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We have designed and synthesized a molecular dyad comprising a carotenoid pigment linked to a
fullerene derivative (C—Cg) in which the carotenoid acts both as an antenna for the fullerene and as an
electron transfer partner. Ultrafast transient absorption spectroscopy was carried out on the dyad in
order to investigate energy transfer and charge separation pathways and efficiencies upon excitation of
the carotenoid moiety. When the dyad is dissolved in hexane energy transfer from the carotenoid S,
state to the fullerene takes place on an ultrafast (sub 100 fs) timescale and no intramolecular electron
transfer was detected. When the dyad is dissolved in toluene, the excited carotenoid decays from its
excited states both by transferring energy to the fullerene and by forming a charge-separated C**—Cg,"".
The charge-separated state is also formed from the excited fullerene following energy transfer from the
carotenoid. These pathways lead to charge separation on the subpicosecond time scale (possibly from
the S, state and the vibrationally excited S, state of the carotenoid), on the ps time scale (5.5 ps) from
the relaxed S, state of the carotenoid, and from the excited state of C4, in 23.5 ps. The charge-separated
state lives for 1.3 ns and recombines to populate both the low-lying carotenoid triplet state and the dyad

ground state.

Introduction

Carotenoids are ubiquitous pigments in nature where they func-
tion in a variety of ways. In photosynthesis, they absorb light
in the blue—green region of the solar spectrum and transfer
the energy to neighboring chlorophylls, thereby increasing the
absorption cross section for photosynthetically active light. They
play several crucial roles in the protection of the photosynthetic
apparatus including scavenging singlet oxygen and preventing its
sensitization by quenching chlorophyll triplets.’? Carotenoids are
also involved in non-photochemical quenching (NPQ) which is
an important regulatory function in photosynthesis, controlling
energy flow as a function of light intensity.>* They also participate
in a form of cyclic electron flow in PSII reaction centers®’ and
appear to play a role in the structure and assembly of several
pigment-protein complexes in photosynthetic membranes.!
Fullerenes are important building blocks in artificial reaction
centers and potentially as electron accumulating devices which
would be valuable components in the design of catalysts for multi-
ple electron processes.* ' A remarkable property of C4, derivatives
as participants in photoinduced electron transfer reactions, when
compared with natural electron acceptors such as quinones, is
their small reorganization energy (/) and low sensitivity to solvent
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stabilization of the ions.'*** Low reorganization energy results

in faster forward rates at lower driving force, e.g., the peak of
the Marcus curve occurs at lower driving force. This is important
because energy dissipated in excessive driving force is not available
for useful work. Moreover, lower reorganization energies can shift
charge recombination reactions further into the “Marcus inverted
region” and thereby slow the rate of recombination. A low sensitiv-
ity to solvent stabilization of the ion, and therefore of the charge-
separated state, allows photoinduced electron transfer to occur
over a wide range of solvents and temperature conditions. One
of the characteristics of fullerenes is their very weak absorption
through the visible spectrum (¢ ~ 700 M~ cm™"); thus C4 does
not lend itself to efficient solar light harvesting by direct excitation
in the visible region.

Through molecular design and chemical synthesis it has been
possible to attach the fullerene moiety to a variety of energy
and electron donors, some of which have strong absorption
in the visible.”® In this study we investigate the photophysics
and photochemistry of a molecular dyad in which a synthetic
carotenoid moiety is attached covalently via a pyrrolidine ring to a
Cy. The carotenoid polyene provides the system with an effective
antenna for light absorption at spectral regions of maximum
solar irradiance and acts as a partner in photoinduced electron
transfer processes. Remarkably, the charge separation process can
be initiated directly from the carotenoid excited states.

Results and discussion
Steady state absorption and fluorescence excitation spectra

The structure of the dyad and that of the model carotenoid are
shown in Fig. 1. The absorption spectrum of the dyad (solid line)
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Fig. 1 Structures of the dyad and model carotenoid.

along with the absorption of the model carotenoid (dashed line)
dissolved in toluene are shown in Fig. 2. The absorption spectrum
of the dyad displays maxima at 450, 477.5 and 509 nm originating
from vibrational levels of the carotenoid S, — S, transition. The
fullerene has maxima at 333 and 705 nm and absorbance at all
intervening wavelengths. The model carotenoid displays maxima
at 302.5, 367.5, 450, 477.5 and 509 nm.
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Fig. 2 Absorption spectra of C—Cy, dyad (solid line) and of the model
carotenoid (dashed line) in toluene. The upper inset shows the expanded
absorption spectra. The lower inset shows the absorption (solid line) and
fluorescence excitation (circles) spectra in hexane.

