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Fig. 1 Quenching of the fluorescence, and fluorescence lifetimes 
of chlorophyll a by f3-carotene. A, 't 0 /'t (-- -- best fit 
Ksv 22.5); e, <l>Fo/<l>F (square cells, -- best fit Ksv 26 ± 5)· 
. , <l> F0 /<l>F (cylindrical cuvett~ - - . - - - best fit Ksv 37 ± 5)'. 
't and 'to, Chlorophyll a lifetime m presence and absence of 
f3~carot_ene. <l>F and <1> .. 0 , Chlorophyll a fluorescence quantum 
yields m J)resence and absence of f3-carotene. [Q], Quencher 
concentration; Ksv, Stern-Volmer quenching constant. ¢,.,
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was calculated by the following procedure: consider the fluores­
cence from the centre O of a cell , illuminated at X by light of 
mtens1ty /, and observed at right angles at Y. 
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In the absence of a quencher let the transmittance of the 
solution over XO _and OY be x and y respectively. Then the 
fluorescence mtens1ty at Y, F 0 = lxy<l>Fo· If the transmittance 
of a solution of pure quencher over XO and OY is a and f3 
respectively, then the new observed fluorescence intensity of 
quenched chlorophyll solution, Fobs - /xyaf3<1> F. Hence the 
observed Stern- Volmer quenching F 0 /Fobs = <l>F 0 /af3<1>F. 
a = 10-e101 and f3 = 10 - e201 ; E,,s 2 are extinction coefficients of 
f3-carotene at excitation and monitored emission wavelength 
respectively; c is quencher concentration ; / is distance from 

centre of cuvette to X and Y (normally equal). 

because of their design, show whether the quenching process 
occurs. 

We propose that the role of carotenoids in photosynthesis is 
wider than originally envisaged. On interaction of the excited 
singlet state of f3-carotene with chlorophyll the energy can be 
partitioned between energy transfer and an electron transfer 
process. The relative importance of the two processes will be 
determined by the orientation and the distance separating the 
two molecules. Since energy transfer occurs by a resonance 
process 20 - 2 2, it should be favoured relative to the redox process 
by an increase in the distance separating the two molecules. The 
environment of carotcnoids in the antennae is known to be 
different from that in the reaction centre24 • 25 • In the antennae 
resonance transfer from carotene to chlorophyll and rapid 
resonance transfer from one chlorophyll molecule to another 
may compete successfully against the electron transfer reaction 
such that only resonance transfer is occurring. At the reaction 
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centre, resonance energy transfer from the centre to a chloro­
phyll molecule outside the centre becomes inefficient because 
?f the lower energy of the excited singlet state of the chlorophyll 
m the centres. Consequently, the electron transfer should be 
favoured and a chlorophyll radical anion and a carotene radical 
cation formed . This latter species will undergo a rapid ground 
state reaction with a neighbouring chlorophyll molecule22 , 26 to 
generate a chlorophyll radical cation 27 and thus the overall effect 
of _the electron transfer reaction is to produce a charge separated 
pair Chl-·Chl+. It has been proposed that such a dimer species is 
involved in photosystem II (ref. 25). 

This work was supported by the SRC. G.S.B. acknowledges 
the award of a Royal Society Jaffe Donation Research 
Fellowship. 

GODFREY S. BEDDARD 

The Davy Faraday Laboratory, 
The Royal Institution, 
London WI, UK 

R. STEPHEN DAVIDSON 

KENNETH R. TRETHEWEY 

Department of Chemistry, 
The University, 
Leicester, UK 

Received 9 August 1976; accepted 23 March 1977. 

