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F~ur all-trans carotenoids, spheroidene, 3,4-dihydrospheroidcne. 3.4.5.6qctrahydrosphcroidcnc. "rod 3.4,7.8-tetrahydrosphcroi- 
dene, have been purified using HPLC techniques and analyzed using absorption, fluorescence and fluorescence excitation 
spectro~opy of room temperature solulions. This series of molecules, for which the extent of 7r-eleclron conjugation decreases 
from 10 to seven carbon-carbon double bonds, exhibits a systemalic cros~ver from $2-* S, (l~B,--, I~A~) to S - ,  S, 
(2~Ag --* IIAg) emission with decreasing chaip length. Extrapolation of the Sj ---, S~j transition energies indicates that the 2~A~ 
states of longer carotenoids have considerably lower energies than "~reviously ~.hought. The energies of ~hc S~ stale,+ ;)f 
spheroidenes and other long carotenoids are correlated with the S I ew rgies of the[: chlorophyil partners in an!enn~ c~mplc,~e,, 
of photosynthetic sysfems. Implications for energy transfer in photosynthetic antenna are di~usscd. 

Introduction 

Carotenoids enhance the light-capturing ability of 
chlorophylls in antenna pigment-protein complexes of 
photosynthetic organisms by collecting light at wave- 
lengths ( ~  400-1500 nm) where chlorophylls are ineffi- 
cient absorbers [1]. The energy is then transferred from 
the carotenoids to the chlorophylls, ultimately reaching 
reaction centers, where it is converted, via electron 
transfer, into a transmembrane potential [2]. The mi- 
gration of energy in the ante .,as prior to trapping by 
the reaction centers involves the transfer of singlet 
state energy among the pigments and usually is dis- 
cussed in terms of the F6rster a n d / o r  Dexter energy 
transfer mechanisms [3]. 

The F6rster (or coulomb[c) mechanism of energy 
transfer is described by through-space interactions be- 
tween the donor and acceptor electronic transition 
dipoles [4]. The magnitudes and relative orientations of 
the transition dipoles are important in determining the 
probability with which the energy transfer will occur. In 
contrast, the Dexter (or exchange) mechanism involves 
the simultaneous exchange of two electrons between 
the donor and acceptor pair and requires close proxim- 
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ity between donor and acceptor, which promotes or- 
bital overlap. Which of t h e ~  mechanisms best de- 
.scribes energy transfer in the antenna complexes in 
vivo depends on ~he excited state structures of the 
molecules, the geometry, of the donor / aceep to r  pair, 
and competing rela~;ation pathways of the carotenoids 
involved in lhe transfer process. In both cases the rate 
of energy transfer is proportional to the overlap be- 
tween the fluorescence spectrum of the donor and tile 
absorption spectrum of the chlorophyll aeceptor. The 
excited state energies of the carotenoids thus play key 
roles in determining energy transfer efficiencies. 

Any discussion of the energies and dynamics of 
carotenoid excited states must take as its starting point 
time previous experimental and theoretical work on 
simple polyenes [5-16] and model carotenoids [17]. 
Electronic spectroscol~' of t h e ~  molecules has firmly 
established (for polyenes with four to eight conjugated 
double bonds) the existence of a 2~Ag (S~) state be- 
tween the ground electronic slate (I~A~_ (S~0) and the 
lowest one-photon-allowed excited state- ( t ~ Bu (S e)). In 
condensed phases, the strong, symmetry-allowed, St~ 
S 2 absorption typically is accompanied by a 'S loke~ 
shifted,' symmet~-forbidden, S~ ~ S~; emission, with 
fluorescence yields and lifetimes depending on the 
solvent environment, the length of conjugation~ the 
extent of substitution, and other details of molecular 
structure. Spectra of intermediate length polyenes 
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clcar',y show a trend toward increasing S_~-S~ energy 
separation with increasing conjugation. 

