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The spectroscopic properties of spheroidene and a series of spheroidene analogs with extethdstadn
conjugation ranging from 7 to 13 carbeoarbon double bonds were studied using steady-state absorption,
fluorescence, fluorescence excitation, and time-resolved absorption spectroscopy. The spheroidene analogs
studied here were' ®'-dihydro-7,8-didehydrospheroidene,,8-didehydrospheroidene, and,2-dihydro-

3,4, 7,8 -tetradehydrospheroidene and taken together with data from 3,4,7,8-tetrahydrospheroidene, 3,4,5,6-
tetrahydrospheroidene, 3,4-dihydrospheroidene already published (DeCoster, B.; Christensen, R. L.; Gebhard,
R.; Lugtenburg, J.; Farhoosh, R.; Frank, H.B\ochim. Biophys. Acta992 1102 107) provide a systematic

series of molecules for understanding the molecular features that control energy transfer to bacteriochlorophyll
in photosynthetic bacterial light-harvesting complexes. All of the molecules were purified by high-pressure
liquid chromatographic techniques prior to the spectroscopic experiments. The absorption spectra of the
molecules were observed to red-shift with increasing extentelectron conjugation. The room temperature
fluorescence data show a systematic crossover from dominant® (2'Ay — 1'Ag) emission to dominant

S — S (1'By — 1'Ay) with increasing extent of conjugation. Thefiorescence quantum yields of all the
carotenoids in the series were measured here and indicate that 3,4-dihydrospheroidene with nire carbon
carbon double bonds has apdiiantum yield of (2.7 0.3) x 10~* which is the highest value in the series.

The lifetimes of the §states of the molecules were determined from time-resolved transient absorption
spectroscopy and found to decrease as the conjugated chain length increases. The transient data are discussed
in terms of the energy gap law for radiationless transitions which allows a prediction of émegjies of the
molecules. The implications of these results for the process of light harvesting by carotenoids in photosynthesis

are discussed.

Introduction

Carotenoids supplement the light-capturing ability of chlo-
rophyll in antenna pigmentprotein complexes by harvesting
light in the ~425-500 nm visible region where chlorophyll is
not an efficient absorbé2 The energy is then transferred from
the carotenoids to chlorophyll via singlet state energy transfer.

Several different mechanisms describing energy transfer have

been advanceti.” Which of these mechanisms is most ap-

propriate to describe the rate and efficiency of energy transfer

between carotenoids and chlorophylls will depend on the
distance between the donor and acceptor molecules and th

nature of the excited states involved in the process. Thus, an

in-depth understanding of the energy state complexion of

— 5 (1'Ag — 2'Ay) absorption or $— S (2!Ag — 1'Ay)
fluorescence, are symmetry forbidden. In contrast, electronic
transitions to and fromgand the second excited state, 8hich
hasB, symmetry,i.e. the transitions §— S, (1'Ag — 1'By)
absorption and §— S (1'B, — 1'Ay), are allowed. The &

— S, (1*Ag — 1'B,) transition is responsible for the charac-
teristic strong absorption associated with all polyenes in the
visible region. Carotenoids, owing to their large extents of
substitution by functional groups, do not adhere strictCte
symmetry. However, because carotenoids possess many of the

éspectral characteristics of the parent polyenes from which they

were derived, the same symmetry designations described above
are used when referring to carotenoids as well as polyenes.

carotenoids is essential for detailing the manner in which these ~ The photophysics and photochemistry of many short polyenes

molecules participate in light harvesting in photosynthesis.

Carotenoids possess two low-lying excited electronic states,

denoted $and S, that play important roles in energy transfer
in photosynthesi&®° The ground state, denoted, and S of
all-trans-polyenes posses&; symmetry in the idealizedon,
point group. Electronic transitions between these states,
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have been studied extensivéiyll Yet, it remains unclear
precisely how to take the conclusions drawn from the data on
polyenes and apply them to the behavior of carotenoid mol-
eculest?13 Also, the relationships between the energies and
decay dynamics of excited states of carotenoids and the
molecular details of how carotenoids carry out their light-
harvesting role in photosynthetic systems need to be eluci¢fated.
An investigation by Anderssoet al® of the energies and decay
times of the $ and $ states off3-carotene and analogous
compounds having 5, 7, 8, 9, 15, and 19 conjugated double
bonds have shown that the IBetimes decrease with increasing
extent ofr-electron conjugation. Similar observations were
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Figure 1. Molecular structures of spheroidene and its analogs.

reported for spheroidene analogs having 7, 8, 9, and 10 carbon
carbon double bond&:3

The present work extends the study of the photophysics and
photochemistry of spheroidene by examining the absorption,

fluorescence, fluorescence excitation, fluorescence quantum

yields, and transient absorption dynamics 985dihydro-7,8'-
didehydrospheroiden&), 7,8 -didehydrospheroiden®), and
1',2-dihydro-3,4',7',8 -tetradehydrospheroidené)( These are

a systematic series of spheroidene analogs possessing 11, 1
and 13 conjugated carbewcarbon double bonds, respectively
(Figure 1). Taken together with data already publidféton
spheroidene 4) and its shorter analog compounds, 3,4,7,8-
tetrahydrospheroidenel); 3,4,5,6-tetrahydrospheroideng),(
3,4-dihydrospheroideng), having 7, 8, and 9 carbettarbon
double bonds, and their8uorescence quantum yields reported
here for the first time, the molecular features that control the
ability of carotenoids to carry out their light-harvesting function
in photosynthesis are beginning to emerge.

Materials and Methods

Preparation and Purification of the Samples. Spheroidene
was obtained from anaerobically grolRihodobacter sphaeroi-
deswild type strain 2.4.1 cells by extraction with acetone and
partitioning with pentane. After the pentane was evaporated

Frank et al.

