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Literature data of rate constantsk∆
Q of electronic energy transfer (EET) from O2(1∆g) singlet oxygen to 28

carotenoids have been analyzed by means of a semiempirical model derived for the deactivation of triplet
excited (T1) molecules by O2(3Σg

-) triplet ground-state oxygen. The analysis demonstrates that EET from
O2(1∆g) to carotenoids occurs not via the electron exchange mechanism according to Dexter but principally
via formation of1(1∆‚S0) encounter complexes that deactivate irreversibly by internal conversion to1(T1‚3Σ)
encounter complexes leading to formation of the T1 excited carotenoid. The dependence of log(k∆

Q) on the
excess energy of the EET process is quantitatively described. The results indicate that EET processes to and
from O2 could generally occur via IC of excited complexes.

1. Introduction

Carotenoids are a widespread class of compounds attracting
continuous interest because of their important role in photobi-
ology, photochemistry, and photomedicine.1-4 Their antioxidant
effect rests in part on their capability of very efficient deactiva-
tion of the cytotoxic singlet oxygen O2(1∆g). Foote and Denny
observed as first physical quenching of O2(1∆g) by â-carotene,
suggesting an electronic energy transfer (EET) mechanism for
this process.5 Farmilo and Wilkinson determined the rate
constant of O2(1∆g) quenching byâ-carotene tok∆

Q ) 1.3 ×
1010 M-1 s-1 in benzene.6 They furthermore demonstrated that
quenching is accompanied by population of theâ-carotene triplet
state T1 confirming that the spin-allowed EET process of eq 1
takes place, where O2(3Σg

-) and S0 represent triplet ground-
state oxygen and singlet ground-state quencher.

Effective EET deactivation by carotenoids is only observed
if this process demands negligible thermal activation. Already
Foote et al.7 found that the values ofk∆

Q strongly decrease, if
the number of conjugated double bonds gets smaller thanN )
11 for â-carotene. This was attributed to an increase of the
quencher triplet-state energyET to values significantly above
the excitation energyE∆ of O2(1∆g). The value of ET of
â-carotene is close to the value ofE∆. Lambert and Redmond
measuredET ) 81 kJ mol-1 by photoacoustic calorimetry in
benzene, and Truscott and co-workers obtainedET ) 88 kJ
mol-1 by phosphorescence measurements in C6D6.8,9 These
values correspond to the relaxed triplet state.8 A significantly
higher energy was determined by Gorman et al. in variable-
temperature experiments of the quenching of O2(1∆g) by
â-carotene in toluene.10 Their results placed the spectroscopic
triplet energy level 1.5 kJ mol-1 above the O2(1∆g) energy,
which amounts in that solvent toE∆ ) 93.8 kJ mol-1.11 Thus,
ET ) 95 kJ mol-1 is valid if â-carotene is the quencher. The

average valueET ) 85 kJ mol-1 of the relaxed triplet is only
relevant if tripletâ-carotene acts as energy donor. These results
are in accordance with the lack of O2(1∆g) formation in the
quenching of T1 excitedâ-carotene by oxygen.8

Rate constantsk∆
Q of the deactivation by carotenoids have

been determined by several groups using in part different
techniques. An overall consistent picture was obtained.1 Values
0.6 × 1010 e k∆

Q e 1.4 × 1010 M-1 s-1 have been measured
with â-carotene in solvents of different polarity.2,6,10,12-14

Smaller rate constants have only been found in protic solvents
where aggregation of the quencher was assumed.15 The rate
constants of other carotenoids withN g 11 are of similar
magnitude. Furthermore, no relationship was found betweenk∆

Q

and the nature of the end groups of the carotenoid.15,16

Comparison with the diffusion-controlled rate constantkd soon
demonstrated that with only very few exceptionsk∆

Q is 2- to
3-fold smaller thankd.10,13,15This was further corroborated in a
detailed investigation of the influence of solvent onk∆

Q

performed by Conn et al. withâ-carotene and lycopene,14 where
only a very slight decrease ofk∆

Q with solvent viscosityη was
observed, much weaker than expected forkd. Thus, the spin-
allowed exothermic EET process of eq 1 is not diffusion-
controlled like other deactivation processes following the
electron exchange mechanism described by Dexter. This is an
at first sight rather surprising and hitherto actually not under-
stood result, although it was speculated that this could be due
to an orbital statistical factor of 0.5 arising out of the 2-fold
degeneracy of the1∆g state of O2(1∆g).10

