
Reaction of Sodium Perborate with a Chlorinated Cyclic 
Hindered Amine (TMP-CI): I. Quantitative Evaluation 

of Active Oxygen Species in Fabric Bleaching 
Masami Fujiwara*, Takamitsu Tamura and Yasuhiro Akabane 

Surface Science Research Center, Lion Corporation, Tokyo, 132, Japan 

ABSTRACT: The reaction of N-chloro-4-hydroxy-2,2,6,6- 
tetramethylpiperidine (TMP-CI) with sodium perborate (PB) 
was investigated with special reference to the generation of sin- 
glet oxygen and the possible application to a new oxidative 
bleaching process. Generation of the singlet oxygen (102), the 
hydroxyl radical (HO.) and superoxide anion radical (02.-) in 
the PB/TMP-CI mixed solution was confirmed by the trapping 
reagent method. From the results of another experiment, in 
which the bleaching abilities of each active oxygen species 
were confirmed, the main active oxygen species contributing to 
the bleaching of purpurogallin, the skeleton of black tea pig- 
ment, in the PB/TMP-CI system was concluded to be 102. 
JAOCS 72, 97-103 (1995). 
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Oxidative bleaching agents, such as sodium perborate (PB) 
and sodium percarbonate, have been widely used as bleach- 
ing components of fabric bleach compositions and heavy- 
duty detergents for both home and institutional use. However, 
these hydrogen peroxide adducts provide insufficient bleach- 
ing performance, especially in the low-temperature range. 
Many bleaching activators (1-5) have been proposed to 
improve this disadvantage. Typical activators are the acetyl 
compound series, such as tetraacetylethylenediamine 
(TAED), tetraacetylglycol uril (TAGU) and pentaacetylglu- 
cose (PAG), and alkanoyloxybenzenesulfonate (AOBS). In 
addition to these, many other activating methods, such as the 
radical decomposition of hydrogen peroxide by heavy metal 
ions (6,7) and the generation of singlet oxygen by light sensi- 
tizing dyes (8), have been reported. 

Among these methods, the application of chemically gen- 
erated singlet oxygen has hardly been investigated yet. As a 
conventional method for chemical generation of singlet oxy- 
gen, the HOO-/CIO system (9) is well known. However, the 
HOO-/CIO- system is considered unacceptable for practical 
bleaching for home use because sufficient bleaching effi- 
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ciency cannot be attained by the combination of a conven- 
tional source of CIO-, such as dichloroisocyanurate, with PB. 
We have reported that N-choro hindered amine compounds, 
such as N-chloro-4-hydroxy-2,2,6,6-tetramethylpiperidine 
(TMP-C1) and N-chloro-t-butyl amine, Showed high activa- 
tion efficiency and differed from the usual chlorine-contain- 
ing compounds (10). 

In this report, generation of three active oxygen species, 
i.e., singlet oxygen (102), hydroxy radicals (HO.) and super- 
oxide anion radicals (02-) in the PB/TMP-CI system was de- 
termined by using trapping reagent methods in the first stage. 
In the second stage, the bleaching ability of each active oxy- 
gen species toward purpurogallin (the skeleton of black tea 
pigment) was investigated by specific generation methods. In 
the final stage, the principal active oxygen species contribut- 
ing to the bleaching in the PB/TMP-CI system is discussed. 

EXPERIMENTAL PROCEDURES 

Materials .  An aqueous solution of reagent-grade hydrogen 
peroxide (35 wt%) was purchased from Kanto Chemical Co., 
Ltd. (Tokyo, Japan). PB with an available oxygen content of 
15.3% was a commercial product obtained from Mitsubishi 
Gas Chemical Co., Ltd. (Tokyo, Japan). 

TMP-C1 was synthesized according to the method of Rigo 
et al. (11). An aqueous solution of NaC10 (0.05M) was added 
to an aqueous solution (0.05M) of 4-hydroxy-2,2,6,6-tetra- 
methylpiperidine (TMP-H) at about 0°C. The solution was 
stirred for one hour, followed by extraction with n-hexane. 
Evaporation afforded colorless needles of TMP-C1 (m.p. 
86-87°C, ~'max = 240-250 nm). 