High-Pressure Liquid Chromatography (HPLC) Analysis.
The solvent from the purified carotenoid solutions was evapo-
rated using a stream of gaseous nitrogen, and the solid
carotenoids were redissolved in methanol. HPLC analysis and
separation of the carotenoids were carried out using a Waters
996 liquid chromatograph equipped with a photodiode array
detector and employing a Nova Paks@4 um particle size)
Waters reversed-phase column (39350 mm) and a Li-
chrosorb RP-18 (&m particle size) Phenomenex guard column
(4.0 x 30 mm). The samples were eluted at a flow rate of 1.0
mL/min with a mobile phase programmed as follows:12
min, isocratic methanol/acetonitrile (95/5 v/v); 127 min,
linear gradient to methanokhexane (95/5 v/v); 2#45 min,
linear gradient to methanol/acetonitrile (95/5 v/v). The major
peaks in each chromatogram were independently collected.

Absorption and Fluorescence Spectral Analysis. After
HPLC the carotenoid solutions were dried using a stream of
gaseous nitrogen and redissolvednitnexane. Fluorescence
and fluorescence excitation spectra of these samples were then
done on a SLM 8000C (SLM Instruments, Inc.) spectrofluo-
rimeter. A 450 W ozone-free xenon arc lamp and a 1500
grooves per mm grating monochromator comprised the variable-
wavelength excitation light system. The sample emission passed
through a 10 mm Glan-Thompson calcite prism-type vertical
polarizer to reduce Wood’s anomaly, through an appropriate
glass cutoff filter depending on the sample, and into another
monochromator positioned 9Qo the excitation beam. The
intensity of both the incident and emitted light were detected
by two separate Hamamatsu model R-928 photomultiplier tubes.
The contributions to the emission spectra resulting from the
Raman scattering bands of the solvent were corrected by
subtracting a solvent blank taken under identical conditions. The
fluorescence spectra were also corrected for the wavelength
dependencies of the optical components using a correction factor
generated by scanning the excitation and emission monochro-
mators synchronously. Fluorescence excitation spectra were
obtained in ratio mode with Rhodamine 800 in ethylene glycol
s the reference. A Milton Roy spectronic 3000 array spec-
fometer (SLM-Aminco) was used to obtain the absorption
spectra. All determinations were done at room temperature.

Quantum Yield Measurements. The fluorescence quantum
yields of 3,4,7,8-tetrahydrospheroidene, 3,4,5,6-tetrahydrosphe-
roidene, and 3,4-dihydrospheroidene were measured relative to
perylene in cyclohexanepfé = 0.94)18 Rhodamine 590 in
methanol ¢r 0.95)° was used for %56-dihydro-7,8-
didehydrospheroidene,,8-didehydrospheroidene, and,Z-
dihydro-3,4',7,8-tetradehydrospheroidene. Both perylene in
cyclohexane and rhodamine 590 in methanol were used for
spheroidene. The evaluation of the quantum yields was based
on the following equatiof?

1—10"2\[1z|[rE)(De
% 1— 10" )\l \n?/\D:

b @)

and redissolved in acetone, the sample was loaded onto a DEAEvhere¢. and ¢, are the quantum yields of the carotenoid and

sephacel column that was equilibrated with acetone. A mixture

reference solutions, respectivelye;, and |y, are the relative

of carotenoids, primarily spheroidene and spheroidenone, wasintensities of the exciting light at wavelengttfor the carotenoid
then eluted from the column using acetone. Spheroidene wasand standard solutions?;; andA;, are the optical densities of
separated from the other carotenoids using an alumina columnthe carotenoid and standard solutions at waveleigtim; is

with 0.25, 0.5, and 1% ethyl acetate in petroleum ether solutions
as stepwise eluants. The synthesis and purification of 3,4,7,8-

the refractive index of-hexane and is equal to 1.375 06 at 20
°C, andny is the refractive index of methanol (1.3288 at°Zt)

tetrahydrospheroidene, 3,4,5,6-tetrahydrospheroidene, and 3,4er cyclohexane (1.426 62 at 2CQ). D, andD; are the integrated

dihydrospheroidene have been previously describedhe
synthesis and purification of §'-dihydro-7,8-didehydrosphe-
roidene, 7,8 -didehydrospheroidene, ang2-dihydro-3,4,7',8-
tetradehydrospheroidene will be reported in detail elsewtere.

areas of the corrected emission spectra of the carotenoid and
standard solutions.

Transient Absorption Measurements. All of the caro-
tenoids were dissolved in diethyl ether and placed in 1 cm path
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length cuvettes. Following deoxygenation of the samples by
bubbling with nitrogen gas, the cuvettes were sealed. The
transient absorption apparatus used to measure the excited state
lifetime consists of a homemade, self-mode-locked, Ti:sapphire
oscillator that was pumped byets W all lines output from an

ArT laser (Laser lonics 14063. The Ti:sapphire oscillator emits ] ) E—
25 fs, 800 nm pulses at a 97 MHz repetition rate with an average 1 \
power of 400 mW. The 25 fs pulses from the oscillator are
temporally stretched using a double-passed grating/mirror
combination to a duration of 200 ps. These chirped pulses were
amplified in a homemade Ti:sapphire regenerative amplifier that
employed a folded cavity and used an acoustooptical modulator /

