
Jolmlld~ff 

IaIt3111[l[I£11~/ 
Journal of Photochemistry and Photobiology ~ 

ELSEVIER A: Chemistry 86 (1995) 267-273 

The effect of antioxidant/quenchers and a fluorescent whitening 
agent on the quantum yield of photoinduced degradation of 

tryptophan in a rigid, oxygen-permeable medium 

P.D. Auer, M.T. Pailthorpe 
Department of Textile Technology, University of New South Wales, Sydney, N.S.W 2052, Australia 

Received 28 March 1994; accepted 19 July 1994 

Abstract  

The quantum yield of photoinduced degradation of free tryptophan (TRP) encapsulated in oxygen-permeable methyl cellulose 
(MC) was studied with regard to the effect of the inclusion of a number of antioxidants and singlet oxygen quenchers. The 
effect of the inclusion of a fluorescent whitening agent (FWA) in the system was also evaluated. No beneficial effect was 
found for the direct photo-oxidation of TRP in the presence of antioxidant/quenchers. However, the degradation of TRP was 
sensitized in the presence of the FWA. The presence of oxygen was found to be essential for this sensitization to proceed. 
Several compounds, selected from the phosphite, sulphide and nickel chelate classes of antioxidant/quenchers, were found to 
reduce the degree of sensitization. 
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1. Introduction 

The protein fibre, wool, is disadvantaged by its natural 
off-white colouration in markets where strong, bright, 
white textile substrates are required. The standard 
methods of bleaching and the application of fluorescent 
whitening agents (FWAs) to produce white substrates 
are effective [1], but make the wool susceptible to 
accelerated photoyellowing [2]. The photoyellowing of 
fluorescently whitened wool is approximately 12 times 
faster than that of unwhitened wool [3]. 

It is generally accepted that the major source of 
yellowness in natural and whitened wool exposed to 
UV radiation is the range of compounds formed by 
the photodegradation of the amino acid residue tryp- 
tophan (TRP) [4-9]. It has been proposed that the 
major pathway for the atmospheric photodegradation 
of TRP in wool is through its reaction with singlet 
excited oxygen (102) [10]. It is also thought that the 
presence of an FWA in whitened wool accelerates the 
degradation of TRP through photosensitization, i.e. by 
increasing the presence of 102 in the system [11-14]. 
It has also been proposed that hydroperoxides are 
formed as intermediates in the dye-sensitized photo- 
oxidation of TRP [15], assuming that a type II mechanism 
predominates [16]. 

Various photoprotection options have been investi- 
gated for whitened wool, such as sensitizer/substrate 
separation [17] and FWA structure considerations 
]18], with limited success. This study investigates the 
photoprotection option of degradation pathway 
interference. 

Various types of compounds have been used in the 
food and plastics industries as photostabilizers, including 
antioxidants and singlet oxygen quenchers. Generally, 
these compounds operate by interfering with the path- 
ways involved in photodegradation [19]. 

The investigation, by quantum yield determination, 
of the effect of antioxidants and singlet oxygen quenchers 
on the photodegradation of TRP in wool is difficult 
because of wool's complex chemistry and morphology. 
Therefore these effects were investigated using the 
model system of a rigid, oxygen-permeable medium, 
methyl cellulose (MC) [20], to encapsulate the various 
compounds. 

2. Materials and methods 

The polymer grade used in these studies was Methocel 
MC (Fluka), USP; high viscosity. The polymer was used 
as received, without further purification. Solutions (3%) 
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of MC were prepared, deaerated, and cast cold onto 
clean soda-glass plates (20 cm X20 cm) at a constant 
thickness. The cast solutions were then dried in a 
Heraeus fan-forced oven at 50 °C for 4 h; nine sub- 
samples (4 cm x 4 cm) were then cut from the centre 
of the dry films. The thickness of the dried cast films 
was of the order of 20/zm. Spectroscopic examination 
of the blank MC films revealed a small absorbance 
below 350 nm. This was taken into account in other 
spectroscopic measurements by using blank MC films 
as reference. 

The FWA used was Uvitex NFW (Ciba-Geigy). Crys- 
tals of purified FWA were prepared from the supplied 
liquid preparation by salt precipitation, and subsequent 
recrystallization from water--ethanol. 

