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Abstract
The possibility that carotenoid radicals react with oxygen to form chain-carrying peroxyl radicals has been postulated to
account for the reduction in antioxidant effetiveness displayed by some carotenoids at high oxygen concentrations. The
primary objective of the work described in this paper was to measure the rate constants for oxygen addition to a series of
carotenoid radicals and to examine any influence of carotenoid structural features on these rate constants. Laser flash
photolysis has been used to generate long-lived carotenoid radicals (PhS–CARz) derived from radical addition reactions with
phenylthiyl radicals (PhSz) in benzene. The PhS–CARz radicals are scavenged by oxygen at rates that display a moderate
dependence on the number of conjugated double bonds (ndb) in the carotenoid. The rate constants range from ,103 to
,104 M21 s21 for ndb ¼ 7–11. The data also suggest that the presence of terminal cyclic groups may cause an increase in the
rate constant for oxygen addition.
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Introduction

In non-polar (lipophilic) environments carotenoids

appear to react with a range of free radicals (Rz) via

addition to the polyene chain (equation (1)), produ-

cing an uncharged resonance-stabilised carotenoid

addition radical (R-CARz) [1,2]. However, allylic H-

atom abstraction from methyl groups (for example,

at positions 5, 9, 13 in the case of b-carotene) [3] is

also possible. In addition, carotenoids such as b-

carotene appear to be particularly vulnerable to allylic

H-atom abstraction from position 4 and there is

evidence that such reactions play a role in carotenoid

anti-oxidant chemistry [4].

Rz þ CAR ! R –CARz ð1Þ

Our recent results from time-resolved studies of

the reactions of carotenoids with thiyl radicals (RSz)

[1,5–7] and acylperoxyl radicals (AcylOOz) [2,8]

suggest that radical scavenging occurs via addition and

indicate that the carotenoid addition radicals formed

in these reactions absorb in the visible region [1,2,5],

close to the region of the parent carotenoid absorption

bands. This is consistent with results of recent

theoretical calculations (ZINDO/S) of the electronic

absorption spectra of uncharged carotenoid radicals,

which predict absorption bands in the visible region

and also that the absorption maximum increases with

the number of delocalised p-electrons in the caroten-

oid radical (for example, the predicted absorption

maxima for b-carotene-derived radicals with 15, 19

and 23 delocalised p-electrons are 438, 504 and

549 nm, respectively) [3].

Our recent work on carotenoid free radical

chemistry has focused on the reactions of carotenoids

with AcylOOz and PhSz radicals and in particular, the
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properties of the resulting carotenoid addition

radicals. In the case of the retro carotenoid 7,70-

dihydro-b-carotene (77DH, Figure 1), the R-77DHz

addition radicals display intense absorption bands

(peaking at ,455–470 nm depending on the solvent,

see Figure 2) that are well separated from the parent

77DH absorption. Radical addition at one of the

terminal positions of 77DH yields a carotenoid radical

with 15 delocalised p-electrons and the positions of

the experimentally observed R-77DHz absorption

bands are in reasonable agreement with theoretical

calculations [3] (see above). Indeed, part of the

evidence that radical addition is favoured over allylic

H-atom abstraction is that the 77DH radicals formed

from reaction with AcylOOz radicals and PhSz radicals

have similar absorption spectra, but very different

decay kinetics (the radicals derived from reaction with

AcylOOz radicals decay relatively rapidly (tens of ms)

by 1st order kinetics, probably due to an intramole-

cular process leading to epoxide formation [2], whilst

the radicals derived from reaction with PhSz radicals

persist for tens of ms, see Figure 2). If reactions with

both AcylOOz and PhSz radicals proceeded via allylic

H-atom abstraction then it would be expected that the

resulting 77DH radicals would exhibit not only similar

spectra, but also similar decay kinetics.

