentially no effect. However, at a concentration of
0.5 M they reduce the rate by a factor of 1.2 and 3.1 respec-
tively, consistent with rate constants for the bimalecular
quenching of singlet oxygen by these compounds in meth-
anot of 1.0 X 10% and 4 X 10° M's™! respectively, [21].
Some involvement of peroxy radicals in the disappearance of
TPCP cannot be ruled out on the basis of these findings.
Replacing compound 1 by zinc-tetrapheny!porphine

TABLE 3

Relative Initial Rate Constants, K@, of the
Disappearance of TPCP in the Presence and
Absence of 'O} Quenchers on Irradiation of
Compound 1 and ZnTPP in Oxygen Saturated

~

DNBT Solutions (a)

Quencher k;ell {d) k:‘” (ZnTPP) (e}
none 1.0 1.0

DABCO (b) 0.1 0.08

TBSQ (c} 0.3 0.08

fa)A = 589 nm, 23—30°C; the solutions containing

ZnTPP were irradiated behind an additicnal 0.2%
transmittance filter; the decrease in sensitizer absorb>
ance was less than 4%

b} (DABCO] = 50x107° M

(e} [TBSQ] =2x107° M

(d) (1] = 1x107° M

(e) [ZnTPP! = 3x107* M

TABLE 4

{(ZnTPP}, a known efficient singlet oxygen sensitizer, at
substantially reduced light intensities with either DABCO
or TBSQ as quenchers in DNBT, yields simitar relative rate
constants for the decay of TPCP (Table 3). The results are in
accord with a major, but not necessarily exclusive role of
singlet oxygen in the photo-oxidation of TPCP.

In order to relate the sensitizing efficiency of compound 1
to that of ZnTPP and tetraphenylporphine (TPP) a com-
parative rate study was carried outin chloroform and DNBT.
tn DNBT the porphines are more effective than 1 by a factor
of about 10° (Table 4}; this would place an upper limit of
107 on the quantum vyield of '03 generation from 1. Photo-
autoxidation of 1 proceeds at a rate tentatively estimated
to be 3—4 orders of magnitude less than the sensitized
photo-oxidation of TPCP; both processes are inhibited by
DABCO.

The photolysed DNBT solutions were examined for their
product composition. A gas chromatographic analysis
revealed that in the case of ZnTPP as sensitizer the composi-
tion was 94% cis-dibenzoylstitbene (cis-DBS), 2% an un-
known compound X, and ~1% starting material, TPCP. For
compound 1 the corresponding values were 72% cis-DBS,
14 8% unknown X, and 7.1% TPCP. It is considered to be
well established that the 'OF oxidation product of TPCP is
mainly c¢is-DBS [17,22]. In contrast, thermal peroxy radical
oxidation of TPCP in DNBT as solvent, carried out using
azo-bis-isobutyronitrile as a radical source in presence of
oxygen cf. [231, afforded <4 5% ¢is-DBS, 77% unknown X
and 2% TPCP. As to the possible intermediacy of the dioxy-
gen radical anion, it has been reported that KO, reacts
with TPCP to give 2-hydroxy-2 4 b-triphenylfuran-3-one as
a major product and no ¢is-DBS [24]. The determination of
the structure of X is in progress.

The data presented point to a decisive role of 0% in the
photooxidation under discussion. The reaction scheme
outlined below is considered to constitute the simplest

Relative Initial Rate Constants, k:", of the Disappearance of TPCP on
Irradiation of Compound 1, ZnTPP and TPP in Oxygen Saturated Solutions

(a); &gy and b, c;;

P
1 _*
02

0.7x1073 (f)

0.79 (g}

0.74 {g)

Sensitizer Solvent k' {TPCP) -
1 (b) DNBT 1 ~0.03 (e)
l(b) Chloroform <0.07

ZnTPP (c) DNBT 2x103

ZnTPP (c) Chioroform 1x10?

ZnTPP Pyridine 0.88 (g)
TPP (d) DNBT 1.5x10°

TPP (d) Chioroform 1.1x10°

TPP Pyridine 0.80 (g)
TPP Benzene 0.87 (h)
TPP Carbon tetrachioride 0.88 (i}
TPP Freon 13 0.99 {i)
ta) A 589 nm, 23-30°C; the solutions containing ZnTPP and TPP were irradiated

exc L . . X .
beﬁmd an additional 0.2% transmittance filter. The decrease in sensitizer absorbance

was less than 4% for 1 and ZnTPP but about 10% for TPP
o) [1] = 1x10°> M 7
{c) [ZnTPP| = 3x1072 M
(d) [TPP] = 3x107° M
{e) Tentative estimate on the basis of data in ref. {16]

{f) Average value obtained from three runs by ferrioxalate actinometry (18]

{g) Lower {imit from data in ref. [28]
{h} As reported in ref. [29)
{i} Quantum yield as reported in ref. [25]
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model of the mechanism involved:
hv

1A g IA* |
‘A" > A kic
‘a* = a kst
'y - 'a ks
A0, > 00 &
l02 - 0, kg
'0}+s - so, k

'oJ+Q -~ 3,+0 «k

where | is the rate of absorption of light, A, S, and Q stand
for the azo compound, the ’Oz scavenger {e.g. TPCP or
DPIBF), and the gquencher le.g. DABCO), respectively.
Applying steady state approximations leads to Egn 1.

