
Carotenoicls in chloroform and carbon tetrachloriclc pho- 
tobleach upon nanosecond laser flash photolysis i n  two 
steps: instantaneously and in a second-order reaction. 
The rate constant for second-order reaction (first-order in 
a solvent derived radical and first-order in (excess) 
ccirotenoid) is largest for carotenes (9.8-10' M-' s ' for p- 
carotene), intermediate for hydroxylated carotenoids, 
and smallest for carbonyl containing carotenoids (1 .O-1  O8 
M-' s-' for astaxanthin) in chloroform a t  20°C. Near 
infrared ,ibsorbing transients are formed concomitant 
with pliotohleaching in chloroform (not detected in c x -  
bon tetrachloride). A species formed instantaneously is 
tentatively identified as either a carotenoid/sol\,ent 
adduct or an ion-pair. A second species is formed by 
decay of  the instantaneously formed species and is iden- 
tified as the carotenoid radical cation. This species is 
formed in  '1 first-order reaction with a rate constant of 
approx. EielO's-'  and absorbing at longer wavelength 
than tlie precursor. The lifetime (second-order decay) of 
the interniediates appears to be longest for the caro- 
tenoids with the longest conjugated system. The results 
indicate that carotenes are better antioxidants than xan- 
tliophylls as the carotenes, at least in the present 
lipophilic solvents, react faster with free radicals. 

INTRODUCTION 

Carotenoids have important functions i r i  I J ~ ~ J O  as 
protectors against light-induced processes such 

as photosensitizing reactions"' and against free 
radical damage during oxidative stress.l'-'l While 
the photoprotection is relatively well-understood 
in relation to quenching of excited states of other 
molecules including singlet oxygen, the free radi- 
cal scavenging of carotenoids has been more 
difficult to understand in terms of molecular 
mechanisms. It has, however, been demonstrated 
in different investigations that carotenoids react 
with free radicals in at least two types of reac- 
tions: (i) by formation of an adduct between the 
carotenoid and the free radical and (ii) by electron 
transfer from the carotenoid to the free radical 
yielding the carotenoid radical cation.l"-"'l An 
important research goal is now to understand 
how the structure of different carotenoids influ- 
ence the reactivity including the balance between 
the two reaction paths. Thus, in a recent ESR-spin 
trapping study, p-carotene was found to be 
prooxidative while other carotenoids showed a 
net free radical scavenging activity.l"] Upon 
exposure to light, p-carotene in chloroform has 
been shown to form two transient species absorb- 

*Corresponding author. Fax: +45 35 28 33 44. E-mail: ls@kvl.dk. 

519 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



550 A. MORTENSEN and L. H. SKIBSTED 

ing in the near infrared spectral region.[91 The two 
species were tentatively identified as a free radi- 
cal adduct between p-carotene and chloroform 
and as the carotenoid radical cation, and the 
kinetics of their formation and decay was charac- 
terised by real-time detection.['] Since this method 
provides insight into the reactivity of carotenoids 
in free radical processes we have initiated investi- 
gations of a number of commonly occurring 
carotenoids (Scheme I) in order to relate struc- 
tural features to differences in reactivity with the 
solvent derived free radicals and have also 
included carbon tetrachloride as solvent. 

Astaxanthin 

no Zeaxanthin 

no 

L . u \ n  Lycopene ''T 

AAAA , y v y - C H O  

R-Apo-8'-carotenal 

SCHEME I 

EXPERIMENTAL SECTION 

Materials 

p-Carotene, astaxanthin, canthaxanthin, zeaxan- 
thin, lycopene, lutein and P-apo-8'-carotenal were 
all supplied by Roche A/S (Hvidovre, Denmark) 
sealed in ampoules under argon and were used 
without further purification. Chloroform, HPLC 
grade, from Lab-Scan (Dublin, Ireland) and car- 
bon tetrachloride, Pronalys AR, from May & Baker 
Ltd. (Dagenham, England) were used as received. 
Cyclohexane p.a., toluene p.a., and benzene p.a. 
were from Merck (Darmstadt, FRG). Stock solu- 
tions of lo4 M carotenoid in either chloroform or 
carbon tetrachloride were diluted to the required 
concentration. The solutions were kept in the dark 
for no longer than a week at -23°C before they 
were used. During this period no discernible 
degradation of the carotenoid could be observed 
as checked by absorption spectroscopy (HP 8452 
UV-VIS diode-array spectrophotometer, Hewlett 
Packard, Palo Alto, CA, USA). Oxygen was 
removed from some of the samples prior to mea- 
surements by 3 freeze-pump-thaw cycles. 