In the context of anti-oxidant chemistry, there is

considerable interest in the reactivity of anti-oxidant

derived radicals towards oxygen and the factors that

influence this reactivity [9–13]. In a much cited paper,

Burton and Ingold [14] invoked the reversible reaction

of carotenoid radicals (R-CARz) with oxygen, forming

potential chain-carrying peroxyl radicals (R-CAR-

OOz), to account for the reduced effectiveness of b-

carotene as an antioxidant at elevated oxygen

concentrations (Scheme 1). However, it was not

until recently that such reactions involving carotenoid

radicals have actually been directly observed [1].

We previously attempted to investigate the reaction

of oxygen with AcylOO–77DHz radicals [2], formed

by reaction of 77DH with AcylOOz radicals, but were

unable to observe any influence of oxygen on the

decay of AcylOO–77DHz. However, as explained

above, the intrinsic decay of these radicals (Figure 2) is

relatively rapid and it is now clear that the failure to

observe any reaction with oxygen simply reflects the

fact that k1 s kq[O2] in this case (Scheme 2 and

Figure 2). The competition between the intrinsic

decay of R-CARz to non-radical products and its

reaction with oxygen to form R-CAR-OOz is likely to

be a significant factor in determining the antioxidant

properties of carotenoids within a specified system

subjected to free-radical mediated oxidation.

Figure 1. Structures of carotenoids.

Figure 2. Comparison of the absorption spectra (normalised) and

decay kinetics (inset) of the addition radicals AcOO–77DHz and

PhS–77DHz in benzene.

Scheme 1.

Scheme 2.
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The relatively long lifetimes of the PhS–CARz

addition radicals makes it possible to observe their

reactions with oxygen and to measure the reaction rate

constant. Our initial measurements for 77DH and

b-carotene were reported recently [1]. In the work

reported here, we have extended these measurements

to include a range of carotenoid radicals derived from

reactions of PhSz with lycopene (LYCO), z-carotene

(ZETA), septapreno-b-carotene (SEPT), zeaxanthin

(ZEA) and astaxanthin (ASTA). The results are

discussed in terms of the variation of the oxygen

addition rate constant with the degree of resonance-

stabilisation in the PhS–CARz addition radical.

Materials and methods

Materials

Benzene (Aldrich, HPLC grade) and phenyl disul-

phide (Fluka) were used as received. The carotenoids

were kindly supplied by DSM Nutritional Products

and used as received. Oxygen (1, 5, 50 (balance

nitrogen) and 100%) and argon were supplied by the

British Oxygen Company.

Experimental methods

The details of the laser flash photolysis system have

been described previously [15]. Unless otherwise

stated, 355 nm laser energies were in the range 1–

5 mJ pulse21 with a beam diameter of ,4 mm. Quartz

sample cells (2 mm excitation pathlength £ 10 mm

monitoring pathlength) fitted with vacuum taps

(where necessary) were employed for the laser flash

photolysis measurements. If necessary, (for example,

during acquisition of transient absorption spectra)

fresh solution was introduced into the sample cell

following each exposure to the laser.

Results

Laser photolysis (355 nm) of phenyl disulphide (PhS–

SPh) in benzene gives rise to PhSz radicals, which

exhibit a broad absorption band in the 400–500 nm

region and decay by second order kinetics (equation

(2)). The decay of PhSz is not influenced by oxygen

[1,16] in the range of oxygen concentrations used in

this study (up to ,0.01 M).

PhS–SPh Y
hn

2 PhSz ð2Þ

Lycopene (LYCO)

Laser photolysis (355 nm) of air-saturated benzene

solutions of 8 £ 1023 M PhS–SPh in the presence of

1.3 £ 1025 M LYCO leads to the formation (on a

microsecond timescale) of an intense transient

visible absorption band around 545 nm (Figure 3A)

attributed to PhS–LYCOz (equation (3)). No transi-

ent absorption features were observed at longer

wavelengths in the visible or near infrared regions.