Fluorescence excitation measurements were performed to mea-
sure the efficiency of singlet-singlet energy transfer from the
carotenoid to the fullerene fluorophore. The corrected fluorescence
excitation spectrum of the dyad in hexane, measured with detection
at 710 nm in an optically dilute solution (optical density <0.05
at the maximum) and normalized to the absorption at 320 nm,
is presented in Fig. 2 lower inset. Direct fluorescence from the
carotenoid model compound is extremely weak, and is not ob-
servable under these conditions. Using these normalized spectra,
the yield of singlet energy transfer was determined from the ratio
of the corrected fluorescence excitation spectrum to the absorption
of the dyad in the range of 420-530 nm, after first subtracting the
absorption spectrum of fullerene from both spectra. The ratio (av-
erage quantum yield of energy transfer) in this range is 0.25 4 0.05.

Femtosecond transient absorption spectroscopy
Model carotenoid: sequential analysis

Fig. 3 shows the results from a global analysis of the time-
resolved data for the model carotenoid dissolved in toluene. Three
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Fig. 3 Evolution associated difference spectra (EADS) that follow
from the global analysis of the time-resolved experiments on the model

carotenoid in toluene with excitation at 475 nm. Lifetimes: 100 fs (solid
line, fixed), 300 fs (dashed line) and 7.6 ps (dotted line).

kinetic components are necessary for a good fit of the data. The
first evolution associated difference spectrum (EADS, solid line)
appearing at time zero presents the bleach of the carotenoid
ground state at wavelengths shorter than ~525 nm as well as
stimulated emission (550-670 nm), and results from population
of the optically allowed S, state. In this global analysis, the first
EADS decays to the second EADS (dashed line) in 100 fs (fixed in
the global analysis since the IRF does not allow us to accurately
estimate the S, lifetime). The second EADS displays a bleach of
the carotenoid ground state below 525 nm and a region of excited
state absorption with a maximum near 610 nm. Its shape has the
typical profile of the hot S, — S, transition; thus we assign this
EADS to population of the vibrationally hot S, state. The third
EADS (dotted line) appears after 300 fs. Compared to the previous
EADS, the S, — S, absorption has narrowed and blue-shifted to
590 nm, corresponding to the vibrational cooling of the hot S,
state.'””® The third EADS thus corresponds to the vibrationally
relaxed S, state. The lifetime of the S, state is 7.6 ps, which is
comparable to the lifetime of the S, state for a carotenoid with an
effective conjugation length between 10 and 11 conjugated double
bonds.?

Caroteno—Cg, dyad in hexane: sequential analysis

The result of a global analysis employing a sequential model for
the dyad dissolved in hexane is shown in Fig. 4. Six components
are needed for a good fit of the data: the first EADS (black line)
appearing at time zero exhibits carotenoid ground state bleach
and stimulated emission below 650 nm. This EADS decays into
the second EADS (red line) in 100 fs (fixed in the analysis). The
second EADS shows a bleach of the ground state of the carotenoid
below 530 nm, as well as S, — S, absorption by the vibrationally
excited S, state. Thus, as for the model carotenoid, we assign this
EADS to the vibrationally hot S, state. The second EADS evolves
into the third EADS (green line) in 1.2 ps. The third EADS exhibits
an S, — S, absorption similar to that of the previous EADS, but
with an overall loss of amplitude, especially in the red region. This
EADS thus corresponds to the vibrationally relaxed carotenoid
S, state. Its lifetime, 7.9 ps, is comparable to that observed for
the model carotenoid. The fourth EADS (dark blue line) presents
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Fig. 4 Evolution associated difference spectra (EADS) that follow from
the global analysis of the time-resolved experiments on the C-Cg4, dyad
in hexane with excitation at 475 nm. Lifetimes: 100 fs (black line, fixed),
1.2 ps (red line), 7.9 ps (green line), 1 ns (blue line), 1ns (cyan line), and
non-decaying (magenta line).

overall small amplitude (and includes a dip around 475 nm which
can be assigned to a scatter contribution from the pump beam).
The absence of any carotenoid ground state bleach suggests that
no charge separation has taken place in the system, and that this
EADS is not characteristic of the carotenoid component. The
fourth EADS is thus associated with the fullerene singlet excited
state, populated via energy transfer from the carotenoid (the Cg*
spectral signature is small, and although formed on the fs time
scale from S,, it is only identifiable in the fourth EADS as the
obscuring states disappear). A comparison of the lifetimes of
the EADS corresponding to the hot S; and S, states with those
obtained for the model carotenoid indicates that energy transfer
to the fullerene takes place from the carotenoid S, state only. The
fourth EADS decays to the fifth one (cyan line) in about 1 ns.
The evolution is small and has a lifetime similar to that of the
excited singlet state of model fullerenes. It is likely associated with
singlet to triplet intersystem crossing within the C,, moiety. The
fifth EADS decays to the final long lived EADS (magenta line),
which shows a region of negative signal below 500 nm originating
from the carotenoid ground state bleach, and a pronounced excited
state absorption near 520 nm characteristic of the carotenoid T,
— T, transition. The fifth lifetime of about 1 ns thus corresponds
to the time constant for energy transfer from the Cy, triplet state
to the carotenoid triplet (possibly limited by intersystem crossing
in the fullerene). The final EADS (magenta line) corresponds to
the lowest carotenoid triplet, populated via energy transfer from
the C, triplet state (vide infra). The occurrence of two sequential
kinetic components with similar lifetimes and small amplitude
(the fourth and fifth EADS) is related to the rise behavior of
the carotenoid triplet (see Electronic Supplementary Information,
ESIY).