A trapping reagent for hydroxy radicals, p-nitrosodi- 
methylaniline (PNDA), was obtained as GR-grade from 
Tokyo Kasei Industry Co., Ltd. (Tokyo, Japan). Nitrobluete- 
trazolium (NBT) for trapping of superoxide anion radicals 
was obtained from Kanto Chemical Co., Ltd. 9,10-An- 
thracenedipropionic acid (ADPA) for trapping of singlet oxy- 
gen was synthesized from anthracene, paraformaldehyde and 
diethyl malonate according to the method of Miller et al. (12). 
o-Tolidine was obtained from Junsei Chemical Co., Ltd. 
(Tokyo, Japan). 
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As reagents for generating active oxygen species, iron (II) 
sulfate heptahydrate, 22 wt% NaC10 aq., potassium superox- 
ide and 1,4,7,10,13,16-hexaoxacyclooctadecane (18-crown- 
6) were obtained from Kanto Chemical Co., Ltd., Junsei 
Chemical Co., Ltd., Soekawa Chemical Co., Ltd. and Aldrich 
Chemical Co. (Milwaukee, WI), respectively. Purpurogallin, 
the skeleton of black tea pigment, was obtained from Tokyo 
Kasei Industry Co., Ltd. 

Determination of active oxygen species generated in the 
bleaching bath. The hydroxy radical (HO-) was detected by 
the decrease in the absorbance at )~max = 440 nm of PNDA 
with formation of the PNDA-HO. adduct according to the 
method reported by Bors et al. (13). 

The superoxide anion radical (02--) was detected by the 
increase in the absorbance of blue forrrlazane (~'max = 560 
rim), which originated from the NBT-O 2- adduct (14). 

Singlet oxygen was detected by the decrease in the ab- 
sorbance at )Vma x = 400 nm of ADPA due to the formation of 
ADPA-endoperoxide, according to the method reported by 
Lindig et al. (15). 

The detection of perchloro anion (C10-) was undertaken 
with the color development of o-tolidine. All these measure- 
ments were carried out with a Hitachi (Tokyo, Japan) spec- 
trophotometer model 557. The stable radical species formed 
in H202/TMP-C1 system was determined by observing the 
electron spin resonance (ESR) signal which was composed of 
three peaks (g = 2.0063, a N = 17G), for solutions sealed in a 
glass capillary with a JEOL JES-FE1X ESR spectrometer 
(JEOL, Tokyo, Japan). 

Generation of active oxygen species and bleaching qf pur- 
purogallin. Three active oxygen species were steadily gener- 
ated, according to the methods shown in Table 1. Their 
bleaching capacities were evaluated by the degree of discol- 
oration of purpurogallin. Each aqueous generation source so- 
lution was introduced to a buffered solution that contained a 
given amount of purpurogallin at a constant rate through a sy- 
ringe-type injection apparatus (Model 341; Orion Research 
Inc., Cambridge, MA), while observing the decrease in the 
absorbance of purpurogallin 0Vma x = 440 nm). Although put- 

purogallin shows a blue co lor  (~'max = 610 nm) immediately 
after dissolution into alkaline solution, the color changed to 
yellow ()Vma x = 440 nm) after stirring for one hour under 
blowing air. The absorbance of this yellow solution was main- 
tained in the absence of air exposure before the bleaching test. 

Measurement of oxidation-reduction potential of pig- 
ments. After the pigment was completely dissolved in 0.5 
M-Na2CO3/NaHCO 3 buffer (pH = 10.5), N 2 gas was intro- 
duced for more than 15 rain. The measurement was under- 
taken with glassy carbon (4 mm ~) as the working electrode, 
platinum wire (0.5 mm ~) as the counter electrode, and satu- 
rated calomel as the reference electrode, with an applied pulse 
voltage of 0.05 V, a purse interval of 0.1 s and a sweep rate of 
20 mV/s through a differential pulse po~arographic apparatus 
(Voltammetric Analyzer, Model P-1100; Yanagimoto Co., 
Ltd., Kyoto, Japan). 