Whereas the excited states of shorter polycnes (4-8  
conjugated double bonds) arc now reasonably well 
understood, the relationships between the energies and 
relaxation kinetics of carotenoid excited states and 
their important roles as energy donors in photosynthe- 
sis remain to be elucidated. Longer carotenoids, e.g.. 
/3-carotene (11 conjugated double bonds), c~hibit weak 
fluorescences that arc not shifted from the origins of 
their strongly-allowed I~A~ ~ I ~ B. absorptions [18-24]. 
These emissions originate from the S,  state. The ab- 
sence of detectable S~ --, S 0 emissions leaves open to 
question whether the energies and lifetime,; of the 
2~A~ states are compatible with efficient carotenoid- 
to-chlorophyll energy transfer from this state. A previ- 
ous investigation of resonance Raman profile:; in /3- 
carotene led to the suggestion that its 2tAg state lies 
~ 351)0 cm t below the I~B~ state, well above the S~ 

(Qy) states of most chlorophylls [25,26]. The apparent 
energetic suitability of carotenoid S~ states for energy 
transfer has been widely cited in discussions of the 
antenna function of these molecules in photosynthesis 
[27-29]. However. more recent rcsonancc Raman mea- 
surements have shown that this technique cannot de- 
tect the weak l~Ag --:, 2zAg transition on top of the 
low-energy tail of the strong l~Ag~  I~B,, absorption 
[30]. Furthermore, the extensive data now available for 
intermediate length polyenes [5-16], for which the 
2~A~ states can be accurately located from the origins 
of the S~ ,--, S 0 emission and excitation spectra, point to 
Sj energies in long polyenes that are considerably 
lower than previously assumed. It seems fair to say that 
for molecules such as/3-carotene and spheroidene, the 
energies, and thus the roles of the 2~Ag states in 
energy transfer, are rather uncertain. 

The present work focuses on the electronic energies 
~md decay characteristics of the 2~Ag and I~B~ states 
of four all-trans carotenoids: spheroidene, 3,4-dihydro- 
spheroidcne ( 'methoxyneurosporene'),  3,4,5,6-tetrahy- 
drosphcroidene and 3,4,7,8-tetrahydrospheroidene 
(Fig. I). Spheroidene and 3,4-dihydrospheroidene have 
ten and nine conjugated 7r-electron double bonds and 
occur naturally in cells of purple, non-sulfur, photo 
synthetic bacteria. 3,4,5,6-Tetrahydrospheroidene and 
3,4,7,8-tetrahydrospheroidene are synthetic analogs 
having eight and seven conjugated ~--electron double 
bonds, respectively. An important feature of this work 
has been the development of HPLC techniques which 
allow the study of isomerically pure samples. The all- 
trans isomers of these four molecules, which are struc- 
turally identical except for their systematic variation in 
the extent of rr-electron conjugation, provide impor- 
tant guideposts toward an understanding of how 
carotenoids collect and transfer energy in photo- 
synthetic systems. 

M a t e r i a l s  a n d  M e t h o d s  

Cells of the Rhodobacter sphaeroMes bacteria w e r e  

grown as previously de~r ibed  [31]. Spheroidene was 
extracted from whole cells of Rb. sphaeroides wild type 
strain 2.4.1 and 3,4-dihydrospheroidene (methoxy- 
neurosporene) was extracted from cells of Rb. capsula- 
tus MT1131. Spheroidene was isolated in the following 
manner: to the pelleted whole cells of Rb. sphaeroides 
wild type strain 2.4.1 an equal volume of acetone was 
added and the mixture centrifuged at 18000 × g  for  5 
min. The supernatant was then poured off and addi- 
tional extractions were performed until the super- 
natant was yellow and the pellet was tan. After  reduc- 
ing its volume by rotory evaporation, the acetone layer 
was partitioned with an equal volume of pentane and 
separated. The pentane layer was washed with water 
and then extracted several times with me thano l /wa te r  
(95/5%) until the methanol extract was no longer 
green. The pentane layer was then evaporated to dry- 
ness. The solid carotenoid residue was redissolved in 
petroleum ether (b.p. 40-60°C) and applied to an 
alumina (Sigma A-9003) column. Spheroidene was ob- 
tained by eluting with a ~ 2% solution of ethyl acetate 
in petroleum ether. The 3,4-dihydrospheroidene was 
obtained by a similar extraction procedure and purified 
by thin layer chromatography on silica gel, using 1:1 
chloroform/ to luene  as the eluting solvent. Samples 
were stored as dilute solutions in petroleum ether. The 
synthesis and purification of 3,4,5,6-tetrahydro- 
spheroidene and 3,4,7,8-tetrahydrospheroidene have 
been described [32,33]. 