The codes referred to in the lists of water-soluble 
(Table 1) and water-insoluble (Table 2) reagents will 
be used throughout this paper. Water-insoluble reagents 
were incorporated into the polymer solution, at the 
concentrations listed in Table 3, as dispersions made 
up with the non-ionic surfactant Teric 16A22 (ICI), 
an ethoxylate of a long-chain aliphatic alcohol (hydro- 
phile lipophile balance (HLB)= 15.8). Spectroscopic 
analysis of MC films containing Teric 16A22 showed 
that the surfactant exhibited zero absorbance in the 

Table 1 
Water-soluble reagents 

Tradename Chemical name MW Code 
(supplier) 

Tryptophan L-Tryptophan 204 TRP 
(Fluka) 

Uvitex NFW trans-4,4'-Bis(2-sulphostyryl) - 562 FWA 
(Ciba-Geigy) biphenyl (sodium salt) 

DABCO Triethylene-diamine- 112 DABCO 
(Aldrich) 1,4-diazabicyclo[2.2.2]octane 

MW, molecular weight. 

spectral region of interest. However, the concentration 
level of the dispersing agent Teric 16A22 was found 
to have a significant effect on the photodegradation of 
the FWA [21] and hence the dispersant concentration 
in the films was kept constant. The dispersant con- 
centration in all films employed in this study was 0.115 
g per gram of dry polymer. 

The abbreviation TRP/ANTIOX refers to films con- 
taining antioxidant/quenchers and TRP, whilst TRP/ 
FWA/ANTIOX refers to films containing antioxidant/ 
quenchers, TRP and the FWA, Uvitex NFW. 

Two different types of broad spectrum UV radiation 
were used in these studies. The radiation referred to 
as far-UV radiation was produced by Oliphant FL8E 
and Clemco 9008 fluorescent lamps. These lamps emit 
70% of their radiation in the 280-360 nm spectral 
region, with an emission maximum at 310 nm. The 
measurable intensity is zero below 250 nm. TRP/AN- 
TIOX films were exposed to this radiation. The radiation 
referred to as near-UV radiation in this work was 
produced by Oliphant FL8 T5 BL fluorescent lamps. 
These lamps emit 80% of their radiation in the 300-420 
nm spectral region, with an emission maximum at 375 
nm. The measurable intensity of these lamps is zero 
below 300 nm. TRP/FWA/ANTIOX films were exposed 
to this radiation. Exposure of TRP/ANTIOX films to 
UV radiation from these lamps resulted in negligible 
TRP degradation. Figs. i and 2 show the relative spectral 
intensities of these lamps. 

The lamp output intensity was measured using the 
chemical actinometer, potassium ferrioxalate [22], to 
determine the number of quanta incident on the spec- 
imens. The procedure has been described elsewhere 
in detail [23]. 

Film samples were exposed to the two types of UV 
radiation in an Oliphant irradiation chamber (model 
PCR-128W) (Oliphant Bros., S.A.). The temperature 
inside the chamber was stabilized with a cooling fan 
to 47 °C. The whole surface of the film was exposed 

Table 2 
Water-insoluble reagents 

Tradename Chemical name MV¢ Code 
(supplier) 

Irganox 1425 Calcium bis[3,5-di-tert-butyl- 695 HP5 
(Ciba-Geigy) 4-hydroxybenzyl-monoethyl-phosphonate] 

Irgafos 168 Tris(2,4-di-tert-butyl-phenyl)phosphite 647 P2 
(Ciba-Geigy) 

Cyasorb 1084 [2,2'-Thiobis(4-tert-octylphenolato)]n-butylamine nickel (II)- 571 NC1 
(Cyanamid Aust.) 

Tinuvin 770 Bis[2,2,6,6-tetramethyl-4-piperidyl]sebacinate 480 HAL1 
(Ciba-Geigy) 

Cyanox LTDP Dilauryithiodipropionate 514 $1 
(cyanamid Aust.) 

MW, molecular weight. 
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Table 3 
Reagent concentrations 

Reagent [TRP] [FWA] [Antioxidant/ 
combination (/zM g- t) (~M g- l) quencher] 

(/~M g-l) 

TRP/ANTIOX 20 -- 60 
TRP/FWA/ANTIOX 20 30 60 
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Fig. 1. Relative spectral intensity of Oliphant FL8E/Clemco 9008 
lamps (far-UV radiation). 
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Fig. 2. Relative spectral intensity of Oliphant FL8 T5 BL lamps 
(near-UV radiation). 

by placing it against the inside surface of a quartz 
cuvette. 

The degradation of the FWA was monitored by 
absorbance readings taken on a Varian Cary 3 
UV-visible double-beam spectrophotometer at 355 nm. 
The concentration of the FWA was found to be linearly 
proportional to the film absorbance at this wavelength 
after adjusting for film thickness variations and light 
scattering [21]. 