The reasons for the unexpected slow EET deactivation of
O2(1∆g) are, however, different. It is important to note that the
quenching of triplet states T1 by O2(3Σg

-) leading to S0 and
O2(1∆g), which is formally the back-reaction of process 1, also
proceeds with relatively small rate constants. It will be shown
that the rules derived in the detailed investigation of the
quenching of T1(ππ*) excited molecules by O2(3Σg

-) in our
laboratory provide the key for understanding the mechanism
of EET deactivation of O2(1∆g).17-21 To this end, we will
analyze an immensely valuable data set on the deactivation of
O2(1∆g) by carotenoids published by the groups of Martin and
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Sies.22 Hereby we will realize that the same energy gap relation
determines the excess energy dependence of the rate constants
of both quenching processes.

2. Data

Quenching of O2(1∆g) by Carotenoids. Martin, Sies, and
co-workers performed the most comprising investigation of the
quenching of O2(1∆g) by carotenoids. They determined with one
single and reliable method rate constantsk∆

Q for the large
number of 28 carotenoids, with various end groups and a
significant variation in the number of conjugated double bonds
(6 e N e 17) in the solvent mixture C2H5OH/CHCl3/D2O (50:
50:1) at 37°C.22 Thus, the carotenoid is the only variable of
this data set. Thek∆

Q data are listed in Table 1 together with
the compound notation used by Martin, Sies, and co-workers
and the corresponding energyES of the longest wavelengthππ*
absorption. Rate constantsk∆

Q strongly increase with the
decreasing value ofES to approach a limiting value ofk∆

Q ≈
1.2× 1010 M-1 s-1 at ES j 240 kJ mol-1, which was assumed
to be equal tokd.22

However, the diffusion-controlled rate constant for reactions
with O2 is larger in that environment. Wilkinson and Abdel-
Shafi23 found in a careful investigation of rate constantskS

Q of
fluorescence quenching by O2 that the maximum values ofkS

Q

corresponding tokd amount at 25°C to 4.50× 1010 M-1 s-1 in
CH3CN (η ) 0.341 mPa s at 25°C),24 3.33× 1010 M-1 s-1 in
C6H6 (η ) 0.603 mPa s),24 and 2.72× 1010 M-1 s-1 in C6H12

(η ) 0.898 mPa s).24 Okamoto derived in temperature- and
pressure-dependent investigations of the diffusion-controlled
quenching of the florescence of 9-methylanthracene by O2 the
empirical linear relation 2 with coefficientsb ≈ 4/3 andc ≈
2/3.25

The fit of eq 2 to the above three data pairs results ina + b
ln(298) ) 23.97 andc ) 0.521, allowing the interpolation of
kd for reactions with O2 for liquids of different viscosity and
temperature. Values of 4.49× 1010 (CH3CN), 3.34 × 1010

(C6H6), and 2.71× 1010 M-1 s-1 (C6H12) are obtained with
that fit and the given values ofη, proving the validity of eq 2
at 298 K. However, the data of Martin, Sies, and co-workers
have been measured in a solvent mixture and at the slightly
higher temperature of 310 K. Literature data of viscosities of
solvent mixtures of C2H5OH and CHCl3 at various temperatures
demonstrate excellent linear variations ofη ) f(xEtOH) with the
mole fractionxEtOH of C2H5OH up toxEtOH ) 0.755.26 The linear

fit of η310 ) f(xEtOH) interpolated from data measured at 303
and 313 K to 310 K versusxEtOH results inη310 ) 0.475 +
0.523xEtOH mPa s. Thus,η310 ) 0.777 mPa s is obtained for the
50:50 mixture C2H5OH/CHCl3 (xEtOH ) 0.578) leading with
a + b ln(298)) 23.97 andc ) 0.521 tokd ) 2.93× 1010 M-1

s-1. Considering the additional variation ofkd due to the small
temperature increase by multiplying with (310/298)4/3, see eq
2, yields finallykd ) 3.1× 1010 M-1 s-1 for that binary mixture
at 37 °C. This value ofkd is assumed to be also valid for the
ternary solvent mixture C2H5OH/CHCl3/D2O (50:50:1) actually
investigated. Thus, the limiting value ofk∆

Q is about 2.6 times
smaller thankd.