Caroteno—Cs, dyad in hexane: target analysis

The global analysis of the data allows one to extract the intrinsic
lifetimes of the various processes but the spectra (EADS) obtained
do not in general portray the spectral signature of pure molecular
species. In order to extract the spectra of pure molecular species
a target analysis was applied to the data.'s In target analysis,

the spectro-temporal data are described in terms of a kinetic
scheme, where the rates and branchings by which molecular species
interconvert are estimated. Fig. 5 shows the kinetic scheme applied
to the C-Cy, dyad in hexane. From the initially excited carotenoid
S, state, internal conversion (IC) to ‘hot S, takes place with a rate
constant k;, in competition with energy transfer to yield Cy* with
rate constant k, and a yield of 25% (obtained from fluorescence
excitation and fixed in the analysis). ‘Hot S,” vibrationally cools
with rate constant ks to result in the relaxed S, state and does
not contribute to the energy transfer to the fullerene. Both ‘hot
S,” and S, have an IC rate to the ground state of k,. The Cg*
undergoes ISC to the triplet state "Cy, with an efficiency of 100%
(rate constant ky,), and triplet-triplet energy transfer from TCq, to
the carotenoid triplet state "C occurs with rate constant k. The
model also takes into account an estimated 7% direct excitation
of the fullerene moiety.
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Fig. 5 Target kinetic model applied for the data of the dyad in hexane.

Fig. 6 shows the species-associated difference spectra (SADS)
that follow from the target analysis, whereas the rate constants are
summarized in the first column of Table 1. The S, (black line), hot
S, (red line) and S, (green line) states of the carotenoid exhibit
spectral shapes similar to those seen in the model carotenoid

Table 1 Rate constants from the target analysis of the data for the C-Cj,
dyad in hexane and toluene

Rate constant/ns™! Hexane Toluene
k, 7500* 7500
k, 2500 2500
ks 0 1886
k4 124 140
ks 640 2891
kg 0 35

k; 0 35

kg 1.4 0.09
ko 0 0.76
ko 0.8333 0

“ Fixed parameters, the estimated error in the parameters is ~10%.
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Fig. 6 Species associated difference spectra (SADS) that follow from the
target analysis of the time-resolved data on the C-Cy, dyad in hexane with
excitation at 475 nm. The spectra are described in the text.

(Fig. 3) and other carotenoids.> The Cq* and "Cq, (blue line)
states are spectrally nearly silent, with only a pump scattering
contribution at 475 nm. The amplitude of the main absorption
band of TC (magenta line) is twice that of the S, state, which
is reasonable compared to values reported in the literature for
a number of carotenoids.”® In this model, it is assumed that
the energy transfer efficiency from carotenoid to Cy, is 25% (as
measured experimentally), and that all transfer originates from
S,. This assumption is based on the fact that the lifetime of the S,
state is basically identical in the dyad and in the model carotenoid.
Unfortunately, we do not have the time resolution to measure S,
lifetimes with and without Cg, attached in order to verify this
assumption. Taking into account the 7% direct excitation of the
fullerene moiety which gives 100% triplet yield, and that 93% of the
light was absorbed by the carotenoid, the total triplet yield is 30%.
It is interesting to note that the SADS obtained from the target
analysis are very similar in shape to the EADS obtained from the
sequential analysis of the data. The reason for this resides in the
fact that the two fullerene spectra considered in the target kinetic
model are nearly silent.