The degradation of TRP was determined using a 
modified Denckla-Dewey method (norharman test) [24] 
on solutions of dissolved films. This test determines 
the amount of free TRP in the solution by converting 
the TRP to the fluorescent product, norharman. The 
reaction is very specific to free TRP, since an unblocked 

a-amino acid is required. An incubation time of 1.5 h 
at 125 °C was used in this analysis. The fluorescence 
of solutions excited at 373 nm was measured on a 
Perkin-Elmer filter fluorometer at 460 nm. Allowances 
were made for the fluorescent emission of the FWA 
in this analysis. 

The effect of the antioxidant/quenchers on the FWA 
absorbance readings and TRP concentration analysis 
was assessed and allowed for in the calculation of the 
degradation quantum yields. 

The normalized absorption spectrum of the FWA 
incorporated in the 20 /~m MC films is presented in 
Fig. 3. Fig. 4 shows the normalized absorption spectrum 
of TRP incorporated in the 20 /zm MC film. A blank 
MC film containing a fixed concentration of Teric 16A22 
was used as a reference in both cases. The spectra 
were measured on a Varian Cary 3 UV-visible double- 
beam spectrophotometer, modified with a film sample 
holder. 

The quantum yield th (molecules quanta-1) was cal- 
culated by dividing the initial degradation rate (mol- 
ecules min-1 (cm 2 film)-1) by the rate at which quanta 
are absorbed by the system (quanta min- 1 (cm 2 film)- 1). 
A total error of 15% (95% confidence level) was 
estimated for each quantum yield determination. The 
quantum yield determination applied to the whole region 
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Fig. 3. Absorption spectrum (normalized) of Uvitex NFW (Ciba- 
Geigy) (reference, MC). 
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Fig. 4. Absorption spectrum (normalized) of TRP (reference, MC). 
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of wavelength overlap between the absorbing species 
and the incident radiation. The quantum yields referred 
to in this work are all degradation quantum yields; 
however, depending on which reagent is undergoing 
photodegradation and which species in the system is 
absorbing the radiation, different types of quantum 
yields were evaluated. These quantum yields are defined 
in Table 4. 

3. Results and discussion 

The discussion will include reference to a "positive 
antioxidant effect", i.e. the presence of the antioxidant 
results in a lowering of the quantum yield of TRP 
degradation compared with films containing no an- 
tioxidant, and a "negative antioxidant effect", i.e. the 
opposite effect. 

Table 5 shows the quantum yield results for the 
direct photo-oxidation of TRP, i.e. TRP absorbing, TRP 
degrading. Results of 0.10 for TRP~) TRP in poly(vinyl 
alcohol) (PVA) film and 0.025 for TRV'b TRy in MC film 
have been obtained previously [9]. Taking into con- 
sideration the error estimated for the quantum yield 
determinations, the corresponding results in this work 
would appear to be in very good agreement with those 
obtained previously. 

In terms of the effect of antioxidants on a-Rpq5 a-RP in 
the MC film, the results given in Table 5 indicate that 
none of the antioxidant/quenchers tested exhibited a 
positive antioxidant effect in this situation. Indeed, the 
antioxidant/quenchers P2 and NC1 appeared to have 
a significant negative antioxidant effect in this situation. 

Table 4 
Quantum yield differentiation 

Degradation Degraded Absorbing 
quantum species species 
yield 

TRP(]) TRP TRP TRP 
FWA¢~) TRP TRP Uvitex NFW 

The photosensitization of TRP degradation in the 
near-UV by the FWA can be seen in Table 6, where 
quantum yields of FWA and TRP degradation have 
been evaluated at various FWA concentrations. A ratio 
(FVdA(DTRP/FvgA(# FVdA) was obtained by dividing FVgA~/) TRP 
at each concentration by FWA~b FwA at that concentration. 
This ratio represents the number of TRP molecules 
degraded per FWA molecule degraded per quantum 
absorbed by the FWA. The data in Table 6 lead to a 
number of interesting conclusions. Firstly, it seems that 
the quantum yields of degradation of both FWA and 
TRP are independent of the concentration of FWA, 
at the 95% confidence level. In other words, for each 
increase in FWA concentration, there is a corresponding 
increase in FWA and TRP degradation in the films 
accompanied by an increase in the number of quanta 
absorbed by the system. This result indicates that the 
photodegradation of both FWA and TRP is unimo- 
lecular. Secondly, the values obtained for the ratio 
VWA~bTRP/vwA~bVWA indicate that one TRP molecule is 
degraded per FWA molecule degraded during the initial 
stages of exposure. This ratio could be coincidental, 
since the degradation of one FWA molecule would not 
necessarily directly cause the degradation of one TRP 
molecule. However, since the absorption of UV radiation 
by TRP in the wavelength region studied is negligible, 
it must follow that the degradation of TRP is being 
sensitized by the energy absorbed by the FWA. 

