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Abstract

The photo-stability of bacteriochlorophyll c (Bchlc) in an acetone–methanol–water solution extracted fromChlorobium tepidum and
in the chlorosomes of intactChlorobium tepidum cells is studied. The photo-stability of Bchlc in the chlorosomes is high (quantum yield
of photo-degradationφD ≈ 8 × 10−7). In air-saturated acetone–methanol–water solution the photo-degradation of Bchlc is caused by
chemical reaction with the dissolved oxygen, where triplet Bchlc produces singlet oxygen, and singlet oxygen reacts with Bchlc to form
stable oxidized linear tetrapyrroles as well as intermediate oxidized bacteriochlorophylls. The intermediate photoproducts degrade to
linear tetrapyrroles by the catalytic action of triplet oxygen. The initial quantum yield of photo-degradation is direct proportional to the
concentration of Bchlc givingφD,0 ≈ 0.011 for a 7×10−6 M solution at an excitation wavelength of 672 nm. In nitrogen-bubbled solution
the photo-degradation is dominated by direct photoproduct formation in the triplet state of Bchlc. Long-wavelength absorbing intermediate
photoproducts degrade slowly in the dark to short-wavelength absorbing stable photoproducts. The quantum yield of photo-degradation of
a de-oxygenated solution was found to beφD,0 ≈ 0.0012 for excitation at 672 nm.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

The green sulfur photosynthetic bacteria likeChlorobium
tepidum [1–4] are obligate photoautotrophs and strict anaer-
obes that grow in sulfide-rich environment. They adjust to
the ambient light conditions[5]. In dim light they are very
efficient light converters in photosynthesis due to their light
harvesting chlorosomes[1,6] which absorb light and trans-
fer the excitation energy to the reaction center[7,8]. The
chlorosomes contain rod-like aggregates made up mainly of
bacteriochlorophyll c (Bchlc) molecules[9,10]. A detailed
characterization of bacteriochlorophylls is found in[11–14].
The structural formula of Bchlc in two mesomeric forms
is shown inFig. 1a. The IUPAC-IUB nomenclature is used
for labeling [15,16]. Bacteriochlorophyll c deprived of the
magnesium ligand is called bacteriopheophytine c (Bphec).

The photo-bleaching of chlorophylls and bacteriochloro-
phylls is reviewed in [13,17] The photo-oxidation of
magnesium-free bacteriochlorophyll c derivatives is studied
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in [18–21]. The triplet-state properties of Bchlc and the
singlet-oxygen photo-generation and quenching in Bchlc
are investigated in[22]. The singlet-oxygen formation and
deactivation in photosynthetic systems is studied in[23,24].

Here we investigate the room temperature photo-stability
of Bchlc bound in chlorosomes of intactChlorobium
tepidum cells, and of Bchlc molecules in an acetone–met-
hanol–water solution extracted fromChlorobium tepidum.
Quantum yields of photo-degradation of Bchlc in intact cells
and in solution are determined. Some photoproducts are
tried to be identified (linear tetrapyrroles, bacteriochloro-
phyll a-like species, bacteriochlorophyll c-like species).
Studies are carried out under air-saturated conditions, and
under de-aerated conditions. The degradation is studied op-
tically by measuring time dependent transmission changes
for different excitation conditions. The quantum yield of
photo-degradation,φD, as defined by the number of degraded
molecules to the number of absorbed photons, is determined.

The recording of absorption coefficient spectra at differ-
ent times for fixed excitation wavelengths reveals the for-
mation and degradation of photoproducts. Bchlc destruction
in air-saturated solution is found to be due to (i) oxidative
linear tetrapyrrole formation by ring cleavage[13,17–24];
(ii) the formation of two oxidized Bchla-like molecule
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Fig. 1. Structural formulae: (a) two mesomeric forms of bacteriochlorophyll c (from[2,47]); (b) substituents (from[2]); (c) oxidized bacteriochlorophyll
a-like structure Bchla-I and Bchla-II; (d) oxidized linear tetrapyrrole from Bchlc broken at C19–C20 position; (e) oxidized linear tetrapyrrole from Bchlc
broken at C20–C1 position.

structures (called Bchla-I and Bchla-II); and (iii) the for-
mation a Bchlc-like molecule structure (called Bchlc-I)
after singlet-oxygen generation. Singlet oxygen is formed
by triplet Bchlc interaction with triplet ground-state oxy-
gen. The oxidized bacteriochlorophyll derivatives further
degrade slowly in the dark by interaction with ground-state
triplet oxygen. De-aerated Bchlc solutions are more stable
than air-saturated Bchlc solutions. It will be shown that
they mainly photo-degrade directly form the triplet-excited

state to intermediate and stable photoproducts of slightly
different absorption spectra.

2. Experimental

The green sulfur bacteriaChlorobium tepidum were
grown by a procedure described in[25]. The culture was
stored in a refrigerator at 4◦C before usage.
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Fig. 2. (a) Absorption coefficient spectrum ofChlorobium tepidum cell
suspension diluted in Tris-buffer a factor of 10 (see text). Concentra-
tion of Bchlc isCC,0 ≈ 8.8 × 10−6 mol dm−3. Scattering contribution is
not removed. (b) Absorption coefficient spectrum ofChlorobium tepidum
extract in acetone–methanol–water (7:2:1 volume ratio) solution (solid
curve). Dashed curve, contribution of Bchla (shape from[28]). Dash-dotted
curve, contribution from carotenoids (shape from[30]). Dotted curve,
contribution of Bchlc (difference spectrum). Concentration of Bchlc is
CC,0 ≈ 8×10−6 mol dm−3. (c) Absorption cross-section spectra of bacte-
riochlorophyll c in acetone (solid curve, from[34]) and of bacteriopheo-
phytine c in acetone (dashed curve, from[34]).

The photo-degradation of the intact cells was studied with
stock cell culture diluted 1:10 with an aqueous Tris-buffer
(pH = 7). The absorption coefficient spectrum of this cell
suspension is shown inFig. 2a. The absorption peak around
750 nm belongs to theQy-band of Bchlc in the chlorosomes,
and the absorption peak around 455 nm is due to the Soret
band of Bchlc in the chlorosomes. The absorption shoulder
around 510 nm comes from the absorption of carotenoids
(mainly chlorobactene[25–27]). The tail around 820 nm is
due to bacteriochlorophyll a (Bchla) absorption.