Instrumentation 

Laser flash photolysis experiments were carried 
out with an LKS.50 laser flash photolysis spec- 
trometer from Applied Photophysics Ltd (Lea- 
therhead, UK). The third harmonic at 355 nm of a 
pulsed Q-switched Nd-YAG laser, Spectron 
Laser Systems (Rugby, UK), was used for excita- 
tion. The intensity of the laser pulse was approx- 
imately 60 mJ at 355 nm and the duration of the 
pulse was around 10 ns. A 1P28 photomultiplier 
tube from Hamamatsu (Hamamatsu City, Japan) 
was used to detect transient absorption at wave- 
lengths below 550 nm. Red and near infrared 
detection was conducted with an S1336-44BK sil- 
icon photodiode from Hamamatsu (Hamamatsu 
City, Japan). For red and near infrared measure- 
ments, red bandpass filters were used in order to 
minimize degradation of the carotenoids by the 
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TRANSIENTS IN PHOTOBLEACHING 551 

Xe arc lamp used for monitoring, whereas a UV 
cut-off filter was used for monitoring in the blue- 
green ;pectral region. Spectral slit widths were 
typically 4-5 nm. The samples were excited in 1 
cm x 1 cm fluorescence cells from Hellma (Mull- 
heim, Germany). 

All samples were thermostated at 20.0 k 0.5"C. 
Due to degradation of the carotenoids by the 
laser pulse each sample was subjected to no more 
than 30 laser pulses after which up till lo%, degra- 
dation was observed (depending on carotenoid 
and concentration). 

Time traces were analysed by non-linear least- 
squares fitting using the Levenberg-Marquardt 
algorithm. Transient near infrared absorption 
spectra were constructed from time traces a t  
every 20 nm, and transient visible absorption 
spectra from time traces at every 10 nm. 

RESULTS 

The nature of the solvent was found to have 
strong influence on the photoreactivity of 
carotenoids. The photodegradation quantum 
yield of carotenoids in solvents like toluene is 
rather low, of the order of 10-3-10-h depending on 
irradiation wavelength."'] Laser flash photolysis 
of carotenoids in toluene, benzene, or cyclo- 
hexane did not result in any discernible degrada- 
tion of the carotenoid by a single laser flash. 
Degradation of the carotenoid was seen after a 
substantial number of laser pulses (typically less 
than 5% after more than 1000 laser pulses)."'] On 
the other hand, laser flash photolysis of the 
carotenoids in Scheme I in chloroform resulted 
for each carotenoid in extensive degradation of 
the carotenoid which could easily be followed by 
time-resolved absorption spectroscopy, and sim- 
ilar results were obtained in carbon tetrachloride. 

1. Carotenoids in Chloroform 

Upon laser flash photolysis of carotenoids in 
chloroform bleaching of the carotenoids in the 

visible region takes place. Bleaching of the 
carotenoids takes place in two steps. First there is 
a very fast, i.e. occurring during the laser pulse 
(10 ns), bleaching (Fig. 1A) persisting for around 
10 ps followed by an additional slower bleaching. 
This slow bleaching is typically complete within 
a few milliseconds (Fig. 1B). As  Figure 2 shows, 
the slow bleaching seems to be larger towards the 
long wavelength side of the absorption band 
than towards the short wavelength side. Below 
420 nm (in the case of lycopene) there is even an 
increase in absorption (Fig. 2A). This is due to the 
formation of degradation product(s). That the 
absorption of the degradation product(s) is only 
slightly blue-shifted compared to the parent 
carotenoid indicates that the degradation prod- 
uct(s) consist(s) of conjugated systems shorter 
than the parent carotenoid by only a few double 
bonds. The absorption maximum of the degrada- 
tion product(s) could not be determined due to 
overlap with the absorption band of the 
carotenoid. The time traces of the slow bleaching 
may be fitted to an exponential function indicat- 
ing a first-order reaction (insert in Fig. 3). 
However, the (pseudo) first-order rate constant 
depends upon the concentration of carotenoid as 
depicted in Figure 3. As shown in Figure 3 the 
rate of slow bleaching is largely linearly depen- 
dent on carotenoid concentration, i.e. first-order 
in carotenoid, and the second-order rate con- 
stants calculated as the slope are given in Table I. 
From Figure 3 it can also be seen that the car- 
bony1 containing carotenoids (astaxanthin, can- 
thaxanthin, and p-apo-8'-carotenal) are bleached 
slower than the hydroxylated carotenoids (zeax- 
anthin and lutein) which again are bleached 
slower than p-carotene and lycopene. 

