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Literature data of rate constarks® of electronic energy transfer (EET) fromx@\,) singlet oxygen to 28
carotenoids have been analyzed by means of a semiempirical model derived for the deactivation of triplet
excited (&) molecules by @(3%y) triplet ground-state oxygen. The analysis demonstrates that EET from
O,(*Ag) to carotenoids occurs not via the electron exchange mechanism according to Dexter but principally
via formation of'(*A-S;) encounter complexes that deactivate irreversibly by internal conversigh &)
encounter complexes leading to formation of theeXcited carotenoid. The dependence of ka§) on the

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

1. Introduction average valu€&r = 85 kJ mot? of the relaxed triplet is only

Carotenoids are a widespread class of compounds attractind ele\_/ant i tripletﬁ-carqtene acts as energy donor._ The_se results
continuous interest because of their important role in photobi- are in a_lccordance .W'th the lack ofBAg) formation in the
ology, photochemistry, and photomedicihé Their antioxidant quenching of T eXC'tedﬁ'Cafo'fen? b}_/ oxygeh. _
effect rests in part on their capability of very efficient deactiva-  Rate constant&,® of the deactivation by carotenoids have
tion of the cytotoxic singlet oxygen £3A,). Foote and Denny been .determlned by several groups using in part different
observed as first physical quenching of(@g) by p-carotene, technigues. An overall consistent picture was obtainédlues
suggesting an electronic energy transfer (EET) mechanism for0-6 x 10% < ks < 1.4 x 10" M~* s have been measured
this proces8. Farmilo and Wilkinson determined the rate With f-carotene in solvents of different polar#y:1+#14
constant of Q(*Ag) quenching bys-carotene tdk,Q = 1.3 x Smaller rate con_stants have only been found in protic solvents
10°M~* 5% in benzend. They furthermore demonstrated that Where aggregation of the quencher was assuindthe rate
quenching is accompanied by population of fiiearotene triplet constants of other caroten0|ds_wm:h z 11 are of similar
state T confirming that the spin-allowed EET process of eq 1 magnitude. Furthermore, no relationship was found betwg®n
takes place, where £5%,7) and $ represent triplet ground- and the nature of the end groups of the caroteiolfl.

state oxygen and singlet ground-state quencher. Comparison with the diffusion-controlled rate constinsoon
demonstrated that with only very few exceptido® is 2- to
1 3¢ — 3-fold smaller tharky.1913:15This was further corroborated in a
+S— + . . e :
O Ag) S O 2 )T (1) detailed investigation of the influence of solvent ¢R?

performed by Conn et al. with-carotene and lycoperéwhere

only a very slight decrease &f? with solvent viscosity; was
observed, much weaker than expectedKprThus, 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 théAq state of Q(*Ag).1°

The reasons for the unexpected slow EET deactivation of
O(*Ay) are, however, different. It is important to note that the
quenching of triplet states;Tby Ox(3Z4") leading to $ and
O(*Ag), 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 T(r*) excited molecules by &§°%4™) in our
laboratory provide the key for understanding the mechanism
of EET deactivation of g*Ag).1""?! To this end, we will
*Fax: (+49)69-798-29445. E-mail: R.Schmidt@chemie.uni-frankfurt. analyze an immensely valuable data set on the deactivation of
. Oz(*Ag) by carotenoids published by the groups of Martin and

Effective EET deactivation by carotenoids is only observed
if this process demands negligible thermal activation. Already
Foote et af. found that the values df,° strongly decrease, if
the number of conjugated double bonds gets smaller khan
11 for -carotene. This was attributed to an increase of the
quencher triplet-state enerdyr to values significantly above
the excitation energyEx of Oy(*Ag). The value ofEr of
p-carotene is close to the value Bf. Lambert and Redmond
measurecer = 81 kJ mof? by photoacoustic calorimetry in
benzene, and Truscott and co-workers obtaiggd= 88 kJ
mol~! by phosphorescence measurements iDs@° These
values correspond to the relaxed triplet stafesignificantly
higher energy was determined by Gorman et al. in variable-
temperature experiments of the quenching of(*!®,) by
B-carotene in toluen®. Their results placed the spectroscopic
triplet energy level 1.5 kJ mot above the @A) energy,
which amounts in that solvent 8, = 93.8 kJ mot*.1! Thus,