(NEOS N13389) for injection and cavity dumping. The [

9T
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regenerative amplifier was pumped by an intracavity frequency-
doubled, Q-switched, Nd:YAG laser (Laser Applications 9560)
that produced 54Q:J, 700 ns, 532 nm pulses at a 24 kHz
repetition rate. The output of the Ti:sapphire regenerative
amplifier was recompressed with 50% efficiency using a single
transmission grating (Kaiser Optical Systems) to giveu33
70 fs, 800 nm pulses. Using appropriate beam splitters, about
3 uJ of 800 nm light was used to generate a very smooth white
light continuum by focusing it wit a 5 cmlens inb a 3 mm
thick block of sapphire. Shot-to-shot intensity fluctuations of
the probe beam were generally less than 2%. The remaining
800 nm light was frequency-doubled with 25% efficiency using aw Wavelength/om
almmlong LBO type | CryStaI_ to _yleld_ 1001s, 400 nm pulses. Figure 2. HPLC chromatogram (left-hand side) and corresponding
The energy of the blue excitation light on the sample was spectra (right-hand side) of ,6-dihydro-7,8-didehydrospheroidene
varied using a polarizer>, wave plate combination. The  (5) which are typical of the chromatograms for spheroidene and all
polarization of the pump beam was set to the magic angle with the analogs studied. The chromatogram was detected using absorption
respect to the probe beam. Typically500 nJ was used to ~ at 467 nm.
excite the molecules. The excitation beam was chopped at 635 ) ) ]
Hz synchronized to the laser repetition rate using a quartz didehydrospheroidene (Figure 2) the longest wavelength vibra-
acoustooptic beam deflector (INTRA ACTION ASM-703-8). tional feature of this transition appears at approximately 500
The arrival of the excitation beam relative to the probe beams M. In addition to the prominent absorption in the 4GD0
was accomplished with an optical delay line that used a linear "M region, the absorption spectra corresponding to the other
stepping motor (Compumotor) with/ (7 fs) resolution. The peaks in the HPLC chromatogram show varying intensities of
nearly collinear and codirectional excitation and measuring absorption at approximately 360 nm. These so-calleid-
probe beams were focused into the sample to ca. 0.3 mmPeaks” which usually occur at140 nm to shorter wavelength
diameter. The sample was containeda 1 cmpath length pf Fhe red-most spectral feature in th_e absorption spectrum
cuvette and was stirred. The wavelengths of the measuring andndicate that the other compounds eluting from the column in
reference probe beams were selected with a SPEX Mm270this time domain are different geometric isomers of the same
monochromator. Changes in the transmission of the measuringcarotenoid. Thell-transisomer is distinguished because it is
probe light through the sample and changes in the referenceCharacterized by the. smallest cis-peak in the mixture. In all
probe beam were monitored by photomultiplier tubes (Hamamat- cases, the concentration of the élns-carotenoid was dominant
su H5783-01). The output of each PMT was digitized using a i the mixture. This is presumably_be_cause it is also known to
sample and hold amplifier and 12-bit A/D board (National be the most stable of the geometric isoniérs.
Instruments) and was recorded with a personal computer [N addition to resolving the various major peaks, the HPLC
(Gateway 66 MHz 486). The data acquisition software moni- proc_edure separated species with shorter elution times. These
tored the quality of each shot and only averaged shots within fractions absorb at wavelengths less than 400 nm, and most
5% of the average intensity of the reference probe beam level.likely are less conjugated polyenes consisting primarily of
Kinetic parameters were obtained by iterative reconvolution degradation products of the carotenoids that were not eliminated
us|ng the LevenbngMarquardt a'go”thm The |nstrumenta| by the |n|t|a| C0|umn pur|f|cat|0n StepS These ImpurItIeS Wh|Ch
time response was 100 fs at 400 nm. have high fluorescence yields can affect the fluorescence and
the fluorescence excitation spectra. The present HPLC protocol
removed them from the samples used in the measurements
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Results
reported here.
HPLC Analysis and Purification of Geometric Isomers. Absorption and Fluorescence Spectral Analysis. The
Figure 2 shows the HPLC chromatogram §65dihydro-7,8'- absorption spectra for spheroidene and the six analog compounds

didehydrospheroidene (11 carbecarbon double bonds) which  in n-hexane are shown in Figure 3. The spectra are red-shifted
is typical of spheroidene and all the analogs studied here. Theas the extent of ther-conjugation increases. The absorption
retention times of the carotenoids on the reverse-phase columrspectra correspond to the S S, (1'Aq — 1'B,) transitions.
were very similar, with the most intense peak eluting after about Hence, the red-shifting of the spectra indicates a decreasing trend
30 min. The absorption spectra corresponding to the major in the energy difference between &nd $. For the spectra
chromatographic peaks for each sample were dominated by afor all the molecules in the series, the full width at half-height
distinctive, strongly allowed transition with extensive vibronic of the individual vibronic bands was1000 cnt! and the widths
structure in the 400500 nm region. For '%'-dihydro-7,8- of the entire 3— S, (1*Ay — 1'B,) absorption spectral profiles
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Figure 3. Absorption spectra of spheroidene and the six analog
compounds. The spectra are red-shifted with increasing extents of
sr-electron conjugation and show the variations in the relative intensities
of the vibronic bands. The intensity of the lowest energy vibronic feature
decreases with the extentmfelectron conjugation- B —), whereas

that of the higher energy vibronic feature increases with the extent of
sr-electron conjugation-{ @ —). The corresponding number of con-
jugated double bonds are indicated directly above the wavelength of
maximum absorptionimax for each of the molecules.