Petroleum ether solutions of each carotenoid w e r e  

evaporated in a stream of nitrogen and the r e s i d u e  

redissolved in methanol. These samples were injected 
into a Hewlett Packard HP1090 Liquid Chromatograph 
equipped with a diode-array detector which provided 2 
nm optical resolution. The separation was carried out 

spheroid~ae 

CH30 ~ ~ ~. ~ ~ 

3,4-dihydrospheroidene 

3,4,5,6-t, etrahydrospheroidene 

3,4,7,8-tetrahydrospheroidene 

Fig, I. Molecules studied. 



using a Cjs reversed-phase column (200 × 4.6 mm) and 
guard column (both containing Lichrosorb RP-18, 5 
/zm particles). Samples were eluted at a flow rate of 2.0 
ml/min, with a mobile phase programmed as follows: 
0 -4  min, isocratic, methanol/n-hexane (95/5 v/v), 
4-6  min, linear gradient to methanol /water  (95/5 
v/v), 6-10 min, linear gradient to methanol/water  
(98/2 v/v). Chromatograms initially were monitored at 
wavelengths where the four spheroidenes gave maxi- 
mum absorbance. The diode-array detector also al- 
lowed the recording of  complete spectra (190-600 nm) 
of individual components which was helpful in assign- 
ing components to c/s and trans spheroidene isomers. 
Individual peaks were collected in quartz cuvettes and 
fluorescence and fluorescence excitation spectra taken 
immediately. Reinjection of solutions following fluores- 
cence measurements allowed monitoring of samples for 
photochemical and thermal degradation. 

Fluorescence and fluorescence excitation spectra 
were obtained on a SPEX Model 212 speetrofluori- 
meter. Interferences from Raman scattering from the 
solvent were corrected for by subtraction of a solvent 
blank taken under identical conditions. Fluorescence 
spectra were also corrected for the wavelength depen- 
dencies of optical components using correction factors 
obtained by recording the spectrum of a standard lamp. 
Fluorescence excitation spectra, were obtained in ratio 
mode using a Rhodamine B quantum counter and 
generally were in good agreement with absorption 
spectra obtained on a ~himadzu UV240 spectre- 
photometer. In some cases spectra were smoothed 
(using a 25 point Savitsky-Golay algorithm [34,35]) to 
enhance signal/noise. Fluorescence spectra also were 
subjected to second derivative/smoothing techniques 
to locate spectral features which could be identified 
with the S) ---, S o electronic origins. 

Results 

A typical HPLC separation of the spheroidene sam- 
ple is given in Fig. 2. The ultraviolet-visible spectra of 
the four peaks with retention times greater than 10 rain 
are rather similar and, as is the case for other long 
polyenes, are dominated by the distinctive, strongly-M- 
lowed, ltAg --~ I~B~ transition in the 400-500 nm re- 
gion (Fig. 3). The longest-wavelength vibrational fea- 
tures of this transition (the electronic origins) range 
from 475 to 481 nm for the four components. The most 
striking differences between the spectra of  the compo- 
nents are the relative intensities in the so-called 'c/s- 
band region,' ~ 310-360 nm. For example, the second 
component has very little intensity in this region, com- 
pared with the other three components. This observa, 
tion, plus the dominance of  the second component in 
all of  our samples, leads to fl~e assignment of  this peak 
as all-tram spheroidene. The other components most 
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Fig. 2. HPLC of spheroidene sample. The mobile and slationarr '  
p h a ~ s  are de.scribed in the experimental  seclion. The chromatogram 
was detected at 45(I nm (peak 2 has a m : ~ m u m  a b ~ r b a ~ c e  o f  0.18}. 

likely are various cis spheroidene isomers with the 
strength of the "c/s-band' indicating the exte,d of devia- 
tion of the spheroidene from the idealized C2~ symme- 
try of the all-trans isomer. Spectra with the strongest 
c/s-bands presumably can be identified with molecules 
that are isomerized about central double bonds [36]. 

