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Abstract 

Femtosecond time resolved fluorescence upconversion was applied to determine directly the lifetime of the 1B~ + state of 
the carotenoid spheroidene in vitro in various polar and nonpolar solvents and in the LH-1 and LH-2 light-harvesting 
complexes of Rhodobacter sphaeroides at room temperature. The spheroidene IB + ~ 2A~- internal conversion time varies 
from 150 to 250 fs in the solvents studied and depends on the polarizability of the surrounding environment. The internal 
conversion time in the protein environment is estimated based on the solution measurements. There is a dramatic shortening 
for the spheroidene 1B + fluorescence lifetime seen inside LH-1 and LH-2 (60 fs and 80 fs, respectively) over this expected 
internal conversion time. 

1. I n t r o d u c t i o n  the pigments  found in the purple bacter ium 
Rb. sphaeroides. 

All trans-carotenoids play a crucial role in light- The electronic states of  carotenoids are closely 
harvesting complexes.  They protect the photosyn- related to those of  the well-studied polyenes.  Strictly 
thetic apparatus of  an organism from the damaging speaking, carotenoids do not all belong to the C2h 
effects of  singlet molecular  oxygen.  Moreover,  in point group symmetry;  the extent to which their 
purple photosynthetic bacteria, they serve a role in excited state properties are affected by the structural 
harvesting light in the blue green region of  the deviations from the C2h symmetry is still an open 
spectrum, subsequently transferring s ingle texci ta t ion question. However ,  because many of  carotenoid 
energy to bacteriochlorophyll  (BChl) [1,2]. Two ki- molecules retain the spectral characteristics of  linear 
netic pathways are possible for the mechanism of  systems, it is customary to use the symmetry labels 
singlet energy transfer from carotenoid to BChl given of  the idealized C2h point group. Both carotenoids 
the energy levels of the donor and acceptor and polyenes possess three spectroscopically impor- 
molecules .  Fig.  1 shows this s i tuat ion for tant low energy electronic states. The first is the 
the carotenoid spheroidene and bacteriochlorophyll ,  ground singlet state, denoted S O or l A g ,  the other 

two states are, respectively, the next two character- 
ized singlet states and are labeled the S 1, or 2 A g ,  

1 Present address: European Laboratory of Non-Linear Spec- and the S 2 or 1B~ + 2. A one photon transition from 
troscopy (LENS), Largo E. Fermi 2, 50125 Florence, Italy. the ground state to S 1 is forbidden by symmetry,  
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l lBu ÷ $2 ~ ~ ~ a n s f e r  can occur within 250 fs. Such rapid transfer suggests 
~ ' ' ~ " ~ ~  Internal. Qx the alternative possibility of a four level kinetic 

converszon scheme involving the low-lying carotenoid levels 
2 lAg" SI ~ C~.~..~ and both the Qx a n d  Qy states of BChl (Fig. 1). This 

hv ~ Oy assertion requires, therefore, a precise determination 
of the lifetime of the 1B~ + state of carotenoids since, 
on this timescale, the state might be able to partici- 

1 'A, So pate significantly in carotenoid to BChl energy trans- 
Spheroidene BChl fer. 

Fig. 1. Energy level diagram for spheroidene and bacteriochloro- Recent studies [9,11] have indeed proposed that 
phyll (BChl) in the LH-I antenna. S 2 of spheroidene is optically excitation transfer occurs from the carotenoid 1B~ + 
excited in our experiments. Energy transfer to BChl occurs either s t a t e  as  well as from the 2A~- s t a t e  to  BChl. 
via S~-S~ or $ 2 - S  2 coupling. The excitation transfer matrix elements have been 

