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Carotenoids as electron or
excited state energy donors in
artificial photosynthesis:
An ultrafast investigation of a carotenoporphyrin
and a carotenofullerene dyad

This chapter is based on the following publication:
S. Pillai*, J. Ravensbergen*, A. Antoniuk-Pablant, B. D. Sherman, R. v. Grondelle, R.
N. Frese, T. A. Moore, D. Gust, A. L. Moore and J. T. M. Kennis, Phys. Chem. Chem.
Phys., 2013, 15, 4775-4784
*These two authors made equal contributions

2.1 ABSTRACT
Photophysical investigations of molecular donor–acceptor systems have helped
elucidate many details of natural photosynthesis and revealed design principles
for artificial photosynthetic systems. To obtain insights into the factors that
govern the partition between excited state energy transfer (EET) and electron
transfer (ET) processes among carotenoids and tetrapyrroles and fullerenes, we
have designed artificial photosynthetic dyads that are thermodynamically poised
to favor ET over EET processes. The dyads were studied using transient absorption
spectroscopy with ~100 femtosecond time resolution. For dyad 1, a
carotenoporphyrin, excitation to the carotenoid S2 state induces ultrafast ET,
competing with internal conversion (IC) to the carotenoid S1 state. In addition, the
carotenoid S1 state gives rise to ET. In contrast with biological photosynthesis and
many artificial photosynthetic systems, no EET at all was detected for this dyad
upon carotenoid S2 excitation. Recombination of the charge separated state takes
place in hundreds of picoseconds and yields a triplet state, which is interpreted as
a triplet delocalized between the porphyrin and carotenoid moieties. In dyad 2, a
carotenofullerene, excitation of the carotenoid in the S2 band results in internal
conversion to the S1 state, ET and probably EET to fullerene on ultrafast
timescales. From the carotenoid S1 state EET to fullerene occurs. Subsequently,
the excited state fullerene gives rise to ET from the carotenoid to the fullerene.
Again, the charge separated state recombines in hundreds of picoseconds. The
results illustrate that for a given rate of EET, the ratio of ET to EET can be
controlled by adjusting the driving force for electron transfer.

2.2 INTRODUCTION
Oxygenic photosynthesis utilizes a small set of cofactors, primarily chlorophylls
and carotenoids, to carry out light harvesting and photochemical energy
conversion tasks. Chlorophylls are tetrapyrroles that are found in the antenna and
reaction center complexes of Photosystem I and II. In the antenna, chlorophylls
absorb sunlight and the resulting excitation energy is transferred to the reaction
center, where redox-active chlorophylls give rise to charge separation.1 In
Photosystem II, a proton-coupled electron transfer process transfers the hole on
the oxidized primary electron donor P680+ to the manganese cluster, where it
drives the splitting of water.1 Carotenoids are polyene derivatives that fulfill
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various roles in biological photosynthesis. They act as light harvesting pigments
for sunlight in the 400–600 nm region. They regulate and protect the
photosynthetic system by quenching triplet chlorophyll and excessive excited
singlet chlorophyll. In addition, they are known to be good electron donors.5,23-25
The versatile properties of carotenoids arise from their complex extraordinary
excited state manifold. The three absorption bands in the 400–550 nm region
reflect the S0–S2 vibronic transitions. The optically forbidden S1 state, which lies
below the S2 cannot be directly accessed from the ground state by a single
photon, but can be populated by internal conversion (IC) from S2 or by twophoton excitation26-28. The energy levels of S1 and S2 are determined by the length
of the conjugated chain and by the nature of groups attached.5,29 Even though this
basic two-level scheme of the carotenoid excited state manifold showed itself
useful in the interpretation of a wide range of carotenoid-involving
phenomena,29,30 the results of recent experiments call for more extended
models.5,31-47
The issues of regulating light harvesting and photoprotection in photosynthesis
can be condensed to an understanding, at the molecular level, of the role of
structure and thermodynamics in controlling energy and electron transfer
processes. A key question concerns the prevalence of electron transfer (ET) versus
excited state energy transfer (EET) between carotenoids and chlorophylls in
various types of LH and RC complexes under a range of physiological conditions. In
the majority of the cases, EET must be and is the dominant process and energy
flows from the carotenoid S2 and S1 states to Chl. Under high-light conditions, in
plant PSII LHCs and some other photosystems the flow direction is reversed and
EET occurs from Chl to carotenoids, after which excess energy is dissipated as
heat.48-51 On the other hand, in the thylakoid membrane, ET processes between
Chl and carotenoids have been suggested to occur under conditions where the
excited state of Chl was quenched.52,53 In the PSII reaction center, β-carotene acts
as an ‘emergency’ electron donor to P680+ under photoinhibitory conditions.54
These observations raise questions of how molecular geometries, pigmentprotein interactions and thermodynamic conditions control the excited state
energy and electron transfer rates among Chls and carotenoids in oxygenic
photosynthesis.
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Photophysical investigations of molecular donor-acceptor systems have
elucidated many details of natural photosynthesis and revealed design principles
for artificial photosynthetic systems.55-61 In a series of newly synthesized
covalently linked carotenoid-tetrapyrrole dyads and triads, EET and ET processes
have been investigated by means of time-resolved spectroscopy. Many examples
exist where carotenoid excitation in the optically allowed S2 band leads to rapid
EET to the tetrapyrrole moiety in competition with IC to lower-lying optically
forbidden carotenoid states,56,59,62-64 a situation that is experimentally found in
basically every natural photosynthetic system as well.32,33,65-68
To obtain insights into the factors that govern the partition between excited state
energy and electron transfer processes among carotenoids and tetrapyrroles, we
have designed artificial photosynthetic dyads that are thermodynamically poised
to favor ET over EET processes. Two biomimetic artificial photosynthetic
constructs were synthesized and investigated: a carotenoporphyrin dyad (dyad 1)
and a carotenofullerene dyad (dyad 2), as depicted in Figure 2.1.