RESULTS AND DISCUSSION 

Active oxygen species generated in H202 and H202/TMP-CI 
mixed system. Figure 1 shows the pH profile for the decom- 
position rate of PNDA due to trapping of HO.. The decompo- 
sition rate increased with an increase in pH in the case of 
H202 alone. For the H 2 0 2 / T M P - C 1  mixed system, the de- 
composition rate increased steeply in the pH range below 8 
but increased slightly at pH = 9.5-10.5. The H202/TMP-C1 
mixed system is assumed to produce only slight amounts of 
HO. in alkaline medium, where the actual bleaching is under- 
taken. In the range below pH -- 7, a yellow color developed 
on the addition of o-tolidine, which indicates the existence of 
CIO . In the acidic range, HOC1 can exist at a certain concen- 
tration, because the reactivity of HOCI, originating from 
TMP-CI toward H202 is insufficient. The relatively high de- 
composition rate of PNDA in the acidic range is assumed to 
be induced by the abundant supply of HO. due to a cleavage 
reaction, such HOCl + HO. + C1-. 

Figure 2 shows the pH profile of the decomposition rate of 
ADPA due to trapping of IO 2. The  H2O 2 system showed 
a small decomposition rate. On the other hand, the 

TABLE 1 
Experimental Condition for Generation of Active Oxygen Species 

Species 

HO- 

Generating method 

H202 + Fe e+ --+ HO. + HO + Fe ~+ 

~O 2 H202 + NaCIO -e 102 + H20 + NaCI 

O," 
oK:!o o o 

o~-- ~ oe-- + dK+ b 
b-d O-O 

Solution for generation 

In vessel 

0.01 M-H,O 2 
0.25M-H2SO 4 

0.01M U202 
0.25M Na2CO:/NaHCO 3 
Buffer (pH = 10.5) 

0.25M-Na2CO3/NaHCO 3 
Buffer (pH = 10.5) 

In syringe 

0.1 M-FeSO 4 

0.1M NaCIO 

0.1M-KO2/18 crown 6 
in DMSO 
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FIG. 1. The pH profile ofp nitrosodimethy[aniline (PNDA) decomposi- 
tion in H202 solution and H202/N-chloro-4-hydroxy-2,2,6,6-tetra- 
methylpiperidine (TMP-CI) mixed solution: [H202] = 0.02 M, 
[H202]/[TMP-CI] = 0.02 M/0.02 M, 25°C, 60 rain after preparation, 
0.5 M phosphate buffer. 

H202 ~-~ HO0- + H + [2] 

HOO- + C10 -+ Io 2 + HO- + CI [3] 

Figure 3 shows the pH profile for the increase in ab- 
sorbance of blue formazane, formed by the trapping of 027 
by NBT. In the alkaline range, the HzO2/TMP-C1 mixed sys- 
tem produced a larger quantity of blue formazane than the 
H202 system; consequently, the concentration of 02" in the 
mixed sytem was higher than in the H202 system. The gener- 
ation of 02"- in the H202 system seems to be induced by the 
following reaction ( 16): 

HO. + H202 --~ 02- + H + + H20 [4] 

Moan and Wold (17) reported that 2,2,6,6-tetramethyl-4- 
oxopiperidine traps 10 2 and is converted into a nitroxide 
radical. TMP-H, formed by the hydrolysis of TMP-C1, may 
be converted similarly into a nitroxide radical by the follow- 
ing reaction: 

1.0 

1 
0.8i 

H~OJTMP-CI 
0.6 

0 0.4 

0.2 

0 ~m~ I ~ ' 
7 8 9 10 11 12 16 

pH 

FIG. 2. The pH profile of 9,10-anthracenedipropionic acid (ADPA) de- 
composition in H202 solution and H202/TMP-CI mixed solution: 
[H202] = 0.02 M, [H202]/[TMP CI] = 0.02 M/0.02 M, 25°C, 60 min 
after preparation, 0.5 M phosphate buffer. See Figure 1 for other abbre- 
viation. 