calculated between the carotenoid neurosporene 
however, there is a strongly allowed transition to the (2A~, 1B~ +) and BChl (Qx, Q y )  s t a t e s  by assuming 
S 2 state. The position of the S 1 state in /3-carotene various orientations and separations of the two 
and spheroidene, for example, has long been contro- molecules and parallel 7r stacking [ 11 ]. There are 
versial. Pariser-Parr-Pople (PPP) calculations in- two important results of this theoretical study. First, 
cluding multi-reference configuration interaction the transfer rate from the IB + state is larger than 
(MRD-CI) on long polyenes have predicted the pres- from the 2A~. Second, the coupling for energy 
ence of two other low-lying energy levels [3]. Re- transfer from the 2Ag state to BChl is dominated by 
cently, sensitive fluorescence and fluorescence-exci- the Coulombic mechanism when including the higher 
tation measurements have been performed for free order multipole terms rather than by the electron-ex- 
spheroidene at 170 K. These studies claim to observe change mechanism. The recent solution of the high 
the origin of fluorescence from the dark S l state and, resolution crystal structure of a bacterial antenna 
in accordance with the predictions of the polyene complex (Rhodopseudomonas acidophila LH-2 [12]) 
electronic structure results, to have identified at least opens up the possibility of modeling, in detail, the 
two other electronic energy levels (assigned as the pigment interactions responsible for these two path- 
1B~- state and the 3Ag state) [4,5]. If  this level ways. The structure indicates a 4 ,~ closest approach 
structure is correct, these states could also be of (within van der Waals contact) between bacteri- 
importance as channels for singlet-singlet energy ochlorophyll B 850 and the carotenoid. The intimacy 
transfer to BChl. The results of these studies are of the pigment interactions is illustrated in Fig. 2, 
controversial and require further confirmation [6,7]. where the prosthetic groups of a single protomer 

The general view is that after excitation of subunit of the LH-2 structure [12] are shown. Each 
carotenoids in antenna proteins, internal conversion protomer binds a B 850 dimer, a B 800 monomer 
from 1B + to 2Ag is rapid compared to energy and two carotenoids. Note that the conjugated back- 
transfer to bacteriochlorophyll [1,8]. Thus, the argu- bone of the well-resolved carotenoid pigment ap- 
ment continues, essentially all of the energy transfer pears to be somewhat distorted. Finally, the possibil- 
occurs from the 2A~- state of carotenoids, and is ity of other low-lying levels suggested by the low 
likely mediated by exchange coupling because of the temperature fluorescence measurements [4,5] and the 
dipole-forbidden nature of the 2Ag state. Time re- theoretical predictions of Tavan and Schulten [3] 
solved measurements [9,10] have shown that, in imply more complex pathways of energy transfer 
bacterial systems, carotenoid-BChl energy transfer and internal conversion may be involved. 

Time resolved spectroscopy has been shown to be 
particularly useful in suggesting how the excitation 
transfer dynamics take place within the light-harvest- 2 The additional + , -  notation on the term symbols represents 

the "alternancy" symmetry of the wavefunction and is defined in ing complexes. For instance, fluorescence up-conver- 
Ref. [3]. sion techniques have been recently used to determine 
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~, state indirectly; the interpretation of these experi- 
ments can be ambiguous since the assignment of the 

CAR1 states probed is often uncertain. In contrast, the 
fluorescence up-conversion technique directly mea- 
sures the rates of nonradiative processes that depopu- 
late the optically prepared excited state. For 

, , , ~  spheroidene in cyclohexane solution, the transient 
Bs00 absorption study assigns lifetimes for the 1B~ and 

2Ag states of 340 fs and 9.1 ps, respectively [9]. 
~ i This Letter presents a sub-100 fs resolution time 

resolved fluorescence study of the internal conver- 
sion rate of spheroidene in various polar and nonpo- 

' ~ ~ _ ~ A R  B 850 lar solvents by means of the fluorescence up-conver- 
.~ sion technique. The results are in tum compared to 

those derived from the pump-probe experiments of 
2 Shreve et al. [9]. In addition, for the first time, the 

carotenoid in vivo fluorescence decays for the bacte- 
rial LH-1 and LH-2 antenna are observed. The analy- 

Fig. 2. The pigments of a protomer subunit, which is repeated sis of the solution internal conversion rates makes 
with nine-fold symmetry, in the LH-2 antenna protein of Rps. 
acidophila. Coordinates are from the X-ray structure of Ref. [12] u s e  o f  the  e n e r g y  g a p  law [19] for radiationless 
(used with permission). Phytol chains of BChl pigments have been transition in large molecules. As this law provides a 

omitted for purposes of clarity. One of the carotenoid pigments simple relationship between the internal conversion 
(CAR 1) is clearly resolved in the X-ray structure and spans the rate and the state energy, the idealized spheroidene 
whole subunit; this molecule is in van der Waals contact with one 1B~ + in vivo internal conversion lifetime can be 
bacteriochlorin ring of the B 850 dimer and with the ring (not 
shown) of a B 800 molecule in a neighboring subunit. Only estimated independently for the LH-1 and LH-2 
approximately one third of the second carotenoid (CAR 2) is light-harvesting complexes and compared to the ob- 
determined but it also appears to make van der Waals contact with served 52 state decay time in the antenna complexes. 
the same BChl of the B 850 dimer. We conclude that in vivo internal conversion and 