Figure 2.1 Structure of the dyads: carotenoporphyrin (dyad 1) and carotenofullerene (dyad
2).

Dyad 1 consists of a carotenoid covalently attached to a porphyrin moiety,
substituted with electron withdrawing CN groups to enhance its electron
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accepting properties. The carotenoid has 9 double bonds in the polyene chain, an
additional double bond in the β-ionone ring and an elongation of the conjugated
system into the linker moiety by a phenyl group. The effective conjugation length
of this carotenoid is estimated at 11 double bonds (considering the phenyl group
as 1.5 conjugation length and the cyclohexene-like β-ionone ring as 0.5
conjugation length, because it is rotated out of the plane of the polyene). The
bulky substituted phenyl groups are oriented at steep angles to the porphyrin
plane and are added to prevent the dyad from stacking. The two pigments are
linked through two phenyl rings and a peptide bond.
Dyad 2 has a carotenoid with 8 double bonds in the polyene chain and one in the
adjacent β-ionone ring, which gives an effective conjugation length of 8.5 double
bonds. It is coupled to a C60 by a positively charged methylated pyrrolidine linker.
Fullerenes are not found in biological systems but are promising components for
artificial photosynthesis.69,70 They have a small reorganization energy in electron
transfer reactions, which can help place the ET reaction at the peak of the Marcus
curve, facilitating fast photoinduced ET and slow recombination.13,71
Herein we present transient absorption spectroscopy studies to derive EET and ET
pathways and the corresponding rates that follow after excitation of the
carotenoid moiety. Remarkably, for dyad 1 we find that ET from the carotenoid S2
state to the porphyrin completely outcompetes any EET process. In dyad 2, ET
from carotenoid to the fullerene is the dominant process, but an EET process from
the optically forbidden carotenoid S1 state to the lowest fullerene singlet excited
state is observed as well. We find that for a given electronic coupling, the ratio of
ET and EET is governed by the driving force for charge separation. This
thermodynamic switching is an important design principle for natural
photosynthesis and illustrates a pathway for photosynthetic carotenoids to act
both as EET or ET quenchers and light harvesters.
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2.3 MATERIALS AND METHODS
2.3.1 Synthesis
The synthesis of 5,10,15-tris(3,5-di-tert-butylphenyl)-20-(4-carboxyphenyl)7,8,17,18-tetracyanozinc(II)porphyrin (TCNP) and 7ʹ-apo-7ʹ-(4-aminophenyl)-βcarotene has been reported previously.72,73 Dyad 1 was prepared by coupling the
amino group of the carotenoid with the carboxylic acid moiety of TCNP with N-(3dimethylaminopropyl)-Nʹ-ethylcarbodiimide (EDC) as a coupling reagent with a
yield of 43%. Dyad 2 consists of a carotenoid moiety covalently attached to C60
through a pyrrolidine ring. Methylation with iodomethane yielded N,Ndimethylpyrrolidinium iodide derivative. 74 Metathesis of the salt was achieved by
treatment with potassium hexafluorophosphate to give dyad 2 in 80% yield.75
2.3.1.1 General procedure
The 1HNMR spectra were recorded on the Varian spectrometer at 400 MHz. Mass
spectra were recorded on a matrix-assisted laser desorption/ionization time-offlight spectrometer (MALDI-TOF). Ultraviolet-visible ground state absorption
spectra were measured on a Shimadzu UV2100U spectrometer. The reagent 8ʹapo-β-carotene-8ʹ-al (Hoffmann-La Roche) was purified by flash chromatography
with 100% dichloromethane before use. Thin layer chromatography (TLC) was
performed with silica gel coated glass plates from Analtech. Column
chromatography was carried out using Silicycle silica gel 60 of 230-400 mesh. All
the reactions were carried out under an argon atmosphere.
2.3.1.2 Carotenoporphyrin (dyad 1)
Porphyrin (14 mg, 0.01 mmol) and 7ʹ-apo-7ʹ-(4-aminophenyl)-β-carotene (6.72
mg, 0.01 mmol) were dissolved in 10 mL dichloromethane. N-(3dimethylaminoprpyl)-Nʹ-ethylcarbodiimide hydrochloride (3.47 mg, 0.018 mmol)
and 4-(dimethylamino)pyridine (2.95 mg, 0.03 mmol) were added and the
reaction mixture was stirred for 5.5 h at room temperature. The reaction mixture
was washed with water and brine. The organic layer was then dried over
anhydrous sodium sulfate. The solvent was removed with a rotary evaporator.
The crude product was then purified by column chromatography on silica gel
using 20% ethyl acetate and 80% hexane. Yield: 8.5 mg (43%). 1HNMR (400 MHz,
CDCl3): δ 1.02 (6H, s, CH3-16C and CH3-17C), 1.41 (11H, bs), 1.46 (12H, bs), 1.5
(14H, bs), 1.58 (12H, bs), 1.7 (12H, bs), 1.93-2.02 (14H, m), 6.1-6.84 (14H, m), 6.96
(1H, bs), 7.09 (1H, bs), 7.29 (1H, s), 7.33 (1H, bs), 7.63 (1H, s),7.72-8.09 (11H, m),
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8.16 (1H, s), 8.82-9 (4H, m). MALDI-TOF-MS m/z: calcd for C110H117N9OZn 1646.55,
obsd 1646.57; UV-vis (CH2Cl2): 353, 373, 445, 454, 506, 597, and 649 nm.
2.3.1.3 Carotenofullerene
A portion of 8ʹ-apo-β-caroten-8ʹ-al (50 mg, 0.12 mmol), C60 (179 mg, 0.25 mmol)
and sarcosine (108.2 mg, 1.2 mmol) were refluxed in 50 mL chlorobenzene for 24
h. The reaction mixture was cooled and the solvent was removed under vacuum.