H202/TMP-CI mixed system clearly showed a larger rate 
than the H202 system. Because ADPA is decomposed even 
by CIO-, an increase in the decomposition in the pH range 
below 9 may be ascribed to the presence of CIO-. 

The absence of C 1 O- in the alkaline range above pH = 9 
was confirmed by the o-tolidine method. Therefore, the de- 
composition of ADPA at a pH higher than pH = 9 is assumed 
to be ascribed to the lO~ produced by the following routes: 

H O < N - C 1  + H20 \ " H O < N - H  + CIO-+ H + [1] 

Figure 4 shows the observation of the ESR signal for the 
H2Oz/TMP-CI solution on standing for a long period. In the 
alkaline range, an obvious increase in the ESR signal inten- 
sity was observed, with can be attributed to the formation of 
4-hydroxy-2,2,6,6-tetramethylipiperidine-N-oxy] (TMP-O.). 
This was considered to be due to the following reaction in ad- 
dition to Equation 5 because the generation of O2.- is en- 
hanced, and its lifetime is long (18) in the alkaline range: 

H O < N - C I  + O2" " H O < N - O - +  CIO-[6] 

100 ~ ~ 0  

80 

g 

i 
20 

H?O2 
0 ~ ~ ~ i i-)-.-m--w-m , o -  

6 7 8 9 10 11 12 13 

pH 
FIG, 3. The pH profile of the production of blue formazane in H202 
solution and H202/TMP C[ mixed solution: [H202] = 0.02 M, 
[H202]/TMP-CI] = 0.02 M/0.02 M, 25°C, 60 min after preparation, 
0.5 M phosphate buffer. See Figure 1 for other abbreviation; O.D., opti- 
cal density. 
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I=l g = 2.0063 
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FIG. 4. The pH profile of electron spin resonance (ESR) signal intensity 
of H202/TMP-CI mixed solution: [H202]/[TMP-CI] = 0.02 M/0.02 M, 
25°C, 8 h after preparation, 0.5M phosphate buffer. Inserted: ex. of ESR 
chart (pH =10). See Figure 1 for other abbreviation; g, g-value; aN, hy- 
pofine coupling constant. 

In summing up the experimental results by the trapping 
reagent method, the active oxygen species generation mecha- 
nism in the H~O2/TMP-CI system is proposed as shown in 
Scheme 1. In other words, lO 2 is generated by Equations 1-3 
and disappears through the following three ~aths: (i) bleach- 
ing of the pigment, (ii) self-deactivation into 02 and (iii) pro- 
duction of TMP-O. and simultaneous conversion into HO. ac- 
cording to Equation 5. Because HO. causes the generation of 
O2.-, as shown in Equation 4, and 02-- also regenerates C10- 

through the route shown in Equation 6, 102, HO. and 0 2. are 
steadily generated, while the consumption of H202 and 
TMP-C1 proceeds. 

Bleaching abili~ of each active oxygen species. To eluci- 
date which species among the three oxygen species, i.e., ]O 2, 
HO. and O2.-, contributes principally to the bleaching of pig- 
ment, the bleaching rate of purpurogallin was examined with 
each generated species according to the method in Table 1. 
Figure 5 shows the molecular structures of purpurogallin and 
theaflavine. Theaflavin is reported to be a main component of 
black tea pigment (19). Figure 6 shows the polarograms of 
aqueous solutions of black tea extract and purpurogallin. Al- 
though the chemical structures of both pigments differed, 
similar oxidation curves were obtained. From the similar oxi- 
dizing behavior, purpurogallin seems an appropriate model of 
black tea pigment. Figure 7 shows the bleaching behavior of 
purpurogallin by constant generation o f  102, HO" and O2"-.  

The highest rate was obtained by the addition of HO., which 
was seven times that of l o  2. In contrast, 02.- did not show 
recognizable bleaching ability. 