PhSz þ LYCO ! PhS–LYCOz ð3Þ

In the absence of oxygen, PhS–LYCOz persists for

several 100 ms under our experimental conditions. As

the oxygen concentration is increased the decay rate

increases progressively and this is accompanied by

increased bleaching at longer times (see Figure 3B).

The decay in the presence of oxygen is exponential

and the observed pseudo 1st order rate constant (kobs)

can be expressed by equation (4).

kobs ¼ k1 þ kq½O2� ð4Þ

A plot of kobs versus [O2] (equation (4)) allows

extraction of the rate constant (kq) for oxygen addition

Figure 3. (A) Transient spectra of PhS–LYCOz obtained following

355 nm laser photolysis of PhS–SPh (8 £ 1023 M) in the presence

of LYCO (1.3 £ 1025 M) in benzene (air saturated, laser

energy ¼ 1.5 mJ). (B) Normalized kinetic absorption profiles, at

293 K, for the decay of PhS–LYCOz at 545 nm in benzene at various

oxygen concentrations. The inset shows a plot of the room

temperature pseudo-first order rate constant (kobs) for the decay of

PhS–LYCOz (at 545 nm) in benzene versus the oxygen

concentration.
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of 3.16 ^ 0.31 £ 103 M21 s21 from the slope of the

linear graph (see inset of Figure 3B). The rate

constant is smaller (by a factor of ,2) than that

determined previously for PhS–b-CARz

(6.4 ^ 0.9 £ 103 M21 s21) [1]. Assuming terminal

addition of PhSz in both cases then the extent of the

delocalised p-system should be the same and

consequently the rate constant for oxygen addition

would be anticipated to be very similar. The observed

difference could be due to the fact that the double

bonds in the terminal cyclic rings of b-CAR do not lie

co-planar with the rest of the conjugated system and

this effect may persist in PhS–b-CARz, resulting in a

slightly lower degree of resonance stabilisation and

consequently a larger rate constant for oxygen

addition than for PhS–LYCOz [4,17]. Alternatively,

radical addition to b-CAR may occur at the first

double bond within the main polyene chain, rather

than at one of the double bonds within the terminal

rings, leading to a resonance-stabilised radical with

fewer de-localised p-electrons. For reasons associated

with spectral overlap of the addition radical absorption

with the parent carotenoid absorption, we are unable

to establish whether or not oxygen addition is

reversible under our experimental conditions.

z-Carotene (ZETA)

Laser photolysis (355 nm) of benzene solutions of

8 £ 1023 M PhS–SPh in the presence of

2.6 £ 1025 M ZETA leads to the formation (on a

microsecond timescale) of a transient visible absorp-

tion band around 455 nm (Figure 4A) attributed to

PhS–ZETAz (equation (5)). No transient absorption

features were observed at longer wavelengths in the

visible or near infrared regions.

PhSz þ ZETA ! PhS–ZETAz ð5Þ

Figure 4B shows the effect of increasing oxygen

concentration on the decay of PhS–ZETAz. Analysis

of the variation of kobs with [O2] in an analogous

manner to that described above for LYCO leads

to a rate constant (kq) for oxygen addition of

3.44 ^ 0.4 £ 104 M21 s21 (Figure 4B). ZETA and

LYCO have the same hydrocarbon backbone and the

higher value of kq for ZETA, relative to that for LYCO,

probably reflects the lower degree of resonance

stabilisation present in PhS–ZETAz relative to PhS–

LYCOz. As for LYCO, at present we are unable to

establish whether the oxygen addition is reversible.

Septapreno-b-carotene (SEPT)

Laser photolysis (355 nm) of benzene solutions of

0.025 M PhS–SPh in the presence of 1.4 £ 1024 M

SEPT leads to the formation (on a microsecond

timescale) of a visible absorption band around 495 nm

(Figure 5A) attributed to PhS–SEPTz (equation (6)).