_d[S] k, [*0,]

gt st kt

k[P0, k. [8]
s T &, [°0,]

ky + k(ST + &, [Q] (1)
Here Pgr is the quantum yield of intersystem crossing. At
constant [Q] and [%0,] it follows that for ky > Kk IS] the
above expression reduces to a first-order rate Iaw wh|le for
ky € kg[S] and [Q] = 0 a zero-order law should be obeyed.
The Iatter condition is always fulfilled at the concentration
of S used and indeed zero-order kmetlcs are observed (Fig-
ures 3 and 4). The quantum yield of * (03 formatlon reported
(Tab!e 4) is defined as the product of pgr X v '0} where
Y107 is the yield of singlet oxygen formation from the trip-
let. Under conditions of a zero order reaction and in the
absence of a quencher Eqn 1 may be expressed as

ais]
- dl_t = ¢s77'03 (2)

pravided no peroxy, radical attack occurs the quantum
yield of 'Os formation is equal to the quantum
vield of TPCP disappearance in the absence of
physmal quenching of '0J by the scavenger, For a series of
02 scavengers there is good evidence that essentially no
physical guenching occurs [25]. In the presence of a
quencher and for k4 < k[S], Eqn 1 is readily transformed
to Egn 3 and 4.

A_l_zi kTS+kr[302] ks[S]+kq[Q] {(3)
45 gy k[0 k(8]
dr
1.1 _cha+oran (4)
ko AA
At

1 kT3 kq
= —— {1+ D= 1 +
where C ™ (1 ——;—r[ 02]) and {S]

Far Q = DABCO and constant [30,] a plot of the reciprocal
of the rate constant of disappearance of S versus [DABCO]
fits a finear relation consistent with the model outlined
(see inset in Figure 4 for S = DPIBF); analogous results are
obtained for S = TPCP. The linear relationship supports
the interpretation of a photo-oxidation via 10; cf. [26].
The difficulties involved in establishing quantitative aspects
of singlet oxygen participation in oxidations have been
discussed recently [27].

As far as the formation of 10; from the excited azo dye
is concerned a parallelism of the relative oxidation rates of
TPCP and the transient yield observed in laser flash
photolysis [15] is revealed for compounds 1 10 4 (Table 2).
Since these transients (lifetimes of 10—25 ns in DNBT at
room temperature) were characterized as triplet states,
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they would appear to be the key photoactive states involved.
Attempts to quench the triplet of 1 with DABCO at concen-
trations up to 0.1 M failed [15]. Energv transfer from the
excited singlet state of the azo dyes to oxygen or to the trap-
ping agents is considered to be quite unlikely due to the
short fluorescence lifetime ({estimated to be in the pico-
second range [15]). Triplet energy transfer from the azo
dyes to TPCP to give rise to the lowest triplet state of the
latter is improbable since the energy level of this state is
estimated at 44—46 kcal/mol on the basis of a 0.0 singlet
transition in the vicinity of 48 kcal/mol. This is significantly
above the upper limit of 40 kcal/mot attributed to the energy
of the lowest triplet state of azo compounds 1-4 [15].

CONCLUSION

In this communication it is shown that four substituted azo
dyes without aromatic hydroxy groups are able to act as
sensitizers for the generation of singlet oxygen in contrast
to an earlier statement in the literature [11]. There is evi-
dence that formation of singlet oxygen is responsible for the
phenomenon called ‘catalytic fading’ as in the case of the
bleaching of a yellow azo dye in the presence of an irradiated
blue (anthraguinone or azo) dye, or as is more generally
found, bleaching of a blue dye which is faster in the presence
than in the absence of a yellow dye [10]. The observed
paraltelism between the triplet yield and the rate of singlet
oxygen formation suggests that azo dyes substituted with
groups which enhance population of a triplet state can act
as sensitizers,

The authors wish to thank Mrs R. Straatmann and Dr H.
Kisch for gifts of the purified IXa bilirubindimethyiester
and nickel-dithiobenzil, respectively.
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