direct energy transfer occur on the same timescale. 
Fluorescence up-conversion studies of energy trans- 

the time constant for energy transfer between B 870 fer to BChl, monitored by BChl emission, and inves- 
pigments in the core light-harvesting antenna (LH-1) tigation of the internal conversion dynamics of BChl 
of Rb. sphaeroides [13], and also between B 800 and are presently being undertaken in our laboratory. 
B 850 in LH-2 and between B 850 chromophores in 
LH-2 [14]. Pump-probe and fluorescence studies 
have resolved energy transfer from the accessory 
BChl molecules to the special pair in the reaction 2. Experimental 
center of Rb. capsulatus and Rb. sphaeroides 
[15,16]. Other recent experimental studies by fern- Spheroidene was extracted from the cells of 
tosecond transient absorption spectroscopy provide Rhodobacter sphaeroides 2.4.1 with acetone and 
us very detailed information on the lifetime of methanol. The extract was partitioned between n- 
carotenoids. The lifetime of the 1Bu + state of /3- pentane and water [20]. The extract was rotary evap- 
carotene has been determined as 250 fs in ethanol orated to dryness; solutions in the different solvents 
solution and 200 fs in CS 2 solution [17] in good were prepared, taking care not to expose the sample 
agreement with the 200 fs decay in hexane by fluo- to light. The solvents studied were n-pentane, N,N- 
rescence up-conversion measurements [18]. It is dimethylformamide (DMF), methanol and carbon 
worth noting, however, that the transient absorption disulfide; spectroscopic grade solvents were used 
technique can only determine the lifetime of the 1Bu + without further purification. For the steady state 
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fluorescence experiments, spectra were recorded with decays of the carotenoid excited with polarization 
a Spex Fluorolog fluorimeter from samples in a 1 cm parallel, perpendicular and at magic angle with re- 
path length static cell. For the time resolved experi- spect to the polarization of detected fluorescence are 
ments, the sample was circulated by a peristaltic identical, showing no anisotropy contribution to the 
pump in a 1 mm quartz flow cell; the concentration dynamics. 
of spheroidene was ~ 1 0  - 4  M as determined by 
solution optical density. The absorbance of the sam- 
ples at 470 nm was 0.25 in a 1 mm optical path 3. Results 
length. Absorption spectra were taken before and 
after measurements and only small changes in the We have measured the steady state and time 
region 450-550 nm were observed together with a resolved fluorescence from the 1B + state of 
slight increase in absorption in the region -~ 300-360 spheroidene in various polar and nonpolar solvents at 
nm due to photochemical degradation of all trans- room temperature and in the core (LH-1) and periph- 
spheroidene. The isolated LH-1 and LH-2 antenna eral (LH-2) light-harvesting complexes of Rb. 
complexes were prepared as described elsewhere sphaeroides. 
[21] and solubilized in the detergents N-octyl r -D- Fig. 3 shows the steady state absorption and 
glucopyranoside (BOG) and lauryldimethylamine fluorescence spectrum of spheroidene in n-pentane 
N-oxide (LDAO), respectively [13,14]. and CS 2 at room temperature. It is clear from Fig. 3 

Fluorescence up-conversion measurements are that there is significant vibrational structure. The 
performed using a mode-locked Ti:sapphire laser main peaks in the absorption spectrum are attributed 
operating at wavelengths 920 nm and 960 nm. The to 0-0,  0-1,  0 -2  vibronic transitions, based on the 
repetition rate of the oscillator is 76 MHz and the simple assignment of a single dominant C--C 
bandwidth of the IR pulse is --~ 13 nm fwhm. The IR stretching mode. Peak positions in the fluorescence 
pulses are doubled by 0.4 mm BBO crystal and the spectra are estimated at 500, 525, and 550 nm for 
second harmonic is used to excite the sample while n-pentane and 546, 567, and 606 nm for CS 2. The 
the residual IR beam serves as a gate pulse. The absorption and fluorescence spectra of the allowed 
excitation energy incident on the sample is -- 0.5 nJ. electronic transition IBu + ~- lAg display a large 
The fluorescence up-conversion setup has been de- red-shift as the solvent polarizability increases 
scribed previously [22]. Briefly, the flow cell con- [23,24]. It has been shown that the shift is almost 
taining the sample is placed at one focus of an linearly dependent on the solvent polarizability: it 
elliptical mirror and a 0.5 mm thick BBO crystal is increases as a function of R(n) = (n 2 - l ) / ( n  2 + 2), 
placed at the other focus. The upconverted fluores- where n is the refractive index of the solvent [23-25]. 
cence is collimated with a lens and spectrally sepa- The extent of the red-shift also depends, to a lesser 
rated from residual cross-correlation through a prism extent, on the polarity of the solvent. A theory has 
and a double monochromator. Finally the signal is been developed that shows the major factor which 
detected by a PMT and accumulated with a photon determines the energy of the 1B + state relative to 
counter for one second at each delay position. The that of the ground state is the dispersive interaction 
fluorescence intensity is measured as a function of of the spheroidene with the surrounding molecules 
time by delaying the gate pulse with respect to the [24,25]. We note that in Fig. 3 the shape of the 
excitation pulse. The step size used for the experi- structured emission spectrum is almost a mirror im- 
ment corresponds to 6.7 fs delay. The instrument age of the 1Bu + ~ - l a g  absorption spectrum and 
response function (IRF), obtained by cross-correla- changes somewhat in different solvents [20]. Based 
tion of the excitation and gate pulses, has a Gaussian on the emission spectrum, we choose one wave- 
shape with a 150 fs fwhm. length of detection in each vibronic band and apply 