Steady-state concentration of active oxygen species in 
PB/TMP-Cl system. To determine the degree of the contribu- 
tions of HO. and 102 toward bleaching, their steady-state con- 
centrations in a practical PB/TMP-C1 mixed system were es- 
timated by the decomposition rates of each trapping reagent. 
The rates of decomposition of the trapping reagents, Vt, can 
be expressed by the following equations: 

Vt (PNDA) = kt (PNDA) [ P N D A ] [ H O ' ]  

Vt (ADPA) = kt (ADPA)[ADPA][IO2 ] 

[7] 

[8] 

i 

S C H E M E 1  
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FIG. 5. Molecular structures of purpurogallin and theaflavin. 

where V t (PNDA)" Vt (ADPA) are the decomposition rates of 
PNDA, ADPA, respectively, k r (PNDA/,  kt (ADPA) are second- 
order rate constants of the respective species and [PNDA], 
[ADPA], [HO.] and [IO 2] are the concentrations of each 
component. Assuming that HO. and 10 2 are continuously 
generated from the reaction of PB and TMP-C1 and their con- 
centrations are steady-state, Equations 7 and 8 may be sim- 
plified to: 

Vt (PNDA) = kz (PNDAI [PNDA][HO*j =- k't (PNDAI [PNDA] [9] 

(V. vs. S.H.E.) 
+1.0 + 0.5 

I I 
+ 1 . 5  0 - O . 5  

I I I 

Purpurogallin ~ , ,  ~ [ $ t0gg, 

V 
solution 

Tea-extract ~ I  ; l0 g& 

FIG. 6. Polarograms of purpurogallin solution and tea-extract solution. 
V., volt; S.H.E., saturated hydrogen electrode. 

1oo 

80 

= 60 

© 
m. 40 
E © 
¢D 
£~ 20 

o 6 

HO" 

I o 2o .30 
Time (rain) 

FIG. 7. Bleaching rates of purpurogallin by each active oxygen species. 
Feed rate of each generation source = 6.7 x 10 ̀7 M • s d, 25°C [purpuro- 
gallin] = 1 x 10 .4 M. 

Vt (ADPAI = kt (ADPA)[ADPA] [Io2 ] = k't (ADPA)[ADPA] [10] 

Because Equations 9 and 10 are pseudo-first-order equations, 
k" can be obtained from the slope of the log [trapping reagent] 
vs. time plot as shown in Figure 8. Because k . . . . . . . .  and 
kt (ADPA)T are known to be 1.25 x 1010 M-l-s  -I an(t'l~.~74"x 107 

1 M- • s- (20, 21), [HO-] and [ 0 2 ] could be calculated 
from Equation 9 or 10. The results are listed in Table 2. [HO-] 
in the PB/TMP-CI mixed solution decreased to ca. half, and 
[IO2] increased by approximately thirteen times that of the 
PB system. 

Figure 9 shows the bleaching rates of purpurogallin in the 
same systems as those for Figure 8. If one considers that both 
species in the steady state with the concentrations, as shown 
in Table 2, contribute to the bleaching, the rates of decom- 
position of purpurogallin, Vp (PB) and Vp (PB/TMP)' are obtained 
similarly to the reaction of the tapping reagent. 

1 
Vp tPB) = { kp I HO.I[HO'](pB) + kl, (I O21[ 02] (PB)} [purpuro.J 

= k"cpB)[purpuro. ] [1 1] 

1 
V IPB/TMP) = {kpIHO')[HO']IPBFFMPI + kp (Io2)[ O2](PB/TMP)}[purpuFo.] 

= k'(PB/TMP) [purpuro.] [ 12] 

where k"(pB) and k"(PB/TMP) are pseudo-first-order rate con- 
stants of the decomposition of purpurogallin in the PB and 
PB/TMP-CI systems. From the plot of log [purpuro.] vs. time 
in Figure 9, k"(pB) was calculated to be 8.28 x 10-Ss d, and 
k"(PB/TMP) was calculated to be 21.4 x lffSs d. Introducing 
these k" values and results from Table 2 into Equations 11 and 
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FIG. 8. The (a) Iog[PNDA] vs. time plot and (b) Iog[ADPA] vs. time plot 
for PB solution and PB/TMP-CI mixed solution: [PB] = 0.02M, 
[PB]/ITMP-CI] - 0.02M/0.02M, [PNDA] - 5 x 10 5 M, 25°C. 0.5 M 
phosphate buffer (pH = 10.5). See Figures 1 and 2 for abbreviations. 