were 3680+ 30 cnTl. The relative intensities of the vibronic
bands of the carotenoids changed noticeably with the extent of
m-electron conjugation. This is evident from the sloped dashed
lines in Figure 3 which show that by normalizing the intensities
of the spectra at their respective wavelengths of maximum
absorption, thelmax values, one of the higher energy vibronic l '
featlures.|s o.bserved to increase |n.|ntenS|ty as the extent of 300 400 500 600 700 800
conjugation increases. The intensity of the lowest energy Wavelength/nm
vibronic feature in the absorption spectrum, the spectral origin,

decreases in intensity with increasing extent of conjugation. Figure 4. Room temperature absorption (ab), fluorescence (em,
: _—), and fluorescence excitation (ex, - - -) spectra of moleculed,(a)
Figure 4 shows the room temperature fluorescence, fluores (b) 5. (c) 6, and (d)7 in n-hexane. The fluorescence spectra were

cence excitation and absorption spectra for spheroidene (10sptained by exciting at the wavelength where the absorption is
carbor-carbon double bonds) and the analogs with 11, 12, and maximum for the compound. The fluorescence excitation spectra were
13 carbor-carbon double bonds. The spectra for the short chain obtained by monitoring at the wavelength where the emission is
spheroidene analogse. analogs with less than 10 carben ~ maximum for the compound.

carbon double bonds, have been published previddsiyhe

fluorescence spectra of the longer chromophore carotenoidsys their S — S, absorption bands probed using a white light
appear for the most part as mirror images of thejir$ S, continuum. These absorption bands subsequently decay with
absorptions. The small Stokes shifts between the origins of gjngje-exponential kinetics to zero as shown in Figure 5. The
emission and absorption suggest that the emission from all thes%1 lifetimes determined from these data are &7.1 ps for
molecules corresponds to the-S S (1B, — 1'A) transition. spheroidene (compourd), 3.9+ 0.1 ps for 56-dihydro-7,8-
There was no ev_ldgnce “.OF any longer wavelength;-SS, didehydrospheroidene (compousy 2.7 + 0.1 ps for 7,8-
(2.1Ag — 1'Ag) emission originating from any of the molecules didehydrospheroidene (compougdand 1.1+ 0.2 ps for 1,2-

with 10 or more carboncarbon double bonds. - The fluores- dihydro-3,4,7,8-tetradehydrospheroidene (compouf)d The
cence excitation spectra, also shown in Figure 4, were monltoredSl lifetimes of 3,4,7,8-tetrahydrospheroidene, 3,4.5,6-tetrahy-
at the wavelength of maximum intensity of the emission profiles. drospheroidene ’ a,nél 3 4-dihydrospheroidene, ha,lv'e 'been previ-

These excitation spectra correspond well to the absorption . . .
- gusly determine® and are summarized with the present data
spectra and, therefore, support the assignment of the fluorescence

profiles to spheroidene and the analogs. As seen in their i Table 1.

absorption spectra, the fluorescence and fluorescence excitation In accord with the energy gap law for radiationless transi-

spectra red-shift with increasing extentsmélectron conjuga- tions23 the trend toward decreasing Betime implies that the

tion. The energies of the,States of spheroidene and its analogs energy difference between 8nd $ decreases as the extent of

were determined from the intersections of their absorption and conjugation increaség:1521.2426 Because carotenoids deacti-

fluorescence spectra. These values are given in the last columryvate primarily nonradiatively (quantum yields of emissie8

of Table 1. x 1074, see below), their Senergies can be deduced from a fit
Transient Absorption Experiments. Excitation of the of the dynamics of the :S— S transition to the energy gap

molecules with a 120 fs laser pulse results in a rapid buildup law given as
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TABLE 1: S; Lifetimes and S; and S; Energies of Spheroidene and Its Analogs

carotenaid S, lifetimes/ps $energies/cmt S, energies/cmt
3,4,7,8-tetrahydrospheroidene 1 4074 22 18 400 23 200+ 500
3,4,5,6-tetrahydrospheroidene 2 854 5° 16 700 22 300+ 500
3,4-dihydrospheroidene 3 254+ 0.9 15 300 21 300+ 500
spheroidene 4 8.7+0.1 14 200+ 50 20 600+ 400
5',6'-dihydro-7,8-didehydrospheroidene 5 3.9+0.1 13 245+ 50 19 700+ 400
7',8-didehydrospheroidene 6 27+0.1 12 805+ 60 19 000+ 400
1',2-dihydro-3,4',7,8 -tetradehydrospheroidene 7 1.1+0.2 11 775+ 200 18 400+ 300

aUnless otherwise indicated the 8nergies were deduced from a fit of the dynamics of the~SS, transition to the energy gap law. The
uncertainties in the numbers were propagated from the precisions in the determinations,difétien8s. The % energies of spheroidene and its
analogs were determined from the intersections of their absorption and fluorescence spectra as described in the text. Their uncertainties were
estimated as=10 nm from the point of intersectioAFrom Frank et al° ¢From DeCoster et &l
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Figure 6. Fit of the energy gap law equation to the dynamics and
energetics data from three spheroidene analogs, compdui2dsind
3, p-carotene, and two of its analogs mini-5 and mini-7, having 5 and
7 carbonr-carbon double bonds, respectively (open circles). From the
curve (solid line) generated from a fit of eq 2 to these data (open circles),
the energies of the;States of compounds 5, 6, and7 (open squares)
were deduced. The values of these energies are given in Table 1.
cal curve describing the dependence of the dynamics of the S
— S transition on the energy separation between the states.
This curve is shown in Figure 6. The normal acceptor modes
1=1.1+02ps 1 for carotenoids are the-€C stretching modes whetevy is in
. the range 13061600 cnt1.2” The data presented in Figure 6
was then used to deduce theehergies of spheroidene and its
long-chain analogs from the dynamics of theif S S
. ] K ] transitions. These energies along with those from the short-
0 1.0 2.0 30 40 chain spheroidene analogs published previously are summarized
Time/10™"" s in Table 1 and plotted in Figure 7 along with the energies of
Figure 5. Decay of the transient absorbance excited at 420 nm and the $ states. Similar to what is observed for thestes, the
probed at 520 nm for compourtl 545 nm for compound, 555 nm energies of the Sstates follow a decreasing trend with extent
for compounds, and 590 nm for compound The probe wavelengths  of z-electron conjugation. However, the rate of decrease in
correspond to the maxima of the S~ S, absorption. They-axis energy with chain length is faster for the Sates than for the
e?p;reﬁse;s the change in absorptiai, in arbitrary unitsz is the § S, states. Hence, the energy gap betwegar@l S increases
state lifetime. from 4800 to 6625 cm! as thes-electron conjugated chain
C2(2n)1/2 AE length increas'es from 7 to 13 carbecarbon .do'uble.bonds.
xp(—yh ) @) Quantum Yield Measurements. The S emission yields for
Dy spheroidene and its analogs were evaluated according to the
expression given in eq 1. The data are summarized in Table 2
wherekic(S; — ) is the internal conversion rate constant for and plotted in Figure 8. The results show that asttedectron
the radiationless deactivation of thes$ate. For the carotenoids conjugated chain length increases from 7 to 9 carlmarbon
studied here, this is very well approximated by the reciprocal double bonds, the ;Sfluorescence quantum vyield increases,