The crude reaction mixture was purified by column chromatography on silica gel
using 5% carbon disulfide, 5% ethyl acetate and 90% hexanes. Yield: 105 mg
(75%). 1HNMR [400 MHz, CDCl3/CS2 (1:1)]: δ 1.02 (6H, s, CH3-16C and CH3-17C),
1.43-1.5 (2H, m, CH2-2C), 1.57-1.64 (2H, m, CH2-3C), 1.7 (3H, s, CH3-19C), 1.91-2
(11H, m, CH3-18C, CH3-20C, CH3-20ʹC, CH2-4C), 2.26 (3H, s, CH3-19ʹC), 2.82 (3H, s,
CH3), 4.16 (1H, d, J = 12Hz), 4.48 (1H, bs), 4.93 (1H, bs), 5.98-6.84 (12H, m vinyl H).
MALDI-TOF-MS m/z: calcd for C92H45N 1163.35, obsd 1163.39; UV-vis (CH2Cl2) 328,
417, 439, 466, and 698 nm.
2.3.1.4 Carotenofullerene-N,N-dimethylpyrrolidinium iodide
Carotenofullerene (25 mg, 0.02 mmol) was suspended in a mixture of 1 mL
dimethyl sulfoxide and 3 mL iodomethane in a screw cap vial. The reaction
mixture was stirred at room temperature for 36 h. Most of the iodomethane was
removed under a nitrogen stream to give a wet brown colored compound. The
compound was then dissolved in 10 mL of dichloromethane and filtered. The
filtrate was washed with water and then the organic solvent was concentrated
under reduced pressure. The crude product was purified by column
chromatography on silica gel using 5% methanol, and 15% carbon disulfide with
80% dichloromethane. Yield: 17 mg (60%). 1HNMR [400 MHz, CDCl3/CS2(1:1)]: δ
0.01 (6H, s, CH3-16C and CH3-17C), 1.42-1.48 (2H, m, CH2-2C), 1.58-1.64 (2H, m,
CH2-3C), 1.69 (3H, s, CH3-19C), 1.91-2.04 (11H, m, CH3-18C, CH3-20C, CH3-20ʹC,
CH2-4C), 2.43 (3H, s, CH3-19ʹC), 4.32 (6H, s, -CH3), 5.9 (1H, d, J = 12Hz), 6.02-6.83
(12H, m vinyl H), 7.21 (1H, s), 7.34 (1H, bs). 1HNMR [400 MHz,
CDCl3/CS2/MeOD(1:1:0.2)]: δ 0.95 (6H, s, CH3-16C and CH3-17C), 1.37-1.42 (2H, m,
CH2-2C), 1.5-1.58 (2H, m, CH2-3C), 1.63 (3H, s, CH3-19C), 1.85-1.97 (11H, m, CH318C, CH3-20C, CH3-20ʹC, CH2-4C), 2.37 (3H, s, CH3-19ʹC), 4.01 (3H, s, -CH3), 4.21
(3H, s, -CH3), 5.75 (1H, d, J = 13Hz), 5.98-6.66 (12H, m vinyl H), 6.78 (1H, s), 7.15
(1H, s). MALDI-TOF-MS m/z: calcd for C93H48N 1178.58, obsd 1178.62; UV-vis
(CH2Cl2) 325, 423, 445, 465, and 690 nm.
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2.3.1.5 Carotenofullerene-N,N-dimethylpyrrolidinium
hexafluorophosphate (dyad 2)
Carotenofullerene-N,N-dimethylpyrrolidinium iodide (10 mg, 0.009 mmol) was
dissolved in 5 mL tetrahydrofuran, potassium hexafluorophosphate (6.24 mg,
0.034 mmol) was added in 2 mL of water and the reaction mixture was stirred at
room temperature for 3 h. The product was then extracted in dichloromethane
and washed with water several times. The solvent was evaporated under reduced
pressure. Yield: 8.6 mg (80%).19 FNMR [400 MHz, CDCl3/CS2 (1:1)]: δ -67.67 (d, 6F).
2.3.2 Spectroscopy
Each dyad was dissolved in nitrogen-flushed toluene or THF and transferred to a 1
mm path length quartz cuvette. The concentration was set to produce an
absorbance of 0.5 at the excitation wavelength.
Room-temperature absorption spectra were recorded on a Perkin Elmer Lambda
40 UV/VIS spectrometer. Room-temperature fluorescence excitation spectra were
measured with a commercial spectrophotometer (Jobin Yvon, Fluorolog) with
detection at 750 nm.
Ultrafast transient absorption spectroscopy was performed on a setup described
earlier.76 In short, the output of an 800 nm, 1 kHz amplified Ti:Sapphire laser
system was used to drive an optical parametric amplifier to produce the excitation
pulses. The excitation wavelength was set at 515 nm for dyad 1 in toluene, 506
nm for dyad 1 in THF and 473 nm for dyad 2 in both toluene and THF, in all cases
exciting the carotenoid at the lowest-energy vibronic band. The excitation beam
was set to 80 nJ per pulse and focused to a spot of 200 µm diameter. The probe
pulse was created by focusing part of the 800 nm beam on a CaF2 crystal for
probing in the visible or sapphire plate for probing in the near-IR. The pump and
probe were focused on the sample and the polarization was set to the magic
angle of 54.7˚. Absorption difference spectra (ΔA) are calculated by ΔA(λ) = log(Ipumped)/log(Iunpumped) for delays up to 3.5 ns. The instrument response function
had a width of 100 fs (full width at half maximum).
Global analysis of the transient absorption data was performed using the program
Glotaran.8,77 In global analysis all wavelengths are analyzed simultaneously using a
sequentially interconverting model 1 → 2 → 3 →. Here the numbers indicate
evolution associated difference spectra (EADS) that interconvert with successive
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monoexponential decay rates, each of which can be regarded as the lifetime of
each EADS. Data from experiments in the visible and near-IR were fitted
simultaneously. The spectral chirp was fitted with a third order polynomial. The
EADS that follow from the sequential analysis are visualizations of the evolution of
the (excited) states of the system and usually represent a mixture of molecular
species. This sequential analysis is mathematically equivalent to a parallel (sumof-exponentials) analysis and the time constants that follow from the analysis
apply to both. 9 The parallel decay scheme produces decay associated difference
spectra (DADS), which are shown in the Supporting Information. For a more
detailed description of global analysis we refer to Van Stokkum et al. 2004.77