Polarization measurements are made using 1 cm femtosecond up-conversion, exciting the sample at 
calcite polarizers and the polarization of the excita- wavelengths shown in Fig. 3. The steady state ab- 
tion beam is changed by rotating a zero-order wave- sorption spectra for the LH-1 and LH-2 preparations 
plate placed after the polarizer. The fluorescence are very similar to those in the literature; the 0 -0  
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band peaks at 505 nm and 515 nm respectively [23]. except for CS 2 where more complex traces are dis- 
The steady state antenna protein fluorescence spectra played. 
show no S 2 emission at our fluorimeter sensitivity, In CS 2 solutions, spheroidene exhibits non-ex- 
however, at room temperature. Shreve et al. have ponential decay (Fig. 4b). With 490 nm excitation, 
seen signs of very weak emission that they attributed the best fit to the data requires an exponential rise, 
to this state [9]. with time constant -- 60 fs, in addition to a 150 fs 

Fig. 4a shows the fluorescence decay kinetics of decay. However, when the excitation wavelength is 
spheroidene in n-pentane, methanol and N,N-di- 460 nm, the transient cannot be fitted by convolution 
methylformamide when the sample is excited at 460 of any reasonable exponential rise/decay kinetics 
nm and the fluorescence detected at 525 nm. The with the IRF and therefore does not appear in Table 
fluorescence appears without any delay and effec- 1. We note the shape of the cross-correlation, mea- 
tively decays to zero within 1 ps. The fluorescence sured with the 460 nm pump beam transmitted 
decay for CS 2, when the excitation and emission through pure CS 2, is not observably distorted by the 
wavelengths are respectively 490 nm and 550 nm, is high dispersion of this solvent in the blue. One might 
shown in Fig. 4b. The inset shows the fluorescence imagine several possible complications for CS 2. The 
decay at 460 nm excitation. The best fits to the data, broadening in the fluorescence decay may be due to 
obtained by convolution of an exponential function absorption (at 460 nm) into a band due to exciplex 
with the instrument response function, are reported formation by 7r cloud interaction of the carotenoid 
in Table 1. The polarizability, R(n), of the solvent is molecule with CS 2 or to the presence of an addi- 
also listed [24]. Each time constant reported is the tional carotenoid electronic state which is accessed at 
result of the average of fits to several experimental this excitation wavelength. We have not attempted to 
decays. Attempts to fit the data with a time constant address the CS 2 results further, although we note 
outside the error bar reported in Table 1 resulted in that the shape of the time resolved fluorescence is 
distinctly poorer quality fits than those shown in Fig. reproducible. 
4. It is clear from the table that the observed kinetics Experiments were performed with various excita- 
for all solvents fit well to a single exponential, tion and emission wavelengths (Table 1). We see no 

Table 1 
Fluorescence lifetimes for spheroidene in various environments. Aex and Ade t are the excitation and detection wavelengths respectively. 
R(n) is a measure of the polarizability of the medium (defined in text) 

Sample )rex (nm) Ade t (nm) "r l(fS) A I(%) R(n) 

n-pentane 490 530 240 ± 10 100 0.2193 
460 500 255 ± 5 100 
460 525 245 5 : 5  100 
460 550 235 5 : 5  100 
427 525 245 5 : 5  100 

carbon disulfide 490 560 155 5:10 a 100 0.3567 

methanol 490 550 185 5:10 100 0.2033 
460 500 188 5:10 100 
460 520 190 + 10 100 
460 550 195 _+ 10 100 