Er = 95 kJ mof ! is valid if S-carotene is the quencher. The
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TABLE 1: Singlet-State Energy Es and Rate Constantka® fit of 17310 = f(XetoH) interpolated from data measured at 303
of Oy(*Ay) Deactivation by Carotenoids (Data and Notation and 313 K to 310 K versusgon results inyspo = 0.475+
of Martin, Sies, and Co-workers??) _ ; ;
0.523gion MPa s. Thusyzio= 0.777 mPa s is obtained for the
carot- Ed Ka&/ carot- = ka%/ 50:50 mixture GHsOH/CHCk (Xeton = 0.578) leading with
enoid (kJmof") (1°M~'s™) enoid (kImol?) (1°PM~'s™) a-+ bIn(298)= 23.97 anct = 0.521 toky = 2.93 x 100 M1
16d 273.0 0.2 16b 237.8 12.4 s~1. Considering the additional variation kf due to the small
4d 271.9 0.5 9b 236.8 111 temperature increase by multiplying with (310/288)see eq
ﬁd %gg g.(l) Its’ ggg-g ﬁg 2, yields finallyky = 3.1 x 10*® M~ s71 for that binary mixture
102 266.3 16 b 5336 120 at 37°C. This value ofky is assumed to be also valid for the
1b 260.0 8.4 1a 231.8 133 ternary solvent mixture £sOH/CHCL/D-O (50:50:1) actually
16¢ 252.8 8.1 5b 230.5 12.6 investigated. Thus, the limiting value kf®? is about 2.6 times
14b 247.1 8.8 16a 229.2 12.9 smaller tharkg.
2b 246.0 10.2 3a 226.5 13.0 Quenching of Excited Triplet States by Ground-State
13b 245.5 8.4 12b 224.8 11.7 . . 3¢ —
12 Oxygen.The quenching of triplet states By O,(°Zy~) proceeds
c 245.1 10.2 4a 217.4 13.8 X !
3b 245 1 9.0 6b 216.7 12.7 with overall rate constantkQ also smaller tharkq.! Hereby
10b 243.6 9.0 5a 215.9 12.3 processes 35 compete forEr > Es = 157 kJ mot?, the
11b  239.7 11.1 8b 204.8 12.1 excitation energy of the second excited singlet oxygefiXg").
Sies??2 Hereby we will realize that the same energy gap relation T.4+0.557)—S. + 0Ox + 3
determines the excess energy dependence of the rate constants 11 0%y ) S+ OL27) 3)
of both quenching processes. 3w 1
T, +0,(Z; ) —~ S+ 0,(Ay 4)
2. Data
3¢y, 3¢ -
Quenching of Ox(*Ay) by Carotenoids. Martin, Sies, and T, + Oy %4 ) = S+ O 24 ) ®)

co-workers performed the most comprising investigation of the . . o

quenching of @A) by carotenoids. They determined with one I the initial stesp of reaction fand Q(*2g") form encounter
single and reliable method rate constaki® for the large ~ ComPplexesT(Ty-7%) of singlet, triplet, and quintet multiplicity
number of 28 carotenoids, with various end groups and a (M=1,3,5). No forward reacglon channel exists for ¥ig-°)
significant variation in the number of conjugated double bonds €ncounter complex. TheXT,-°X) complexes react in forward
(6 < N < 17) in the solvent mixture £1sOH/CHCL/D,0 (50: direction producing Sand Q(*Zg"), Oz(*Ag), or O(°Zg") with
50:1) at 37°C22 Thus, the carotenoid is the only variable of Overall rate constarko. ko was calculated with eq 6, where
this data set. Thé&,? data are listed in Table 1 together with K-d = kd/M ™" represents the rate constant of back-dissociation
the compound notation used by Martin, Sies, and co-workers ©f the encounter complexes tq and Q(°2y") with unit 5718

and the corresponding energy of the longest wavelengtir*

absorption. Rate constants,? strongly increase with the ko = k—dkTQ/ (kg — kTQ) (6)
decreasing value ds to approach a limiting value dix®? ~

1.2 x 1000M-1s1atEs < 240 kJ mot?, which was assumed Recently, we demonstrated how to split the overall rate
to be equal tdkg.22 constankp into the single rate constarks'®, k', andk:® of