Quenching of Excited Triplet States by Ground-State
Oxygen.The quenching of triplet states T1 by O2(3Σg

-) proceeds
with overall rate constantskT

Q also smaller thankd.1 Hereby
processes 3-5 compete forET > EΣ ) 157 kJ mol-1, the
excitation energy of the second excited singlet oxygen O2(1Σg

+).

In the initial step of reaction T1 and O2(3Σg
-) form encounter

complexesm(T1‚3Σ) of singlet, triplet, and quintet multiplicity
(m) 1, 3, 5). No forward reaction channel exists for the5(T1‚3Σ)
encounter complex. The1,3(T1‚3Σ) complexes react in forward
direction producing S0 and O2(1Σg

+), O2(1∆g), or O2(3Σg
-) with

overall rate constantkD. kD was calculated with eq 6, where
k-d ) kd/M-1 represents the rate constant of back-dissociation
of the encounter complexes to T1 and O2(3Σg

-) with unit s-1.18

Recently, we demonstrated how to split the overall rate
constantkD into the single rate constantskT

1Σ, kT
1∆, andkT

3Σ of
formation of O2(1Σg

+), O2(1∆g), and O2(3Σg
-).27,28 We applied

this technique to one series ofππ* triplet sensitizers of different
molecular structure and strongly varying ET,17 and to three
different homologous series ofππ* triplet sensitizers with in
each series almost constant ET but strongly varying oxidation
potential Eox.18-20 Hereby we discovered that O2(1Σg

+), O2(1∆g),
and O2(3Σg

-) are directly produced by internal conversion (IC)
of 1,3(T1‚3Σ) encounter complexes with negligible CT interac-
tions (nCT complexes) and indirectly via the reaction of
1,3(T1‚3Σ) encounter complexes to1,3(T1‚3Σ) exciplexes with
partial CT character (pCT complexes) followed by IC to lower
exciplex states. The overall rate constants of each product
channel, i.e.,kT

1Σ, kT
1∆, and kT

3Σ ()kT
P) was shown to be

additively composed of rate constants of IC of nCT complexes
(k∆E

P) and of pCT complex formation (kCT
P).18-20

For 1,3(T1‚3Σ) nCT complexes three different IC processes to
lower complex states compete, yielding O2(1Σg

+), O2(1∆g), and
O2(3Σg

-) by subsequent complex dissociation:1(T1‚3Σ) f
1(S0‚1Σ) f S0 + O2(1Σg

+), 1(T1‚3Σ) f 1(S0‚1∆) f S0 + O2(1∆g),
and3(T1‚3Σ) f 3(S0‚3Σ) f S0 + O2(3Σg

-). Since the logarithms
of the multiplicity normalized rate constantsk∆E

1Σ, k∆E
1∆,

and k∆E
3Σ/3 ()k∆E

P/m) follow a common dependence on
the respective excess energy∆E (∆E1Σ ) ET - EΣ, ∆E1∆ )
ET - E∆, and ∆E3Σ ) ET), it was concluded that a fully
established spin-statistical equilibrium exists betweenm(T1‚3Σ)
nCT complexes of different multiplicity.18 The empirical energy
gap relation log(k∆E

P/m) ) f(∆E) of eq 7 resulting from

TABLE 1: Singlet-State Energy ES and Rate Constantk∆
Q

of O2(1∆g) Deactivation by Carotenoids (Data and Notation
of Martin, Sies, and Co-workers22)

carot-
enoid

ES/
(kJ mol-1)

k∆
Q/

(109 M-1 s-1)
carot-
enoid

ES/
(kJ mol-1)

k∆
Q/

(109 M-1 s-1)

16d 273.0 0.2 16b 237.8 12.4
4d 271.9 0.5 9b 236.8 11.1
12d 270.5 0.1 7b 236.8 12.7
11c 267.5 3.0 15 234.5 11.0
10c 266.3 1.6 4b 233.6 12.0
1b 260.0 8.4 1a 231.8 13.3
16c 252.8 8.1 5b 230.5 12.6
14b 247.1 8.8 16a 229.2 12.9
2b 246.0 10.2 3a 226.5 13.0
13b 245.5 8.4 12b 224.8 11.7
12c 245.1 10.2 4a 217.4 13.8
3b 245.1 9.0 6b 216.7 12.7
10b 243.6 9.0 5a 215.9 12.3
11b 239.7 11.1 8b 204.8 12.1

ln(kd) ) a + b ln(T) - c ln(η) (2)

T1 + O2(
3Σg

-) f S0 + O2(
1Σg

+) (3)

T1 + O2(
3Σg

-) f S0 + O2(
1∆g) (4)

T1 + O2(
3Σg

-) f S0 + O2(
3Σg

-) (5)

kD ) k-dkT
Q/(kd - kT

Q) (6)
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deactivation of T1(ππ*) is drawn as a curve in Figure 1 and
describes the smaller values of log(kT

P/m) for each oxygen
product state.