In addition to separating the various spheroidenc 
isomers, the HPLC procedures resolve many other 
species with shorter elution times. These fractions ab- 
sorb at shorter wavelengths ( < 400 nm) and most likely 
are less conjugated polyenes, including spheroidene 
degradation products that were not eliminated in pre- 
vious purification steps. Chromatograms monitored at 
shorter wavelengths show that the concentrations of 
these impurities are not insignificant. Furthermore, 
shorter polyenes tend to have higher fluorescence yields 
[5,7,14] and thus can interfere with fluorescence and 
fluorescence excitation spectra, particularly in the short 
wavelength regions around the spheroidene 'cis peaks.' 

300 . . . . .  ~ , , • , 

200  3 ' 

8 

< I O0 

5O 

250 500 350 400 450 500 550 
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Fig. 3. Ultraviolet/visible absorpt ion spectra  of  the four spheroidene 
isomers indicated in Fig. 2. Spectra  were recorded by a diode-array 
de lec lor  at times corresponding to the maxima in the chromatogram.  

S.t~eetra have been scaled to give the same maximum absorption. 
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big. 4. Absorption (Ah, solid linc), fluorescence (Era), and fluores- 
cence excitation (rEx, doued line) spectra of all-trans-spheroidene in 
methanol. The fluorescence speclrum was obtained by exciting at 450 
nm. The fluorescence excitation spectrum was obtained by monitor- 

ing the emission at 560 nm. 
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Fig. 6. Absorption (Ab, solid line), fluorescence (Era), and fluores- 
cence excitation (Ex, dotted line) spectra of all-trans-3,4,5,6-tetrahy- 
drospheroidene in methanol. The fluorescence spectrum was ob- 
tained by exciting at 417 nm. The fluorescence excitation spectrum 

was obtained by monitoring the emission at 710 rim. 

Chromatography of the o ther  sphero idenes  gave simi- 
lar results, i.e., ~he separat ion of  geometr ic  isomers, as 
well as less conjugated,  more  f luorescent ,  impurities.  
Comparison of chromatograms taken before and after  
f luorescence measurements  allowed moni tor ing of 
samples for thermal and photochemical  (e.g., cis-trans 
isomerization) degradation.  The spectra  p resen ted  be- 
low thus can be identified with pure,  all-trans isomers 
of the various sphero idene  derivatives and yield unam- 
biguous assignments of the emission characterist ics of  
these molecules. Such stringent criteria for sample 

30O 40O ~0 600 700 ~ 0  
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Fig. 5. Absorption (Ab, solid line), fluorescence (Era), and fluores- 
cence excitation (Ex, dotted line) spectra of all-trans-3,4-dihydro- 
spheroidene in methanol. The fluorescence spectrum was obtained 
by exciting at 437 nm. The fluorescence excitation spectrum was 
obtained by monitoring the emission at 530 nm. Excitation spectra 
obtained monitoring the weak emission between 700 and 800 nm 

were similar to the excitation spectrum presented here. 

purities have not been  met  in previous efforts  to under-  
s tand the details of caro tenoid  f luorescence,  

The room t empera tu re  f luorescence,  f luorescence 
excitation, and absorpt ion spectra  of  the four, all-tram 
s p h e r o i d e n e s  are  p r e s e n t e d  in F i g s . - 4 - 7 .  F o r  
sphero idene  (Fig. 4), the f u o r e s c e n c e  spect rum is a 
mirror- image of the S O ~ S 2 absorpt ion.  The  overlap 
be tween  the origins of  emission and absorpt ion  leads 
to a S 2 ~ So ass ignment  for the f luorescence.  The re  is 
no evidence for a longer wavelength S~ ---, S O emission 
in this molecule.  The absorpt ion and f luorescence  exci- 
tation spectra  are in good agreement ,  as expected  for  
these well-purified samples.  There  are some traces  of  
contaminants  that  compe te  with sphe ro idene  fluores- 

E 

30O 400 500 600 

Wavelength (nm) 

Fig. 7. Absorption (Ab. solid line), fluorescence (Em), and fluores- 
cence excitation (Ex, dotted line) spectra of all-trans-3,4,7,8-dihydro- 
spheroidene in methanol. The fluorescence spectrum was obtained 
by exciting at 400 rim. The fluorescence excitation,spectre,aa was 

obtained by monitoring the emission at 700 nm, 
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cence when samples are excited below 400 nm. Above 
400 nm, however, the fluorescence spectrum is inde- 
pendent of the wavelength of excitation, as expected 
for emission from a single, all-lrans spheroidcnc 
species. 