Caroteno—C,, dyad in toluene: global analysis

The results from a global analysis of the time-resolved data for the
dyad dissolved in toluene are shown in Fig. 7. Six components are
needed for a good fit of the data: the first component (black line)
appearing at time zero exhibits carotenoid ground state bleach
and stimulated emission below 650 nm as well as excited state
absorption features (around 475 nm the spectrum is distorted
due to excitation artifacts; the feature centered at 700 nm is
most likely an artifact arising from technical difficulties with the
measured instrument response function). In the near IR region
the EADS presents a pronounced excited state absorption from
the carotenoid S, state.”’ This EADS decays into the second one in
84 fs (fixed in the analysis to account for the energy and electron
transfer processes arising from S, vide infra). The second EADS
(red line) shows the bleach of the ground state of the carotenoid
below 530 nm, as well as the absorption of the hot S, — S,
transition and evolves into the third one (green line) in 330 fs.
The third EADS has the typical shape of the carotenoid S, state
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Fig. 7 Evolution associated difference spectra (EADS) that follow from
the global analysis of the time-resolved experiments on the C-C4, dyad
in toluene with excitation at 475 nm. Lifetimes: 84 fs (black line), 330 fs
(red line), 5.5 ps (green line), 23.5 ps (blue line), 1.3 ns (cyan line), and
non-decaying (magenta line).

in the visible region with ground state bleach below 530 nm and
S, — S, excited state absorption in the 530 to 750 nm region.
The transient absorption in the 900 to 1000 nm region in this
EADS is likely to originate from a species different from the
carotenoid S, state, most likely a carotenoid radical cation and
fullerene radical anion, since the carotenoid S; state of this type of
polyene is expected to give very low absorption around 980 nm.
This suggests that some of the charge-separated state C**—Cgy"~
is being produced at this stage. The third spectrum decays into
the next one (blue) in 5.5 ps. At this point the carotenoid S,
state has completely decayed. The rise of the induced absorption
around 980 nm is ascribed to the formation of the charge-separated
state from the carotenoid S, state. Although the signal in the
near IR region could be partially due to the Cg excited state,
unequivocal evidence of the presence of the charge-separated state
is provided by the presence of the carotenoid ground state bleach
after the complete decay of the S, state (blue line). Thus, a C**—
Cq"~ state is formed directly from carotenoid excited state(s).
The next evolution takes place in 23.5 ps (blue to cyan) and
is characterized by an increase of the carotenoid bleach (below
550 nm) and a concomitant increase of the signal in the 900 to
1000 nm region. This is a clear indication of the formation of
a charge-separated state on this timescale. The increase of the
carotenoid ground state bleach means that the charge-separated
state is not formed from the carotenoid, but from the fullerene,
which has been excited both directly (we estimate a 7% direct
fullerene excitation at 475 nm) and via energy transfer from the
carotenoid. This EADS decays to the non-decaying component
(magenta line) in 1.3 ns. This last spectrum shows a region of
negative signal below 500 nm originating from the carotenoid
ground state bleach and the typical carotenoid T, — T, excited
state absorption in the 500 to 600 nm region. At the same time the
signal in the near IR region has completely disappeared, meaning
that the charge-separated state has by now completely decayed. We
assign this spectrum to the carotenoid triplet state. The presence
of the carotenoid triplet state following the decay of the charge-
separated state suggests that the charge-separated state decays at
least partly to the carotenoid triplet. The only other pathway for
carotenoid triplet formation, intersystem crossing in Cg, followed

This journal is © The Royal Society of Chemistry and Owner Societies 2006 ~ Photochem. Photobiol. Sci., 2006, 5, 1142-1149 | 1145



by triplet—triplet energy transfer to the carotenoid, is negligible
given the short singlet lifetime of the Cy, in the dyad.

Caroteno—C,, dyad in toluene: target analysis

If we suppose that the energy transfer pattern in the C-Cy, dyad
is solvent independent, the energy transfer model for the dyad
in hexane provides us with the necessary information for the
determination of the various pathways and relative efficiencies
for charge separation in toluene. Thus, for the target analysis in
toluene we have used the excitation energy transfer pathways and
rate constants obtained in hexane. The target kinetic model is
depicted in Fig. 8 (the rate constants are summarized in Table 1)
and consists of 6 compartments: the S, state relaxes to a hot S,
state with a rate constant k, and transfers energy to the fullerene
with a rate constant k,. Unlike the dyad in hexane, another decay
channel is present for S,, leading to the formation of the charge-
separated state with a rate constant k;. Again, we note that we
cannot estimate the S, lifetimes. We can, however, estimate the
relative rates of S, — S, IC, energy transfer from S, to Cg and
electron transfer from S, to C, because those will determine
the relative amounts of these primary products later on in the
spectral evolution beyond the instrument response function. The
hot S, state relaxes to the ground state with a rate constant k,,
to the relaxed S, state (ks) and to directly produce the charge-
separated state (k,). The S, state decays partly to the ground state
(k,) and produces the charge-separated state C**—Cy°~ (k¢). The
excited fullerene singlet state Cy* decays entirely to the C*—Cgy"~
state with a rate constant k;,. The C*—C, "~ state decays to the
carotenoid triplet with a rate constant k; and to the ground state
with a rate constant k. Thus, compared to the model applied to
the hexane data, four new decay channels have been added: charge
separation from the carotenoid S,, hot S, and S, states, as well as
from the excited fullerene singlet state Cq*.
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Fig. 8 Target kinetic model applied for the data in toluene.