The modification of naphthalene, biphenyl, and fluorene by
substituents with different electron-donating or -withdrawing
properties leads to compounds with strongly varying oxidation
potentialEox. However,ET remains almost constant in each of
the three series. Experiments with triplet sensitizers of these
homologous series showed that the overall rate constantskT

P

increase at a given excess energy∆E with decreasing value of
Eox (see Figure 1),18-20 i.e., with increasing CT interactions due
to the opening of the second deactivation channel via1,3(T1‚3Σ)
pCT complexes.18-20,23,29,30The CT interactions can be quanti-
fied by the free energy change∆GCET for complete electron
transfer from the T1 excited sensitizer to O2 according to eq
8.31

F and Ered represent Faraday’s constant and the reduction
potential of the electron acceptor (for O2 -0.78 V vs SCE in
acetonitrile),32 Eexc ) ET for T1 state quenching, andC is the
electrostatic interaction energy, which is inversely proportional
to the dielectric constant and is usually taken asC ) 0 in
acetonitrile. During the investigation of 45ππ* triplet sensitizers
in CCl4, it was shown that the rate constantskCT

P/m of formation
of 1,3(T1‚3Σ) exciplexes, producing O2(1Σg

+), O2(1∆g), and
O2(3Σg

-) in the pCT deactivation channel via IC, can be
calculated by the empirical linear relationship of eq 9.21,33

Hereby, different statistical weightscP correspond to the singlet
and triplet O2 product states; i.e.,cP stands forc1Σ + c1∆ ) 1
andc3Σ ) 3, respectively.

3. Discussion

The rate constant of exchange energy transfer according to
Dexter is proportional to the overlap integral between the
normalized donor emission and acceptor absorption spectra.34

Because of the very narrow spectra of the 0-0 transitions of
the O2(1Σg

+) r O2(3Σg
-) absorption at 765 (spectral half-width

∆λ1/2 ≈ 10 nm) and the O2(1∆g) r O2(3Σg
-) absorption at 1275

nm (∆λ1/2 ≈ 15 nm),1 only very small overlap integrals result
for the triplet sensitization of O2(1Σg

+) and O2(1∆g). On the basis
of estimates of the ratio of corresponding overlap integrals, we
recently concluded thatkT

1Σ/kT
1∆ g 500 should hold true if

exchange energy transfer would be the mechanism of O2(1Σg
+)

and O2(1∆g) sensitzation.18 However, kT
1Σ/kT

1∆ j 10 was
experimentally found, as can be seen exemplarily from the
naphthalene, biphenyl, and fluorene data of Figure 1. This result
excludes the Dexter mechanism as principal EET mechanism
for T1 state quenching by O2(3Σg

-). It was concluded that
O2(1Σg

+), O2(1∆g), and O2(3Σg
-) are formed by IC of1,3(T1‚3Σ)

complexes.
Since∆λ1/2 ≈ 15 nm is also valid for the O2(1∆g) f O2(3Σg

-)
emission spectrum,11 it seems likely that similarly to T1 state
quenching by O2(3Σg

-) EET deactivation of O2(1∆g) occurs also
mainly by the IC of intermediate1(1∆‚S0) complexes but not
by the electron exchange mechanism. The singlet1(1∆‚S0)
encounter complex is formed from O2(1∆g) and singlet ground-
state quencher with spin-statistical weight 1 and rate constant
kd in the first step of reaction 10.