The spectra of 3,4-dihydrospheroidene ( 'methoxy- 
neurosporene' ,  Fig. 5) are similar to those of 
spheroidene. However, there are indications in the 
700-800 nm i'egion of a weak, longer wavelength emis- 
sion, indicating S I --, S 0 fluorescence (2~Ag --* l~Ag) in 
this molecule. It is important to note that 3,4-dihydro- 
spheroidene (nine conjugated double bonds) is the 
longest carotenoid for which the low energy 2~Ag state 
has been observed. The presence of S t ~ S 0 emission 
in methoxyneurosporene is supported by comparing its 
fluorescence spectrum with those of its the less-con- 
jugated homologs, 3,4,5,6-tetrahydrospheroidene (Fig. 
6) and 3,4,7,8-tetrahydrospheroidene (Fig. 7). Excita- 
tion of the latter compound gives almost exclusively 
S~ ~ S O fluorescence as observed for other methyl-sub- 
stituted heptaenes. It also should be noted that the 
emissions (S: ~ S O and S t ~ S 0) of 3,4,5,6-tetrahydro- 
spheroidene are very similar to the dual fluorescences 
previously observed for f l - l l ' - ca ro tene ,  another  
carotenoid with eight conjugated double bonds (S. Cos- 
grove, D.S. Smith, and R.L. Christensen, unpublished 
data). 

Discussion 

The four spheroidenes show a clear pattern in their 
fluorescences, i.e., a crossover from the S~ emissions 
observed in shorter, model polyenes to the $2 emis- 
sions in more extensively conjugated systems. A similar 
pattern was observed in our previous study of a series 
of carotenols with seven to 11 conjugated double bonds 
[17]. The spheroidene series shows a systematic depen- 
dence of the S t and S 2 electronic energies on the 
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S I ~ S o and S o ~ S 2 transition energies o f  c~,oJ-dimethylpolyenes and 
spheroidenes as a function o f  conjugated length 
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Fig. 8. S 0 --* S l ( l i A g  --* 2 tAg)  and  S o --* S 2 ( l IA~ -* I l B~) t rans i t ion  

ene rg i e s  for a , to -d imethy lpo lyenes  and  sphe r o ide ne s  as  a funct ion o f  

con juga ted  length.  E n e r g i e s  o f  the  S~ s ta tes  a re  the  e lec t ronic  or ig ins  
(04) bands )  obse rved  for  S 1 ~, S n f luorescence  in r o o m  t e m p e r a t u r e  

methanol .  Ene rg i e s  o f  the  S~ s ta tes  are the  e lec t ronic  or ig ins  (0-tl 

bands )  obse rved  for  S 0 - * S  2 absorpt ion  in room t e m p e r a l u r e  

methanol .  D ime thy l~} lyene  da ta  are f rom Morey  and  Chr i s t ensen  

(unpubl i shed)  and  Ref .  16. Chlorophyl l  a (Q~ = 575 nm, Qy =661t 

nm) and  bacter iochlorophyl l  a ( Q ,  = 573 nm, Qy = 769 nm)  transi-  
tion ene rg i e s  in diethyl e the r  a~ rca~m t e m p e r a t u r e  are  taken f rom 

Ref .  45. 

length of conjugation (Table 1 and Fig. 8). In determin- 
ing the energies of the spheroidene S~ --* S,: olectronic 
origins, we have compared our fluorescence spectra 
(and their second derivatives) with spectra of analo- 
gous model polyenes [17]. The S I ~ S o (0-0)'s of the 
simpler systems are well-resolved, even in room tem- 
perature solutions, and the relative intensities of these 
and other vibronic bands guide our assignments of 
(0-0) bands in the spheroidenes. In addition, the well- 
understood a,to-dimethylpolyenes series provides an 
important benchmark for the dependence of polyene 
S 2 and S~ energies on the length of conjugation. The 
almost identical trends noted in the two series further 
validate our assignments of the ~,pheroidene electronic 
origins. Extrapolation of the 2 IAg energies 1o molecules 
such as spheroidene, spirilioxanthin (13 conjugated 
double bonds), and /3-carotene (11 conjugated bondsL 
and comparison of the S~ energies of these polyenes 
with the S j energies of various chlorophylls, forms the 
primary focus for this discussion. 