2.4 RESULTS AND DISCUSSION
The dyads were studied in the nonpolar solvent toluene (dielectric constant 2.4)
and the moderately polar THF (dielectric constant 7.5). The absorption spectra of
dyad 1 in these solvents are shown in Figure 2.2, in black and red respectively. The
double band around 450 nm corresponds to the porphyrin Soret band, the bands
around 660 nm and 680 nm to the porphyrin Q-band absorption. The carotenoid
absorption bands overlap with the porphyrin Soret band, except for the lowest
vibronic S2 transition, which is found at 515 nm in toluene and at 506 nm in THF.

Figure 2.2 Absorption spectra. Black: dyad 1 in toluene. Red: dyad 1 in THF. Blue: dyad 2 in
toluene. Green: dyad 2 in THF. All spectra were measured in a 1 mm path length quartz
cuvette.

The absorption spectra for dyad 2 in toluene and THF are shown in blue and
green. The carotenoid absorption is shifted to the blue with respect to dyad 1, as
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expected from the shorter conjugation length of the molecule, leading to a larger
energy gap between the ground and excited states. 5 Fullerene has an absorption
band around 300 nm78 (not shown) and an absorption tail with very small
amplitude that extends throughout the visible range (see inset).
2.4.1 Dyad 1
The data from transient absorption measurements were globally analyzed using a
simultaneous analysis for measurements in the visible and near-IR. In Figure 2.3,
we present the Evolution Associated Difference Spectra (EADS) for dyad 1 in
toluene. The Decay Associated Difference Spectra (DADS) and time traces are
shown in Figure SI 2.4 and Figure SI 2.8 of the Supporting Information. Six time
constants were needed for a sufficient fit of the data. The first EADS (gray) shows
a negative ΔA band in the visible and a positive band in the near-IR region. This is
the typical absorbance difference spectrum due to population of the carotenoid S2
state, and is characterized by ground state bleach and stimulated emission
(negative ΔA signals) in the visible and excited state absorption (positive ΔA
signal) in the near-IR.79,80 This EADS decays into the second EADS with a time
constant of about 100 fs. This time constant has been fixed in the analysis because
it is around the limit of our temporal resolution.
Both the second (red, 272 fs) and third (blue, 4.5 ps) EADS show a positive band
between 530 and 700 nm, originating from carotenoid S1 excited state
absorption.5,81 The excited state absorption of the third EADS is blue-shifted with
respect to the second, which corresponds to a transition from vibrationally hot to
relaxed S1.5,81 Both the 272 fs EADS and the 4.5 ps EADS show a negative signal
below 530 nm, which can be interpreted as a mix of carotenoid and porphyrin
Soret bleaching. In the near-IR, these EADS show a band at 1060 nm that can be
assigned to the carotenoid cation radical.56,82 This, together with the presence of
porphyrin bleaching, indicates that charge separation has taken place. Hence we
can attribute these two spectra to a mix of carotenoid S1 (or hot S1) and the
charge-separated Car • + Por• − state.
The fourth (cyan, 261 ps) EADS shows bleaching signatures around 650 nm
originating from porphyrin and around 450 and 500 nm originating from both
porphyrin and carotenoid. Furthermore, the spectrum shows an increased
absorption of the carotenoid cation radical in the near-IR by a factor of 2–3. The
30