1(1∆‚S0) either decays withk-d back to O2(1∆g) and S0 or
deactivates by IC with rate constantkIC to the1(T1‚3Σ) complex
state producing finally T1 and O2(3Σg

-). Intersystem crossing
1(1∆‚S0) f 3(T1‚3Σ) with subsequent IC to3(S0‚3Σ) is forbidden.
Therefore, T1 and O2(3Σg

-) should be the principal products of
the physical deactivation of1(1∆‚S0) complexes. If CT interac-
tions between O2(1∆g) and quencher are negligible, only IC
1(1∆‚S0) f 1(T1‚3Σ) of nCT complexes contributes to EET
deactivation. In that case the energy gap relation log(k∆E

P/m)
) f(∆E) of eq 7 should also be valid for the excess energy
dependence of the rate constant of IC of1(1∆‚S0) nCT complexes
with ∆E ) E∆ - ET. Hereby, we have only to consider that eq
7 yields rate constants normalized to the IC of1(T1‚3Σ) nCT
complexes. However, their spin-statistical weight among the
1,3,5(T1‚3Σ) nCT complexes amounts to only 1/9. Thus,k∆E

P/m
calculated via eq 7 has to be multiplied by the factor 9 to obtain
kIC corresponding to IC1(1∆‚S0) f 1(T1‚3Σ) of nCT complexes.
Since the resulting values ofkIC ) 9(k∆E

P/m) are for∆E J 0
kJ mol-1 not far from the diffusion-controlled limit, the
experimentally measurable rate constantsk∆

Q are obtained with
eq 11.

Deviations to larger rate constants could be expected if CT
interactions between ground-state quencher and oxygen become
effective leading to formation of1(1∆‚S0) exciplexes from
1(1∆‚S0) encounter complexes opening a CT induced deactiva-
tion path similarly to T1 state quenching by O2(3Σg

-); see Figure
1. The CT interactions are quantified by∆GCET, which is
calculated with eq 8 withEexc ) E∆. The first oxidation potential
has recently been determined forâ-carotene toEox ) 0.540 V
vs SCE in CH2Cl2.35 Taking this value to be compatible with
redox potentials determined in acetonitrile, we estimate∆GCET

) 33 kJ mol-1. The nCT path dominates in the deactivation of
T1 excited molecules by O2(3Σg

-) in the nonpolar solvent CCl4

if ∆GCET J 50 kJ mol-1.21,33 Assuming that this result can
directly be transferred to EET deactivation of O2(1∆g), it appears
that CT enhanced deactivation by reaction of1(1∆‚S0) encounter

Figure 1. Dependence of log(kT
P/m) on the excess energy∆E. Data

of a series of sensitizers of differing structure with a wide variation of
ET (open symbols), of naphthalenes (lower half filled symbols), of
biphenyls (right half filled symbols), and of fluorenes (gray filled
symbols). The curve represents the empirical energy gap relation
log(k∆E

P/m) of eq 7.17-20

log(k∆E
P/m) ) 9.05+ 9 × 10-3∆E - 1.15× 10-4∆E2 +

1.15× 10-7∆E3 + 9.1× 10-11∆E4 (7)

∆GCET ) F(Eox - Ered) - Eexc + C (8)

log(kCT
P/m) ) log(cP/m) + 7.65- 0.023∆GCET (9)

O2(
1∆g) + S0 w\x

kd

k-d

1(1∆‚S0)98
kIC

1(T1‚
3Σ) f T1 + O2(

3Σg
-)

(10)

k∆
Q ) 9kd(k∆E

P/m)/(k-d + 9(k∆E
P/m)) (11)
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complexes to1(1∆‚S0) exciplexes with subsequent IC1(1∆‚S0)
f 1(T1‚3Σ) is of little importance forâ-carotene in a nonpolar
environment. Actually, eq 9 yields only the small rate constant
of exciplex formation ofkCT

P/m ≈ 8 × 106 s-1. Considering
again the 9-fold higher statistical weight of1(1∆‚S0) complexes
yields 9(kCT

P/m) ≈ 8 × 107 s-1. This result is only about 1%
of 9(k∆E

P/m) ≈ 1 × 1010 s-1 calculated with∆E J 0 kJ mol-1

with eq 7. The CT contribution to the overall deactivation rate
constant of T1 by O2(3Σg

-) increases, however, significantly with
solvent polarity. For example, Wilkinson and Abdel-Shafi found
for biphenyls with∆GCET j -23 kJ mol-1, for which pCT
deactivation dominates, a 4-fold increase in going from cyclo-
hexane to acetonitrile.23 Therefore, it can a priori not be excluded
that additional CT induced EET deactivation of O2(1∆g) takes
place in the polar solvent mixture used by Martin, Sies, and
co-workers for some carotenoids with lower oxidation potentials
than that ofâ-carotene.