The lIBu (S:)  and the 2~Ag (S~) states of 
spheroidenes are systematically lower than the corre- 
sponding S 2 and S~ states of simpler, less substituted 
polyc~tes with the same extent of conjugation (Fig. 8). 
The lowering of polyene l~Bu energies in the more 
extensively substituted carotenoids has been noted pre- 
viously [17]. The effect of alkyl substituents on 2~Ag 
energies is not as well understood, though a compari- 
son of dimethyl and unsubstituted tetraenes, pen- 
taenes, hexaenes, and heptaenes (molecules for which 
the ltAg ~ 2~Ag electronic origins are easily located 
from well-resolved, low-temperature fluorescence spec- 
tra) suggests that the 2lAg state energies are not as 
sensitive as the 11B~ states to the effects of substitution 
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(T. Morey and R .L  Christenscn. unpublished data). It 
also is worth noting the case of isotachysterol, a fully 
substituted atl-trans hexatriene [37] In this molecule 
the !~B u state is shifted dramatically to the red, but the 
2~A~ state is virtually unshifted relative to the corre- 
sponding states observed in less s,~bstituted, model 
trienes. These effects carry over to the spheroidenes 
and result in smaller $2-S ~ energy differences than 
those of less substituted polyenes with the same length 
of conjugation. 

The cross-over to S 2--* S 0 emissions in the longer 
polyenes has been attributed to the increase in the 
$2-S ~ energy difference with increasing polyene length 
[14,17]. This results in a decrease in the rate of $2 --' Si 
internal conversion following the well-known 'energy 
gap law.' [38-40] For large energy gaps ( > 5000 cm t), 
internal conversion rates apparently become suffi- 
ciently small to allow S 2 --, S~ fluorescence to compete 
with radiationless decay processes. The energy gap 
model has been applied to several aromatic compounds 
that violate Kasha's Rule (Kasha's Rule states that 
large molecules in condensed phase fluoresce from 
their lowest excited singlet states) and appears to give a 
quantitative account of S 2 -~ S~ internal conversion in 
these systems. For linear polyenes, on the other hand, 
the rather abrupt changeover from S~ ---, S 0 to S 2 ~ S 0 
emissions with increasing conjugation is not easily rec- 
onciled with modest increases in the $2-S, " e~;ergy gap 
[17]. This suggests that at least some of the parameters 
contained in the energy gap law derivation for aromatic 
molecules (changes in molecular geometry, vibronic 
coupling parameters, nature of the 'acceptor modes,' 
etc.) do not apply to polyenes. These differences are 
further highlighted by comparing the excited state dy- 
namics of/3-carotene and perdeutero-/3-carotene [41- 
43]. The almost identical S~ lifetimes of these molecules 
suggest that, in contrast to aromatics, C - H  vibrations 
do not play dominant roles as acceptor modes in 
polyene radiationless decay processes. However, a large 
$2-S ~ energy difference appears to be the common 
element for detectable emission from S 2 in both aro- 
matic and polyene systems. 

The energies of the 2~Ag states of spheroidene, 
/3-carotene, spirilloxanthin and other naturally occur- 
ring polyenes are of fundamental importance in under- 
standing how these carotenoids function in photo- 
synthetic systems. For example, the mechanism of en- 
ergy transfer from spheroidene to bactcriochlorophyll 
~: in the B800-850 light-harvesting complex of 
Rhodobacter sphaeroides wild type strain 2.4.1 a:ld the 
details of how energy moves from /3-carotene to 
chlorophyll a in green plants are, as yet, unclear. The 
present determination of the low energy of 2lAg states 
in longer polyenes leads to the possibility that in some 
cases carotenoid S~ states lie below those of their 
energy-accepting, chlorophyll partners. 