c)

AA

d) -

AA

ke(S— ) = h(AEth)l/z

of the measured Sifetime. AEisthe § — S (2!Ag — 1'Ay) reaching a maximum value for 3,4-dihydrospheroidene of (2.7
energy differenceC is a vibronic coupling matrix element, 4 0.3) x 107 as the highest in the series. As the extent of
hwy is the energy of the accepting vibrational moge= sr-electron conjugation is increased from 9 to 13 carbeoarbon
In(2AE/dA%yhwym) — 1, and can be related to the relative double bonds, the;3luorescence quantum yield decreases. (See
displacementAy, of the potential surfaces of the @nd $ Table 2 and Figure 8.) The error bars in Figure 8 represent the

electronic states, andlis the number of degenerate modes. A uncertainties calculated from the standard deviations from the
series of seven carotenoids for which both the dynamics and mean values of at least two trials, and, in each trial, the emission
energies of the Sstates are known simultaneously from transient at two or more wavelengths of excitation was measured. The
absorption and fluorescence data were used to derive a theoretivalues for the gquantum yields of spheroidene ((1420.25)
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25 T . | - . is increased. This is consistent with the energy gap between
S; and $ decreasing with increasing conjugated chain length.
Thus, as mentioned above, a fit of the energy gap law given in
eq 2 to a set of data for which the energies and lifetimes of
carotenoids are simultaneously known can be used to predict
the S energies (Figure 6). This is done by extrapolating the
fitted curve to obtain the Senergies of the longer chromophore
- carotenoids from which no fluorescence from theirsgtes is
able to be detected. It is important to point out that this type
3 of extrapolation provides only estimates of the éhergies.
1.0 | ! | ! . However, the very low emission quantum yields, the very fast
7 8 9 10 11 12 13 lifetimes of the states, and the physically reasonable values of
No. of -C=C- bonds the parameters used in the fit justify the determination.

Figure 7. Energies of the Sand S states of spheroidene and the six Figure 7 shows that the energies of both thasd S states
analog compounds plotted against the number-@=C— double of the spheroidene analogs decrease as the extent of conjugation
bonds. The energies are fitted (solid lines) using the fundiignB/(N increases and that the energies would level off for conjugated
+ C) whereA, B, andC are adjustable parameters @i the number  chain lengths greater than 13 carbaarbon double bonds. This

of double bonds in the molecule. The best fit for the plot of the S : :
state energies was derived using valdes 3802 cn1?, B = 1.1 x convergence was also observed in model pofemed in

10 cm?, andC = 0.500. The Sstate energies were best fit using the p-carotene analogs$:2* A Slimple"description of the effect was
parameteréA = 10 955 cmit, B = 1.1 x 10° cm L, andC = 2.020. advanced by Kohl@&? utilizing Hiickel theory and employing
alternating resonance integrals to achieve bond alternation. The
x 104 and 3,4-dihydrospheroidene ((2% 0.3) x 107%) model used only four configurations: théAl ground state,
measured here are within the limits of error of the (2.0) the 1B, excited singlet state, a double-excitation configuration,
x 1074 and (2.2+ 1.0) x 1074 values reported by Cogdedt and a symmetric linear combination of two double-jump
al.28 for Spheroidene and neurosporene, respec[ive]y. Neuro- excitations. The calculation neglected all but the configuration
sporene, like 3,4-dihydrospheroidene, has nine catlearbon interaction between the nearly degenerate latter configurations
double bonds. Also, the value reported here for the quantumand assigned the mixing matrix element for these states to a
yield of 5,6 -dihydro-7,8-didehydrospheroidene ((0.620.20) term having the functional formk + B/(N + C), whereA, B,
x 1074) which contains 11 carbercarbon double bonds is very ~ andC are adjustable parameters adds the number of double
close to the value of (0.8 0.4) x 1074 observed by Cogdell bonds in the molecule. This form of the perturbation requires
et al28 for lycopene which has the same extentmélectron the state energies to vary inversely with increasing extent of

82 states
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conjugation. conjugation. The result is that the energies of the states reach
a finite limit as the chain length is increased. With this model
Discussion a reasonable prediction for the excited state energies of several

polyenes was achievéf. The parametersA and B were
assigned the same values regardless of whether the polyene
chain was unsubstituted or terminally substituted at both ends
with phenyl groups & w-diphenylpolyenes) or alkyl chains
(a,w-dialkylpolyenes). N varied between 3 and 8 double bonds.
The parameteC was used to correct for the effects of the