As mentioned above, the energy transfer pathways and rate
constants found in hexane are used as the “reference” for energy
transfer in the dyad. With this assumption target analysis in
toluene was used to find the electron transfer efficiencies based
upon the correct amplitudes of the various SADS. This allows us
to accurately determine the electron transfer efficiencies from the

S,, hot S;, S, and Cg* excited states; in fact, the strict constraints
imposed by the energy transfer efficiencies leaves us with a unique
set of parameters for the electron transfer efficiencies that fit the
data. Additionally, in the model we set the following constraints:
the lifetime of the carotenoid S, state is fixed, the S, and hot S,
SADS are set to be equal below 520 nm, and the S, spectrum is set
to be zero above 860 nm. The model also takes into account the
direct (7%) fullerene excitation.

A few representative traces at single wavelengths along with the
corresponding fits from the target analysis are shown in Fig. 3
of the ESIt and illustrate the excellent quality of the fit of the
model to the data. The SADS obtained from the target analysis are
shown in Fig. 9 and the rate constants are summarized in Table 1.
The black spectrum corresponds to the carotenoid S, state with
ground state bleach and stimulated emission below 650 nm and
a region of excited state absorption in the 650-750 nm region as
well as in the near IR region. The S, state relaxes to the hot S,
state with a rate constant k, (7500 ns™'), transfers energy to the
Cg (k; = 2500 ns™') and produces the charge-separated state with
a rate constant k; of 1886 ns™' and a yield of 16%. The SADS
corresponding to the hot S, state (red line) displays the bleach of
the carotenoid ground state below 530 nm and the excited state
absorption originating from the hot S, — S, transition in the 530
to 750 nm region. The hot S, state also features a low excited state
absorption in the near IR region (850 to 980 nm). It relaxes to the
S, state in 2891 ns™' (ks) and to the ground state (k, = 140 ns™'),
and produces the charge-separated state in very small yield with
a rate constant k, of 35 ns~'. The green line corresponds to the
SADS of the carotenoid S, state with ground state bleach below
530 nm and excited state absorption corresponding to the S, — S,
transition in the 530 to 750 nm region. The S, state decays to the
ground state (rate constant k, = 140 ns™") and produces a charge-
separated state with a rate constant k¢ (35 ns™') and a yield of
13%. The spectrum corresponding to the fullerene excited singlet
state Cy* is in blue. It shows a characteristic induced absorption
band in the 700-1000 nm region, as well as a small bleach band
around 690 nm. In the carotenoid ground state absorption region
a band-shift like signal is seen; this characteristic spectrum has
been detected in other artificial light harvesting systems® and is
likely to originate from a perturbation of the carotenoid ground
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Fig. 9 Species associated difference spectra (SADS) that follow from the
target analysis of the time-resolved experiments on the C-C4 dyad in
toluene with excitation at 475 nm. The spectra are described in the text.
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state due to the proximity of the excited Cg. Cq produces the
charge-separated state with a rate constant k, (35 ns™') and a
yield of 100%. The charge-separated state C'*—Cg"~ (cyan line)
displays the carotenoid ground state bleach below 600 nm and the
typical absorption of the carotenoid radical cation in the near
IR region. The signal in the near IR region stems from both
the carotenoid radical cation and fullerene anion but given the
low extinction coefficient of the fullerene anion, about ten times
smaller than the extinction coefficient of the carotenoid radical, >
the predominant contribution to the spectrum comes from the
carotenoid radical cation absorption. The charge-separated state
recombines to populate the carotenoid triplet state (rate constant
ks =0.08 ns~') and decays to the ground state (k, = 0.76 ns™"). The
triplet state (magenta line) shows carotenoid ground state bleach
below 500 nm and the typical carotenoid T, — T, excited state
absorption in the 500 to 650 nm region.

From our analysis the total yield of photoinduced charge
separation from the carotenoid excited states is 29%, based on
light absorbed by the carotenoid (which is 93% of the total light
absorbed at the excitation wavelength), with 16% from S, and 13%
from S,. Because the yield of charge separation from the excited
fullerene is 100%, the 21% energy transfer from carotenoid S, to
yield the Cg, excited singlet state adds 21% to charge separation
arising from carotenoid light absorption. After adding the 7%
yield of charge separation due to direct excitation of the fullerene
moiety, which absorbs 7% of the light at the excitation wavelength,
we obtain a total yield of charge separation of 54% (see ESIT).