1 Kreutz, W. z. Naturforsch. 25b, 88- 94 (1970). 
2 Govindjcc, D. Bioenergerics of Photosynthesis (Academic, New York, 1975). 
3 Dutton, H. l ., Manning, W. M . & Duggar, B. M . J. phys. Chem. 47 308- 313 

(1 943). ' 
4 Tanada, T. Am. J. Bot . 38, 276-283 (1951). 
5 Szabad, J. Acta phys. Chem. 18, 133-137 (1972). 
6 Krinsky, N. I. in Carotenoids (eds Isler, 0., Gutman, H . & Solms, U.) 669-716 

(Berk ha user, Basie, I 97 l). 
7 Murty, N. & Rabinowitch, E. J. chem. Phys. 41, 602- 603 (1964). 
8 Singha!, G. S. , Hevesi , J . & Rabinowitch, E. J. chem. Phys. 49, 5206-5207 (1968). 
9 Truscott, T. G ., Chessin, M. & Livingston, R. J. chem . Phys. 43 3409-34!0 

(1965). ' 
1° Frackowiak, D. & Salamon , Z . Photochem. Photobiol. 11, 559-563 (1970). 
11 Strain, H. H . & Svec, W. A. in The Chlorophylls (eds Vernon, L. P. & Seely, 

G . R.) 22-66 (Academic, New York, 1966). 
12 Vetter, W., Englert, G., Rigassi, N . & Schweiter, U. in Carotenoids (eds Isler, 0., 

Gutman, H. & Solms, U.) 189- 266 (Berkhauser, Basie, 1971). 
13 Parker, C. A. Photoluminescence of Solutions (Elsevier, London 1968). 
14 Beddard, G. S., Carlin , S. & Lewis, C . J. chem . S oc. 71, l894--i902 (1975). 
15 D avidson, R. S. in M olecular Association (ed. Foster, R.) 215-334 (Academic, 

London, 1975). 
16 Holten, D., Gouterman, M ., Parson , W.W., Windsor, M. W. & Rackley, M . G. 

Photochem. Photobiol. 23, 415-423 (1976). 
17 Beddard, G. S., Porter, G. & Weese, G . M. Proc. R. Soc. A342, 317- 325 (1975). 
18 Davidson, R . S. & Trethewey, K. R. J. Am. Chem. Soc. 98, 4008-4009 (1976). 
19 Krasnovsky, A. A. Dok/ady Akad. Nuuk. S.S.S .R. 60, 421-424 (1948); Chem. 

Abs. 42, 6867a (1948). 
zo Teale, J. W. J. Nature 181 , 415-416 (1958). 
21 Goedheer, J. C . Biochim . biophys. Acta 172, 252- 265 (1969). 
22 Cogdell, R., Parson, W. W. & Kerr, M. A. Biochim. biophys. Acta 430, 83-93 

(1976). 
23 Slooten, L. Biochim. biophys. Acta 314, 15-27 (1973). 
24 Faludi-Daniel, A. & Breton, J. Photochem. Photobiol. 22, 125-127 (1 975). 
25 Lutz, M., Kleo , J. & Reiss-Husson, F. Biochem. biophys . Res. Commun. 69 

711-717 (1976). ' 
26 Cogdell, R. J. , Monger, T. G. & Parson, W. W. Biochim. biophys. Acta 408 

189-199 (1975). ' 
27 Lafferty, J., Land, E. J. & Truscott, T. G. J . chem. Soc. Chern . Commun. 70 

(1976). 
28 McIntosh , A. R. & Bolton, J. R . Nature 263, 443-445 (1976). 
29 Beddard, G . S. Nature 263, 459-460 (1976). 

Corrigendum 
In the antide 'Economics of alternative enePgy sources' by 
Martin Ryle, Nature 261, 111-117, the figures given in Table 
1 under Present Gas Turbine Generators should have in­
cluded two entries: a, the contribution from oil-fired steam 
stations, showing an annual varJa,tion a-nd b, the contribu­
tion from gas turbines used for peak boosting. These 
figures were inadvertently combined and used witih the 
gas turbine .time variations. The correct figures lead to a 
reduction in the final peak value in the Table from 187 to 
I 63 G W and a reduction in the installed capacity needed 
from 266 to 233 GW; these figures are stiU some 50 times 
those of -the present nuclear capacity. 
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