N,N-dimethyl- 460 525 150 4-_ 8 100 0.2586 
formamide 460 550 170 5 : 8  100 

LH-I 460 535 55 4- 20 b 95 

LH-2 460 535 80 _+ 20 b 95 

a Data did not fit well to a single exponential decay. 
b An additional exponential component (5% amplitude) was required to fit data. See text for details. 
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evidence for a significant excitation wavelength vari- , ~  (a) 
ation, however we cannot rule out a small depen- f ~  
dence in the fitted time constants with the emission 
wavelength in n-pentane and N,N-dimethylfor- 
mamide. The significance of this observation may be I i 
questioned since the kinetic time constant in methanol S ~ 
does not seem to be affected by changing the emis- 
sion wavelength detected. 

When spheroidene is incorporated into the light- 
harvesting proteins, LH-1 and LH-2, the decays are 
considerably shorter, as can be seen in Fig. 5. Best 
fits of these data sets yields two components (z~ = 55 
fs, 95% amplitude, and ~'2 = 225 fs, 5% for LH-1 -500 - -  500 ls0o 

t ime (fs) 

(b) 

,,"a (a) ,:" 

\ , i / '. 

li i \ o ,oo  ,ooo ~. ~'~ ~" E ~ , -5oo 

! ' t 

, i _ . _ 2  
! 

. /  - -  x , ~ . t _ 

0 - 5 0 0  0 5 0 0  1 0 0 0  

400 50o 600 time (fs) 
wavelength (nm) 

Fig. 4. (a) Time resolved fluorescence from spheroidene free in 
solution at room temperature in solvents: n-pentane (Q, slowest 

I l / ' X l  / '*h (b) ] decay), methanol (~) ,  and N,N-dimethylformamide (A ,  fastest 
decay). Spheroidene is excited at 460 nm and fluorescence de- 
tected at 525 nm. Signal counts are plotted on a linear scale; 
curves have been normalized to overlay data from different sol- 
vents. Fits are shown with solid lines. (b) Time resolved fluores- 

o = _~. cence of spheroidene in CS 2 solution at room temperature when 
~. p~. excited at 490 nm and detected at 560 am (dotted line) and fit 
o (solid line). The inset shows the fluorescence decay in CS 2 with 
"~ 460 nm excitation. 

and ~-~ = 80 fs, 95%, and ~'2 = 300 fs, 5% for LH-2). 
0 4o0 soo 8oo The slower component has a large experimental un- 

wavelength (nm) certainty because of its small amplitude. Excluding 
Fig. 3. Steady state absorption (solid line) and fluorescence (dotted impurities in the sample, this slow time constant may 
line) spectra of spheroidene at room temperature in (a) n-pentane, be connected with the presence of some carotenoids 
(b) CS 2. The fluorescence spectrum was obtained by exciting at that are no t  connected to Bfhl  (e.g. attached to 
460 nm for both solvents. The arrows indicate the excitation 
wavelengths chosen for the time res31ved fluorescence measure- denatured protein or free in the detergent solution) or 
ments, from excited carotenoids which are adjacent to a 
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i f i ! ~  compare our results to those determined from other 
methods and for different carotenoid molecules. 

The results reported in Table 1 show clearly the 
independence of internal conversion rates on the 
excitation wavelength. A similar wavelength insensi- 

i ~' , tivity was also observed for the fl-carotene molecule 
o [18]. This implies either that the intramolecular re- 

~i~ laxation in the 1B~ state occurs faster than the 
I ~ ' \  present time resolution, or that the internal conver- 

sion rate is similar for all vibrational levels of 
carotenoid in the 1Bu + excited state. For/3-carotene, 
the observation has been interpreted as indicating an 

-500 0 500 1000 
time(fs) intramolecular vibrational relaxation value shorter 

than 50 fs, in agreement with the prediction by 
Fig. 5. Time resolved fluorescence from spheroidene S 2 state 
bound to LH-1 ( O )  and LH-2 ( l l )  in vivo. Sample excited at 460 W a t a n a b e  et  al. [26]. T h i s  w o u l d  also imply a s t r ic t  

nm and fluorescence detected at 535 rim. Signal counts are plotted mirror image fluorescence spectrum for the 1B~ + 
on a linear scale; curves have been normalized to overlay data for state - as  is approximately indicated for spheroidene 
different antenna. The best fit (solid line) is obtained by convolu- by Fig. 3a. We note, however, that a 50 fs timescale 
tion of instrument response function with a double exponential s e e m s  extremely fast for vibrational relaxation of a 
function. The time constants from this fit are 55 fs (95% ampli- 
tude) and 225 fs (5%) for LH-I and 80 fs (95%) and 300 fs (5%) high frequency m o d e  in a nonpolar so lven t .  In  addi -  
for LH-2. tion, the data appear to show a weak and uncertain 