No transient absorption features were observed at

longer wavelengths in the visible or near infrared

regions. A higher carotenoid concentration was used

in the case of SEPT because the absorption of the

additional radical is weaker than that for other

carotenoids such as LYCO and ZETA. Also, it is

notable that the intrinsic decay of PhS–SEPTz is

considerably faster than that exhibited by PhS–

LYCOz and PhS–ZETAz which may be due to reaction

of PhS–SEPTzwith the parent carotenoid (Figure 5B).

PhSz þ SEPT ! PhS–SEPTz ð6Þ

Figure 5B shows the effect of increasing oxygen

concentration on the decay of PhS–SEPTz. Analysis

of the variation of kobs with [O2], as before, leads

to a rate constant (kq) for oxygen addition of

3.5 ^ 1.5 £ 104 M21 s21 (Figure 5B).The larger error

Figure 4. (A) Transient spectra of PhS–ZETAz obtained following

355 nm laser photolysis of PhS–SPh (8 £ 1023 M) in the presence

of ZETA (2.6 £ 1025 M) in benzene (air saturated, laser

energy ¼ 1.5 mJ). (B) Normalized kinetic absorption profiles, at

293 K, for the decay of PhS–ZETAz at 455 nm in benzene at various

oxygen concentrations (laser energy ¼ 5 mJ). The inset shows a

plot of the room temperature pseudo-first order rate constant (kobs)

for the decay of PhS–ZETAz (at 455 nm) in benzene versus the

oxygen concentration.
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margin on this value reflects the relatively fast intrinsic

decay of PhS–SEPTz under the conditions used.

Zeaxanthin (ZEA)

Laser photolysis (355 nm) of benzene solutions of

8 £ 1023 M PhS–SPh in the presence of

5.7 £ 1025 M ZEA leads to the formation (on a

microsecond timescale) of a weak visible absorption

band around 540 nm (Figure 6A) attributed to PhS–

ZEAz (equation (7)). No transient absorption features

were observed at longer wavelengths in the visible or

near infrared regions. A higher carotenoid concen-

tration was used here for the same reasons already

explained for SEPT.

PhSz þ ZEA ! PhS–ZEAz ð7Þ

Figure 6B shows the effect of increasing oxygen con-

centration on the decay of PhS–ZEAz. Analysis of the

variation of kobs with [O2], as before, leads to a rate

constant (kq) for oxygen addition of 1.1 ^ 0.5 £

104 M21 s21 (Figure 6B). The large error margin

reflects the relatively fast intrinsic decay of PhS–ZEAz.

Astaxanthin (ASTA)

Laser photolysis (355 nm) of benzene solutions of

8 £ 1023 M PhS–SPh in the presence of

8.7 £ 1025 M ASTA shows only bleaching in the

ASTA ground state absorption and does not give any

resolved bands beyond the ASTA ground state

absorption range (Figure 7). This bleaching could be

attributed to the formation of PhS–ASTAz, which

absorbs in the same region as ASTA (equation (8)),

but less strongly.

PhSz þ ASTA ! PhS–ASTAz ð8Þ

Figure 5. (A) Transient spectra of PhS–SEPTzobtained following

355 nm laser photolysis of PhS–SPh (0.025 M) and SEPT

(1.4 £ 1024 M) in benzene (air saturated, laser energy ¼ 4 mJ).

(B) Normalized kinetic absorption profiles, at 293 K, for the decay

of PhS–SEPTz at 500 nm in benzene at various oxygen

concentrations. The inset shows a plot of the room temperature

pseudo-first order rate constant (kobs) for the decay of PhS–SEPTz

(at 500 nm) in benzene versus the oxygen concentration.
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Figure 6. (A) Transient spectra of PhS–ZEAz obtained following

355 nm laser photolysis of PhS–SPh (8 £ 1023 M) and ZEA

(5.7 £ 1025 M) in benzene (air saturated, laser energy ¼ 4.5 mJ).