Concomitant with the bleaching of carotenoid in 
chloroform is the formation of species absorbing in 
the near mfrared. In Figure 4 is shown the transient 
absorption spectra of the carotenoids investigated 
(except p-carotene). In the case of lycopene, lutein, 
and zeaxanthin it is evident that two species are 
formed as was also found previously for p- 
carotene."] One species is formed instantaneously 
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FIGURE 1 Time traces of the bleaching ot 8.5 ph4 lycopene in chl~irotomi a t  (a) 440 and (b) 500 nm on two different time S C J ~ C S  

(Fig. 5Aa) and starts to decay right after it is 
formed. The decay seems to follow neither simple 
first- nor second-order kinetics. The other species, 
absorbing at a longer wavelength than the species 
formed instantaneously, is formed slowly (Fig. 

5Ab) by first-order kinetics. The rate constants esti- 
mated may be found in Table I. This species decays 
by second-order kinetics but since the molar 
absorbance is not known for the transient, the time 
traces cannot be converted to rate constants. In the 
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400 450 500 550 

Wavelengthlnm 
FIGURE 2 
chloride at 40 ns (hil), 40 ks (dashed) and 890 ps (dotted) after the laser pulse. 

Transient absorption difference spectra of (A) 8.5 phl  lycopeiie in chloroform and (B) 10 ph1 p-carotene in carbon tetra- 

case of the carbonyl containing carotenoids astax- 
antlun, canthaxanthin, and P-apo-8’-carotenal it is 
less evident that two species are formed (Fig. 4). 
However, scrutinizing the transient spectra shows 
that the absorption maximum shifts slightly 
towards longer wavelengths as a function of time 
(Fig. 4), and from the time traces (Fig. 5C) it is clear 

that the kinetics appear different at the red and 
blue side of the absorption band. The absorption 
maxima of the two near infrared absorbing species 
for the six carotenoids together with p-carotene are 
given in Table I. Due to the extensive overlap of the 
two near infrared absorbing species in the case of 
the carbonyl containing carotenoids, the absorp- 

Fr
ee

 R
ad

ic
 R

es
 D

ow
nl

oa
de

d 
fr

om
 in

fo
rm

ah
ea

lth
ca

re
.c

om
 b

y 
L

ib
ra

ry
 o

f 
H

ea
lth

 S
ci

-U
ni

v 
of

 I
l o

n 
11

/1
6/

11
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



554 A. MORTENSEN and L. H. SKIBSTED 

30 

25 

20 

15 

10 

5 

0 
0 5 10 15 20 25 30 

Concentration of carotenoid/pM 

FIGURE 3 Pseudo first order rate constant of the slow bleaching of the carotenoids as a function of concentration of carotenoid. .: 
p-carotene in chloroform, 0 :  lycopene in chloroforn?, X: p-carotene in carbon tetrachloride,.: zeaxanthin in chloroform, V: lutein in 
chloroform, a: canthaxanthin in carbon tetrachloride, 0: P-ap8’karo tena l  in chloroform, A canthaxanthin in chlorofomi, and 0: 
astaxanthin in chloroform. The full lines are least-squares linear fits to the data. Insert: First-order plot of absorbance change at 521 
nm for the slow bleaching of 8.5 pM lycopene in chlorotorni. 

tion maxima are somewhat uncertain, and in the 
case of astaxanthin it could not be determined for 
the transient species absorbing at the longer wave- 
length. 

2. Carotenoids in Carbon Tetrachloride 

Carotenoids dissolved in carbon tetrachloride and 
exposed to laser flash photolysis show the same 
trends in the visible region as do carotenoids dis- 
solved in chloroform, i.e. instantaneous bleaching 
followed by a slower pseudo first-order bleaching 
(Fig. 1). The rate of slow bleaching is similar to that 
observed in chloroform solutions (Fig. 3). 
However, only a very weak transient absorption 
(Fig. 5D) is observed in the near infrared region 
even though the carotenoids are degraded to a sig- 
nificant extent (Fig. 2B). 