trend with the emission wavelength. This may indi- 
cate that the intramolecular relaxation timescale is 
comparable to the 1BS internal conversion time 

triplet BChl molecule. The steady state concentration constant. The emission of an electronic state whose 
of triplet BChl may be significant given the laser lifetime is shorter than, or on the order of, the 
repetition rate of 76 MHz [13]. timescale of the solvent dynamics and intramolecular 

relaxation has been modeled theoretically. The the- 
ory considers both vibrational relaxation within the 

4. Discussion electronic excited state and population relaxation of 
the electronic excited state. In addition, a stochastic 

The 1B~ + state lifetime of spheroidene in solution modulation of the energy of the excited state is 
can be assumed to represent a measurement of the present, either as a solute-solvent interaction or as 
internal conversion rate of  the carotenoid from this interaction involving an intramolecular bath of dark 
state. This rate will reflect a sum of all pathways out states [27]. It is found that the shape of the emission 
of the S 2 state; we are assuming that there is no spectrum depends quite sensitively upon the ratio of 
significant photochemistry on the S 2 surface. Our the vibrational to electronic relaxation rates. Fig. 3 
goal is to estimate the internal conversion rate in a may confirm this because the shape of the experi- 
medium of polarizability similar to the protein envi- mental emission spectrum is not a perfect mirror 
ronments. This information, combined with the image of the absorption spectrum and varies with 
spheroidene 1Bu + lifetime in the in vivo system, solvent [20]. A clear interpretation of the wavelength 
allows us to explore the validity of the four state dependence shown in Table 1, as well as the steady 
kinetic model described in Section 1 and Fig. 1. In state emission spectrum in various solvents, therefore 
particular, it provides data that can be used to deter- needs a theoretical treatment that includes the solva- 
mine which of two carotenoid singlet states, the 1B + tion dynamics, the intramolecular relaxation and the 
or 2Ag,  is the most likely energy transfer donor to depopulation of the electronic excited state. 
BChl in the antenna proteins. First let us consider the Table 1 shows that the internal conversion rate 
wavelength and solvent variations of the lifetime and changes with the solvent polarizability. The rates for 
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fl-carotene and spheroidene are fairly similar, even Table 2 

though the internal conversion rate of fl-carotene is Excited state energy (and energy gap A E )  for spheroidene in 

less affected by the solvent environment [18]. The different solvent and protein environments  and the internal con- 
version rate from the S 2 state (kic). For free spheroidene in 

spheroidene lifetime in n-pentane measured by fluo- solvent, k~c is assumed equivalent  to the observed fluorescence 

rescence up-conversion (245 fs) is significantly lifetime 
shorter than the 340 fs in hexane obtained by Solvent R(n) lBu + ( c m - J )  a A E ( c m - l )  b kic(S -I) 
pump-probe experiments [9]. Transient absorption pentane 0.2193 20700 ---6600 4.2x10 ~2 
data are sometimes hard to interpret on account of CS 2 0.3567 19200 = 5100 6.6x 10 ~2 

contributions to the signal originating from several methanol 0.2033 20700 = 6600 5 . 3 x  1012 

electronic states. Indeed the 1B + lifetime determined N,N-DMF 0.2586 20100 = 6000 6.2X 1012 
by femtosecond transient absorption spectroscopy LH-I 19800 ~5700 

LH-2 19400 = 5300 
relies on a putative S, *-- 2Ag probe absorption rise. 
The pump-probe method appears, however, to give a Observed S 2 absorption max ima  and R(n) from Ref. [23]. 

b 
a result in good agreement with up-conversion for The 2Ag energy level is assumed to have a constant value, 

t h e  l i f e t i m e  ]3-carotene [17,18]. 14100 cm - I  from Ref. [20]. 