However, the diffusion-controlled rate constant for reactions formation of Q(*24"), Ox(*Ag), and Q(°Z").*"?* We applied
with O is larger in that environment. Wilkinson and Abdel- this technique to one seriesafr* triplet sensitizers of different

Shaff3 found in a careful investigation of rate constakéS of molecular structure and strongly varying,E and to three
fluorescence quenching by,@hat the maximum values &2 different homologous series afz* triplet sensitizers with in
corresponding té; amount at 25C to 4.50x 101°M~1sLin each series almost constant But strongly varying oxidation

CH:CN (7 = 0.341 mPa s at 25C) 243.33 x 101°M-1stin potential B 20 Hereby we discovered thab(2g*), O(*Ag),
CeHs (7 = 0.603 mPa s§*and 2.72x 101°M~1s1in CgHz and Q(3Zy") are directly produced by internal conversion (IC)
(n = 0.898 mPa s¥* Okamoto derived in temperature- and ©f *¥(T1-*%) encounter complexes with negligible CT interac-
pressure-dependent investigations of the diffusion-controlled tions (nCT complexes) and indirectly via the reaction of
quenching of the florescence of 9-methylanthracene bth® 1¥T1+3%) encounter complexes t6%T-%) exciplexes with

empirical linear relation 2 with coefficients ~ 4/3 andc ~ partial CT character (oCT complexes) followed by IC to lower
2/325 exciplex states. The overall rate constants of each product
channel, i.e.kr2, k14, and kr®* (=k{F) was shown to be
In(ky) =a+ bIn(T) — cln(y) (2) additively composed of rate constants of IC of nCT complexes
(kag”) and of pCT complex formatiorkg+F).18-20
The fit of eq 2 to the above three data pairs resulta ity b For13(T;-3%) nCT complexes three different IC processes to

In(298) = 23.97 andc = 0.521, allowing the interpolation of  lower complex states compete, yielding(€3"), Ox(*Ag), and
kq for reactions with @ for liquids of different viscosity and ~ O,(3Z57) by subsequent complex dissociatioA{T;-3%) —
temperature. Values of 4.49 109 (CH3CN), 3.34 x 10'° YSorl2) — S + Ox(1=gh), YT1-3%) — YSo'tA) — S + Ox(*Ag),
(CeHe), and 2.71x 100 M~1 s71 (CgH12) are obtained with  and¥(T1-3%) — 3(S+3Z) — Sp + Ox(°Zy ). Since the logarithms
that fit and the given values of, proving the validity of eq 2 of the multiplicity normalized rate constants,g*, kag'?,
at 298 K. However, the data of Martin, Sies, and co-workers and kag®*/3 (=kag”/m) follow a common dependence on
have been measured in a solvent mixture and at the slightly the respective excess enerdye (AE;x = Er — Es, AEijp =
higher temperature of 310 K. Literature data of viscosities of Er — Ea, and AEss = Ey), it was concluded that a fully
solvent mixtures of gHsOH and CHC} at various temperatures  established spin-statistical equilibrium exists betw&@n-3X)
demonstrate excellent linear variationsof f(Xgion) with the nCT complexes of different multiplicit} The empirical energy
mole fractionxgion of CoHsOH up toxeion = 0.75526 The linear gap relation lodgfae”/m) = f(AE) of eq 7 resulting from
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Figure 1. Dependence of lofg?/m) on the excess energyE. Data

of a series of sensitizers of differing structure with a wide variation of
Er (open symbols), of naphthalenes (lower half filled symbols), of
biphenyls (right half filled symbols), and of fluorenes (gray filled
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A1~ 10 nm) and the @f*Ag) <— O,(3%4™) absorption at 1275
nm (Ad1> ~ 15 nm)! only very small overlap integrals result
for the triplet sensitization of §=5") and Q(*Ag). On the basis
of estimates of the ratio of corresponding overlap integrals, we
recently concluded that;=/kr14 > 500 should hold true if
exchange energy transfer would be the mechanism@&g)
and Q(*Ag) sensitzatiot® However, krZ/kr!A < 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 T, state quenching by £F=,7). It was concluded that
Ox(*=g"), Ox(*Ag), and Q(3Zy™) are formed by IC of-¥(T1-3%)
complexes.