cation absorption band has increased with respect to the third spectrum (blue 4.5
ps), while the carotenoid S1 absorption band has disappeared. This observation
shows that charge separation has taken place from the S1 state in 4.5 ps. The 907
ps EADS (green line) has a spectral shape that is virtually identical to that of the
261 ps EADS, but with significantly reduced amplitude, and hence the 261 and 907
ps time constants are assigned to radical-pair recombination. The need for two
recombination time constants is probably related to heterogeneity in the sample
or the typical multi-exponential decay reflecting disorder. Structural
heterogeneity has been demonstrated previously in axially linked carotenophthalocyanine triads by NMR spectroscopy.83 The observation that the majority
of the population recombines on a faster time scale can be seen from the larger
amplitude of the 261 ps EADS.

Figure 2.3 Left: EADS of dyad 1 in toluene. Right: Proposed excitation pathway for dyad 1;
the colors of the arrows are matched with the corresponding EADS.

The last EADS (brown) is non-decaying on the time scale of this experiment. The
spectrum has been expanded 10 × for clarity. It shows an excited state absorption
band at 550 nm. This band is characteristic of the long-lived carotenoid triplet
state.5,81,84 Usually, this band is only accompanied by carotenoid bleaching. Here,
we also see porphyrin bleaching at both the Q and Soret wavelengths. The
presence of porphyrin features in the final state is surprising, as the chargeseparated state has recombined in the previous processes and porphyrin triplet
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states are in general energetically higher than those of carotenoids. As observed
previously in several natural and artificial light-harvesting systems, this
observation suggests that the triplet state is delocalized on the carotenoid and the
porphyrin, which leads to a ground state bleach signal of both moieties.41,42,85,86
For dyad 1 in THF similar results are found. The EADS, DADS and time traces are
presented in Figure SI 2.1, Figure SI 2.5 and Figure SI 2.9 of the Supporting
Information.
Our interpretation of the transient absorption data is given in the scheme of
Figure 2.3, the colors of the arrows are matched with the corresponding processes
in the EADS. The carotenoid is excited to the S2 state, where internal conversion
to the S1 state competes with ET to the porphyrin. The populated S1 state gives
rise to additional ET to the porphyrin on a picosecond time scale. In addition, the
carotenoid can decay to the ground state by internal conversion. The model
carotenoid has been measured by Berera et al.84, who reported an S1 decay rate of
(7.7 ps)-1 in toluene, ascribed to IC to the ground state. For dyad 1 we found an S1
lifetime of 4.5 ps. We therefore estimate the ET rate to be (11 ps)-1, which
suggests that around 40% of the S1 state results in charge separation and 60%
decays to the ground state. Caution should be exercised here in quantitatively
addressing this issue, as the environment may affect the intrinsic S1 lifetime of
carotenoids.87 Finally, the charge-separated state recombines to the ground or the
triplet state. Based on the area under the DADS, we estimate that 80% of the
molecules recombine on a 261 ps time scale and 20% on a 907 ps time scale.
Surprisingly, the transient absorption data show no indication of EET from
carotenoid to porphyrin. To investigate whether EET from the carotenoid to
porphyrin occurs, we performed fluorescence excitation experiments. Figure 2.4
shows in blue the excitation spectrum of dyad 1 in toluene; the detection
wavelength was chosen in the porphyrin Q-band fluorescence (750 nm). The 1transmission spectrum of the dyad is shown in red for comparison. It can be seen
that the excitation spectrum has porphyrin features, but shows no contribution at
all from the carotenoid. At the excitation wavelength that was used for the
transient absorption experiments (512 nm), the fluorescence excitation spectrum
is essentially zero. This shows that EET from carotenoid to porphyrin is indeed
absent.
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Figure 2.4 Fluorescence excitation spectrum (blue, detection at 750 nm) and 1transmission spectrum (red) of dyad 1 in toluene.