3. Carotenoids in Deaerated Solutions 

When deaerated solutions of carotenoids in car- 
bon tetrachloride are exposed to the laser pulse, 

bleaching of the carotenoid is still observed. 
However, in the NIR spectral region weak tran- 
sients appear and disappear (Fig. 6A). These tran- 
sients extend from the red end of the spectrum 
into the NIR and are not observed in deaerated 
carbon tetrachloride without carotenoid. The 
weak transients were also observed in deaerated 
chloroform solutions, however, only in regions 
where the two strongly absorbing transient 
species absorb weakly (Fig. 6B), i.e. in the wings 
of the absorption bands. From Figure 6 it would 
seem that the weak transients look the same in 
chloroform and carbon tetrachloride solutions. 
The first weak transient appears after 10 ps, the 
second appears around 100 ps, and a third 150 ps 
after the laser pulse (Fig. 6). The weak transients 
were not observed in the same solutions after air 
had been introduced into the sample. Apart from 
these weak transients, the formation and decay 
characteristics of the two strongly absorbing tran- 
sient species are not affected by the presence or 
absence of oxygen (Fig. 6). 
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FIGURE 4 Transient absorption spectra of 31 pM lutein, 32 pM zeaxanthin, 30 pM lycopene, 31 FM astaxanthin, 30 pM canthaxan- 
thin, and 30 pM P-apo-8'-carotenal in chloroform at (0) 4, (A) 89, and (v) 890 ps after the laser pulse. The corresponding 0-carotene 
absorption spectra have absorption maxima at 780 and 920 nm after 4 ps and at 980 nm after 89 ps.'"' 
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FIGURE 5 Time traces of near infrared absorption ot cm)tcnoid transient species in cliloroforni (A, B, and C) or carbon teti-aclilo- 

DISCUSSION 

1. Formation and Decay of Transient Species 

The two near infrared absorbing transient 
species formed upon laser flash photolysis of 
carotenoids in chloroform solutions have previ- 
ously for p-carotene been tentatively identified 
as an adduct between the carotenoid and chloro- 
form (the species formed instantaneously) and as 
the carotenoid radical cation (the species formed 

The instantaneous formation of the adduct cor- 
relates with the instantaneous bleaching of the 
carotenoid (Fig. 1A). The adduct starts to decay 
right after it is formed. At the same time, the 
absorbance starts to increase on the blue side of the 
absorption band of the carotenoid (Fig. lA), and 
the radical cation appears (Fig. 4). The increase in 

in Chloroform Solutions 

slowly)."~ 

.. . 10 pM ~ - a p 8 ' - c a r o t e n a l  at (a) 700 and (h) X80 nii i .  D: 30 y h l  p- 

absorbance on the short wavelength side of the 
absorption band is due to the formation of prod- 
ucts from degradation of the adduct. The slow 
bleaching (Fig. 1B) follows first-order kinetics with 
an observed first-order rate constant proportional 
to the carotenoid concentration (Fig. 3). Each laser 
flash results only in bleaching of a minor fraction of 
carotenoid (Fig. 2), and the slow bleachmg reaction 
observed is a reaction between a radical species 
formed during the instantaneous bleaching and 
the nonbleached carotenoid. Photoexcitation of 
carotenoids in carbon tetrachloride or chloroform 
has previously been found to initiate free radical 
processe~.[~,'~I The second-order rate constant of 
bleaching (Table I) is for p-carotene larger in chlo- 
roform than in carbon tetrachloride as expected on 
the basis of differences in viscosity (0.969 cp for 
CCl, and 0.58 cp for CHC13)1141 wlule the opposite 
is observed for canthaxanthin. 
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FIGURE 6 Time traces of 30 pM canthaxanthin at (A) YOU nni in deaerated carbon tetrachloride and at (B) 940 nm in deaerated (a) 
and air-saturated (b) chloroform. 