Energy transfer from the excited states of the carotenoid in the dyad

The results from fluorescence excitation with the dyad dissolved
in hexane show that about 25% of the carotenoid excitation is
transferred to the fullerene. This energy transfer most likely occurs
solely from the carotenoid S, excited state because the S, excited
state is not quenched (the lifetime of the S, state is basically the
same in the dyad in hexane and in the carotene model). In addition,
the lifetime of the hot S, excited state in the dyad in hexane is rather
long, 1.2 ps, indicating that energy transfer from hot S, is either
very small or negligible. Furthermore a highly efficient energy
transfer from hot S, is typically accompanied by energy transfer
from the S, state and this is not seen in our system.*

Interestingly the energy transfer efficiency from the S, state is
comparable to the carotenoid S, to phthalocyanine (Pc) efficiency
obtained for artificial light harvesting triads.*® Unlike Pc, the
fullerene excited singlet state presents a very low extinction
coefficient. Thus a Forster energy transfer mechanism would imply
a much lower transfer efficiency in the C—C, dyad as compared to
the C,—Pc triads. This suggests that energy transfer on such short
length scales cannot be described by simple Forster theory.?

The lowest singlet excited state of Cy, is energetically similar to
those of Chl a in oxygenic photosynthesis and of phthalocyanine
in a variety of artificial antenna constructs. It has been shown
that in these systems, carotenoids with conjugation lengths of 10
double bonds or more do not have the ability to transfer energy
to tetrapyrroles from their S, states, presumably as a result of a
low-lying S, energy level compared to those of the tetrapyrroles
and ensuing poor spectral overlap.*?” The carotenoid of the C—Cy,
dyad has an effective conjugation length between 10 and 11 double
bonds, so energy transfer is not expected from the carotenoid S,

state to Cg because of unfavorable energetics resulting in poor
spectral overlap.

Charge separation from the excited states of the carotenoid in the
dyad

The excited states of the carotenoid in the dyad (in toluene) are
quenched compared to those of the dyad in hexane. Thus, in
toluene they must be involved in other deactivating processes
such as electron transfer to the fullerene. Target analysis of the
transient measurements allowed us to assign rate constants to
the conversions between transient species and quantify the yield
of charge separation from the S, (16%) and S, (13%) carotenoid
states; the direct charge separation from hot S, is negligible. It is
interesting to note that direct electron transfer from a carotenoid
S, state has been detected for a carotenoid attached to a TiO,
nanoparticle.?®

In addition to the observation that the lifetime of the S, state
of the dyad in toluene is quenched relative to that of the model
carotenoid in toluene and the dyad in hexane, the formation of
C*—Cq"~ from the S, state of the carotenoid in toluene is well
supported by the observation that concomitant with the decay of
the S, state we see a rise of the signal in the near IR corresponding
to the formation of the charge-separated state. Conclusive evidence
of direct charge separation from the carotenoid excited states is
provided by the fact that the bleaching of the carotenoid ground
state persists after the complete decay of the S, state and coexists
with the induced absorption in the near IR, characteristic of the
carotenoid radical cation and fullerene radical anion. After the
decay of the carotenoid S, state an additional increase in the near
IR absorption concomitant with an increase of the carotenoid
ground state bleach at longer times clearly indicates the formation
of a charge-separated state from the excited fullerene moiety.

Based on the large rate constant for quenching of the Cy, singlet
lifetime in the dyad dissolved in toluene, the quantum yield of
charge separation from the Cy, excited singlet state is ~100%.

A previously reported carotenoid-Cy dyad with different
structural and thermodynamic parameters® was found to generate
a charge-separated state from the C, excited state in 800 fs; it
decayed in 534 ps. The flash photolysis techniques employed in
that study did not allow us to establish conclusively the direct
involvement of the carotenoid excited state(s) in the electron
transfer process.

Materials and methods
Spectroscopic techniques

Ground state absorption spectra were measured on a Shimadzu
UV-3101PC UV-vis-NIR spectrometer. Steady state fluorescence
emission and excitation spectra were measured using a Pho-
ton Technology International MP-1 fluorimeter and corrected.
Excitation was produced by a 75 W xenon lamp and single
grating monochromator. Fluorescence was detected at 90° to the
excitation beam via a single grating monochromator and an R928
photomultiplier tube having S-20 spectral response operating in
the single-photon-counting mode.