For the photo-degradation studies of Bchlc molecules,
the cells and the chlorosomes were destroyed by mixing
one part of the stock cell culture with nine parts of an ace-
tone/methanol mixture of 7:2 volume parts giving a solution
which consists of 70 vol.% acetone, 20 vol.% methanol, and
10 vol.% water. The resulting suspension was filtered to get
rid of non-dissolved compartments. Besides Bchlc the cells
contain carotenoids (12.1 mol% compared to Bchlc, mainly
chlorobactene[25–27]), quinones (14.5 mol%), quinone-like
products (40 mol%)[26], and Bchla (2.9 mol%)[25,26]
which are partly extracted. The absorption coefficient spec-
trum of the solution is shown inFig. 2b. The contribu-
tion of Bchla to the absorption spectrum is shown by the
dashed curve (taken from[28], absorption cross-section

σ (770 nm) = 2.6 × 10−16 cm2, molar decadic extinction
coefficientεm (770 nm) = 6.8 × 104 dm3 mol−1 cm−1 [29],
the conversion betweenσ andεm is:σ = ln(10)εm1000/NA,
where NA is the Avogadro constant). The dash-dotted
curve shows the absorption contribution of the carotenoids
(taken from [30], σ (490 nm) = 5.39 × 10−16 cm2,
εm (490 nm) = 1.41 × 105 dm3 mol−1 cm−1 [31,32]). The
dotted curve shows the absorption contribution of Bchlc (to-
tal spectrum minus contribution of Bchla and carotenoids,
σ (669 nm) = 2.68 × 10−16 cm2, εm (669 nm) = 7.0 ×
104 dm3 mol−1 cm−1 [33]). In Fig. 2c the bacteriochloro-
phyll c absorption cross-section spectrum (solid curve) and
the bacteriopheophytine c absorption cross-section spec-
trum (dashed curve) in acetone are displayed (BPhe c spec-
trum redrawn from[34], σ (669 nm) ≈ 1.55× 10−16 cm2,
εm (669 nm) ≈ 4.1 × 104 dm3 mol−1 cm−1 [34]).

Most of the photo-degradation experiments have been
carried out by irradiating a sample cell with a cw diode
laser operating at 672 nm (power 0.9 mW). For excitation
wavelength dependent degradation studies of Bchlc a HeNe
laser (wavelengthλL = 632.8 mm, powerP = 5 mW)
and a high-pressure mercury lamp (P = 200 W) with an
interference filter transmitting atλL = 428 nm were used.
Depending on the photo-stability the sample cell area was
varied and the excitation light optics together with the de-
tection light optics was selected accordingly. A large-area Si
photodiode (diameter of sensitive area 1 cm) together with a
digital voltmeter and a data storage system are used for light
detection. The photodiode was calibrated for absolute power
measurement with a power meter (Ophir type PD2-A).

The absorption spectra were measured after fixed periods
of light exposure or fixed periods of storage in the dark with
a conventional spectrophotometer (Beckman type ACTA M
IV). Some absorption spectra of de-aerated samples were
measured with a self-assembled spectrometer—diode-array
detection system. Comparison of the degraded spectra with
known spectra of Bchlc, Bchla, BPhec, and carotenoids will
be used to characterize the photoproducts.

3. Experimental results

The photo-degradation of Bchlc in intactChlorobium
tepidum cell suspensions and of Bchlc in acetone–methanol–
water extracts are investigated. Transmission changes at the
excitation wavelength as a function of exposure time and
absorption coefficient spectra at some time positions are
presented. The temporal degradation of samples in the dark
after light exposure is analyzed.

3.1. Photo-stability of intact Chlorobium tepidum cell
suspensions

In the dark at room temperature no absorption spectro-
scopic change was observed within a few days indicating
high thermal stability of the chlorosomes in the cells.
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Fig. 3. Dependence of excitation light transmission,T, throughChloro-
bium tepidum cell suspension on exposure time,texp. Excitation wave-
length, λL = 784 nm. Excitation intensity,IL = 0.353 W cm−2. Cell
length� = 2 cm. Concentration of Bchlc isCC,0 = 8.8× 10−6 mol dm−3.
Scattering contribution is removed from transmission. Solid curves are
calculated by use ofEqs. (27) and (28)with effective quantum yields of
photo-degradation ofφD = 1.4×10−6 (1); 1.2×10−6 (2); 1.0×10−6 (3);
8 × 10−7 (4); 6× 10−7 (5); and 4× 10−7 (6): (a) anaerobic suspension;
(b) aerobic suspension.

Light irradiation at room temperature causes a gradual
rise in transmission both under aerobic and anaerobic condi-
tions (nitrogen bubbling through sample for several hours).
The rises in transmission versus exposure time for an anaer-
obic sample and for the aerobic sample are shown inFig. 4a
and b, respectively. The light exposure parameters are given
in the figure caption. A numerical simulation of the absorp-
tion and degradation dynamics (seeEqs. (27) and (28), and
solid curves inFig. 3) indicates a very low quantum yield
of photo-degradation.

3.2. Photo-stability of bacteriochlorophyll c in
acetone–methanol–water extract from Chlorobium tepidum

For the air-saturated extracts fromChlorobium tepidum
containing Bchlc, Bchla, carotenoids and quinones no trans-
mission changes were observed in the dark at room temper-
ature within a few days. Even at an elevated temperature of
60◦C no spectral changes were observed after 24 h. These
findings indicate a high thermal stability of these compounds
in the absence of light.

The transmission changes of air-saturated extracts from
Chlorobium tepidum in acetone–methanol–water solution
for three different excitation wavelengths,λL, are shown
by thick solid curves inFig. 4. In Fig. 4a the excitation

Fig. 4. Time dependent excitation light transmission through air-saturated
Chlorobium tepidum extract for several excitation wavelengths,λL . Cell
length � = 2 cm. Thick solid curves are measured, dotted curves give
contribution of Bchlc to transmission, and dashed curves are calculated
(Eqs. (20)–(22)). (a) λL = 672 nm, IL = 0.8 mW cm−2, and NC,0 =
CC,0NA = 4.2 × 1015 cm−3, j = CI. Curve 1,φD,0 = 0.009, σL,CIβCI =
4.2×10−17 cm2, κCIPN3O2

= 1.32×10−4 s−1, αL,res = 0. Curve 2,φD,0 =
0.013, σL,CIβCI = 4.2 × 10−17 cm2, κCIPN3O2

= 1.32 × 10−4 s−1,

αL,res = 0. (b) λL = 632.8 nm, IL = 1.21 mW cm−2, and NC,0 = 4.9×
1015 cm−3, J = D. Curve 1,φD,0 = 0.012, σL,DβD = 3.6 × 10−17 cm2,
κDPN3O2

= 1.32 × 10−4 s−1, αL,res = 0. Curve 2, φD,0 = 0.024,

σL,DβD = 3.6 × 10−17 cm2, κDPN3O2
= 1.32× 10−4 s−1, αL,res = 0. (c)

λL = 428 nm,IL = 0.47 mW cm−2, andNC,0 = 4.65×1015 cm−3, J = D.
Curve 1,φD,0 = 0.016, σL,DβD = 5.5 × 10−17 cm2, κDPN3O2

= 0 s−1,

αL,res = 0.142 cm−1. Curve 2,φD,0 = 0.024,σL,DβD = 5.5× 10−17 cm2,
κDPN3O2

= 0 s−1, αL,res = 0.142 cm−1.

wavelength isλL = 672 nm (excitation on long-wavelength
side of Qy-band of Bchlc). Initially the transmission rises
steeply (Bchlc degradation), and at long exposure times the
rise in transmission slows down (photoproduct formation
which absorbs at 672 nm and has a higher photo-stability).
In Fig. 4b the excitation wavelength isλL = 632.8 nm
(short-wavelength side ofQy-band of Bchlc). Again a steep
initial rise in transmission and a slowing down in transmis-
sion rise are observed. InFig. 4cthe excitation wavelength
is 428 nm (short-wavelength side of Soret band). The trans-
mission behavior is similar to excitation into theQy-band
(Fig. 4a and b).