The formation of the radical cation, however, 
does not correlate with the slow bleaching of the 
carotenoids. Comparing Figure 3 and Table I for 
each of the carotenoids shows that the rate of 
slow bleaching is less than the rate of formation 
of the radical cation though the observed rate 
constants are of the same order of magnitude, i.e. 
lo4 s-’. Besides, the formation of the radical cation 
is independent of concentration of carotenoid 

whereas the slow bleaching (Figure 3) is not, and 
the slow bleaching does not commence until 10 ps 
after the laser pulse at which point the concentra- 
tion of the radical cation has already reached a 
significant level (Fig. 5A). On the other hand, the 
formation of the radical cation correlates with the 
decay of the adduct, as the radical cation is 
formed in a first-order reaction and the decay of 
the adduct seems to happen by two first-order 
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processes. The biexponential decay of the adduct 
may be explained as follows. The adduct decays 
by fir :-order kinetics. However, at longer times 
an additional formation of the adduct takes place 
which correlates with the slow bleaching of the 
carotenoid (Fig. 1B). The exponential decay of the 
adduct and the slow (pseudo) first-order addi- 
tional formation of this species leads to the biex- 
ponential decay characteristics (two first-order 
processes). This kinetic scheme also explains why 
the decay of the adduct is faster at low concentra- 
tions of carotenoid. As Figure 3 shows, the 
bleaching of carotenoids is slower at low concen- 
trations. The slow formation of the adduct is 
therefore also slower at low concentrations, and 
the overall decay hence faster. The time traces of 
decay of the adduct cannot reliably be fitted to a 
biexponential decay function because decay of 
the adduct and the additional formation of this 
species takes place on a similar time scale (on the 
order of ~ O ‘ S - ~ ,  Fig. 3 and Table I). Moreover, the 
adduct also decays to degradation products 
yielding an even more complex decay scheme. 

Determination of the rate constant of formation 
of the radical cation is influenced by the overlap- 
ping contributiQn of the adduct and as Table I 
shows, the uncertainty is larger when the separa- 
tion between the absorption maxima of the adduct 
and the radical cation is small. In the case of the 
carbonyl containing carotenoids this rate constant 
could not be determined due to the extensive 
overlap. Among the four carotenoids for which 
the rate constant of formation could be deter- 
mined there does not seem to be any significant 
difference. The radical cation decays by second- 
order kinetics, and a determination can therefore 
not be made of the rate constant without knowing 
the concentration. However, Figure 4 shows that 
there are differences in the lifetimes of the differ- 
ent carotenoid radical cations. The lycopene radi- 
cal cation has the longest lifetime and the 
P-apo-8’-carotenal radical cation has the shortest 
lifetime. This is not surprising considering that the 
conjugated system is longest in lycopene and 
shortest in P-apo-8’-carotenal. This is also reflected 

in the position of the absorption band (Table I), the 
absorption band of the lycopene radical cation 
being at a lower energy than the absorption band 
of the P-apo-8’-carotenal radical cation. The dou- 
ble bonds in the rings do not contribute to a large 
extent to the conjugated system, and it is therefore 
more or less of the same length in the four other 
carotenoids, and as Figure 4 shows there is no sig- 
nificant difference in the lifetime of the radical 
cations of these four carotenoids. 

As Figures 4 and 5 show, the absorption of the 
radical cation of the carbonyl containing 
carotenoids is rather weak compared to the 
absorption of the adduct in contrast to the other 
carotenoids. This could either be due to a lower 
extinction coefficient of the radical cation com- 
pared to the adduct, or could be due to smaller 
amounts of the radical cation being formed upon 
decay of the adduct. Considering that the extinc- 
tion coefficients of the adducts of carbonyl con- 
taining carotenoids seem to be of the same order 
of magnitude as that of the other carotenoids, the 
last possibility seems to be more likely. 

Among the four carotenoids without a carbonyl 
group there exist a correlation between the maxi- 
mum of the carotenoids’ absorption and that of 
the adduct and radical cation (Table I): the lower 
the energy of the second excited state (S2, which 
gives rise to absorption in the visible region) of the 
carotenoid, the lower the energy of the second 
excited state (D2, which gives rise to absorption in 
the NIR region)‘“’ of the adduct and the radical 
cation. However, this correlation does not hold 
true if the carbonyl containing carotenoids are 
considered. Whereas a carbonyl group has the 
effect of lowering the energy of the S2 state of the 
carotenoid, it has the opposite effect on the D2 
state of the adduct and the radical cation (Table I). 

