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Coherent Excitation in the 
Antenna Complex 

M. Orrit  

P hotosynthesis, the process on which they exchange energy periodically (5). In 
nearly all life on Earth depends for their steady vibration modes, the pendula 
food, relies on a tiny molecular fac- oscillate either in phase or out of phase. 

tory called the reaction center that trans- This is coherent coupling. For the exciton 
forms light into chemical energy. The re- coupling in LH2 to be coherent, the n 
action center can perform this transfor- electron of each BChl a molecule must 
mation at a much higher rate than its in- oscillate with a given phase shift with re- 
trinsic absorption would allow, particu- spect to its neighbors. However, the de- 
larly under low light conditions, because gree of coherence of the B850 excitons is 
so-called antenna complexes harvest and difficult to infer from structural data or 
funnel light energy into the central ma- even from time-resolved optical experi- 
chinery. Antenna complexes such as the ments on ensembles (2, 6). 
bacterial LH2 protein complex investi- 
gated by van Oijen et al. (page 400 of 
this issue) (1) are thus critical comp 
nents of photosynthetic systems (2). 

The structure of LH2 has 
been determined by x-ray diffraction (3). 
Besides carotenoids that absorb blue light 
(at around 470 nm), the complex also 
contains a loose ring of nine bacteri- 
ochlorophyll a (BChl a) molecules that ' k = O  

absorb light at 800 nm and a second con- -'\\. 
centric ring of 18 closely stacked BChl a 
molecules that absorb at 850 nm. The en- 
ergy of photons absorbed by the carote- 
noids or the B800 ring is transferred 
downhill to the B850 system. Each LH2 
assembly contains tens of chromophores, 
and thus it collects and concentrates light 

kY 

very efficiently. 
But how can this energy be transferred 

further, from the LH2 antenna complex to 
the LHl system that surrounds the reac- 
tion center? Molecular diffusion is too 
slow, and trapping of the excitation far EnewJ - - 
from the LH1 complex must be avoided. - \ 
The natural system has found an elegant 
solution to this problem: exciton trans- 
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port. If near-resonant molecules are ar- - 
ranged so that they interact strongly, exci- \-- 
tations can travel from molecule to Schematic structure of the B850 ring. This 

molecule. Such exciton transport bemeen ring consists of 18 BChl a molecules and forms 

resonant sites can be incoherent or coher- One Part of the LH2 antenna complex. In the 

ent (4). The difference between them is State k = 0 of the defect-free rings all 

easily grasped with the simple picture of molecules oscillate in phase, so that the total 

coupled pendula, one of which is ex- dipole moment of this state is zero (top). The 

cited initially. If the pendula can only in- states k, and ky are degenerate (that is, they 
have the same energy), carry all the oscillator 

teract through hits' they ex- strength, and have perpendicular polarizations 
change energy without defi- A distortion may induce 
nite phase relation. If, on the other hand, correlated energy shifts in the individual BChl 
the two pendula are by a spring, a molecules and may break the degeneracy. 

For example, the energy pattern shown at the 
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By isolating a single LH2 in the focus 
of a microscope at liquid helium temper- 
ature, van Oijen et al. ( I )  have now un- 
raveled its fluorescence excitation spec- 
trum at a spectacular resolution. Howev- 
er, the qualitative difference between the 
spectra of the B800 and B850 systems is 
even more striking. Whereas the several 
narrow lines of the B800 ring point to 
long-lived states localized on single, 
weaklv c o u ~ l e d  molecules in the nine- 
membered ring, the small number of 
bands of the strongly coupled B850 ring 
are intense and broad. They suggest col- 
lective modes and fast relaxation to low- 
er lying states, two hallmarks of exciton 
coupling (7). The B850 spectrum can be 
understood at once from a naYve exciton 
picture (see the figure), with coherent 
exciton states delocalized over the per- 
fect ring. The dipole moment of an opti- 
cal transition is a vector that character- 
izes the amplitude and direction of the 
electronic movement upon absorption. 
For the lowest, k = 0 exciton state, it is 
essentially nil (blue arrows in the fig- 
ure), whereas those of the two orthogo- 
nal states kx and ky are strong and per- 
pendicular (purple and yellow arrows) 
(8) .  The perpendicular polarizations of 
the two main experimental bands (1) 
strongly support their attribution to these 
exciton states kx and k,, split by a pertur- 
bation of the ninefold symmetry of the 
ring. Further support for exciton coher- 
ence is provided by the narrow absorp- 
tion line found at the red edge of the ex- 
citation spectrum and attributed to the 
lowest state, k = 0 (1). 

Random shifts of the resonance fre- 
quencies of individual BChl a molecules 
cannot explain the large energy splittings 
that are observed in these spectra between 
states that should be degenerate in the 
perfect ring. A global distortion of the an- 
tenna complex could either cause corre- 
lated site energy shifts such as those 
drawn schematically in the figure, which 
would result in a positive (negative) shift 
for state ky (k,), or modulate exchange in- 
teractions, as in the model of van Oijen 
et al. (1). 

These results illustrate the power of 
single-molecule methods in biophysics 
and show that optical spectra can comple- 
ment x-ray structures by providing infor- 
mation on subtle structural distortions. 
The evidence for exciton coherence in the 
LH2 complex, at least at low temperature, 
is very important for understanding photo- 
svnthesis and raises the auestion of the bi- 
ological function of coherence. A coherent 
addition of electric fields can strongly en- 
hance energy transfer by the Forster 
mechanism (9), and as Sundstrom et al. 
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pointed out ( 2 ) ,  this might be crucial for 
the energy transfer from LH1 to the reac- 
tion center. A more efficient energy trans- 
fer allows a larger distance between the 
LH1 ring and the two strongly interacting 
chlorophyll-like molecules in the reaction 
center that trap the excitation; the separa- 
tion serves to prevent charge transfer back 
to LH1 after ionization. 