Spectral changes of the absorption coefficient spectra
after certain times of sample irradiation atλL = 672 nm
are displayed inFig. 5a. A logarithmic ordinate scale is
used to get a better separation of the curves. The initial
absorption contribution of the carotenoids is subtracted
for better observation of the Bchlc degradation. There
is no indication of carotenoid degradation. TheQy-band
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Fig. 5. (a) Absorption coefficient spectra,α(λ), of air-saturatedChlorobium
tepidum extract after different times of exposure.λL = 672 nm and
IL = 0.41 mW cm−2. Carotene contribution is subtracted. (b) Absorption
coefficient spectra of part (a) after approximate subtraction of Bchlc
contribution which is not yet degraded.

absorption (peak around 665 nm) and the Soret-band ab-
sorption (peak around 435 nm) reduce due to Bchlc degra-
dation. A new absorption band is built up around 750 nm
which will be attributed to the formation of bacteriochloro-
phyll a-like molecules (Bchla-I and Bchla-II, structure in
Fig. 1c). Additionally some increase in absorption oc-
curs in the wavelength range from 590 to 460 nm due to
Bchlc-peroxide formation with subsequent ring cleavage
to linear tetrapyrrole structures (8-acetylbiltriene structures
[35], also called photobiline-like structures[35], seeFig. 1d
and e) [13,17–24]. The slowed-down absorption decrease
in the 350–400 nm range is thought to be due to Bchla-I
and Bchla-II formation. The spectra deprived of BChl c
absorption (subtraction without discontinuous curve forma-
tion) are shown inFig. 5bon a linear ordinate scale. They
clearly reveal the build-up of an absorption band around
690 nm (isobestic point inFig. 5a). This band is thought to
be due to some changes of Bchlc (probably oxidation of the
hydroxyl group at the C3 position to a keto group). This
photoproduct we called Bchlc-I. Comparing the spectra in
Fig. 5b with the bacteriopheophytine c (Bphec) spectrum
of Fig. 2c there is no indication of Bphec formation in
the photo-degradation process (Qx-band in the 500–560 nm
region does not show up).

For sample irradiation atλL = 632.8 and 428 nm simi-
lar spectral dependencies have been observed as forλL =
672 nm (the curves are not shown).

Photo-excitation at 470 nm (excitation intensity
0.53 mW cm−2, exposure time 30 min), where Bchlc is

Fig. 6. (a) Absorption coefficient spectra of air-saturatedChlorobium
tepidum extract in the dark for several times after 10 min laser light
exposure atλL = 672 nm with IL = 0.74 mW cm−2. Storage times are
given in the legend. Carotene contribution is subtracted. (b) Absorption
coefficient spectra of part (a) after subtraction of Bchlc contribution.

only weakly absorbing and the carotenoids are strongly
absorbing (seeFig. 2b), showed up in no measurable trans-
mission changes of the carotenoids (curve not shown here).
This indicates that the present carotenoids have a high
photo-stability.

The temporal degradation of an air-saturated extract after
light exposure is studied inFig. 6. The sample was irradiated
for 10 min atλL = 672 nm with laser light of 0.74 mW cm−2

intensity. Measured absorption coefficient spectra deprived
from the carotenoid contribution at several times after the
light exposure are shown inFig. 6a(logarithmic ordinate).
The absorption spectra approximately deprived from the
Bchlc contribution are displayed inFig. 6b(linear ordinate).
The long-wavelength absorption above 600 nm decreases
with time. The formed broad absorption band around
750 nm is thought to consist of two main bands one cen-
tered at 760 nm (Bchla-I) and the other centered at 730 nm
(Bchla-II). The 760 nm band degrades slightly faster than the
730 nm band. Therefore the absorption peak shifts from 760
to 730 nm with time. The absorption band around 690 nm
(Bchlc-I) decreases with a similar speed as the Bchla-II band.
The degradation is thought to be caused by oxidizing species
(most likely triplet oxygen3O2). The Bchlc band remains un-
changed (no temporal degradation in the dark). In the wave-
length range from 440 to 600 nm a slight increase in absorp-
tion is observed due to degradation of Bchla-I, Bchla-II, and
Bchlc-I to linear tetrapyrroles. The linear tetrapyrroles seem
to be stable. The absorption reduction in the 350–400 nm
range is thought to be due to degradation of Bchla-I, and
Bchla-II molecules which absorb in this wavelength region.
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Fig. 7. Absorption coefficients,α, of air-saturatedChlorobium tepidum
extract deprived from carotenoid contributions vs. exposure time,texp,
at selected wavelengths. Excitation wavelengthλL = 672 nm and exci-
tation intensityIL = 0.41 mW cm−2. The detection wavelengths are: (a)
λpr = 760 nm; (b)λpr = 730 nm; (c)λpr = 550 nm; and (d)λpr = 375 nm.

The changes of the extract absorption coefficients de-
prived from carotenoid contributions at selected wavelengths
versus exposure time are illustrated inFig. 7 for excitation
at 672 nm (Fig. 5). A re-plotting ofFig. 5aat fixed detection
wavelengths is done.Fig. 7ashows the absorption build-up
and decrease at 760 nm (expected absorption maximum of
Bchla-I). Fig. 7b shows the build-up (at longer exposure
times a decrease occurs) of absorption at 730 nm (expected
absorption maximum of Bchla-II).Fig. 7c depicts the rise
of absorption at 550 nm (expected linear tetrapyrrole forma-
tion). Fig. 7d shows the absorption rise and leveling-off at
375 nm (at longer exposure times a slight decrease occurs).
This behavior is similar to the absorption rise and decrease at
760 and 730 nm (changes are expected to be due to Bchla-I
and Bchla-II build-up and subsequent degradation).

The temporal absorption changes after light exposure are
illustrated in Fig. 8 (re-plotting of data at 760, 730, 500
and 375 nm fromFig. 6a, and at 690 nm fromFig. 6b).
At λpr = 760, 730, and 690 nm the absorption decrease is
fitted reasonably well by a single exponential decay and a
constant pedestal. The decay times areτ(Bchla-I)= 51 min,
τ(Bchla-II) = 118.4 min, and τ(Bchlc-I) = 126.4 min.
The rise in absorption at 500 nm (Fig. 8d) is thought to
be due linear tetrapyrrole formation by degradation of
the longer-wavelength absorbing components (Bchla-I,
Bchla-II, Bchlc-I). The decrease in absorption at 375 nm
(Fig. 8e) is attributed to the degradation of Bchla-I, Bchla-II,
and Bchlc-I.