SinceAl1, ~ 15 nmis also valid for the §Ag) — Oo(3%47)
emission spectrurt, it seems likely that similarly to Tstate
quenching by Q(=;") EET deactivation of @*Ay) occurs also

symbois). The curve represents the empirical energy gap relation Mainly by the IC of intermediaté(*A-Sp) complexes but not

log(kae"/m) of eq 74720

deactivation of T(zzr*) is drawn as a curve in Figure 1 and
describes the smaller values of lkgym) for each oxygen
product state.

log(k,e/m) = 9.05+ 9 x 10 °AE — 1.15x 10 ‘AE* +
1.15x 10 'AE®+ 9.1 x 10 MAE* (7)

The modification of naphthalene, biphenyl, and fluorene by
substituents with different electron-donating or -withdrawing
properties leads to compounds with strongly varying oxidation
potentialEqx. However,Er remains almost constant in each of

by the electron exchange mechanism. The singleA-S,)
encounter complex is formed fromy@®Ag) and singlet ground-
state quencher with spin-statistical weight 1 and rate constant
kq in the first step of reaction 10.

1 ‘E_l 1 kic 1+ .3 3¢ —
O,(Ay + Sok_’ (AS) — (T"2) — T, + O,(Z)
- (10)
1(*A-Sy) either decays wittk_g back to Q(*Ag) and $ or
deactivates by IC with rate constaq to thel(T;-3%) complex

state producing finally Tand Q(3Z4"). Intersystem crossing
1(IA-Sp) — 3(T1-3%) with subsequent IC t§(S-2Y) is forbidden.

the three series. Experiments with triplet sensitizers of these Therefore, T and Q(°Z4™) should be the principal products of

homologous series showed that the overall rate conskafits
increase at a given excess energy with decreasing value of
Eox (see Figure 13%-20i.e., with increasing CT interactions due
to the opening of the second deactivation channel-¥(&;-2X)
pCT complexed®2023.29.30The CT interactions can be quanti-
fied by the free energy changeGcer for complete electron
transfer from the T excited sensitizer to according to eq
8_31

AGCET = F(on -

Ered) —EyetC 8

F and Eq represent Faraday’s constant and the reduction ki corresponding to IG(A-So) — Ty

potential of the electron acceptor (for,0.78 V vs SCE in
acetonitrile)32 Egy = Et for T; state quenching, an@ is the
electrostatic interaction energy, which is inversely proportional
to the dielectric constant and is usually taken@Gs= 0 in
acetonitrile. During the investigation of 4&¢* triplet sensitizers
in CCly, it was shown that the rate constakis™/m of formation
of 1¥T1-3%) exciplexes, producing £'=4%), Ox(*Ag), and
O,(3Z47) in the pCT deactivation channel via IC, can be
calculated by the empirical linear relationship of e¢8
Iog(kCTP/m) = log(c"/m) + 7.65— 0.02AGC (9
Hereby, different statistical weight8 correspond to the singlet
and triplet Q product states; i.ec” stands forc™> + ¢4 = 1
andc® = 3, respectively.

3. Discussion

the physical deactivation 6{*A-Sy) complexes. If CT interac-
tions between g*Ay) and quencher are negligible, only IC
1MA-S) — YT1-%%) of nCT complexes contributes to EET
deactivation. In that case the energy gap relationkiad(m)
= f(AE) of eq 7 should also be valid for the excess energy
dependence of the rate constant of IG@&A-Sy) nCT complexes
with AE = Ep — Er. Hereby, we have only to consider that eq
7 yields rate constants normalized to the IC}(F;1+3%) nCT
complexes. However, their spin-statistical weight among the
13YT1-3%) nCT complexes amounts to only 1/9. Thidgs"/m
calculated via eq 7 has to be multiplied by the factor 9 to obtain
3%) of NCT complexes.
Since the resulting values &fc = 9(kag”/m) are forAE = 0
J mol? not far from the diffusion-controlled limit, the
experimentally measurable rate constaatsare obtained with
eq 11.
ka2 = Oky(Kpe TM)/(K_g + 9Ky /M) (11)
Deviations to larger rate constants could be expected if CT
interactions between ground-state quencher and oxygen become
effective leading to formation of(!A-Sy) exciplexes from
1(*A-Sg) encounter complexes opening a CT induced deactiva-
tion path similarly to T state quenching by £=,"); see Figure
1. The CT interactions are quantified byGcer, which is
calculated with eq 8 witlEexc = Ea. The first oxidation potential
has recently been determined ficarotene tdeyx = 0.540 V
vs SCE in CHCI,.3® Taking this value to be compatible with
redox potentials determined in acetonitrile, we estime®er