Absorption and Fluorescence Spectra.The major features
of the absorption and fluorescence spectra for the series of
spheroidene analog molecules remain relatively constant over
the series; the full widths at half-height of the individual vibronic
bands and the widths of the entire absorption line shapes
remained essentially constant for all the molecules in the series.terrninal functional groups on electron correlatioB.was set
The relative intensities of the vibronic bands of the carotenoids 10 zero for the calculations on linear unsubstituted poly@hes
did change, however, as a function of the number of carbon ) ) ) )
carbon double bonds. This is evident from the sloped dashed Andersson and Gillofd applied this model to extrapolate
lines drawn in Figure 3. The higher energy vibronic features the excitation energies of several long-ch&inarotene analogs
are observed to increase in intensity as the extent of conjugationt© the long-chain limit. These authors explored the effect of
increases, whereas the intensity of the lowest energy vibronic @mpirically fitting their spectral data to several different
feature, the spectral origin, in the absorption spectrum decreasedunctional forms of the mixing matrix element, but following
in intensity with increasing extent of conjugation. For the Kohler® they found that a two-termA + B/N function was
shortest molecule in the series, 3,4,7,8-tetrahydrospheroideneSufficient to describe the behavior of most of the series of
which has seven carbertarbon double bonds, the spectral /-carotene analogs with the exception of those having 15 and
origin is roughly equivalent in intensity to the second vibronic 19 carbor-carbon double bonds for which an.addltloﬁHN?
component. The variation in the intensities of the vibronic bands term was required to achieve a satisfactory“it.
is most likely attributable to a shift in the equilibrium position The data presented in Figure 7 for the spheroidene analogs
of the S excited state potential energy surface relative to that are well fit by theA + B/(N + C) expression. The parameters
of the ground state. The absorption spectral observations areobtained from the fit weréd = 3802 cnm?, B = 1.1 x 1(°
consistent with the relative displacement between the minima cm™%, andC = 0.500 for the series of Sstate energies anil
of the S and S excited state surfaces increasing as the extent = 10 955 cm?, B= 1.1 x 1(°cm %, andC = 2.020 for the $
of -electron conjugation increases. An increase in the relative state energies. Th& parameter represents the energy of the
displacement between thg &d $ excited state surfaces would  states in the long chain limite. whenN goes to infinity. The
lead to a gradual shift of the FranelCondon maximum of the A value of 10 955 cm! for the S states of the spheroidene
transition from the red-most absorption band, the spectral origin, analogs is roughly 5000 cm lower than that found by Kohler
to higher vibronic features, as is observed. for the substituted polyenes but virtually indistinguishable from
The Lifetimes and Energies of the $ States. The transient the value of 10 980 cmi found by Andersson and Gillbfth
data presented in Table 1 for spheroidene and its analogs showor the long-chain limit of thes-carotene analogs. Likewise, a
that the 3 lifetimes become shorter as the extent of conjugation fit of the A + B/(N + C) equation to the Senergies for the
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TABLE 2: Fluorescence Quantum Yields,¢., Radiative Rate Constantsk,, Natural Lifetimes, 7o, and Nonradiative Rate

Constants, ki, of the S (1'B,) States of Spheroidene and Its Analogs

sample $o/10°5 K/10P s s ko/1083 572
3,4,7,8-tetrahydrospheroidene 1 126+ 1.9 0.9844 0.009 1.020+ 0.009 0.78+0.12
3,4,5,6-tetrahydrospheroidene 2 22+5 1.1054+ 0.009 0.911 0.008 0.51+0.11
3,4-dihydrospheroidene 3 27+ 3 1.150+ 0.008 0.869t 0.006 0.42+ 0.05
spheroidene 4 12.0+ 2.5 0.86+ 0.04 1.16+ 0.05 0.72+0.15
5',6'-dihydro-7,8-didehydrospheroidene 5 6.2+ 2.0 0.74+ 0.05 1.35+ 0.10 1.2+0.4
7',8-didehydrospheroidene 6 2.87+0.15 0.72+ 0.06 1.40+0.11 25+ 0.5
1',2-dihydro-3,4',7 ,8-tetradehydrospheroidene 7 3.05+0.07 0.63+ 0.06 1.60+0.14 2.0+ 0.4

aThe uncertainties in the. values are derived from the standard deviations from the mean values of several determinations. The uncertainties
in k- and 7o were propagated from the estimated uncertainties of the variables in the StiBkley equation (eq 4), which is a function of the

fluorescence intensity(v), and molar absorptivitieg(v), of the molecules. The uncertaintieskip were propagated from the uncertaintiespin
andk.. Theg¢. values were measured according to the expression given in eq 1k Madues were calculated from tlig andk; values using eq

3.
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Figure 8. S, fluorescence quantum yields for spheroidene and its
analogs. The error bars represent the uncertainties calculated from th

rate constant describing internal conversion between laa&

S, states. Internal conversion occurring directly between the
S; and $ states is assumed to be much less important owing to
a larger energy gap betweepahd $ compared to that between
S, and S. k- can be determined from the reciprocal of the
natural lifetimezo, on the basis of the StickleiBerg equatioff

fl(v) dv

k. = 1/r,=2.880x 107° n? = (9/9) [e) dInv
4

wherel(v) and e(v) are the fluorescence intensity and molar

v °I(v) dv

Absorptivity, respectively, at the frequenay,given in cnr?

standard deviations from the mean values of at least two trials, and, in Units. g andgy are the degeneracies of the lower and upper

each trial, the emissions at two or more wavelengths of excitation were
measured.