The effect of antioxidants on the photosensitized 
degradation of TRP is shown in Table 7. The reagent 
concentrations correspond to those shown in Table 3. 
Considering the ratio VWA~bTRP/vwA4' vwA calculated in 
Table 7, it is clear that the antioxidant/quenchers P2, 
NC1 and S1 have a significant positive antioxidant effect 
on the amount of TRP degraded in the presence of 
a whitener. The light stabilizer HAL1 has a significant 
antagonistic effect in this situation. The absence of an 
effect by DABCO indicates that this volatile reagent 
may have sublimed during the drying process, and 
therefore had no influence on either the TRP or FWA 

Table 5 
Quantum yields of degradation for TRP/ANTIOX exposures in MC films 

Reagent Degradation rate (R) Rate quantum Quantum yield 
combination (molecules min -1 cm -2) absorption (l.bs) (TRp~b TRy) 

( × 10 TM) (quanta min -I cm -2) (molecules quantum-i)  
( X 1016) 

TRP 15.1 
(PVA film) 
TRP 2.3 
HP5/TRP 2.1 
NC1FFRP 3.9 
P2/TRP 4.9 

1.9 

1.0 
0.9 
1.0 
0.9 

0.08 

0.023 
0.024 
0.039 
0.055 

Exposure, far-UV; atmosphere, ambient air. 
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Table 6 
Quantum yields of FWA and TRP degradation for various whitener concentrations in MC films 
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Uvitex NFW Whitener TRP 
concentration quantum yield quantum yield 
IX]  (F~VA (~ FWA ) (FWA (~ TIRP ) 
(/.*mol (g MC) - l )  (molecules quantum -1) (molecules quantum -l)  

( x 10 -4) ( x lo-9 

Ratio 
(~w,,4,TRP/~w~ ~ ' )  

6 3.7 3.8 1.0 
12 4.3 5.6 1.3 
18 4.4 4.2 1.0 
24 5.1 4.7 0.9 
30 4.4 4.4 1.0 

Exposure, near-UV; atmosphere, ambient air. 

Table 7 
Quantum yields of FWA and TRP degradation for TRP/FWA/ANTIOX exposures in MC films 

Reagent Whitener quantum yield TRP quantum yield 
combination (FWA~ IF~VA ) ( F~VAq~ TRP ) 
(IFWA] 30 tzM g- l )  (molecules quantum -x) (molecules quantum -l)  

( X 10- ')  ( × 10-') 

Ratio 

(~ŵ ~VRP/vw,¢~ ~A) 

FWA/TRP 4.4 4.4 1.0 
P2/FWAZFRP 2.2 0.9 0.4 
NC1/FWA/TRP 4.2 1.0 0.2 
HAL1/FWA/TRP 3.1 6.8 2.2 
S1/FWA/TRP 3.7 1.9 0.5 
DABCO/FWA/TRP 3.8 3.7 1.0 

Exposure, near-UV; atmosphere, ambient air. 

photodegradation. However, the presence of DABCO 
was not analysed. 

The effect of the exposure atmosphere on TRP 
degradation in the presence of a whitener was assessed 
by exposing MC films containing TRP (20 /xM g-l)  
and the FWA (30/zM g-1) to near-UV radiation. The 
exposure atmosphere was altered by purging the sealed 
quartz cuvette. The percentages of TRP retained after 
various exposures in oxygen, nitrogen and air are pre- 
sented in Table 8. The results indicate that oxygen has 
a significant effect on the degradation of TRP by near- 
UV radiation in the presence of a whitener. A com- 
parison of the results for 32 and 64 min exposures in 
oxygen and air indicates that a greater proportion of 

Table 8 
Effect of exposure atmosphere on TRP photo-oxidation in the presence 
of a whitener in MC films 

Exposure Oxygen Nitrogen Air 
time (%) (%) (%) 
(rain) 

32 76 97 76 
64 62 91 70 
96 52 92 64 

Exposure, near-UV; purge, 15 min; results given as percentage of 
TRP retained. 