Fig. 8. Absorption coefficients,α, of air-saturatedChlorobium tepidum
extract in the dark deprived from carotenoid contribution vs. dark time,td,
after light exposure (λL = 672 nm, texp = 10 min, IL = 0.74 mW cm−2)
at selected detection wavelengthsλpr. Circles are measured. Curves in
(a–c) are fits usingα(td) = α0 exp(−td/τ) + αres. (a) λpr = 760 nm
(dominant Bchla-I).α0 = 0.16 cm−1, αres = 0.0589, τ = 51 min; (b)
λpr = 730 nm (dominant Bchl-II).α0 = 0.145 cm−1, αres = 0.031 cm−1,
τ = 118.4 min. (c) λpr = 690 nm (dominant Bchlc-I).α0 = 0.126 cm−1,
αres = 0.031 cm−1, τ = 126.4 min. (d) λpr = 500 nm (dominant linear
tetrapyrrole). (e)λ = 375 nm (Bchlc, Bchlc-I, Bchla-I, Bchla-II).

De-oxygenation of the extract by nitrogen bubbling re-
duces the quantum yield of photo-degradation. InFig. 9 the
temporal change of transmission is shown in the case of ex-
citation at 672 nm (thick solid curve). Some absorption spec-
tra after certain times of exposure are depicted inFig. 10.
The spectral shapes are somewhat different from the spectral
shapes of the aerated samples. This difference is illustrated
in Fig. 10bwhere a curve fromFig. 5b(air-saturated sample
exposed at 672 nm for 30 min) is overlaid. It indicates that
for the nitrogen-bubbled sample the intermediate photoprod-
ucts are somewhat different from those of the air-saturated
samples.

The dark degradation of a de-oxygenated sample which
was exposed to light at 672 nm for 150 min is shown in
Fig. 11. The Bchlc content remains unchanged in the dark
(no thermal degradation). The photoproducts which ab-
sorb at wavelengths longer than 530 nm degrade slowly in
the dark. In the wavelength region below 530 nm the ab-
sorption increases with time due to the degradation of the
longer-wavelength photoproducts to stable short-wavelength
photoproducts.

The long-wavelength photoproducts degrade approxi-
mately exponential in the dark as is shown inFig. 12(data
points taken formFig. 11b). The thermal dark decay of the
intermediate photoproducts is approximately a factor of 15
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Fig. 9. Excitation light transmission vs. exposure time through
N2-bubbledChlorobium tepidum extract (bubbling for 6 h).λL = 672 nm,
IL = 0.17 mW cm−2, � = 1.5 cm, NC,0 = 8.0 × 1015 cm−3. Thick solid
curve is measured. Dashed curves are calculated usingEqs. (20)–(22)with
σL,CIβCI = 2.81× 10−17 cm2, αL,res = 0, kCIP = 9.3 × 10−6 s−1. Curve
1, φD,0 = 0.0011 andχT = 1; curve 2,φD,0 = 0.0012 andχT = 1; curve
3, φD,0 = 0.0013 andχT = 1. Other curves are explained in legend.

Fig. 10. (a) Absorption coefficient spectra of N2-bubbled Chlorobium
tepidum extract after different times of exposure (bubbling for 6 h).
λL = 672 nm andIL = 0.19 mW cm−2. Cell length,� = 1.5 cm. Carotene
contribution is subtracted. Exposure times are listed in figure. (b) Ab-
sorption coefficient spectra of part (a) after approximate subtraction of
remaining Bchlc contribution. Thick dashed curve is taken fromFig. 5b
(texp = 30 min) for comparison.

Fig. 11. (a) Absorption coefficient spectra of nitrogen-bubbledChloro-
bium tepidum extract in the dark for several times after 150 min of laser
light exposure atλL = 672 nm withIL = 0.19 mW cm−2. Storage times
are given in the legend. Carotene contribution is subtracted. (b) Absorp-
tion coefficient spectra of part (a) after subtraction of remaining Bchlc
contribution.

Fig. 12. Absorption coefficients,α, of N2-bubbledChlorobium tepidum
extract in the dark deprived from carotenoid contribution vs. dark time,td,
after light exposure (λL = 672 nm,texp = 150 min,IL = 0.19 mW cm−2)
at selected detection wavelengthsλpr. Circles are measured. Curves are
fits by α(td) = α0 exp(−td/τ)+αres. Forλpr = 760 nm:α0 = 0.147 cm−1,
αres = 0.052, τ = 30.1 h. For λpr = 730 nm: α0 = 0.0853 cm−1,
αres = 0.032 cm−1, τ = 29.1 h. For λpr = 690 nm: α0 = 0.0851 cm−1,
αres = 0.046 cm−1, τ = 21.2 h.
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Scheme 1. Singlet-oxygen consumption by DPBF.

slowed down in the de-oxygenated samples compared to
the air-saturated samples.

The triplet oxygen content of the N2-bubbled sam-
pled was determined by adding the singlet-oxygen scav-
enger 1,3-diphenylisobenzofuran (DPBF)[36] to the
nitrogen-bubbled solution. This compound is very reactive
with singlet oxygen by peroxide formation (DPBF-O2) and
subsequent reaction to o-dibenzoylbenzene (DBB) accord-
ing to the reactionScheme 1.

Photo-excitation of Bchlc generates triplet Bchlc, the
triplet Bchlc reacts with triplet oxygen to generate singlet
oxygen which is consumed by DPBF. The process continues
until all 3O2 is consumed. DPBF has an absorption peak at
410 nm while DBB is transparent there. The transmission
increase allows the evaluation of the oxygen content. Our
analysis gives a value ofC3O2

≈ 1 × 10−5 mol dm−3 for
the N2-bubbled samples (6 h of bubbling). Bubbling with
Argon practically gave the same result.

4. Theoretical analysis

The photo-degradation dynamics of Bchlc in the chloro-
somes of intactChlorobium tepidum cell suspensions, and
of Bchlc fromChlorobium tepidum extracts in air-saturated
and de-aerated acetone–methanol–water solutions is stud-
ied in the following. A detailed equation system is devel-
oped for the Bchlc solutions including degradation directly
from photo-excited states and oxidative degradation from
self-generated singlet oxygen. For the highly photo-stable
Bchlc in the chlorosomes of intactChlorobium tepidum cells
a simple degradation scheme is used to determine the quan-
tum yield of photo-degradation.