2. Reactions of Transients 

Neither depletion of the ground state population 
of carotenoid nor formation of triplet carotenoid 
can explain the instantaneous bleaching observed. 
The lifetime of the singlet excited states of caro- 
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tenoids is only a few picoseconds,1'b-201 and can 
hence not be observed on the time scale of the pre- 
sent experiments, and the intersystem crossing 
yields are too low (on the order of 10-3).[12] Besides, 
reaction between carotenoid and solvent takes 
place in the excited singlet state 

First of all, the evidence seems to be in favor of 
the transient species absorbing at the longer 
wavelength is the radical cation.['] The species 
formed instantaneously, however, has not been 
identified unambigously. The excited state 
carotenoid could conceivably react with the sol- 
vent (chloroform) in a number of ways. It has 
been suggested that excited state carotenoidsl*31 
and 1,4-diphenylb~tadiene[~'I react with the sol- 
vent by electron transfer 

carotenoid + CHCl, - carotenoid" +CHCl,.. (1) 

There are now two possibilities. Firstly, the tran- 
sient species formed slowly is not the radical 
cation but a species derived from the radical 
cation, for instance the neutral radical 

carotenoid+'- carotenoid- + H' . (2) 

To the best of our knowledge, the neutral radical 
has never been observed, or at least has never 
been assigned to any transient absorptions. 
Secondly, the species formed slowly is the radical 
cation, and the species formed instantaneously is 
not. Reaction (1) may be modified as follows 

carotenoid+CHC13- 

[carotenoid" ... CHC1;-] (3) 

in which an ion-pair is formed. This ion-pair may 
then be the species formed instantaneously giv- 
ing rise to NIR absorption at the shorter wave- 
length. This ion-pair may be expected to decay by 
first-order kinetics 

[carotenoid" .. .CHCl;-]- 

carotenoid" + CHCl; . (4) 

yielding the radical cation, the species believed to 
be the one absorbing at the longer wavelength. The 
formed anion radical CHU3.  decays accordingly 

CHCl,. - CHCl,. + C1-. (5) 

The radical formed in this reaction could then go 
on to react with more carotenoid 

carotenoid + CHCl,. - 
[carotenoid" ..-CHClI] (6) 

giving rise to additional bleaching and formation 
of a species similar to the product of reaction (3) 
and absorbing at the shorter wavelength. 

Another possible mechanism would be forma- 
tion of an exciplex which then decays fast 

[carotenoid...CHCl,]'- 
[carotenoid . . . CHC12] - + C1. (7) 

to the adduct [p-carotene. . CHClJ- which then 
is the species giving rise to absorption at the 
shorter wavelength. This mechanism is in accor- 
dance with previous  assignment^[^^^^ of adducts 
between carotenoids and free radicals. The 
adduct could then decay (again by first-order 
kinetics) 

[carotenoid . . . CHCl ] - - 
carotenoid" + CHCl; (8) 

yielding the radical cation. The chlorine atom 
formed in (7) could then go on to react with 
carotenoid 

carotenoid + C1. - [carotenoid ... Cl]. (9) 

yielding another adduct. This adduct may be 
expected to absorb at the same wavelength as the 
adduct formed in (7) because the chromophore is 
the same (an odd-electron conjugated system). 
Reaction (9) hence explains the slow bleaching 
and additional formation of the transient species 
absorbing a t  the shorter wavelength. 
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TRANSLENTS IN PHOTOBLEACHING 56 I 

The radical cation decays by second-order kinet- 
ics. One possible reaction could be by dismutation 

2 carotenoid" s carotenoid2+ + carotenoid. (10) 

The reaction in (10) is known to take place,ll5I 
however, the dication absorbs at 700-800 nm,"51 
and Figure 4 shows that no species absorbing in 
this region is being formed. Besides, (10) implies 
that the carotenoid is being reformed but as 
Figure 2 shows, the products from degradation 
of the radical cation absorb at a shorter wave- 
length than the carotenoid. 

The sequence of events may hence be depicted 
as  in Figure 7. Excited state carotenoid reacts 
with chloroform, possibly via the formation of an 
exciplex, to yield either an adduct or an ion-pair. 
This instantaneously formed species decays by 
first-order kinetics to degradation products and 
more importantly to the radical cation. The radi- 
cal cation then decays by second-order kinetics to 
degradation products. This scheme assumes that 
the species formed slowly is the radical cation. If 
this is not the case, reactions like (1) and (2) could 
be a possibility. 

