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The ultrafast internal conversion (IC) dynamics of aldehyde-substituted apocarotenoids (n′-apo-â-caroten-
n′-als with n ) 4, 8 and 12) have been investigated in a systematic variation of conjugation length and
solvent polarity using time-resolved femtosecond transient absorption spectroscopy. After excitation to the
S2 state with different excess energies, the subsequent intramolecular dynamics were investigated at several
probe wavelengths covering the S0 f S2 and S1/ICT f Sn absorption bands. Time constantsτ1 for the internal
conversion process S1/ICT f S0 of 4′-apo-â-caroten-4′-al and 8′-apo-â-caroten-8′-al have been newly measured.
We compared these results with our earlier measurements for 12′-apo-â-caroten-12′-al (D.A. Wild, K. Winkler,
S. Stalke, K. Oum, T. LenzerPhys. Chem. Chem. Phys.2006, 8, 2499). In the case of the aldehyde with the
longest conjugation (4′-apo-â-caroten-4′-al), τ1 is almost independent of solvent polarity (4-5 ps), whereas
a significant reduction ofτ1 from 22.7 to 8.6 ps for the shorter 8′-apo-â-caroten-8′-al and an even more
pronounced reduction from 220 to 8.0 ps for 12′-apo-â-caroten-12′-al were observed when the solvent medium
was changed fromn-hexane to methanol, respectively. Inn-hexane,τ1 of the apocarotenals is strongly dependent
on the conjugation length and this can be well understood in terms of an energy gap law description where
the S1-S0 energy differences were estimated from their steady-state fluorescence spectra. In highly polar
solvents, the IC to S0 is very fast, irrespective of the conjugation length. This is probably due to the stabilization
of an intramolecular charge transfer (ICT) state in 12′-apo-â-caroten-12′-al and 8′-apo-â-caroten-8′-al. In the
case of 4′-apo-â-caroten-4′-al, such an influence of an ICT state is presumably less important than for the
other two apocarotenals.

1. Introduction

Carotenoids fulfill several important roles in nature. For
instance, in photosynthesis they serve as light-harvesting pig-
ments in the blue-green spectral region.1,2 Another function is
protection against excessive light, which is accomplished by
quenching both singlet and triplet states of bacteriochlorophylls.3

Carotenoids with carbonyl substituents attached to the conju-
gated system, like peridinin or fucoxanthin, constitute a very
important subclass. Peridinin is found in large amounts in
oceanic dinoflagellates4-7 and is the main light-harvesting
pigment in the peridinin-chlorophyll-a-protein (PCP) complex.8

Because of this function and the unusual solvent dependence
of the lifetime of peridinin’s first excited electronic state in
solvents of different polarity, it has recently attracted consider-
able attention.9-18

The main route of the radiationless processes in carotenoids
after photoexcitation can be described by a few low-lying
electronically excited states. The first excited singlet state
S1(21Ag

-) cannot be populated by a one-photon transition from

the electronic ground state S0(11Ag
-) because it is symmetry

forbidden (labels are based on idealizedC2h polyene symmetry,
which are useful even for more asymmetric carotenoids, because
their properties are mainly determined by the structure of their
conjugated system). The strong absorption band located in the
visible region of the spectrum is due to the transition to the
second electronically excited singlet state S2(11Bu

+). After one-
photon excitation to S2 the dynamics are governed by ultrafast
internal conversion (IC) processes, and typical lifetimesτ2 for
the S2 f S1 transition are extremely short, on the order of<200
fs. In contrast, the IC process S1 f S0 is usually much slower,
with relaxation time constantsτ1 on the order of picoseconds
to nanoseconds. The presence of additional dark states has also
been proposed. However, the direct experimental identification
of these states, denoted as 11Bu

-, 31Ag
-,19,20 Sx,21 Sq,22 or

S*,23-27 and their role in relaxation pathways of excited
carotenoids are still under debate.2,28

Especially, studies of S1 lifetimes of carotenoids have been
extensively carried out by several research groups, since
Wasielewski and Kispert reported the first measurement of the
S1 lifetimes of carotenoids (â-carotene, canthaxanthin and 8′-
apo-â-caroten-8′-al) in 1986.29 The S1 lifetime is a good
indicator of the role of conjugation length, solvent polarity,
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excitation wavelength, terminal groups, etc., in the excited-state
dynamics of carotenoids (see, e.g., the review by Polı´vka and
Sundstro¨m2 and the references cited therein). For unsubstituted
carotenoids, the S1 lifetime depends primarily on the conjugation
length. Especially for some C40 carotenoids (such asâ-carotene,
lycopene, (3R,3′R)-zeaxanthin, and (3R,3′R,6′R)-lutein), the S1
lifetimes were found to be independent of solvent polarity.30

When electron-withdrawing substituents, such as cyano groups
in 7′,7′-dicyano-7′-apo-â-carotene31 or a carbonyl group in
peridinin9,17,18or 12′-apo-â-caroten-12′-al32 were introduced, the
excited-state dynamics of those carotenoids became more
complicated, mainly due to the influence of additional excited
states such as an intramolecular charge transfer (ICT) state,
which can be stabilized by polar solvent environments. There-
fore, it is not straightforward to compare the lifetimes only in
terms of conjugation length, but one also has to consider the
influence of different experimental conditions, such as solvent
properties, different excitation energies, terminal groups, etc.