4.1. Photo-stability of bacteriochlorophyll c in solution

In air-containing acetone–methanol–water solution Bchlc
produces singlet oxygen after photo-excitation in the sin-
glet system and subsequent intersystem-crossing to the
triplet system. The singlet oxygen causes degradation of
Bchlc (quantum yield of oxidative degradation,φD,ox) by
(i) Bchlc per-oxidation and subsequent ring cleavage to
linear tetrapyrroles at the C1–C20 position or C19–C20

position[13,17–24](seeFig. 1); (ii) Bchlc oxidation at the
C7–C8 position to structures with Bchla-like absorption
(double bond removal, Bchla-I and Bchla-II formation with
different absorption peaks); and (iii) modification of Bchlc
to a derivative (called Bchlc-I) with an absorption peak
around 690 nm (likely oxidation of hydroxy-ethyl group
at C3 position to keto-ethyl group). The photo-oxidized
bacteriochlorophylls, Bchla-I, Bchla-II, Bchlc-I, degrade
in the dark at room temperature. The dissolved oxygen
(ground-state triplet-oxygen,3O2) catalyzes the degradation.

Even without any oxygen present, direct excited-state
degradation of Bchlc in solution occurs after photo-excitation
as will come out from the data analysis. The degrada-
tion from singlet excited molecules (quantum yield of
degradation of singlet excited molecules,φSD) is thought
to be negligibly small compared to the degradation from
triplet excited molecules (quantum yield of degradation of
triplet excited molecules,φTD) because of the much longer
triplet-state lifetime compared to the singlet-state lifetime.
The direct degradation of triplet Bchlc produces slightly
different absorbing species, Bchla-I′, Bchla-II′, Bchlc-I′,
than the oxidative degradation. This slight difference is ne-
glected in the following equation system, i.e. the number
densities of Bchla-I and Bchla-I′ are comprised toNAIg =
NAI + NAI ′ , and similar we useNAII g = NAII + NAII ′ , as
well NCIg = NCI + NCI′ .

The carotenoids present in the Bchlc solutions indirectly
influence the quantum yield of photo-degradation by reduc-
ing the triplet-state lifetime.

The excitation and degradation processes for Bchlc
in oxygen-containing solution are listed in the following
Scheme 2.

The excitation light at wavelengthλL (frequencyνL)
excites Bchlc in the singlet ground-state (1Bchlc, num-
ber densityNS0) to a singlet excited-state (1Bchl∗, NS1).
From there part of the molecules (quantum yieldφT) re-
laxes to the triplet state (3Bchlc∗, NT), others return to
the singlet ground-state (ratek10), and a small amount
may degrade (quantum yieldφSD). The molecules in the
triplet state return partly to the singlet ground-state by
intersystem-crossing (ratekTS), partly they return to the
ground-state by reaction with triplet oxygen whereby sin-
glet oxygen is formed (bimolecular rateκTO), and a part
of them degrades to linear tetrapyrrole (LTP, ratekTD),
Bchla-I′ (rate kTAI ), Bchla-II′ (rate kTAII ), and Bchlc-I′
(rate kTCI). The generated singlet oxygen (number density
N1O2

) relaxes to ground-state triplet oxygen,3O2, with a
time constantkO13. On the other hand,1O2 reacts within
its lifetime, τ1O2

(≈k−1
O13), with ground-state Bchlc to a per-

oxide (Bchlc-O2, bimolecular rateκOP) which is expected
to disintegrate immediately to linear oxidized tetrapyrroles
(LTP), it forms Bchla-I (reaction constantκOAI), Bchla-II
(reaction constantκOAII ), and Bchlc-I (reaction constant
κOCI). The generated photoproducts degrade in the dark
to linear tetrapyroles with rate constantskAIP for Bchla-I′
and Bchla-I,kAIIP for Bchla-II′ and Bchla-II, andkCIP for
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Scheme 2. Photo-degradation dynamics of Bchlc.

Bchlc-I′ and Bchlc-I, and they degrade in bi-molecular re-
action with3O2 with the reaction constantsκAIP (Bchla-I),
κAIIP (Bchla-II), and κCIP (Bchlc-I). The excitation light
at frequencyνL and the probe light of frequencyνpr are
absorbed with the absorption cross-sectionsσL,i and σpr,i
of the present compoundsi at the relevant wavelengths.
Some residual absorption with coefficientsαL,res andαpr,res
from weakly interacting or non-interacting molecules (like
carotenoids) may be present.

The degradation of the small amount of Bchla present in
the extract is neglected here. It is studied separately in[37].

The excitation and relaxation dynamics presented in
Scheme 2may be described by the following rate equation
system for the number densities,Ni, and the excitation light
intensity,IL [38]:

∂NS0

∂t
= − σL

hνL
ILNS0 + (1 − φT − φSD)

NS1

τF

+ (kTS + κTON3O2
)NT

− (κOP + κOAI + κOAII + κOCI)N1O2
NS0, (1)

∂NS1

∂t
= σL

hνL
ILNS0 − NS1

τF
, (2)

∂NT

∂t
= φT

NS1

τF
− (kTS + kTD + κTON3O2

)NT, (3)

∂N1O2

∂t
= κTON3O2

NT − kO13N1O2
− κoxNS0N1O2

, (4)

∂NAIg

∂t
= kTAINT + κOAINS0N1O2

− (kAIP + κAIPN3O2
)NAIg, (5)

∂NAII g

∂t
= kTAII NT + κOAIINS0N1O2

− (kAIIP + κAIIPN3O2
)NAII g, (6)

∂NCIg

∂t
= kTCINT + κOCINS0N1O2

− (kCIP + κCIPN3O2
)NCIg, (7)

∂NP

∂t
= κOPNS0N1O2

+ (κAIPNAIg + κAIIPNAII g

+ κCIPNCIg)N3O2
+ kAIPNAIg + kAIIPNAII g

+ kCIPNCIg + φSD
NS1

τF
+ kTPNT, (8)

∂IL

∂z
= −(σLNS0 + σL,CINCIg + σL,AINAIg

+ σL,AII NAII g)IL − αL,resIL . (9)

The abbreviationsκox = κOP + κOAI + κOAII + κOCI and
kTD = kTAI + kTAII + kTCI are used.

The initial conditions are

IL(t = 0, z) =
{
IL for t ≥ 0
0 for t < 0

, (10)

NS0(t = 0, z) = NC,0, (11a)
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Nj(t = 0, z)= 0, for j = S1,T,AIg,AII g,CIg,P. (11b)

The transmission behaviour of a weak probe light of intensity
Ipr at wavelengthλpr is governed by

∂Ipr

∂z
= −(σprNS0 + σpr,AINAIg + σpr,AII NAII g

+ σpr,CINCIg)Ipr − αpr,resIpr, (12)

The light transmission is calculated byTi = Ii(z =
�)/Ii(z = 0), i = L,pr, wherez is the propagation coordi-
nate, and� is the sample length.