The rate constant of exchange energy transfer according to= 33 kJ mofiL. The nCT path dominates in the deactivation of

Dexter is proportional to the overlap integral between the
normalized donor emission and acceptor absorption sp¥&ctra.
Because of the very narrow spectra of theQ0transitions of
the Q(1=4") <— O2(3%4 ") absorption at 765 (spectral half-width

T1 excited molecules by £°%57) in the nonpolar solvent C¢lI
if AGcer = 50 kJ moi1.2133 Assuming that this result can
directly be transferred to EET deactivation of(@\y), it appears
that CT enhanced deactivation by reactioA(&h-Sy) encounter
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complexes td(*A-Sp) exciplexes with subsequent IT'A-S,) B_c'amtené ; ; ' ' '
— 4(T,-3%) is of little importance fo3-carotene in a nonpolar 105¢ 1b
environment. Actually, eq 9 yields only the small rate constant 0540 PEOD D o

of exciplex formation ofkct?/m ~ 8 x 1(f sL. Considering

again the 9-fold higher statistical weight'§fA-Sy) complexes “'; o5l e, et obes |
yields 9kctP/m) &~ 8 x 107 s™1. This result is only about 1% ™ ) '

of 9(kag"/m) ~ 1 x 10 s71 calculated withAE = 0 kJ mol?! 2 ool |
with eq 7. The CT contribution to the overall deactivation rate e E,=E,-165kJ mol”
constant of Thy O,(3Z4") increases, however, significantly with B” 85 °/ diffusion-control 1
solvent polarity. For example, Wilkinson and Abdel-Shafi found o) ireversible EET

for biphenyls withAGcer < —23 kJ mot?, for which pCT so & reversible EET

deactivation dominates, a 4-fold increase in going from cyclo- L L ) ) ) .
hexane to acetonitril& Therefore, it can a priori not be excluded =20 -0 0 10 20 30 40 50 60
that additional CT induced EET deactivation of(&\,) takes AE / kJ mol ™

place in the polar solvent mixture used by Martin, Sies, and Figure 2. Dependence of lofg§®) on the excess energyE estimated

co-workers for some carotenoids with lower oxidation potentials with Er = Es — 165 kJ mof™. ka? data of Martin, Sies, and co-workers;
than that of3-carotene. see Table 22 The solid circles correspond to carotenoids indicated by

. . . . the corresponding number and oxidation poterifidlhe dashed line
As discussed above, spectroscopic triplet energies of thejngicates the diffusion-controlled limit, the solid line represents the

carotenoids are required for the analysis of the rate constantsexcess energy dependence of irreversible EET, and the dotted line
kaQ of Ox(*Ag) deactivation. Unfortunately, this value is only results for reversible EET.
known for 3-carotene, wher&r = 95 kJ mot? is by about 1
kJ mol larger thanE,.%® Thus, an excited-state equilibrium 15 experimentak,®Q data with the highest excess energies
1(IA-Sy) = Y(T1-32) could be established during the deactivation AE amounts to only+30 + 8% compared with the calculated
process as it was actually found by Rodgers and co-workers invalues. This deviation could be the consequence of the
the quenching of Texcited naphthalocyanines byE2q").%7 neglect of CT interactions and should be more important for
However, in the latter cases the difference between spectroscopid¢he carotenoids with even smaller oxidation potential than
and relaxed-state energies ob(E\y) are only about 0.4 kJ  [-carotene.
mol~138 in contrast to T excited -carotene where this Recently Kispert and co-workers determined oxidation po-
difference amounts to about 10 kJ mbl Therefore, it is  tentials of 12 natural carotenoi@sFive of them have also been
assumed that once I¢'A-So) — 1(T1-32) has taken place, this  used as quenchers in the study of Martin, Sies, and co-workers
energy difference is very rapidly released as heat in the discussed herefS-carotenelb; lycopene,14b; canthaxanthin,
reorientation of the flexible polyene chain. Thus, EET deactiva- 2b; 8-apof-caroten-8al, 16b; and rhodoxanthinl15.22 The
tion of Ox(*Ag) by carotenoids should be irreversible, even ifit  corresponding log(,?) data are indicated as solid circles and
is slightly endothermic. For necessary thermal activation in given with notation and the respective first oxidation potentials
endothermic EETAE < 0) one can therefore account by simply  (V vs SCE in CHCI)3® in Figure 2. These data demonstrate
multiplying 9(kae™/m) derived via eq 7 with the Boltzmann  that CT enhanced EET deactivation of(&\y) by carotenoids
weighting factor expt |AE|/(RT)). However, alternatively also  is not important. The log?) value of lycopene, having the
reversible EET will be considered. For that case the corre- |owest oxidation potential, does not deviate to larger values but
sponding weighting factor was given by Sandros as&&({RT))/ is intersected by the calculated curve. In contrastkgg)(is
{1+ expAE/(RT))}.* by 35% larger than calculated for'-8po#-caroten-8al,