The time-resolved data on dyad 1 thus reveal two remarkable phenomena: (i)
efficient ET from both the carotenoid S2 and S1 states to porphyrin in a nonpolar
as well as a polar solvent, and (ii) a total absence of EET upon carotenoid
excitation. Relating to (i), ET upon carotenoid excitation is typically not observed
in natural photosynthetic LH systems, with the notable exception of low-yield
radical formation in bacterial LH2.88-90 Similarly with (ii), this observation does not
have a counterpart in natural photosynthesis, where substantial EET is invariably
found from carotenoid S2 to (B)Chl in oxygenic and anoxygenic photosynthesis.5,6568,91,92

The branching between internal conversion to S1, ET to porphyrin and EET to
porphyrin is governed by the individual rates of these processes. Apparently the
EET rate is too small to contribute to S2 decay. From the amplitudes of the
carotenoid radical cation band in the EADS in Fig. 2, we estimate that 2/3rd of the
generated radical pairs originate from S1, and 1/3rd from S2. With an estimated
total ET yield of 50% and an S2 lifetime of 100 fs, this would correspond to an IC
rate of (120 fs)-1 and an ET rate of (600 fs)-1, assuming that the EET rate is
negligible. For the carotenoid S2 state, the energy level lies around 19400 cm-1 or
2.4 eV (Figure 2.2). The ultrafast charge separation in dyad 1 can be explained by
thermodynamic considerations. From the redox potentials of 0.47 V and -0.40 V
(vs. SCE) for the carotenoid93 and the porphyrin, respectively, and the S2 energy of
the carotenoid, we calculate a driving force of 1.53 eV to form Car • + Por• − from
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the carotenoid S2. This exceptionally large driving force results in the observed
ultrafast photoinduced ET rate that can compete with the S2-S1 IC process. From
the carotenoid S1 state, rapid ET to the porphyrin occurs with a rate constant of
(11 ps)-1. Assuming an S1 energy of 13000 cm-1 (1.6 eV), we calculate a driving
force of 0.74 V.
The absence of EET from carotenoid S2 shows that the EET rate is much smaller
than those of IC and ET, despite the fact that EET to porphyrin is
thermodynamically feasible. From the fluorescence excitation spectrum (Fig. 4)
we derive that the EET quantum yield is less than 5%. With a decay rate of S2 of
(100 fs)-1, we estimate the upper limit of the EET rate to be (2 ps)-1. This result is
very different from the efficient EET that is invariably found from carotenoid S2 to
chlorophyll in oxygenic photosynthesis65-68,91,92 or in artificial systems where the
covalently bound tetrapyrrole was either a pyropheophorbide or
phthalocyanine.56,59,62,64. The decreased EET rate in the present dyads very likely
follows from the low dipole strength of the Q-band in porphyrins, which is an
order of magnitude smaller than in chlorophylls, pyropheophorbides or
phthalocyanines. In a coulombic EET mechanism, this leads to an equally
diminished EET rate.
The absence of EET from the carotenoid S1 state can be explained from the energy
levels of the states involved. The S1 state of a carotenoid with a conjugation
length of 11 double bonds lies around 13000 cm-1. 5 The porphyrin Q-bands are
located at 660 and 680 nm, which corresponds to 15152 and 14706 cm-1, making
EET from carotenoid S1 to porphyrin energetically unfavorable.
We conclude that the dominance of ET over EET upon carotenoid excitation in
dyad 1 finds its origin in two separate causes: (i) a large driving force that speeds
up the ET rate to (600 fs)-1 from S2 and (11 ps)-1 from S1 and (ii) a slow EET rate of <
(2 ps)-1 from carotenoid S2 that is probably caused by the low dipole strength of
the Q-transitions of the porphyrin acceptor.
Tuning of relative ratios of energy and electron transfer rates can also be achieved
by other means, for instance through solvent polarity, as energy transfer does not
always depend much on solvent polarity, but electron transfer does.56,58,59
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2.4.2 DYAD 2
Dyad 2 (Figure 2.1) was excited in toluene solution in its carotenoid moiety at 473
nm. The EADS are presented in Figure 2.5, for the DADS and time traces we refer
to Figure SI 2.6 and Figure SI 2.10 of the Supporting Information. The first EADS in
global analysis corresponds to the carotenoid S2 spectrum, of which the lifetime
was fixed at 100 fs (Figure 2.5, gray). The second EADS (red, 545 fs) consists of
carotenoid ground state bleach, S1 excited state absorption at 550 nm and
carotenoid radical cation absorption at 900 nm. The presence of the signature of
both S1 and the charge-separated state in the second EADS implies that the S2
state decays via at least two pathways, IC to S1 and ET to the fullerene. EET from
S2 to the fullerene could also take place, but it cannot be identified because the
spectral signature of singlet-excited fullerene is absent in the probed spectral
window. Due to the shorter conjugation length of this carotenoid compared to the
one in dyad 1, the carotenoid signals are shifted to the higher energy side of the
spectrum. The anion of pyrollidinofullerene that was previously reported around
1010 nm (ε = 8 × 103 M-1 cm-1) 78 was not detected and is probably obscured by
the large signal of the carotenoid radical cation (ε = 105 M-1 cm-1).82
The second EADS (red) evolves in 545 fs into the third EADS (blue). This evolution
includes a large decay of the S1 excited state absorption, an increase of the radical
cation band and a decrease of the carotenoid ground state bleach. The growth of
the radical cation band shows that ET takes place from the carotenoid S1 state to
the fullerene. This event is accompanied by a decrease of the carotenoid ground
state bleach, which is unexpected because ET would preserve this signal. We may
exclude the possibility that significant carotenoid S1 state decays to the ground
state not only because the 545 fs time constant is too short for such a process5,
but also because in the next EADS (cyan line) the carotenoid bleach is fully
restored. The most likely explanation is that the decrease in ground state bleach
in 545 fs results from EET from the carotenoid S1 to the fullerene moiety. As
explained above, singlet excited fullerene cannot be observed in these
experiments.
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Figure 2.5 Left: EADS of dyad 2 in toluene. Right: Proposed excitation pathway for dyad 2;
the colors of the arrows are matched with the corresponding processes.