TRP is degraded in the saturated oxygen environment, 
i.e. after the atmosphere has equilibrated with the film. 
In an atmosphere of nitrogen, the degradation of TRP 
proceeds to a certain level and then goes no further. 
This could be explained by the fact that a residual 
amount of "dissolved" oxygen is present in the films, 
causing a certain amount of TRP degradation. When 
a saturated nitrogen atmosphere is present, the deg- 
radation of TRP is minimal. 

Exposure of PVA films (a polymer impermeable to 
oxygen [20]) containing TRP in the presence of a 
whitener to near-UV radiation also demonstrates the 
importance of oxygen. Minimal TRP and FWA deg- 
radation occurs in this situation, even after extended 
irradiation for 6 h. 

Similar results were obtained for films containing the 
FWA only [21]. Therefore it seems that oxygen acts 
as an intermediate in the photodegradation of both 
TRP [10] and the FWA. 

A list of the possible sensitized photodegradation 
mechanisms for TRP in the presence of an FWA is 
given below. The discussion assumes that the involve- 
ment of 102 is accepted. 

FWA+hv  , 1FWA* (1) 

1FWA* ~ FWA+hv '  (2) 
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1FWA* , 3FWA* (3) 

3FWA* , FWA + h v" (4) 

3FWA* + 302 , FWA + 102 (5) 

10 2 , 302 + heat (6) 

TRP + 102 , TRP-Oz (7) 

TRP-O2 ~ Degradation (8) 

In terms of the positive effect of antioxidants on the 
photosensitized degradation of TRP, the nickel chelate 
NC1, which is thought to be both an excited state 
quencher and a 102 quencher [25], would be expected 
to have most effect on the reactions represented in 
Eqs. (5) and (7). However, in the absence of lumi- 
nescence and oxygen consumption results, it is difficult 
to distinguish which effect predominates. 

The antioxidant S1, which has a secondary function 
as a 10 z quencher [26], could be expected to have an 
effect on the mechanism represented in Eq. (7). 

If the antioxidants P2 and S1 act as hydroperoxide 
decomposers [19,27], or purely as reducing agents, they 
would affect the reaction represented in Eq. (8). Since 
the norharman test for the amount of TRP retained 
after exposure is very specific to free TRP, it seems 
unlikely that the positive antioxidant effect noted for 
these reagents is due to this mechanism, unless they 
regenerate TRP after oxidation. 

Another possibility is that 102 reacts with the MC 
substrate, since the sensitized photodegradation of cel- 
lulose and its derivatives is well documented [28]. This 
reaction seems likely, and may explain the 1 :1  ratio 
for TRP to FWA destruction found in this simplified 
film system, as opposed to a ratio of 7 : 1 found with 
a wool substrate [14]. It is also possible that the type 
of FWA used may have a significant effect [14]. 

Another possible mechanism must also be considered. 
The presence of long-lived transient species has been 
observed during the laser flash photolysis of PVA films 
containing the FWA (Uvitex NFW). It has been pro- 
posed that the transients are radical cations formed 
following monophotonic photoionization. The transient 
species have been shown to be quenched in the presence 
of TRP, perhaps via direct electron transfer [29]. The 
presence of reducing agents has been shown to have 
a significant effect on the lifetime of the transient 
species [29]. It seems reasonable that the same transient 
species may exist in MC films, since they appear to 
be insensitive to the presence of oxygen [29]. In terms 
of the positive effect of antioxidants, P2 and S1, which 
possibly act as reducing agents, could be expected to 
have an effect if this mechanism is operating. The nickel 
chelate NC1 would not be expected to have an effect 
in this situation. 

4. Conclusions 

No antioxidant/quencher tested had a significant pos- 
itive effect on the direct photo-oxidation of TRP in 
TRP/ANTIOX films. 

The significant effect of oxygen on the photodeg- 
radation of TRP in the presence of a fluorescent 
whitener was demonstrated. In anaerobic conditions, 
neither TRP nor FWA was degraded. The action of 
oxygen as an intermediate in the photodegradation of 
both FWA and TRP was demonstrated. 

It was shown that FwA~b FwA and FVdA~ TRP for TRP/ 
FWA/ANTIOX films were independent of the FWA 
concentration in the MC films. It appeared that one 
TRP molecule was degraded for each FWA molecule 
destroyed. 

The addition of antioxidants to films of this type 
showed that the antioxidant/quenchers P2, NC1 and 
S1 had a significant positive antioxidant effect on the 
sensitized TRP photodegradation. 

Although a comparison is difficult, the contrast be- 
tween the performance of P2 and NC1 in TRP/ANTIOX 
and TRP/FWA/ANTIOX films could be due to the 
fact that the mechanism of TRP degradation may change 
when the radiation wavelength is changed. 
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