Steady-state conditions are reached for intermediates at
times longer than a few times the relevant relaxation times.
Under steady-state conditions the time derivates may be set
to zero, i.e.∂/∂t = 0. These intermediates are1Bchlc∗ (NS1,
lifetime τF in ns region[39], own measurement givesτF =
24.5± 1 ns),3Bchlc∗ (NT, lifetime τT in �s region[22–24],
value of τT = 250± 40 ns for Bchlc in air-saturated ace-
tone is given in[22]), and1O2 (N1O2

, lifetime τ1O2
= k−1

O13
in �s region[40], explicit values areτ1O2

= 2�s in wa-

ter, τ1O2
= 7�s in methanol, andτ1O2

= 26�s in acetone

[40]). The singlet-oxygen relaxation is governed by the term
N1O2

/τ1O2
(return to3O2 by intersystem crossing and reac-

tion with solvent molecules), therefore the termκoxN1O2
NS0

due to bacteriochlorophyll c oxidation inEq. (4)is negligible
(as long as the quantum yield of Bchlc photo-degradation is
small compared to 1). The quenching of singlet oxygen by
bacteriochlorophyll c in a charge-transfer deactivation pro-
cess[41] according to1Bchlc+1O2 → (1Bchlc· · · 1O2) →
1Bchlc+ 3O2 is neglected in our diluted solutions[22].

These conditions lead to

NS1 = σLτF

hνL
ILNS0, (13a)

NT = φT

τF(kTS + kTD + κTON3O2
)
NS1

= φT
σL

hνL(kTS + kTD + κTON3O2
)
ILNS0, (13b)

N1O2
= κTO

kO13 + κoxNS0
N3O2

NT

= φT
σLκTO

hνL(kO13 + κoxNS0)(kTS + kTD + κTON3O2
)

× ILN3O2
NS0, (13c)

for the short-living intermediates.
Eqs. (1) and (5)–(8)reduce to

∂NS0

∂t
= −(φSD + φTφTD)

σL

hνL
ILNS0 − κoxN1O2

NS0

= − σL

hνL
ILNS0

{
φSD + φTφTD + φT

κoxκTO

(kO13 + κoxNS0)(kTS + kTD + κTON3O2
)
N3O2

NS0

}

= − σL

hνL
ILNS0(φD,S + φD,T + φD,ox) = − σL

hνL
ILNS0φD (14)

∂NAIg

∂t
= σL

hνL
ILNS0

(
kTAI

kTD
φD,T + κOAI

κox
φD,ox

)
− (kAIP + κAIPN3O2

)NAIg, (15)

∂NAII g

∂t
= σL

hνL
ILNS0

(
kTAII

kTD
φD,T + κOAII

κox
φD,ox

)
− (kAIIP + κAIIPN3O2

)NAII g, (16)

∂NCIg

∂t
= σL

hνL
ILNS0

(
kTCI

kTD
φD,T + κOCI

κox
φD,ox

)
− (kCIP + κCIPN3O2

)NCIg, (17)

NP = NC,0 − NS0 − NAIg − NAII g − NCIg, (18)

where

φD,S = φSD, (19a)

is the quantum yield of singlet excited-state degradation,

φTD = kTD

kTS + kTD + κTON3O2

, (19b)

is the quantum yield of direct photo-degradation of the triplet
state,

φD,T = φTφTD, (19c)

is the quantum yield of triplet excited-state degradation,

φD,ox = φT
κoxκTO

(kO13 + κoxNS0)(kTS + kTD + κTON3O2
)

×N3O2
NS0, (19d)

φD,ox ≈ φT
κox

kO13

κTON3O2

kTS + κTON3O2

NS0, (19e)

φD,ox = φD,ox,0
NS0

NC,0
(19f)

is the oxidative contribution to the quantum yield of
photo-degradation. If the triplet relaxation rate due to
singlet-oxygen generation,κTON3O2

, dominates over the di-
rect triplet singlet relaxation rate,kTS, thenφD,ox (Eq. (19e))
reduces further to

φD,ox ≈ φT
κox

kO13
NS0. (19g)

The total quantum yield of photo-degradation is

φD = φD,S + φD,T + φD,ox

= φD,S + φD,T + φD,ox,0
NS0

NC,0
. (19h)
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The initial total quantum yield of photo-degradation is

φD,0 = φD,S + φD,T + φD,ox,0. (19i)

φD,0 depends on the concentration of triplet oxygen,3O2,
and on the initial concentration of Bchlc,NC,0. The ap-
proximation inEq. (19e)is valid since it iskO13 
 κoxNS0
and kTD � kTS + κTON3O2

. It should be noted thatφD,ox
is proportional to the number density,NS0, of Bchlc and
therefore becomes smaller as Bchlc degrades.φD,ox,0 is the
initial oxidative quantum yield of photo-degradation. At
high oxygen concentration it saturates towardsφD,ox,0 →
φT(κox/kO13)NC,0. It should also be noted thatφD,T
(Eq. (19c)) depends on the triplet oxygen content of the
solution, sinceφTD depends onN3O2

(Eq. (19b)). The

triplet lifetime of Bchlc, τT = (kTS + kTDκTON3O2
)−1,

is shortened by triplet-oxygen quenching[22] while the
direct triplet degradation rate,kTD, is independent of
the oxygen content (φD,T becomes smaller with rising
triplet-oxygen concentration). The quantum yield,φD,S,
of singlet excited-state photo-degradation is thought to be
negligibly small compared to the quantum yield,φD,T, of
triplet-state photo-degradation because of the high quan-
tum yield of triplet formation (φT ≈ 0.65 [22]) and the
short singlet-state lifetime compared to the triplet-state
lifetime.

The fraction of photo-degradation due to singlet-state
excitation isχS = φD,S/φD, the fraction due to triplet-state
excitation is χT = φD,T/φD, and the fraction due
to photo-oxidation isχox = φD,ox/φD (1=χS + χT
+ χox).

The simulations inFig. 4 for the three specific excitation
wavelengths,λL = 672, 632.8, and 428 nm (air-saturated
samples), and inFig. 9 for λL = 672 nm (de-aerated sam-
ple) are carried out by assuming that only one photoprod-
uct, indicated by subscriptj, is dominant at the considered
wavelength. With this approximation the equation system
[9,14–18]for the simulations simplifies to

∂NS0

∂t
= − σL

hνL
ILNS0φD, (20)

∂Nj

∂t
= σL

hνL
ILNS0φDβj − (kjP + κjPN3O2

)Nj, (21)

∂IL

∂z
= −(σLNS0 + σL,jNj)IL − αL,resIL . (22)

whereβj is the branching ratio of Bchlc molecules degrading
to j [βj = κOj/(κOP + κOAI + κOAII + κOCI)].

The theoretical curves inFigs. 4 and 9are calculated by
use ofEqs. (20)–(22)and the parameters,φD,0, χS = 0, χT,
χox, κjPN3O2

, andσL,jβj, listed in the figure captions. A
discussion is given below.

Scheme 3. Photo-excitation and degradation dynamics of Bchlc in intact
cells.

4.2. Photo-stability of bacteriochlorophyll c in intact cell
suspensions

The Bchlc in the intact cells turned out to be very sta-
ble. There the exited-state lifetime is short because of
excitonic energy transfer to the reaction center, and the
singlet oxygen is quenched by the carotenoids[1,42].
The photo-degradation may be described by the simple
Scheme 3.