The absence of detectable S~ ~ S 0 fluorescence from 
long polyenes, such as sphcroidene and /3-carotene, 
thwarts the direct detection of the 2~Ag states in these 
systems, at least by conventional, one-photon, optical 
techniques. One, thus, must rely on the extrapolation 
of the 2~Ag energies observed for shorter dimeth- 
ylpolyenes and spheroidene derivatives (Fig. 8). This 
indicates that the 2~Ag state of spheroidene (10 double 
bonds) most likely is higher in energy than the S~ (Qy) 
state of bacteriochlorophyll. Carotenoid-to-bacterio- 
chlorophyll energy transfer in Rhodobacter sphaeroides 
most likely occurs via the spheroidene 2~Ag state. On 
the other hand, the data presented in Fig. 8 suggests 
that the S~ state of /3-carotene (11 double bonds) lies 
below the S~ state (Qy) of its chlorophyll acceptor. 

Initial investigations of the resonance Raman pro- 
files of /3-carotene indicated that its 2~Ag state lies at 
~ 17230 cm-  ~, 3500 cm-~ below the origir, of the l~Bu 
state [25,26]. This places the 2lAg state well above the 
~ 15 150 cm -~ (660 nm) S~ state of chlorophyll a, an 
energy scheme that has been widely cited in discussions 
~f energy transfer in green plant photosynthesis [27-29]. 
h'owcver, the early resonance Raman results cannot be 
repeated [30] and a 17000 cm - l  2lAg state in /3-caro- 
tene clearly is incompatible with the data summarized 
in Fig. 8 which indicate a B-carotene 2~Ag state in the 
13000-14000 cm-J range. Spirilloxanthin should have 
an even lower energy 2~Ag state. Low 2~Ag energies 
(and correspondingly large $2-S ~ energy differences) 
also are consistent with the absence of S~ emission in 
these systems. 

The dominance of S 2 ~ S 0 emissions and low S l 
energies in long carotenoids have obvious implications 
for mechanisms of light harvesting in photosynthetic 
antenna complexes. As first pointed out by Snyder et 
al. in 1985 [14], the reduction in $2--*$1, internal 
conversion rates opens up the possibility that for long 
polyenes fluorescence and energy transfer both may 
originate from the $2 state. For /3-carotene this may 
well become a necessity, given that its S~ state most 
likely lies well below the lowest excited singlet state 
(Qy) of chlorophyll a. The 2~Ag states of more exten- 
sively conjugated molecules, such as spirilloxanthin, 
also might be too low to play significant roles as energy 
donors in bacterial photosynthetic, light-harvesting 
proteins. This could explain the fact that the energy 
transfer efficiencies observed for B800-850 complexes 
isolated from spirilloxanthin-containing species of 
photosynthetic bacteria are reduced to 20-50% from 
the ~ 100% value observed for spheroidene-containing 
complexes [1]. In contrast to /3-carotene/chlorophyll  
a, however, the considerably lower energy of the bac- 
teriochlorophyll S~ (Qy) acceptor may still allow energy 
transfer from the 2JAg state of spirilloxanthin. The low 
energy transfer effeciency then might be explained by 
the poor overlap between dono~ fluorescence and ac- 
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ceptor absorption of almost isoenergetic electronic 
states (s .e  below). This would allow polyene internal 
conversion to compete with energy transfer. 

Both the Dexter and the F6rster mechanisms for 
energy transfer depend on the overlap between the 
fluorescence spectrum of the donor and the absorption 
spectrum of the aeceptor [4]. For polyenes, geometry 
changes associated with the S~ --* S O transition typically 
result in broad fluorescence spectra (see Figs. 5-7)  
with relatively weak intensity at wavelengths corre- 
sponding to transitions between the zero-point levels of 
the S~ and S O states (0-0 band). This is in contrast with 
the absorption and emission spectra of chlorophylls, 
for which a large fraction of the Qy transition strength 
is concentrated in the (0-0) and (0-1) bands. As a 
consequence, the overlap between carotenoid S t -~ S o 
emission and chlorophyll S o ~ S~ absorption may be 
small, even in cases where the Sl energy of the donor is 
equal to or slightly greater than the S l energy of the 
acceptor. Sl(carotenoid) to Sl(chlorophyll) energy 
transfer will be enhanced when the acceptor (0-0) band 
is 1000-3000 cm - t  below the (0-0) band of the 
carotenoid $1 ~ S O fluorescence. Spheroidene-contain- 
ing B800-850 complexes of Rhodobacter sphaeroides 
clearly satisfy this criterion [44]. The weak, forbidden 
nature of the polyene S t ~ S o transition further re- 
quires short-range electron exchange (Dexter transfer) 
rather than coulombic interactions for transfer involv- 
ing a carotenoid 2tAg state. The high efficiency of 
energy transfer indicates transfe, rates that are consid- 
erably faster than the ~ 10 t~ s -~ S t ~ S 0 internal 
conversion rates for typical, isolated carotenoids [41- 
43]. 