The transition from the third (blue, 7.2 ps) to the fourth (cyan, 194 ps) EADS
shows the recovery of the carotenoid ground state bleach and a further growth of
the carotenoid radical cation band. This can be interpreted as a charge separation
process from the lowest fullerene excited state, whose energy level is estimated
at 14000 cm-1 from the absorption spectrum. In this charge-separated state the
carotenoid moiety is involved again, which explains the increase of carotenoid
ground state bleach. The growth and decay of the carotenoid ground state bleach
— indicating the role of singlet excited fullerene — are shown in the 450 nm time
trace (Figure 2.6). Decay of fullerene to the ground state can be neglected, as the
excited state lifetime of fullerene and derivatives is reported to be more than a
nanosecond.94 The 7.2 ps transition also includes the decay of the residual
carotenoid S1 band at 550 nm. This S1 population can give rise to further charge
separation or decay to the ground state. The fourth (cyan, 194 ps) and the smaller
fifth (green, 691 ps) EADS show carotenoid bleach and carotenoid radical cation
absorption and are assigned to the charge-separated state, which is recombining
with these rates. The fifth EADS also shows carotenoid triplet absorption. The
sixth EADS (brown) shows carotenoid ground state bleach and carotenoid triplet
absorption at 517 nm and does not decay on the time scale of the experiment.
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Figure 2.6 Time trace of dyad 2 in toluene at 433 nm.

The interpretation of these processes is shown in the scheme of Figure 2.5. The
carotenoid S2 state, which decays on a 100 fs time scale, partly gives rise to charge
separation and partly decays to S1. Probably this decay is again via the hot S1
state, but this process is not resolved independently. From the S1 state, excitation
energy is transferred to the fullerene moiety on a time scale of 545 fs. In this case
the driving force for ET is also large, 0.9 eV from the S1 state of the carotenoid
(assuming the S1 state of the carotenoid at 700 nm and the redox potential for the
carotenoid moiety as 0.7 V vs. SCE and that of the fullerene-N,Ndimethylpyrrolidinium moiety as -0.17 vs. SCE as measured with model
compounds). In dyad 2 EET from the carotenoid S1 to fullerene appears to be able
to compete with the ET process. The next step is ET from carotenoid to the
excited fullerene moiety on a picosecond time scale. This charge-separated state
subsequently decays with lifetimes of 194 and 691 ps, leading to a small
population of the long-lived carotenoid triplet state which forms via charge
recombination of the triplet charge separated state. The triplet charge separated
state is derived from the initially formed singlet charge separated state.95-99 For
dyad 2 in THF similar results are found. The EADS, DADS and time traces are
presented in Figure SI 2.2, Figure SI 2.7 and Figure SI 2.11 of the Supporting
Information.
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2.5 CONCLUSION
Taken together, our transient absorption data show that for dyad 1, excitation to
the carotenoid S2 state induces efficient electron transfer. Driven by the large
driving force, this charge separation occurs at a rate of (600 fs)-1 from S2 and in
about (11 ps)-1 from S1. In fluorescence excitation measurements, EET from
carotenoid to porphyrin is not observed. This is remarkable when compared with
natural systems where EET usually is faster than ET. In this artificial system,
because of a large driving force for ET (1.5 V) and low dipole strength of the
energy acceptor, the ET outcompetes EET. These results illustrate that for a given
rate of EET, determined by the overlap integral and the electronic coupling of the
chromophores, the ratio of ET to EET can be controlled by adjusting the
thermodynamic term. This is an important design principle for artificial
photosynthesis and is almost certainly at play in photosynthesis where
carotenoids participate in both ET quenching and light harvesting.
The charge-separated state of dyad 1 recombines with two characteristic
lifetimes. In toluene these were found to be 261 and 907 ps. Recombination yields
a triplet signal that is accompanied by porphyrin bleaching. This was interpreted
as a delocalized triplet, located on both the carotenoid and the porphyrin moiety.
Similar features are seen in preparations of pigment-protein complexes from
photosynthetic membranes.41,42,85,86
Upon excitation of the carotenoid of dyad 2, EET to fullerene takes place, as well
as charge separation from the S1 and probably the S2 states of the carotenoid.
Subsequently, the excited fullerene gives rise to charge separation. Here, the
lifetimes of the charge-separated state in toluene were found to be 194 and 691
ps.
Finding ultrafast ET from the carotenoid S2 state in these two dyads opens a new
time window for exploring carotenoid photophysics in artificial photosynthetic
systems. The ultrafast timescale suggests a strong spatial overlap between the
excited state and the charge separated state, in which the excited state carries
charge transfer character and the charge separated state borrows dipole strength,
a situation reminiscent of ultrafast charge separation in the plant PS2 RC.100-102
Moreover, important questions such as the role, if any, of coherence in ultrafast
charge separation coupled to specific vibrations and the dynamics of disorder
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have emerged. Raman and Stark spectroscopy results in progress will give us
information on the instantaneous interactions in dyads and in natural systems.
Pump-probe techniques such as those used here cover the time domain greater
than about 100 fs. This frames the challenge of understanding the dynamics and
electronic coupling at times less than 100 fs, the nature of which probably defines
and sets in motion all subsequent physical and chemical processes of converting
light into chemical potential. It is anticipated that artificial systems such as these
dyads will be useful in this regard.
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SUPPORTING INFORMATION TO CHAPTER 2
SI 2.1