The photo-degradation dynamics is governed by

∂NS0

∂t
= − σL

hνL
ILNS0 + (1 − φD)

NS1

τF
, (23)

∂NS1

∂t
= σL

hνL
ILNS0 − NS1

τF
, (24)

∂ND

∂t
= φT

NS1

τF
, (25)

∂IL

∂z
= −σLNS0IL . (26)

The steady-state condition ofEq. (13a) reduces the
Eqs. (23)–(26)to

∂NS0

∂t
= −∂ND

∂t
= − σL

hνL
ILNS0φD, (27)

∂IL

∂z
= −σLNS0IL , (28)

whereφD is an effective quantum yield of photo-degradation,
and any photoproduct absorption at the excitation wave-
length is neglected.

The curves inFig. 3 for the intact cells are calculated
by use of Eqs. (27) and (28). The best-fitting quantum
yield of photo-degradation isφD = 8 × 10−7 for both the
air-saturated sample and the anaerobic sample.

5. Discussion

Quantum yields of photo-degradation are extracted
from the best fits inFig. 4 (air-saturated solution),Fig. 9
(nitrogen-bubbled solution), andFig. 3 (intact cells).

Bchlc in the chlorosomes of intactChlorobium tepidum
cells turned out to be very photo-stable both under aero-
bic and anaerobic conditions (φD ≈ 8 × 10−7, cycles of
photo-excitation before degradation areφ−1

D ≈ 1.25× 106).
The excited-state lifetime of bacteriochlorophyll c is only in
the picosecond time range since the excitation is transferred
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to Bchla and to the reaction center[43,44]. The carotenoids
in the chlorosomes quench Bchlc and Bchla triplets and hin-
der singlet-oxygen formation[45].

Bchlc molecules in the acetone–methanol–water extract
from Chlorobium tepidum exhibit a low photo-stability
in air-saturated solution (φD,0 ≈ 0.011 at CC,0 ≈
6.9 × 10−6 mol dm−3 andλL = 672 nm).

In nitrogen-bubbled Bchlc solution the photo-stability
increases approximately a factor of ten compared to
the air-saturated solution (φD,0 ≈ 0.0012 at CC,0 ≈
6.9 × 10−6 mol dm−3 and λL = 672 nm). About 90% of
the molecules are degraded directly from the triplet state
(χT = 0.9) and the rest is degraded by photo-oxidation (χT
determined by best fit of theory to experimental degradation
curve inFig. 9). The oxygen content of the nitrogen-bubbled
solution was determined to beC3O2

≈ 1 × 10−5 mol dm−3

by absorption actinometry with 1,3-diphenylisobenzofuran.
The number density of triplet oxygen in air-saturated so-

lution is estimated from solubility data of oxygen in water,
methanol, and acetone given in[46] by using the relation
N3O2,mixture = ∑

i xiN3O2,i
, wherexi is the mole-fraction

of componenti in the solvent mixture (C3O2
≈ 2.77 ×

10−4 mol dm−3 for water, 2×10−3 mol dm−3 for methanol,
2.25×10−3 mol dm−3 for acetone[46]). A value ofC3O2

≈
2 × 10−3 mol dm−3 is obtained (seeTable 1).

In Fig. 8the intermediate photoproduct degradation in the
dark after light exposure is shown for an air-saturated Bchlc
solution. This dark degradation is dominated by bimolecular
catalytic action of the dissolved oxygen, i.e. the decay times
are given byτj ≈ (kjPC3O2

)−1. The extracted bimolecular
degradation rate constants,κAIP, κAIIP , andκCIP, are listed
in Table 1.

The intermediate photoproduct degradation in the dark of
N2-bubbled samples is shown inFig. 12. There the dark
degradation is thought to be due to the intrinsic thermal
instability of the intermediates. The obtained decay rates,
kAIP, kAIIP , andkCIP, are listed inTable 1.

The initial quantum yield of oxidative photo-degradation,
φD,ox,0 (Eq. (19f)) depends on the quantum yield of triplet
formation,φT; the rate of singlet-oxygen relaxation to triplet
oxygen, kO13; the bimolecular oxidative degradation rate
constant,κox; the bimolecular constant of singlet-oxygen
generation in the triple state,κTO; the triplet oxygen concen-
tration,C3O2

; the Bchlc concentration,CC,0; and the rate of
triplet to singlet relaxation,kTS. Values forφT andκTO are
taken from[22] and listed inTable 1. kO13 = 1/τ1O2

is esti-
mated from the singlet-oxygen lifetimes in water, methanol,
and acetone given in[40] by using the relationkO13,mixture =∑

i xikO13,i (τ1O2
= 2�s for water, 7�s for methanol, and

26�s for acetone). A value ofkO13 = 1.05 × 105 s−1 is
obtained.

The unknown parameters,κox andkTS are calculated from
the measured quantum yields of photo-oxidation,φD,ox,0, at
air-saturated conditions and N2-bubbled conditions. For the
air-saturated samples the photo-degradation is strongly gov-

erned by photo-oxidation, since under de-aerated conditions
the photo-degradation reduces a factor of ten despite the en-
larged triplet-state lifetime. In a first approximationκox is
obtained fromEq. (19g)for the air-saturated situation us-
ing φD,ox,0 ≈ φD,0 = 0.011 (Fig. 4a) and parameters from
Table 1giving κ

(1)
ox ≈ 2.6 × 108 m3 mol−1 s−1. Now kTS is

estimated from the photo-oxidation under de-aerated condi-
tions by use ofEq. (19e). There it isφD,ox ≈ 0.1φD,0 =
1.2 × 10−4 (Fig. 9) and the triplet-singlet relaxation rate
turns out to bekTS ≈ 1.8×106 s−1. In a second approxima-
tion this value is entered toEq. (19e)for the air-saturated
situation (Fig. 4a) giving κ

(2)
ox ≈ 3.7×108 dm3 mol−1 s−1 ≈

κox.
The triplet lifetime due to triplet-singlet relaxation,

τTS = k−1
TS ≈ 560 ns, is rather short. This short lifetime

is thought to be due to triplet-state quenching by the
carotenoids present in our Bchlc extract fromChlorobium
tepidum in acetone–methanol–water solution. The large
triplet-singlet relaxation rate is responsible for the reduc-
tion of photo-degradation by nitrogen bubbling. Otherwise,
(kTS → 0), φD,ox would rise to constant value (Eq. (19e),
independent of triplet-oxygen concentration), andφD,T
would approachφT (Eqs. (19b) and (19c)) with decreas-
ing C3O2

leading to an overall rise ofφD with decreasing
C3O2

.
The rate of direct triplet-state degradation of Bchlc in

solution, kTD, is obtained by application ofEq. (19b)for
the triplet-state photo-degradation of N2-bubbled solution
(φD,T ≈ 0.9φD,0 ≈ φTkTD/kTS). The obtained value is
kTD ≈ 3 × 103 s−1. It is listed inTable 1.