12, the following relationships were obtained: 

1.36×|015kp(HO.)+345x10-13kr(lo2)=g.2g×104 [13] 

-16 l O-12kp (102) 7.76× 10 /,),(HO.)+4.45X =2.14X 10 4 [14] 

From Equations 13 and 14, kp (HO.) and kp(io2) were obtained 

as 5.10 x 10]°M -I • s -l and 3.92 x 107M -1 .s -j , respectively. In 
other words, HO. has a higher bleaching rate for purpuro- 

TABLE 2 
The Steady-State Concentrations of Active Oxygen Species 
in Bleaching System a 

Concentration of active oxygen species 
Bleaching system [HO.] (× 10-16 M) [ZO 2] (x 10 -~3 M) 

PB 13.6 3.45 
PB/TMP-C[ 7.76 45.5 

aPB, sodium perborate; PB/TMP-CI, PB/N-chloro-4-hydroxy-2,2,6,6-tetram- 
ethy[piperidine. 

gallin than IO 2 by a factor of 1.3 x 103. Considering the dif- 
ference between the steady-state concentrations of HO. and 
IO 2 in the two systems, shown in Table 2, the contributions 
of the two active oxygen species are comparable for the 
bleaching of purpurogallin, where the primary contributing 
active species in the PB system is HO., but it is 10, in the 
PB/TMP-CI mixed system. Koberstein et al. (22,23) reported 
that the primary contributing active species in the PB system 
is the HOO- ion. I f  HOO- ions are the primary species, the 
higher the pH, the better bleaching efficiency should be ob- 
served, because at the higher pH the HOO- ions are more con- 
centrated in the PB system, according to Equation 2. How- 
ever, the maximum has been observed in the actual pH pro- 
file of bleaching efficiency as reported by Dannacher and 
Schlenker (24). Therefore, HOO- ions cannot be regarded as 
the primary species contributing to the bleaching in the PB 
system. Although Dannacher and Schlenker (24) realized this 
inconsistency, they concluded in error that 02 • is the primary 
species in the H20 2 system from the result that the maximal 
pH of the bleaching efficiency agreed with that of the 02.- 

- - 4 . 0 [  

- 4 . 1  - 

o~ 

o 

- -  4 . 3  

I I ~ I I I 
4"4U-= 10 20  3 - 4 0  50  60  

time (rain) 
FIG. 9. The log[purpurogalf in] vs. t ime p}ot for sodium perborate 
(PB) solution and PB/TMP-C] mixed solution: [PB] = 0.02M, 
[PB]/[TMP-CI] = 0.02M/0.02M, [purpurogallin] = 1 x 10 4 M, 25°C. 0.5 
M phosphate buffer (pH = 10.5). See Figure 1 for other abbreviation. 
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concentration. Because we confirmed that 0 2-  has hardly any 
bleaching ability, HO. was concluded to be the pr imary  
species contributing to the bleaching efficiency in the PB sys- 
tem. On the other hand, the activation mechanism of  TMP-CI  
for the bleaching of  p igment  can be illustrated as in Scheme 
1, which specifically includes the increase in steady-state con- 

. 1 • - 

centratlon of 0 2 m soluuon. 
So, we can conclude that: (i) The order  of  the b leaching 

rate of  each active oxygen was HO- > 10 2 >> 0 2. . O2.- did  
not bleach purpurogal l in  significantly. (ii) The major  active 
oxygen s~ecies detected were HO- and 02.-  in the H~O) sys- 
tem, but 0 2 and O2.- in the H202/TMP-C1 mixed-sys tem.  
(iii) The activation mechanism of  TMP-CI  in the PB/TMP-C1 
mixed system is mainly  due to the specif ic  increase in the 
steady-state concentration of  10 2 . 
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