Femtosecond transient absorption spectroscopy was carried
out with a setup previously described.’ The output of a 1 kHz
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amplified Ti:sapphire laser system (Coherent-BMI a1000) is used
to drive a home-built non-collinear optical parametric amplifier.
The excitation wavelength was tuned to 475 nm to selectively excite
the S, state of the carotenoid moiety. The width of the instrument
response function was about 300 fs FWHM and the energy was
100 nJ pulse™'. A white light continuum, generated by focusing
amplified 800 nm light on a 1 mm sapphire crystal, served as
probe beam. The pump and the probe were focused on a 1 mm
path length cuvette and, to avoid sample degradation and exposure
of the sample to multiple laser shots, the cuvette was mounted on
a shaker. The polarization between pump and probe was set to the
magic angle (54.7°). The data were first analyzed globally using a
sequential model.” The data are thus described by a small number
of lifetimes and evolution associated difference spectra (EADS).
Each EADS corresponds in general to a mixture of states and
does not portray the spectrum of a pure state or species. In order
to extract spectra of pure states or species a target analysis model
was also applied to our data.'

Synthesis

The "H NMR spectra were recorded on Varian spectrometers
at 300 or 500 MHz. Unless otherwise specified, samples were
dissolved in deuteriochloroform with tetramethylsilane as internal
reference. Mass spectra were obtained with a matrix-assisted
laser desorption/ionization time-of-flight spectrometer (MALDI-
TOF). All chemicals were purchased from Aldrich, Acros or
Lancaster. Fullerene (C,4) was purchased from Materials and
Electrochemical Research (MER) Corporation. Solvents were
obtained from EM Science. Tetrahydrofuran was distilled from
sodium metal and benzophenone in a nitrogen atmosphere
immediately prior to use. Toluene was distilled from CaH, and
dichloromethane was distilled from potassium carbonate. All
solvents were stored over the appropriate molecular sieves prior
to use. Thin layer chromatography (TLC) was done with silica gel
coated glass plates from Analtech. Column chromatography was
carried out using EM Science silica gel 60 with 230-400 mesh. All
reactions were carried out under an argon atmosphere.

The carotenoid derivatives containing a carboxylic acid, 7'-
apo-7-(4-carbomethoxyphenyl)-f-carotene, and a benzyl alcohol,
7-apo-7-(4-hydroxymethylphenyl)-f-carotene, were prepared by
published procedures.’®

7'-Apo-7-(4-formylphenyl)--carotene. Activated manganese
dioxide (147 mg, 1.69 mmol) was added to a solution of 7'-
apo-7-(4-hydroxymethylphenyl)-f-carotene (63.0 mg, 121 pmol)
in dichloromethane (15 mL). The mixture was stirred for 5 h
before filtering the reaction mixture through a pad of Celite. The
solvent was removed from the filtrate by distillation at reduced
pressure and the residue was recrystallized from dichloromethane—
methanol to give 59.6 mg of the desired carotenoid (95% yield):
'"H NMR (300 MHz, CDCl;): 6 1.02 (6H, s, CH;-16C and CHj;-
17C), 1.44-1.48 (2H, m, CH,-2C), 1.57-1.65 (2H, m, CH,-3C),
1.70 (3H, s, CH;-18C), 1.96-2.05 (14H, m, CH;-19C, CH;-20C,
CH;-20'C, 2H, m, CH,-4C, and CH;-19'C), 6.01-6.16 (3H, m, H-
8C, H-10C, and H-7C), 6.22-6.43 (5H, m, H-14C, H-14'C, H-12C,
H-10'C, and H-12'C), 6.62-6.71 (SH, m, H-7'C, H-11C, H-11'C,
H-15C, and H-15C), 6.65 (1H, d, J = 15.9 Hz, H-7C), 7.01 (1H,
d,J=159Hz,H-8C),7.53(2H, d,J =8.2 Hz, H-1'C and H-5C),
7.79 (2H, d, J = 8.2 Hz, H-2’C and H-4C), 9.94 (1H, s, CHO-

21’C); MALDI-TOF-MS m/z; caled. for C;HyO 518.35, obsd.
518.35.