Due to the lack of experimental spectroscopic triplet energies although it has the highest value Bfx. Thus, the small but
of carotenoids, these data have to be estimated. To this endsystematic deviation of the experimental llogf) data is most
Martin, Sies, and co-workers analyzed the dependence of theprobably the consequence of transferring an empirical energy
lowest singlet-singletzzzr* excitation energyEs on the effective gap relation derived for the IC éf(T,-%) encounter complexes
chain length of the carotenoid and suggested the proportionalitywith aromatic T excited molecules to the IC of(*A-S)
of Er to Es.22 Since they found an approximately linear decrease encounter complexes with long-chain polyene molecules.
of log(ka®Q) with increasingEs in the endothermic region with The still close agreement between the experimental data and
slope—(2.3 x R x 310)7%, they concluded that the relatid the calculated curve is striking, especially if it is considered
= Es — 172 kJ mof?! with slope 1, calibrated by theelaxed that the calculation rests on a model derived for EET quenching
triplet energyEr = 88 kJ moi! of -carotené, could hold true of T, excited molecules by §FZ,™). The weak excess energy
for the investigated carotenoids. Figure 2 displays a correspond-dependence of the function ldggf/m) of eq 7 in the Os AE

ing plot of logka®) versus the excess energfe = Ex — Er < 50 kJ mot! range (see Figure 1) certainly contributes to the
estimated wittEr = Es — 165 kJ mol?, calibrated by the value  good description of the data in the exothermic region, since in
of Er = 95 kJ mot? of the spectroscopic energievel of that case errors in the estimation Bf cause only horizontal
[-carotene. but no vertical shifts of the log4?) data of Figure 2.

The dashed line parallel to the abscissa shown in Figure 2 Due to the use of the Boltzmann weighting factor the
corresponds to logg). Even the largest experimental values of calculated curve rises in the endothermic regidk (< 0) with
log(kaQ) are distinctly smaller than the diffusion-controlled limit  slope (2.3x R x 310)7%, similarly to the experimental data.
underlining the nondiffusional character of the EET process. However, it has to be noted that the curve does not intersect
The experimental data are rather well described by the curvebut rather is parallel to the lok(g"/m) data. SinceAE is
drawn as a solid line, calculated with eqs 7 and 11 assuming accurately known only fgf-carotene witlAE = —1 kJ mol2,
irreversible energy transfer. For higher excess energies athis mismatch could be the consequence of an impefect
systematic deviation of logf?) from the calculated curve estimation for the five carotenoids with the highest values of
has to be noted, which, however, is small. The deviation of the Es resulting in large triplet energies.
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' ' " ' ' i " encounter complexes leading V{@1-Z) encounter complexes
F | irreversibly to formation of the T excited carotenoid. They
G ®© o furthermore confirm the findings made in the detailed investiga-
10.0+ . . . ) -
tions of the quenching of{zzzr*) excited molecules by €°%47)
*; and indicate that EET processes to and fropc@uld generally
951 . A E . -
o E, = 0.65'E; - 74 kJ mol occur via IC of excited complexes.
o 90f o . Acknowledgment. Financial support by the Adolf Messer
~ e diffusion-control Sift : tefull K ledged
5 os imeversible EET iftung is gratefully acknowledged.
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