As discussed above, spectroscopic triplet energies of the
carotenoids are required for the analysis of the rate constants
k∆

Q of O2(1∆g) deactivation. Unfortunately, this value is only
known for â-carotene, whereET ) 95 kJ mol-1 is by about 1
kJ mol-1 larger thanE∆.36 Thus, an excited-state equilibrium
1(1∆‚S0) H 1(T1‚3Σ) could be established during the deactivation
process as it was actually found by Rodgers and co-workers in
the quenching of T1 excited naphthalocyanines by O2(3Σg

-).37

However, in the latter cases the difference between spectroscopic
and relaxed-state energies of O2(1∆g) are only about 0.4 kJ
mol-1,38 in contrast to T1 excited â-carotene where this
difference amounts to about 10 kJ mol-1. Therefore, it is
assumed that once IC1(1∆‚S0) f 1(T1‚3Σ) has taken place, this
energy difference is very rapidly released as heat in the
reorientation of the flexible polyene chain. Thus, EET deactiva-
tion of O2(1∆g) by carotenoids should be irreversible, even if it
is slightly endothermic. For necessary thermal activation in
endothermic EET (∆E < 0) one can therefore account by simply
multiplying 9(k∆E

P/m) derived via eq 7 with the Boltzmann
weighting factor exp(-|∆E|/(RT)). However, alternatively also
reversible EET will be considered. For that case the corre-
sponding weighting factor was given by Sandros as exp(∆E/(RT))/
{1 + exp(∆E/(RT))}.39

Due to the lack of experimental spectroscopic triplet energies
of carotenoids, these data have to be estimated. To this end
Martin, Sies, and co-workers analyzed the dependence of the
lowest singlet-singletππ* excitation energyES on the effective
chain length of the carotenoid and suggested the proportionality
of ET to ES.22 Since they found an approximately linear decrease
of log(k∆

Q) with increasingES in the endothermic region with
slope-(2.3× R × 310)-1, they concluded that the relationET

) ES - 172 kJ mol-1 with slope 1, calibrated by therelaxed
triplet energyET ) 88 kJ mol-1 of â-carotene,9 could hold true
for the investigated carotenoids. Figure 2 displays a correspond-
ing plot of log(k∆

Q) versus the excess energy∆E ) E∆ - ET

estimated withET ) ES - 165 kJ mol-1, calibrated by the value
of ET ) 95 kJ mol-1 of the spectroscopic energylevel of
â-carotene.

The dashed line parallel to the abscissa shown in Figure 2
corresponds to log(kd). Even the largest experimental values of
log(k∆

Q) are distinctly smaller than the diffusion-controlled limit
underlining the nondiffusional character of the EET process.
The experimental data are rather well described by the curve
drawn as a solid line, calculated with eqs 7 and 11 assuming
irreversible energy transfer. For higher excess energies a
systematic deviation of log(k∆

Q) from the calculated curve
has to be noted, which, however, is small. The deviation of the

15 experimentalk∆
Q data with the highest excess energies

∆E amounts to only+30 ( 8% compared with the calculated
values. This deviation could be the consequence of the
neglect of CT interactions and should be more important for
the carotenoids with even smaller oxidation potential than
â-carotene.

Recently Kispert and co-workers determined oxidation po-
tentials of 12 natural carotenoids.35 Five of them have also been
used as quenchers in the study of Martin, Sies, and co-workers
discussed here:â-carotene,1b; lycopene,14b; canthaxanthin,
2b; 8′-apo-â-caroten-8′-al, 16b; and rhodoxanthin,15.22 The
corresponding log(k∆

Q) data are indicated as solid circles and
given with notation and the respective first oxidation potentials
(V vs SCE in CH2Cl2)35 in Figure 2. These data demonstrate
that CT enhanced EET deactivation of O2(1∆g) by carotenoids
is not important. The log(k∆

Q) value of lycopene, having the
lowest oxidation potential, does not deviate to larger values but
is intersected by the calculated curve. In contrast log(k∆

Q) is
by 35% larger than calculated for 8′-apo-â-caroten-8′-al,
although it has the highest value ofEox. Thus, the small but
systematic deviation of the experimental log(k∆

Q) data is most
probably the consequence of transferring an empirical energy
gap relation derived for the IC of1,3(T1‚3Σ) encounter complexes
with aromatic T1 excited molecules to the IC of1(1∆‚S0)
encounter complexes with long-chain polyene molecules.