Finally, the characterization of an indi- 
vidual LH2 complex is a theorist's dream 
come true in molecular spectroscopy. 
With the structure known, detailed com- 
parisons between theory (10) and experi- 
ment become possible. As one of the first 
examples of  s ingle-molecule spec- 
troscopy in strongly interacting systems, 
van Oijen et al.'s study bridges the gap 

between studies of narrow zero-phonon 
lines cm-I) at low temperatures and 
those of broad bands (100 cm-I) of dye 
molecules at room temperature (11). The 
spectral resolution of 1 cm-' in (1)  is 
compatible with the use of short (picosec- 
ond) laser pulses and could lead to the 
fascinating prospect of time-resolved in- 
vestigations of single molecules. 
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Two outstanding puzzles remain regarding 
26A1 in the earl; iolar system: whywas its Through an Hourglass Darkly concentration so high? And was it homo- 
eeneouslv distributed? How well 26A1 can 

Bradley 5. Meyer 

ow can we learn about about the 
early history of our solar system 
and the recent  history of our 

galaxy? Astronomers and cosmochemists 
use a suite of radioactive isotopes as 
chronometers to study these important 
scientific questions. By comparing the 
measured abundance of an accumulated 
daughter nuclide and the inferred initial 
abundance of the parent  radioactive 
species, these isotopes can serve as hour- 
glasses that determine the time since the 
initial radioactive abundance was set. 
Among the hourglasses used, "A1 [with a 
half-life ( r I J2 )  of 7.15 x lo5  years] has 
Droven to be one of the most valuable but 
also one of  the most puzzling.  As- 
tronomers have used this isotope to great 
advantage in recent years to understand 
star formation in our galaxy. But cosmo- 
chemists are still struggling to determine 
how 26A1 can help them understand the 
conditions under which the solar system 
formed. 

Aluminum-26 was the first radioactive 
isotope detected from interstellar space. In 
1979, the High Energy Astronomical Ob- 
servatory satellite observed the 1.809-MeV 
gamma-ray that is emitted during "Al's de- 
cay (1). Since then, experiments aboard the 
Compton Gamma-Ray Observatory have 
established from the observed gamma-ray 
flux that a steady-state abundance of about 
3 solar masses (M ) exists in our galaxy's 
interstellar medium today (2). These obser- 
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vations show that element formation has 
occurred over the past million years in the 
galaxy and provide information about re- 
cent rates of star formation and supernova 
occurrence. Aluminum-26 is synthesized 
by proton capture on "Mg in a variety of 
stellar environments (3), but the observed 
spatial distribution of 26A1 in the galaxy 
strongly suggests that massive stars are the 
dominant source (4). The recently inferred 
simultaneous presence of "A1 and JJTi in a 
supernova remnant in Vela suggests that 
both radioactive isotopes were synthesized 
in the explosion of the same massive star 
(5). If confirmed this observation would 
lend further support to the idea that the 
26A1 originates from massive stars. From 
these arguments and the observed "A1 
abundance, one can infer that over the past 
million years roughly 5 M .  of interstellar 
gas has been turned into stars each year 
and that about once every 30 years a mas- 
sive star has exploded (6). 

Aluminum-26 may also provide insights 
into the early history of our solar system. 
Millimeter-sized calcium- and aluminum- 
rich inclusions (CAIs) in certain meteorites 
are solids formed extremely early in the so- 
lar nebula and are among the most primi- 
tive objects in the solar system. Many con- 
tain excess 26Mg compared with the aver- 
age concentration in the solar system. 
Magnesium-26 is the daughter of '6Al, and 
the excess 26Mg correlates with the con- 
centration of aluminum in these CAIs. 
From these observations, it can be inferred 
that 26Al was present at an abundance of 
26Al /27~l  = 5 x the so-called "canoni- 
cal" level (7),  when the object condensed. 
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be used as an hourglass for studying the 
early solar system's history depends on the 
answers to these two questions. 

From the inferred 26A1/27A1 value in 
the CAIs, one would expect an abundance 
of about 30 M. in the current steady-state 
interstellar medium, about 10 times that 
actually observed from the gamma-ray 
measurements. Furthermore, "Al-rich SU- 

pernova debris are typically not directly 
injected into molecular cloud cores where 
stars form but rather into hotter phases of 
the interstellar medium where it must mix 
into cloud cores on lo8-year time scales. 
When this is accounted for, the mete- 
orites contain about four orders of magni- 
tude too much 26A1 compared with expec- 
tations for a steady-state interstellar 
medium ( 8 ) .  This implies that the live 
26A1 in the early solar system was not a 
residue of ongoing, continuous galactic 
nucleotide synthesis but rather was pro- 
duced shortlv before CAI formation. A 
massive star may have exploded just be- 
fore the sun's birth (perhaps triggering 
the collapse of the solar cloud) and in- 
iected the "Al-rich debris into the solar 
nebula (9). Alternatively, energetic parti- 
cles from the ambient molecular cloud 
(10) or from the protosun itself (11)  
could have synthesized 26A1 locally in the 
solar nebula. Both possibilities receive 
ongoing scrutiny. However, the recently 
detected excesses of "K in samples from 
the early solar system and their correla- 
tion with calcium content suggest that the 
even shorter lived ( r l  = 1.0 x 10' 
years) was also alive in the early system 
(12). The correlation of live "Ca with 
live 26A1 in CAIs tends to favor the mas- 
sive-star injection scenario (13). 
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