(B) Normalized kinetic absorption profiles, at 293 K, for the decay

of PhS–ZEAz at 540 nm in benzene at various oxygen

concentrations (laser energy ¼ 4 mJ). The inset shows a plot of

the room temperature pseudo-first order rate constant (kobs) for the

decay of PhS–ZEAz (at 540 nm) versus the oxygen concentration.
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Discussion

Trends in oxygen addition rates

Oxygen additions to carbon-centred radicals are often

diffusion-controlled (,109 M21 s21) [18]. However,

increased resonance-stabilisation of carbon-centred

radicals leads to a reduction in the rate constant for

oxygen addition [9–13]. In polyene systems, this

reduction in the observed rate constant for oxygen

addition partly reflects the fact that various non-

terminal oxygen additions are rendered ineffective

because the reverse reaction (loss of oxygen to

regenerate the carbon-centred radical) for such

peroxyl radicals is very fast [19–22] relative to that

for peroxyl radicals derived from terminal oxygen

addition. In other words, the probability that oxygen

makes successful encounters at terminal positions

decreases as the extent of the resonance stabilisation

increases. This scenario is summarised in Scheme 3

for oxygen addition to carotenoid radicals.

We have previously presented evidence [1] for the

reversibility of oxygen addition to PhS–77DHz.

However, the absorption band for PhS–77DHz is

well resolved from the parent 77DH absorption which

simplifies the analysis of the experimental data in

terms of the reversibility of oxygen addition. Unfortu-

nately, this is not the case for the other carotenoids

studied in this work, all of which show bleaching of

the parent carotenoid absorption in the presence of

oxygen (this bleaching increases as the oxygen

concentration is increased, see Figures 3B, 4B, 5B

and 6B). The absorption changes associated with the

parent carotenoid, which overlap the absorption

changes due to the carotenoid radical, make analysis

of the reversibility of the reactions very complicated

and consequently, we are currently unable to draw any

conclusions concerning the reversibility of oxygen

addition for these carotenoid radicals. In addition,

secondary reactions of the carotenoid peroxyl radicals

(R-CAR-OOz) may compete with the reverse step (loss

of oxygen).

The results for the rates of oxygen addition to

carotenoid radicals are summarised in Table I. It is

apparent that the oxygen addition rate constants

generally decrease with the number of conjugated

double bonds in the parent carotenoid. However,

this dependence is not a strong one and the variation

Figure 7. Transient spectra obtained following laser photolysis of

PhS–SPh (8 £ 1023 M) in the presence of ASTA (8.7 £ 1025 M)

in benzene (air saturated, laser energy ¼ 4.5 mJ).

Scheme 3.

A. El-Agamey & D. J. McGarvey300

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 
U

ni
ve

rs
ity

 o
f 

Sa
sk

at
ch

ew
an

 o
n 

12
/0

2/
11

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



in kq is not more than one order of magnitude. Within

the error margins of the measurements, the three

carotenoids with 7, 8 and 9 conjugated double bonds

respectively have similar rate constants for oxygen

addition (,3–4 £ 104 M21 s21). In the case of

LYCO and b-CAR with 11 double bonds, the oxygen

addition rate constants are significantly smaller

(0.32 £ 104 M21 s21 and 0.64 £ 104 M21 s21,

respectively) and the difference between the rate

constants for LYCO and b-CAR may reflect the

influence of the terminal cyclic rings as discussed

earlier (see results section). The rate constant

obtained for ZEA is out of step and somewhat larger

than for LYCO and b-CAR. However, the error

margins in the rate constant for ZEA are larger due

principally to the fast intrinsic decay of the PhS–ZEAz

radical under the experimental conditions used. The

rapid intrinsic decay of the radical means that the

observed effect of oxygen on its decay is less marked,

leading to a significantly larger uncertainty in the

determined oxygen addition rate constant. Thus, in

the case of PhS–ZEAz, we can only say that the oxygen

addition rate constant is in the same range as for

LYCO and b-CAR. We are currently investigating

alternative approaches to the determination of oxygen

addition rate constants in order to overcome some of

the challenges, we have encountered in making these

measurements for some carotenoids (e.g. ASTA,

ZEA).