The still close agreement between the experimental data and
the calculated curve is striking, especially if it is considered
that the calculation rests on a model derived for EET quenching
of T1 excited molecules by O2(3Σg

-). The weak excess energy
dependence of the function log(k∆E

P/m) of eq 7 in the 0j ∆E
j 50 kJ mol-1 range (see Figure 1) certainly contributes to the
good description of the data in the exothermic region, since in
that case errors in the estimation ofET cause only horizontal
but no vertical shifts of the log(k∆

Q) data of Figure 2.
Due to the use of the Boltzmann weighting factor the

calculated curve rises in the endothermic region (∆E < 0) with
slope (2.3× R × 310)-1, similarly to the experimental data.
However, it has to be noted that the curve does not intersect
but rather is parallel to the log(k∆E

P/m) data. Since∆E is
accurately known only forâ-carotene with∆E ) -1 kJ mol-1,
this mismatch could be the consequence of an imperfectET

estimation for the five carotenoids with the highest values of
ES resulting in large triplet energies.

Figure 2. Dependence of log(k∆
Q) on the excess energy∆E estimated

with ET ) ES - 165 kJ mol-1. k∆
Q data of Martin, Sies, and co-workers;

see Table 1.22 The solid circles correspond to carotenoids indicated by
the corresponding number and oxidation potential.35 The dashed line
indicates the diffusion-controlled limit, the solid line represents the
excess energy dependence of irreversible EET, and the dotted line
results for reversible EET.
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Finally, Figure 2 displays as a dotted curve the calcu-
lation based on the assumption of reversible EET with the
1(1∆‚S0) H 1(T1‚3Σ) excited-state equilibrium. This curve
misses theâ-carotene value and describes the experimental data
in the endothermic region worse. Thus, EET to carotenoids is
irreversible, in agreement with the above-made conclusions.

The relationET ) ES - 165 kJ mol-1 used for estimation of
∆E is a rough approximation selected mainly because of the
approximately linear decrease of log(k∆

Q) with ES with slope
-(2.3 × R × 310)-1 in the endothermic region of EET.22 A
physically more meaningful relation could eventually be ob-
tained making the reasonable assumption of a proportional
decrease of the S1-T1 energy gap with decreasing S1 energy
instead of keepingES - ET ) 165 kJ mol-1 constant in the
273.0g ES g 239.7 kJ mol-1 range. This condition is met by
the relationET ) 0.65ES - 74 kJ mol-1, again calibrated by
ET ) 95 kJ mol-1 of â-carotene. This alternative but still crude
approximation has been used to estimate the excess energies
for the plot of log(k∆

Q) versus∆E shown in Figure 3.
The main change compared with Figure 2 is the jolt scale of

∆E resulting from the factor 0.65 ofES in the calculation of
ET. The experimental data are the same, and the same equations
are used for the calculated curve, drawn again as a solid line.
The change of the relation for the estimation ofET leads in fact
to a much better match of the experimental and calculated data
for irreversible EET in the endothermic range. For exothermic
EET the same deviations such as those in Figure 2 are observed.
The dotted line corresponding to reversible EET again fails to
match the experimental data in the slightly exo- and endothermic
region in agreement with irreversible EET to quenchers.

4. Conclusion

EET from O2(1∆g) to carotenoids occurs not via the electron
exchange mechanism according to Dexter. The rate constants
k∆

Q approach in the exothermic range a limiting maximum value
being about 2.6 times smaller thankd. The magnitude and excess
energy dependence ofk∆

Q can be described using the energy
gap law for rate constants of IC of1,3(T1‚3Σ) encounter
complexes, which was recently derived in the investigation of
T1(ππ*) state quenching by O2(3Σg

-). The consideration of the
appropriate spin-statistical weights and the Boltzmann weighting
factor in the case of endothermic energy transfer is sufficient
to obtain a quantitative description of log(k∆

Q) for a large set
of literature data. These results demonstrate that EET from
O2(1∆g) to carotenoids occurs principally by IC of1(1∆‚S0)

encounter complexes leading via1(T1‚3Σ) encounter complexes
irreversibly to formation of the T1 excited carotenoid. They
furthermore confirm the findings made in the detailed investiga-
tions of the quenching of T1(ππ*) excited molecules by O2(3Σg

-)
and indicate that EET processes to and from O2 could generally
occur via IC of excited complexes.
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