The change in internal conversion rate constant 
for this series of solvents is readily accounted for by ble the extended vibronic profile expected for S1-S 0 
the "energy gap law" in the weak coupling limit polyene emission and may well be due to a chloro- 
[19]. Briefly, the energy gap law describes the radia- phyll derivative impurity [7,30]. Extrapolation of 
tionless transition probability between two electronic 2Ag fluorescence origin energies for shorter conju- 
levels of a molecule in the gas phase or in an inert gation length spheroidene analogs in methanol indi- 
solvent; the weak coupling limit (where the relative cates an energy for spheroidene S~ at 14100 cm - l  
displacement of the two potential energy surfaces is [20,28]. Here, we will simply assume that the varia- 
small) is appropriate for describing the electronic tion of AE between solvents is dominated by the S 2 
relaxation in a large molecule. This energy gap law energy, and fix the energy of the S~ origin at the 
has previously been used to predict the 2Ag (S 1) value based on extrapolation from Ref. [20]. The 
state energy for carotenoids not exhibiting S~ fluo- energy of the 2Ag is expected to depend more 
rescence from measurements of their S~ ~ S O inter- weakly on the solvent polarizability than the 1B~ as 
nal conversion rates [28,29]. Considering the S 2 ~ S 1 the latter state is largely ionic in character [31 ]. Table 
process, the internal conversion rate c o n s t a n t  kic is 2 lists the measured internal conversion rates and the 
expected to depend on AE, the $2-S 1 energy differ- estimated energy gaps (AE).  
ence, as follows: The limited number of solvents studied and uncer- 

tainties in S l energies preclude us from evaluating 
kic = c exp [ - ( y/h to,.) A E] .  ( 1 ) the quantitative success of the energy gap law. How- 

For very fast internal conversion rates, kic is well ever, the parameters fitted to Eq. (1) do allow us to 
approximated by the reciprocal of the fluorescence bracket the rate of internal conversion of spheroidene 
decay time ( I / r ) .  In Eq. (1), hw,, is the energy of inside the photosynthetic antenna systems. The direct 
accepting vibrational modes and y is a parameter lifetime measurements for spheroidene in the protein, 
connected with the relative displacement of the po- in contrast, determine the overall radiationless decay 
tential surfaces in the two electronic states; both y from the 1Bu + level: both internal conversion and 
and the pre-exponential constant contain a weak single-singlet energy transfer may contribute to the 
dependence on A E [19]. overall lifetime in vivo. Proceeding from the solvent 

Because the 2Ag is a dark state, the energetic measurements, the environment of spheroidene in 
origin is not known with certainty. For acetone, LH-1 and LH-2 complexes are approximately as- 
n-hexane and CS 2, low temperature emission excita- sessed on the basis of the 1B + energy: spheroidene 
tion experiments report 2Ag ~ lAg with origins at in the LH-2 complex is located in an environment 
15100, 14900 and 14600 c m  -1  respectively [4,5]. with high polarizability (the absorption maximum at 
However, the emission band profile does not resem- 19400 c m  -1  leads to an estimate for R(n) of 0.34) 
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while the environment in the LH-1 complex has a the purple bacterium Rps. acidophila shows the 
lower polarizability (R(n)  ~ 0.30). Assuming that carotenoid molecule, rhodopsin glucoside, to be de- 
the carotenoid pigment is in an "idealized" protein formed from planarity in the protein [12]. This can 
environment in absence of BChl, we can estimate the be seen for the pigment labeled CAR 1 in the subunit 
values of internal conversion rates of spheroidene in view of Fig. 2. The twisting effect induced by the 
the light-harvesting complexes by interpolation using protein matrix could lead to a marked change in the 
Eq. (1) and the energy gaps detailed in Table 2. internal conversion rate constant [33]. Specific inter- 
Once again, we assume 14100 cm-~ for the action between the carotenoid molecule and the sur- 
spheroidene 2A~ energy. This yields internal con- rounding amino acid side chains may also alter the 
version times = 150 fs for LH-2 and = 170 fs for density of states in the SI state as well as the 
LH-1. electronic nature of the S 2 and S¿ states. Recent 