DYAD 1 IN THF

The EADS for dyad 1 in THF are shown in Figure SI 2.1. The spectra are very similar
to the EADS of the measurement in toluene. After carotenoid excitation, the first
EADS (gray, fixed at 100 fs) shows the S2 spectrum. The second EADS (red, 547 fs)
shows the signatures of the hot S1 state and the charge separated state. In the
next spectrum (blue, 4.2 ps) the S1 excited state absorption has shifted towards
the blue, indicating vibrational cooling.
The fourth (cyan, 11 ps) and fifth EADS (green, 666 ps, expanded 5x), show the
signature of the charge separated state, like discussed for the dyad in toluene.
According to the area under the DADS, 92% of the molecules recombine on an 11
ps timescale and 8% on a 666 ps timescale. No triplet was found for this dyad in
THF, which can be explained by the fast decay rate of the vast majority of the
molecules. The fluorescence excitation spectrum for this dyad in THF was similar
to the spectra in toluene, indicating that energy transfer from the carotenoid to
porphyrin is absent.

Figure SI 2.1 EADS of dyad 1 in THF.
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SI 2.2

DYAD 2 IN THF

Figure SI 2.2 shows the EADS for dyad 2 in THF. The observed processes are similar
to the measurements in toluene, but occur at faster rates. The carotenoid is
excited to the S2 state (gray EADS, fixed at 100 fs). Subsequently the second EADS
(blue, 659 fs) shows the carotenoid S1 spectrum and carotenoid cation. In toluene
the carotenoid S1 evolves into fullerene excited state and charge separation.
Here, this also seems to be the case, but the two processes could not be
distinguished, because the rate constants are too similar. The two processes are
therefore fitted with one time constant. Figure SI 2.3 shows the time trace at the
carotenoid ground state bleach. Again there is decay and increase of ground state
bleach, but this is less profound than in toluene, suggesting that the fullerene
excited state is occupied less.
The next two EADS (cyan and green) again show the typical charge separated
state that decays with 4.5 ps and 42 ps time constants. In the toluene experiment,
the last spectrum contained just the carotenoid triplet. In THF this spectrum
contains both the triplet and a small band of the carotenoid ion, indicating that
part of the molecules in which charge separation has taken place recombine at a
very slow rate.

Figure SI 2.2 EADS of dyad 2 in THF.
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Figure SI 2.3 Time trace of dyad 2 in THF at 457 nm.

SI 2.3

DECAY ASSOCIATED DIFFERENCE SPECTRA (DADS)

As described in the methods section, the transient absorption data is analyzed
globally. The figures in this section show the decay associated difference spectra
(DADS) that follow from this analysis. The DADS, which show the spectral changes
with the given time constants, show the same processes as the EADS, but
highlight different subtleties. In the DADS of dyad 1 in toluene for example, there
are differences between the charge recombination processes on the 261 ps
(magenta) and 907 ps (green) timescale. In the DADS, the fast recombination
process has maximal Q-band bleach at 654 nm, whereas this band is found at 658
nm for the slow recombination process. Furthermore the triplet, which is
expected to be formed predominantly from those molecules that recombine most
slowly, shows Q-band bleaching at 664 nm. Likewise, the Soret band is found at
459 nm, 462 nm and 464 nm for the fast, slow and triplet curves. The shift of
position of the observed bleach peaks can be caused by a shift in ground state
absorption itself or a shift in the excited state absorption that overlaps with this
band. In either case, the peak shift shows that there is heterogeneity in the
sample, for example multiple conformational states or dyad aggregation.
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Figure SI 2.4 DADS of dyad 1 in toluene.

Figure SI 2.5 DADS of dyad 1 in THF.
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Figure SI 2.6 DADS of dyad 2 in toluene.

Figure SI 2.7 DADS of dyad 2 in THF.
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SI 2.4

TIME TRACES

In this section we present time traces of the transient absorption data (black lines)
together with the fit that results from analysis (red lines). It can be seen that the
fits agree well with the measured data for dyad 1. For dyad 2 the fit of the
measurement in THF (Figure SI 2.11) deviates from the data (see discussion of
Figure SI 2.2 and Figure SI 2.3).

Figure SI 2.8 Time traces of dyad 1 in toluene. Black: raw data. Red: fit of the data.
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Figure SI 2.9 Time traces of dyad 1 in THF. Black: raw data. Red: fit of the data.
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Figure SI 2.10 Time traces of dyad 2 in toluene. Black: raw data. Red: fit of the data.
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Figure SI 2.11 Time traces of dyad 2 in THF. Black: raw data. Red: fit of the data.
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