For air-saturated solution, the application ofkTD =
3 × 10−3 s−1, kTS = 1.8 × 106 s−1, κTO = 2 ×
109 dm3 mol−1 s−1, C3O2

= 2 × 10−3 mol dm−3, andφT =
0.65 to Eq. (19b) and (19c)gives φD,T = 2.2 × 10−4,
while φD,0 = 0.011 at λL = 672 nm. The fraction of
direct photo-degradation from the triplet state comes
out to be χT = 0.02, and the fraction of degrada-
tion due to photo-oxidation is found to beχox = 1 −
χT = 0.98.

The branching ratios,βj = κOj/κox, of the Bchlc
degradation to the intermediate photoproductsj (j = AI,
AII, CI for air-saturated solutions,j = AI ′, AII ′, CI′ for
nitrogen-bubbled solutions) are estimated from the ratios
of photoproduct-absorption-increase to Bchlc-absorption-
decrease at the peak absorption wavelengths within
a certain exposure time period according toβj =
"αj(λj,max)/"αBchlc(λBchlc,max). Thereby it is assumed
that the intermediate photoproducts (bacteriochlorophyll
derivatives) have the same oscillator strength and spectral
halfwidths as Bchlc. The branching ratio for Bchlc-O2 gen-
eration with subsequent ring-opening to linear tetrapyrroles
is approximately given byβP = 1−βAI −βAII −βCI for the
air-saturated solutions and byβP = 1 − βAI ′ − βAII ′ − βCI′
for the nitrogen-bubbled solutions. The resulting values are
collected inTable 1.
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Table 1
Relevant parameters for photo-degradation of Bacteriochlorophyll c fromChlorobium tepidum extract in acetone–methanol–water mixture (7:2:1) at room temperature

Parameter Air-saturated
solutions

Comments Parameter Nitrogen-bubbled
solution

Comments

C3O2
(mol dm−3) ≈2 × 10−3 Estimated from data in[46] C3O2

(mol dm−3) ≈1 × 10−5 Own DPBF actionometry
φD,0 at λL = 672 nm 0.011± 0.001 Fig. 4a, NC,0 = 4.2 × 1015 cm−3 φD,0 at λL = 672 nm ≈1.2 × 10−3 Fig. 9
φD,0 at λL = 632.8 nm 0.018± 0.002 Fig. 4b, NC,0 = 4.9 × 1015 cm−3

φD,0 at λL = 428 nm 0.020± 0.002 Fig. 4c, NC,0 = 4.65 × 1015 cm−3

χT at λL = 672 nm 0.02 χT = φD,T/φD,0 χT at λL = 672 nm ≈0.9 Fig. 9, χT = φD,T/φD,0

χox at λL = 672 nm 0.98 χox = φD,ox,0/φD,0 χox at λL = 672 nm ≈0.1 Fig. 9, χox = φD,ox,0/φD,0

κAIP (dm3 mol−1 s−1) 1.63 × 10−1 Fig. 8aand τ = (κAIPN3O2
)−1 kAI ′P (s−1) 9.2 × 10−6 Fig. 12, decay at 760 nm

κAIIP (dm3 mol−1 s−1) 7.04 × 10−2 Fig. 8b and τ = (κAIIPN3O2
)−1 kAII ′P (s−1) 9.5 × 10−6 Fig. 12, decay at 730 nm

κCIP (dm3 mol−1 s−1) 6.59 × 10−2 Fig. 8c and τ = (κCIPN3O2
)−1 kCI′P (s−1) 1.31 × 10−5 Fig. 12, decay at 690 nm

kO13 (s−1) ≈1.05 × 105 Estimated from data in[40]
φT ≈0.65 From[22]
κox (dm3 mol−1 s−1)

at λL = 672 nm
3.7 × 108 Eq. (19e), see text

βAI at λL = 672 nm ≈0.21 Fig. 5, βAI = "α (760 nm)/"α (665 nm) βAI ′ ≈0.17 Fig. 10, βAI ′ = "α (765 nm)/"α (665 nm)
βAII at λL = 672 nm ≈0.19 Fig. 5, βAII = "α (730 nm)/"α (665 nm) βAII ′ ≈0.12 Fig. 10, βAI ′ = "α (735 nm)/"α (665 nm)
βCI at λL = 672 nm ≈0.18 Fig. 5, βCI = "α (690 nm)/"α (665 nm) βCI′ ≈0.12 Fig. 10, βCI′ = "α (685 nm)/"α (665 nm)
βP at λL = 672 nm ≈0.42 βP ≈ 1 − (βAI + βAII + βCI) βP ≈0.56 βP ≈ 1 − (βAI ′ + βAII ′ + βCI′ )
κTO (dm3 mol−1 s−1) ≈2 × 109 From [22]
τT (ns) ≈250 τT ≈ (κTOC3O2

)−1 τT (ns) ≈560 �T = kTS
−1

kTS (s−1) ≈1.8 × 106 Eq. (19e), see text
kTD (s−1) ≈3 × 103 Eq. (19b)
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6. Conclusions

The photo-stability of Bchlc in intact cells and in an
acetone–methanol–water extract ofChlorobium tepidum was
studied under anaerobic and aerobic conditions. Quantita-
tive initial quantum yields of photo-degradation have been
determined and the degradation path has been analyzed. A
rate equation system for the degradation dynamics has been
developed, and has been reduced to special considerations
of parameter extraction.

The photo-stability of Bchlc in the chlorosomes of intact
cells has been found to be very high. The high photo-stability
is thought to be due the short excited-state lifetime in the
chlorosomes and the Bchlc protection in the chlorosomes.

The photo-stability of single Bchlc molecules from a
Chlorobium tepidum extract in an acetone–methanol–water
solution turned out to be low under air-saturated con-
ditions and moderate under de-aerated conditions. In
air-saturated solution the photo-degradation is determined
by photo-oxidation. Photo-excitation of single Bchlc
molecules in air-saturated solution leads to singlet-oxygen
generation, and the generated singlet oxygen causes inter-
mediate photoproduct formation and subsequent degrada-
tion to linear tetrapyrroles.

In N2-bubbled de-aerated Bchlc extracts fromChloro-
bium tepidum the photo-degradation is dominated by direct
triplet-state photo-degradation. The short triplet-state life-
time caused by carotenoid-triplet-state-quenching is thought
to be responsible for the increase in photo-stability by
triplet-oxygen reduction.

In carotenoid-free Bchlc solutions the rate constants of
oxidative degradation,κox and direct triplet-state degra-
dation, kTD, are expected to be unchanged. The quantum
yield of photo-degradation of air-saturated samples should
be nearly the same as in the carotenoid-containing sam-
ples studied here. For the carotenoid-free de-aerated Bchlc
solutions the photo-stability is expected to be less than in
our carotenoid-containing samples because of the enlarged
triplet-state lifetime.

The presented method and analysis of photo-degradation
may be generally applied to photo-degradation studies of
bacteriochlorophylls, chlorophylls, and other molecules.
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