Relevance to the antioxidant properties of carotenoids

The radical scavenging antioxidant properties of

carotenoids are well documented [6,23–25] as are

some of the mechanistic details of the free radical

chemistry involved [2,24]. However, kinetic data

relating to the rate constants of the various elementary

reactions is comparatively sparse and such data are

required if the variations in the antioxidant properties

of carotenoids with various system parameters (oxy-

gen concentration, carotenoid structure, etc.) are to

be fully understood [26,27].

The free-radical scavenging antioxidant properties

displayed by carotenoids are partly dependent upon

the competition between the intrinsic decay of the

initially formed carotenoid-derived free radicals and

their reactions with oxygen (Scheme 2). We have

shown that the intrinsic decay of some carotenoid

addition radicals (particularly AcylOO–CARz, derived

from reactions with acylperoxyl radicals [2]) can

compete effectively with oxygen addition. However,

the rate constant for the intrinsic decay of carotenoid

radical may vary markedly depending on, for example,

the nature of the scavenged radical and the properties

of the environment (e.g. polarity). Hence, the reaction

channel distribution between intrinsic decay and

oxygen addition will depend on the nature of the

scavenged radical, the nature of the carotenoid, the

solvent and the oxygen concentration in the system

under study. This is an area that requires further

investigation.

The addition of oxygen to carotenoid radicals has

been invoked previously to account for the observed

reduction in antioxidant effectiveness of some

carotenoids at high oxygen concentrations

[23,26,28–31] and has been identified as a key

reaction in the context of the antioxidant properties of

carotenoids [27,29]. Palozza et al. [30] studied the

antioxidant/pro-oxidant role of b-CAR in murine

normal and tumor thymocytes and demonstrated the

strong influence of oxygen tension on the antioxidant

effectiveness of b-CAR. More recently, Tesoriere et al.

[32] in a study of antioxidant reactions of retinol in

phosophlipid bilayers, showed that besides free radical

trapping, consumption of retinol during lipid oxi-

dation occurs via self-oxidation reactions that are

retinol concentration and oxygen concentration

dependent. In addition, Vile and Winterbourn [33]

in a study of the antioxidant effectiveness of b-CAR

and retinol toward adriamycin-promoted microsomal

lipid peroxidation showed that the inhibition of lipid

peroxidation by b-CAR is oxygen concentration

dependent, whilst for retinol it is not. Of course

there are many factors (e.g. orientation and location of

the carotenoid within biological membranes [34]) that

influence the profile of antioxidant behaviour dis-

played by carotenoids, but it is likely that the

importance of oxygen addition to carotenoid radicals

will be a significant influencing factor. We suggest that

the rate constants we have reported will be useful in

modelling and accounting for the antioxidant beha-

viour displayed by carotenoids.

Conclusions

The rate constants for oxygen addition to various

carotenoid radicals have been determined and these

display a moderate dependence on the conjugated

chain length. For reasons of spectral overlap of the

absorption of the carotenoid radicals and the parent

Table I. The rate constants (kq) for the reaction of carotenoid

neutral radical (PhS–CARz) with oxygen and the lmax of PhS–CARz

in benzene.

CAR ndb
* kq (104 M21 s21) lmax (nm)

ZETA 7 3.44 ^ 0.4 455

77DH 8 4.3 ^ 0.07 [1] 470

SEPT 9 3.5 ^ 1.5 500

b-CAR 11 0.64 ^ 0.09 [1] 540

LYCO 11 0.32 ^ 0.03 545

ZEA 11 1.1 ^ 0.5 540

ASTA 13 – –

* ndb is the number of conjugated double bonds in the parent

carotenoid.
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carotenoid, it has not been possible to extract

information relating to the reversibility of the oxygen

addition reaction.
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