Caroteno—C,, dyad (C-Cq). A portion of C4 (153 mg,
212 pmol), sarcosine (94.5 mg, 1.06 mmol), 7'-apo-7-(4-formyl-
phenyl)-B-carotene (55.0 mg, 106 umol) and toluene (170 mL) were
added to a flask fitted with a condenser. The reaction mixture was
refluxed under a nitrogen atmosphere for 24 h. After cooling, the
solvent was evaporated at reduced pressure and the residue was
resuspended in 30% carbon disulfide in toluene and filtered. The
solvent was removed from the filtrate by distillation at reduced
pressure and the residue was dissolved in a mixture of carbon
disulfide : toluene : hexanes (1 : 1 : 2). This mixture was applied
to a silica gel column and the excess Cy was eluted with carbon
disulfide : toluene : hexanes (1 : 1 : 2). The product was then eluted
with a mixture of carbon disulfide : toluene : hexanes (1 : 1: 1)
to yield 80.6 mg of the dyad (60% yield): '"H NMR (300 MHz,
CDCL/CS,): 6 0.99 (6H, s, CH;-16C and CH;-17C), 1.42-1.46
(2H, m, CH,-2C), 1.57-1.62 (2H, m, CH,-3C), 1.67 (3H, s, CH;-
18C), 1.91-1.98 (14H, m, CH;-19C, CH,-20C, CH;-20'C, 2H, m,
CH,-4C, and CH;-19C), 2.79 (3H, s, NCH;), 4.23 (1H, d, J =
9.3 Hz, NCH,), 4.87 (1H, s, CH-21'C), 4.93 (1H, d, J/ = 9.3 Hz,
NCH,), 6.04-5.91 (3H, m, H-8C, H-10C, and H-7C), 6.05-6.34
(5H, m, H-14C, H-14'C, H-12C, H-10'C, and H-12'C), 6.37-6.66
(5H, m, H-7C, H-11C, H-11'C, H-15C, and H-15C), 6.78 (1H,
d, J = 15.9 Hz, H-8'C), 7.35 (2H, br m, H-1'C and H-5'C), 7.69
(2H, brs, H-2’C and H-4'C); MALDI-TOF-MS m/z. calcd. for
C0Hs N 1266.41, obsd. 1266.41; UV-vis (toluene) 333, 450, 477.5,
509, 705 nm.

7'-Apo-7-(4-tolyl)-B-carotene (model carotenoid). A portion of
B-apo-8'-carotenal (466 mg, 1.12 mmol), 4-methylbenzyltriphenyl-
phosphonium bromide (1.00 g, 2.24 mmol), sodium methoxide
(182 mg, 3.36 mmol), and dimethylsulfoxide (55 mL) were added
to a flask fitted with a condenser. The mixture was stirred under a
nitrogen atmosphere for 15 h at 65 °C. The reaction was quenched
by pouring the mixture into ether (110 mL) followed by washing
twice with brine and four times with water. The organic layer
was dried with sodium sulfate and filtered, and the solvent was
evaporated at reduced pressure. The residue was recrystallized
twice from dichloromethane-methanol to yield 423 mg of the
desired carotenoid (75% yield):'H NMR (300 MHz, CDCl;): ¢
1.03 (6H, s, CH;-16C and CH;-17C), 1.44-1.50 (2H, m, CH,-
2C), 1.56-1.68 (2H, m, CH,-3C), 1.72 (3H, s, CH;-18C), 1.98—
2.04 (14H, m, CH;-19C, CH;-20C, CH;-20'C, 2H, m, CH,-4C,
and CH;-19'C), 2.34 (3H, s, CH;-21'C), 6.01-6.16 (3H, m, H-8C,
H-10C, and H-7C), 6.22-6.43 (5H, m, H-14C, H-14C, H-12C,
H-10'C, and H-12'C), 6.56 (1H, d, J = 16.2 Hz, H-7C), 6.62—
6.71 (4H, m, H-11C, H-11'C, H-15C, and H-15C), 6.85 (1H, d,
J=16.2Hz, H-8C),7.12 (2H, d, J = 8.1 Hz, H-1'C and H-5C or
H-2’Cand H-4C),7.32(2H, d, J = 8.1 Hz, H-2'C and H-4'C or H-
1'C and H-5C); MALDI-TOF-MS m/z. calcd. for C;3Hyg 504.38,
obsd. 504.36; UV-vis (CH,Cl,) 293, 366, 445, 474.5, 506 nm.

Conclusions

We have studied energy transfer and charge separation within a
carotenoid—C light harvesting dyad. When the system is dissolved
in hexane ultrafast energy transfer from the carotenoid S, state
to the Cg moiety is followed by intersystem crossing within the
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fullerene, after which back energy transfer to the carotenoid
triplet is observed. When the system is dissolved in the more
polar solvent toluene, multiple electron transfer channels become
available. Our results clearly indicate that two carotenoid excited
states are directly involved in the electron transfer process and that
ultrafast energy transfer from the carotenoid S, to the Cg, occurs
with 21% efficiency (25% in hexane solution). Evolution associated
decay measurements followed by target analysis indicate that the
quantum yield of charge separation based on light absorbed by the
carotenoid is approximately 47%, about one-half of which is due
to photoinduced electron transfer from the excited carotenoid and
about one-half following energy transfer from the carotenoid to
the Cg so that the C,, excited singlet state initiates photoinduced
hole transfer. Light absorbed by the fullerene is 100% effective in
generating the charge-separated state. This genre of dyad is unique
in that in other dyad systems studied to date, where the carotenoid
acts as an electron donor, the charge separation process is always
initiated from an excited state of the electron acceptor, either a
porphyrin or a phthalocyanine.?*
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