For energy transfer between /3-carotene and chloro- 
phyll a, the 15000 cm - t  S t state (Qy) of chlorophyll 
must lie well above the St state of the polyene (see Fig. 
8). This implicates the carotene S 2 state ar the donor 
state. Although the rate of S 2 -* S~ internal conversion 
is reduced by the relatively large $2-S ~ energy differ- 
ence, the $2 state is still relatively short-lived. Fluores- 
cence yields of 3-carotene [17,22] and recent time-re- 
solved measurements on spheroidene in vitro [46] give 
200-400 fs lifetimes for the S 2 state. How can S 2 
energy transfer compete with S 2 internal conversion? 
Spectral overlap between the S 2 -~ S O emission of the 
carotenoid (Figs. 4 and 5) and higher energy, Q~ transi- 
tions of the carotenoid would be large. The carotenoid 
and chlorophyll are most likely in intimate contact in 
the antenna complexes. Strong coulombic interactions 
(F6rster coupling) between close, well-oriented transi- 
tion dipoles of the chlorophyll Q~ absorption and the 
symmetry-allowed $2 --* So emission could lead to rapid 
energy transfer. Energy transfer in photosynthetic sys- 
tems typically is discussed as a choice between the 
electron exchange and coulombic mechanisms. How- 
e'~cr, the interactions between strongly coupled elec- 

tronic transitions at short distances also may include 
terms due to weak excitonic interactions [3tL47]. 
(F6rster transfer is a special case in the 'weak-cou- 
pling' limit.) Excitonic interactions (resonance cou- 
p.qngs between carotenoid and chlorophyll vibronic 
states) would further ~ccelerate energy transfer from 
S 2 • 

St ','mary 

Absorption and fluorescence spectroscopy of short, 
model polyenes [5-16], carotenols [17], and sphe- 
roidenes have provided a detailed understanding of 
how the electronic energies of polyene S 2 ( P B , )  and 
S 1 (2lAg) states depend on conjugated length (Fig. 8). 
Extrapolation of these results to molecules, such as 
spirilloxanthin and 13-carotene, indicates that the S~ 
states of these longer polyenes have considerably lower 
energies than previously thought. Longer carotenoids 
also exhibit S 2 fluorescence. This is consistent with 
their low S l energies, relatively large $2-$1 energy gaps, 
and associated reductions in S 2 ~ $1 internal conver- 
sion rates. 

For spheroidenc-containing, B800-850 complexes of 
Rhodobacter sphaeroMes, spheroidene S t states have 
sufficient energy and lifetimes to funnel excitation into 
the S t states of chlorophyll acceptors. For /3-caro tene /  
chlorophyll a complexes in green plants, the lower 
polyene S t (2tAg) energy makes it unlikely that this 
state plays an important role in energy transfer. The 
reduction in $2 --* S~ in t tmal  conversion rates and the 
close proximity of carotenoids and chlorophylls may 
allow' transfer via the carotenoid S 2 state. This would 
require strong coupling between the S 2 ~ S 0 transi- 
tions of the polyene and S O ~ S,, absorptions (probably 
the Qx bands) of the chlorophylls. 

Regardless of the mechanism of singlet energy 
transfer, it is remarkable that c~rotenoids function as 
efficient energy donors in photosynthesis in a wide 
variety of carotenoid/chlorophyll  combinations. Both 
the S: ( P B  u) and the S~ (2~Ag) states of long polyenes 
have a great propensity to lose electronic energy 
through fast, non-radiative decay (inter,:al conversion) 
and might appear  to be ill-suited fc, r their important 
roles as antenna pigments. These deficiencies appar- 
ently are overcome by arranging donor /accep to r  com- 
plexes in geometries which allow energy transfer to 
compete with (and in many cases overwhelm) rapid 
thermal rela: ~tion to carotenoid ground states. 
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