3. Carotenoids in Carbon Tetrachloride 

Carotenoids in carbon tetrachloride are bleached 
in the same way as in chloroform, i.e. instanta- 
neously and by a slower reaction largely first- 
order in carotenoid (Fig. 3), and the bleachng, and 
hence degradation, of the carotenoids is of the 
same order of magnitude in both solvents. 
Perhaps surprisingly, only very weak near 
infrared transient absorption is observed. There 
are now two possibilities: either the near infrared 

1 carotenoid' y Ct1CI, 
x 

[carotenoid ( 'tlCl,] '  

1- 

R. 

h" I 
' cdrotenold ~ 

absorbing transients are not formed in carbon 
tetrachloride, or they are formed but are difficult 
to detect by the present technique. If the latter is 
true, it could be due to a very much lower extinc- 
tion coefficient of these transient species in carbon 
tetrachloride than in chloroform, hence leaving 
the transient species almost undetectable by 
absorption spectroscopy. However, the extinction 
coefficient in carbon tetrachloride would have to 
be very much lower (2 orders of magnitude) than 
in chloroform to account for the missing intensity. 
We do not consider such large variations to be true 
for rather similar solvents. Another possibility 
would be that the lifetime of these species is much 
shorter in carbon tetrachloride than in chloroform. 
The rationale behind this is that chloroform as a 
polar solvent may better stabilize the formed radi- 
cal cation than carbon tetrachloride yielding a 
longer lifetime in chloroform. This would imply a 
difference of many orders of magnitude between 
the lifetimes in the two solvents. Jeevarajan ef 
found that the yield of carotenoid radical cation 
upon photolysis was very low in carbon tetrachlo- 
ride: the ESR signal was very weak even in solu- 
tions containing 0.2 mM carotenoid (an order of 
magnitude higher than in our experiments). This 
could on the other hand imply that carotenoids in 
carbon tetrachloride degrade by a so far unknown 
mechanism different from that in chloroform and 
without formation of the near infrared absorbing 
transient species. 

4. Carotenoid Transients in 
Deaerated Solutions 

The weakly absorbing transients formed upon 
laser flash photolysis of carotenoids in deaerated 

[cdrotenord C'HCI,]. .+ CI 

(carotenoid' CHCI, ] 
\ 

. or - carotenoid' 

I \ 

* Degradation 
Praduct(s) 

FIGURE 7 Possible reactions upon lrlscr tlnsh photolysis ot cnrotenoids in chloroform. 
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chloroform and carbon tetrachloride solutions 
(Fig. 6) seem to be due to the same phenomenon 
in both solvents considering the similarity of the 
transients. The appearance of these weak tran- 
sients could indicate some kind of oscillating 
phenomenon, perhaps changes in refractive 
index due to local heating of the sample upon 
laser flash photolysis. The transients are com- 
pletely absent in air-saturated solutions and in 
deaerated solutions after air has been admitted to 
the sample suggesting that they are due to 
species quenched by oxygen. 

CONCLUSIONS 

The second-order reaction between carotenoids 
and free radicals in chloroform and carbon 
tetrachloride is fastest for the carotenes p- 
carotene and lycopene, and among the xantho- 
phylls the carbonyl containing carotenoids 
(canthaxanthin, astaxanthin, and P-apo-8‘- 
carotenal) react slower with the free radicals 
than the hydroxylated carotenoids (lutein and 
zeaxanthin). Similar differences in photophysics 
between the carbonyl containing carotenoids 
and other carotenoids have been observed 
before.[’2,221 Degradation of the carotenoids 
involves near infrared absorbing intermediates 
in the case of chloroform whereas the same tran- 
sients are not observed in carbon tetrachloride. 
This could either be due to a shorter lifetime of 
these transients in carbon tetrachloride or the 
fact that they are not formed. The near infrared 
absorbing intermediate absorbing at the shorter 
wavelength is either an ion-pair or an adduct, 
and the other intermediate is the radical cation. 
The lifetime of these intermediates is longest for 
lycopene and shortest for P-apo-8’-carotenal as 
expected considering the length of the conju- 
gated systems. 

The present results indicate that carotenes are 
better antioxidants than the more polar xantho- 
phylls in lipophilic systems. 
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