spheroidene given in Table 1 and Figure 7 yielded a long-chain
limiting energy for the 2A, state of 3802 cmt. This is very
close to the 3470 cmi value obtained by Andersson and
Gillbro?* for the long-chain limit of thg8-carotene analogs but
significantly lower than the value of 8550 cthobtained by
Kohler for the substituted polyenes. Undoubtedly, the methyl
group substituents located along the conjugated chain of

carotenoids, which are not present in the model polyenes, are

perturbing the electron distribution of the electronic states in

such a way that the state energies of carotenoids are signifi(:antlyt

stabilized compared to those of the polyene systems.
The Quantum Yields of $ Emission. As seen in Figure 8

states, anadh is the refractive index of the medium. With the
exception of spheroidefk(4), the molar absoptivities of the
compounds studied here have never been determined. There-
fore, in the calculation of thé; values for the spheroidene
analogs, the known molar absorptivities of carotenoids having
the same extents of conjugation as the molecules in the present
series were used. The molecules wgigarotené! for 3,4,7,8-
tetrahydrospheroidenel){ neurosphorerié for 3,4-dihydro-
spheroidene3d), rhodopirf! for 5',6'-dihydro-7,8-didehydro-
spheroidene ), anhydrorhodovibri#t for 7',8-didehydro-
spheroidened), and spirilloxanthié! for 1,2 -dihydro-3,4',7,8 -
etradehydrospheroiden&)( Because no carotenoid with a
similar chromophore as 3,4,5,6-tetrahydrospheroid@havés
found, its molar absorptivity was approximated as the average

the S fluorescence quantum yields increase as the extent Ofof the molar absorptivities of the values used for compounds

conjugation increases from seven to nine double bonds and therf
decrease as the extent of conjugation is increased further. The

data for the $and S state energies presented in Figure 7 show

that the energies of both states decrease with increasing

sr-electron conjugation, but the State energy decreases faster.
This leads to a widening,S S; energy gap with increasing chain
length. It is interesting to ask whether these changes in the S
and S energies alone could account for the fact that the S

emission quantum yield for this series of spheroidene analogs

reaches a maximum at nine carbazarbon double bonds, or
whether, for some of the molecules, other excited states into
which internal conversion may occur must be invoked to
rationalize this behavior. The quantum yield of emissiog,
from the S state is related to the rate constants for radiative
and nonradiative decay by the expression

_ ok
Tk,

wherek; is the radiative rate constant akglis the nonradiative

¢c ®)

nd 3. For spheroidene and its analogs, the radiative rate
constants were found generally to decrease with the extent of
mr-electron conjugation in the carotenoid chain. (See Table 2.)
From the values of the quantum yields, and the calculated

k- values, thek values can be deduced from eq 3. The
values deduced in this manner are given in the last column of
Table 2. For the molecules in this series, only the valule.of
from spheroidene has been experimentally determined. It has
been measured from fluorescence up-conversion experiments
to be 5x 10257132 This is very close to the 6.& 102s?!
value deduced here. Another measuremeridr spheroi-
dene obtained from transient absorption techniques gave a
similar value of 3.1x 10?2 s™1.14

In order to test whether a change in the rate of internal
conversion for the §— S; transition, brought about by a change
in the S—S; energy gap with the extent af-electron conjuga-
tion, could account for the maximum in the series pfiBantum
yields observed in Figure 8, the(S; — S;) values for the
carotenoids other than spheroidene were calculated from the
energy gap law given in eq 2. The values for the rate constants
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TABLE 3: Energy Gaps, AE, and Calculated Fluorescence Quantum Yieldsp.(calc), of the S (1'B,) States of Spheroidene and
Its Analogs?

sample AE(S—Sy)lem? ke(calc)/10% s (calc)/10°
3,4,7,8-tetrahydrospheroidene 1 5100+ 600 1.2+ 0.6 8+ 4
3,4,5,6-tetrahydrospheroidene 2 5600+ 600 0.8+ 04 13+ 7
3,4-dihydrospheroidene 3 5900+ 600 0.6+ 0.3 19+ 10
spheroidene 4 6140+ 400 (0.504 0.12p 17+4
5',6'-dihydro-7,8-didehydrospheroidene 5 63304+ 400 0.46+ 0.22 16+ 8
7',8-didehydrospheroidene 6 6470+ 400 0.47+0.23 15+ 8
1',2-dihydro-3,4',7,8 -tetradehydrospheroidene 7 65804+ 400 0.39+0.19 15+ 7