These numbers contrast strongly with the mea- measurements of the effect of the electric fields on 
sured lifetimes (Table 1). One could postulate two absorption spectra demonstrate that the difference 
simple reasons as to why the lifetime is substantially between ground and excited state dipole moments is 
shorter. The presence of BChl opens up a second larger for spheroidene in the light-harvesting corn- 
pathway for deactivation of the S 2 state - dipole plexes than spheroidene in organic glasses [34]. Such 
allowed energy transfer to the Qx state of BChl. perturbations in the electronic structure of the 
Alternatively, it is not just the local polarizability of spheroidene may profoundly alter the internal elec- 
the carotenoid environment that determines its inter- tronic state dynamics in vivo in LH-2 and LH-1 
nal conversion rate - the interaction with the protein antenna complexes. 
(ignoring the BChl) may be more complicated. Let 
us consider the first possibility. The carotenoid 1Bu + 
state is depopulated by both energy transfer and 5. Conclusion 
internal conversion and we accept that 150-170 fs is 
an accurate estimate for the internal conversion rate. An examination of the 1B~ + excited state dynam- 
Then, assuming the simple kinetic scheme of Fig. 1, ics of carotenoid spheroidene, both in solvent and in 
the energy transfer time constants are ~-90 fs for the LH-I and LH-2 light-harvesting complexes has 
LH-1 and = 170 fs for LH-2. This result for very been presented. The 1Bu + to 2Ag internal conver- 
fast energy transfer from the 1B + state would cer- sion timescale for spheroidene in several solvents 
tainly agree with Shreve et al.'s [9] proposal that has been found to range between 250 fs for n-pen- 
energy transfer to the Qx of BChl competes with the tane and 160 fs for carbon disulfide. Measurements 
internal conversion and accounts for a large part of indicate that, unlike /3-carotene [18], the 1Bu + inter- 
the energy transfer yield. The 170 fs LH-2 energy nal conversion time of spheroidene depends on the 
transfer time constant suggested by our results is polarizability of the solvent. The energy gap law 
consistent with the ~< 200 fs overall transfer time appears to apply fairly well to the data if we assume 
from the carotenoid to the final accepting Qy state of that the lower level is the 2Ag state, although the 
B 850 observed in Shreve et al.'s pump-probe mea- number of solvents studied is too limited to make an 
surement [9]. Clarification of the BChl Qx ~ Qy assessment of its quantitative validity. The polarity 
internal conversion time scale, recently reported as of the solvent appears to have an additional effect. 
100-400 fs [32], as well as a direct experimental Applying the energy gap law, we have estimated the 
determination of the rate of 2Ag ~ Qy energy trans- in vivo internal conversion rate for spheroidene in 
fer are necessary and in progress to resolve the the LH-1 and LH-2 protein environment. This gives 
mechanism of this singlet energy transfer. = 150 fs in LH-2 and -'-170 fs in LH-1. The 

The second possibility is that the carotenoid, when fluorescence decays for the light-harvesting com- 
incorporated into the protein, has a significantly plexes are substantially shorter than these estimates. 
different internal conversion rate than expected on This result leads us to suspect that energy transfer 
the basis of the $2-S ~ energy gap alone. For exam- directly from the 1B~ + state to the Qx state of BChl 
ple, the recent X-ray structure of the LH-2 protein of is responsible for significantly shortening the 
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carotenoid S 2 state lifetime. Estimates for the sin- [11] H. Nagae, T. Kakitani, T. Katoh and M. Mimuro, J. Chem. 

g l e t - s i n g l e t  e n e r g y  t r ans fe r  t ime  f r o m  s p h e r o i d e n e  Phys. 98 (1993)8012. 
1Bu + s tate  to B C h l  Qx are  90  fs for  LH-1  and  170 fs [12] G. McDermott, S. Prince, A. Freer, A. Hawthornethwaite- 

Lawless, M. Papiz, R. Cogdell and N. Isaacs, Nature 374 
for  LH-2 .  The  i m p l i c a t i o n s  o f  this  resu l t  and  its (1995)517; 

r e l a t i onsh ip  to the s t ruc tura l  m o d e l  for  L H - 2  wil l  be  A. Freer, S. Prince, K. Saner, M. Papiz, A. Hawthorneth- 
d i s cus sed  in a fu tu re  p a p e r  [35]. H o w e v e r ,  at  this  waite-Lawless, G. McDermott, R. Cogdell and N. Isaacs, 
s tage  we  c a n n o t  rule ou t  the a l t e rna t ive  a r g u m e n t  Structure Bonding, submitted for publication. 
that the spheroidene internal conversion is signifi- [13] S.E. Bradforth, R. Jimenez, F. van Mourik, R. van Grondelle 

and G.R. Fleming, ,i. Phys. Chem. 99 (1995) 16179. 
cantly accelerated by deformation of the spheroidene [14] R. Jimenez, S.N. Dikshit, S.E. Bradforth and G.R. Fleming, 
b a c k b o n e  by  the p ro te in  host .  J. Phys. Chem., to be published. 

[15] Y. ,lia, D.M. Jonas, T. ,ioo, Y. Nagasawa, M.J. Lang and 
G.R. Fleming, J. Phys. Chem. 99 (1995) 6263. 

[16] R.J. Stanley and S.G. Boxer, ,i. Phys. Chem. 99 (1995) 859. 
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