a2 The AE values were obtained from the fitted curves represented in Figure 7. Except for the value for spheroidene which is given in parentheses
and was measured by experiment, khcalc) values have been calculated from tha&evalues and the energy gap law given in eq 2 in the text.
The calculated quantum yields were based on eq 3 from the text and used the radiative rate c@nsja@s,in Table 2 evaluated using the
Sticker—Berg expression (eq 4). The uncertainties inkpgealc) andg.(calc) values were propagated from the precisions in the determination of
k- and the energy gapaE. ® Experimentally determined value from Ricci et?al.
could only be approximated here owing to the fact that the B800-850 complex fronRhodopseudomonas acidophll@050
parameters needed to evaluate eq 2 for the molecules in theshows that both the B800 and B850 bacteriochlorophylls are in
spheroidene series are not known. Nevertheless, usingcthe van der Waals contact with the protein-bound carotefidithtil
value of (0.504 0.12) x 103 s71 obtained by Riccet al 32 for recently, it has generally been accepted that-SS; (1'B, —
spheroidene, the parameters needed to evaluate egkg(®r 2'Ay) internal conversion is so rapid that there would be little
— S;) were estimated for the six analog compounds. From these possibility of transfer to the bacteriochlorophyll originating from
parameters and theSS; energy gaps (see Table 3), values of the S state of the carotenoid. However, Shreateal1* using
kic were calculated. These are denokg(calc) to distinguish femtosecond time-resolved optical spectroscopy have demon-
them from the values df,; deduced from the quantum yields strated that after excitation of the carotenoid, excited states of
and given in Table 2. Thkg(calc) values are given in Table bacteriochlorophyll are formed in the same200 fs) time
3. These were then substituted into the quantum yield expres-domain as the Sstate of the carotenoid decays. This is
sion given in eq 3 along with the values obtainedi§according convincing evidence that transfer from the Sate of the
to eq 4. It was found that the new values of the quantum yields, carotenoid to bacteriochlorophyll occurs. Also, Anderssbn
¢c(calc), calculated in this manner directly from a consideration al.3® provided data from fast transient optical studies on
of the rate constants of internal conversion for the-8S; Chromatium purpuratumthat was consistent with energy
transitions, increase as theelectron conjugated chain length  transfer occurring directly from the B state of the carotenoid,
increases from 7 to 9 carbetmarbon double bonds and then okenone, to the state of BChl. Precisely how much energy
decrease as the extent wfelectron conjugation is increased absorbed by the carotenoid is partitioned to bacteriochlorophyll
from 9 to 13 carborcarbon double bonds. (See Table 3.) At via the $ state of a carotenoid and how much is transferred
this level of approximation it is not surprising that the calculated via S is not completely understood, but undoubtedly it depends
guantum yieldsg(calc), given in Table 3 do not agree perfectly on the specific carotenoid and the complexion of its energy
with the experimentally determined quantum yields, given states. The probability of energy transfer from thestate of
in Table 2. However, this analysis does show that with the carotenoid may be enhanced for the longer chromophore
increasing extent of-electron conjugation, the different energy carotenoids because the #fetime is longer for the more
dependencies df, and ki can produce among this series of extensively conjugated molecules. This occurs becausethe S
compounds a maximum,Smission quantum vyield for 3,4- S; energy gap widens with the extentafelectron conjugation
dihydrospheroidene, as is experimentally observed. Although in the molecule. (See Figure 6). The rate fSS; (1'B, —
other excited electronic states have been suggested to be closg'Ag) internal conversion would then decrease according to the

in energy to $337 it is not necessary to invoke internal
conversion between,Snd them for selective carotenoids in

energy gap law and allow a higher probability of energy transfer
from the $ state of the carotenoid to bacteriochlorophyll. The

this series, to account for the trends observed in these data. Itmechanism of energy transfer from the carotenoid to bacterio-

has been suggested that fast relaxation from the fluore¥8gnt
state to a'B,~ state followed by a slower relaxation between
the 1B,~ state and the low-lyingA4~ state is required from
symmetry considerations for relaxation t@.283” The above

chlorophyll is expected to depend on which electronic state of
the carotenoid acts as the energy donor. If th€25A) state

is the donor, then the Dexter (exchange) mechahisrmore
probable than the Coulomb mechanidmecause of the vanish-

analysis shows that the trends in the quantum yields can beingly small transition dipole moment associated with theS
accounted for simply by a consideration of the energies and S; (1'Ag— 2'A) transition. If the $(1'B,) state is the donor,

dynamics of only two low-lying excited states, @'Ag or 'Aq™)
and S (1B, or 1B,").

Implications for Energy Transfer from Carotenoids to
Bacteriochlorophylls in Photosynthesis. There are two im-

then the Coulomb mechanism may be more important. The
Forster mechanisfris probably not operating in either of these
cases due to the extremely fast dynamics of internal conversion
between the excited singlet states and the ground state and the

portant excited states of bacteriochlorophyll that can act as correspondingly low fluorescence quantum yields of the caro-

potential acceptors of the excitation energy from carotenoids.
These are the states associated with theu@ Q transitions

of bacteriochlorophyll. In the B800-850 antenna complex from
purple photosynthetic bacteria, the @ansitions appear at about
590 nm (16 900 cm') and the Q transitions occur either near
800 nm (12 500 cmt) or 850 nm (11 800 crmt). As described

in detail in this paper, carotenoids also posses two low-lying

tenoids.

It is known that carotenoids having conjugated chain lengths
longer than spheroidene, in general, have lower efficiencies of
energy transfer to the BCAI.For example, rhodopin, which
has 11 conjugated carbegarbon double bonds, bound in the
B800-850 complex ofRh. acidophilatransfers energy to
bacteriochlorophyll with only~50% efficiency*?4! Spirillox-

excited states from which energy transfer can originate. Theseanthin, which has 13 carbercarbon double bonds, in the B880

are the $(2'Ag) and the $(1'B,) states. The structure of the

complex ofRhodospirillum rubruntransfers energy to bacte-
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riochlorophyll with ~30% efficiency*? Spheroidene, with 10 (2) Frank, H. A.; Cogdell, R. J. I€arotenoids in Photosynthesis
carbon-carbon double bonds, in the antenna compleRbf Young, A., Britton, G., Eds.; Chapman and Hall: London, 1993; Chapter
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chlorophyll with close to 90% efficiency?®43 It was previ- (4) Dexter, D. L.J. Chem. Phys1953 21, 836.
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;:‘eloégfnﬁzgnti?);g? gf;iziqggnotgfdztggwgetr?ih;azrgtflg\md' (12) DeCoster, B.; Christensen, R. L.; Gebhard, R.; Lugtenburg, J.;
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is evident from the Senergy_determin(_ad here for,2-dihydro- (16) Gebha‘rd, R.; van Dijk, J. T. M.; van Ouwerkerk, E.; Boza, M. V.
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