It is therefore our interest in this paper to present a systematic
study of a series of apocarotenals (Figure 1), with special
emphasis on the dependence on conjugation length and solvent
polarity. We investigate the ultrafast internal conversion dynam-
ics of 4′-apo-â-caroten-4′-al for the first time. Also, we report
new time-resolved data for 8′-apo-â-caroten-8′-al, which is
compared with previous data from other groups29,31,33and our
earlier measurements for 12′-apo-â-caroten-12′-al.32 We also
report steady-state fluorescence and absorption spectra to
complement the time-resolved data.

2. Experimental Section

The experimental setup is an extended version of the one
already described in our previous publication.32 In short, the
output of a Ti:sapphire oscillator-regenerative amplifier system
(780 nm, 1 kHz, 1 mJ pulse-1) was split up into two beams for
pumping two home-built blue-pumped two-stage noncollinearly
phase-matched optical parametric amplifiers (NOPA) delivering
the pump and probe beams for the experiment.34-36 The output
of each NOPA was subsequently compressed by a pair of quartz
prisms. This way 4′-apo-â-caroten-4′-al could be excited at the
pump wavelengths 480 and 510 nm in the S0 f S2 band. The
subsequent dynamics were monitored either at the probe
wavelength 510 nm (S0 f S2 transition, ground state recovery,
GSR) or at 610 nm, which is located on the carotenoid S1/ICT
f Sn excited-state absorption (ESA) band. For the measure-
ments of 8′-apo-â-caroten-8′-al in different solvents, the mol-
ecules were excited at 390 nm by frequency-doubling the output
of the Ti:sapphire laser in a BBO crystal to excite the molecule
into higher vibrational levels of the S2 state. The dynamics were
subsequently probed either by frequency-doubling the output
of the Ti:sapphire laser in a BBO crystal (390 nm, S0 f S2) or

by using one of the NOPAs tuned to a wavelength of 475 (S0

f S2) or 630 nm (S1/ICT f Sn).
A computer-controlled delay stage served to delay the pump

and probe pulses with respect to each other. Each beam was
then attenuated and weakly focused into the sample cell under
a small angle (diameter of the light spot approximately 250µm).
The relative polarizations of the pump and probe beams were
adjusted to 54.7° (magic angle) to avoid any contributions from
orientational relaxation. Probe energies were measured by two
photodiodes, which were located in front of and behind the flow
quartz cuvette (1 mm path length), which contained the
apocarotenal solution. A chopper wheel was used to block every
second pump pulse. The change in optical density (∆OD) was
then given as

Here, ODexc and OD0 are the optical densities with and without
the pump beam, respectively. (I/I0)exc and (I/I0)0 are the ratios
of the light intensities behind and in front of the cuvette with
and without the pump beam. Typically, 4000-16000 laser shots
were averaged for each delay time. The time resolution of the
setup was between 100 and 150 fs. Pulse energies for the pump
and probe beams were 2µJ or less. The carotenoid concentration
was typically between 2.5 and 7.5× 10-5 M. Small coherence
artefacts were found for some of the measurements within the
cross-correlation of the pump and probe pulses. They have no
influence on the time constantsτ1 reported below. All-trans(all-
E) samples of 4′-apo-â-caroten-4′-al, 8′-apo-â-caroten-8′-al and
12′-apo-â-caroten-12′-al were generously provided by BASF
AG. The latter two were used directly, whereas 4′-apo-â-caroten-
4′-al was post-purified by preparative HPLC, yielding purities
>97% in all cases. All solvents had a purityg 99%. Steady-
state absorption and fluorescence spectra of 4′-apo-â-caroten-
4′-al, 8′-apo-â-caroten-8′-al and 12′-apo-â-caroten-12′-al were
recorded on a Varian Cary 5E and a Horiba Jobin Yvon
FluoroLog-3 spectrometer, respectively.

3. Results and Discussion

Steady-State Absorption and Fluorescence Spectra of
Apocarotenals in Different Solvents.Normalized S0 f S2

steady-state absorption spectra of 4′-apo-â-caroten-4′-al in
n-hexane, tetrahydrofuran, and methanol can be found in Figure
2. In Figures 3 and 4, we compare the absorption and
fluorescence spectra of the 4′-, 8′- and 12′-species inn-hexane

Figure 1. Structures of 4′-apo-â-caroten-4′-al, 8′-apo-â-caroten-8′-al,
and 12′-apo-â-caroten-12′-al (from top to bottom).

Figure 2. Normalized S0 f S2 steady-state absorption spectra of 4′-
apo-â-caroten-4′-al in n-hexane (thick solid line), tetrahydrofuran
(dashed line) and methanol (thin solid line). The wavelength scale is
shown on top for reference.

∆OD ) ODexc - OD0 ) ln(I/I0)0 - ln(I/I0)exc (1)
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and methanol, respectively. In addition, Table 1 gives an
overview of the absorption maximaλmax. The larger red shift
of the S0 f S2 absorption spectrum for longer carotenoids (∆λ
) 20-28 nm, depending on the solvent) is consistent with
earlier studies, and shows that the S0-S2 energy gap is strongly
affected by the change of conjugation length.31,37

In n-hexane (see Figure 3), the vibronic structure of the S0

f S2 absorption band of 8′-apo-â-caroten-8′-al is more resolved
than that of the shorter conjugated 12′-species.32 Interestingly,
the absorption band is less structured for the longer 4′-species.
Christensen et al. found a similar trend in their steady-state
absorption spectra of seven apo-â-carotenes with different
conjugation lengths (N ) 5-11) in an ether/isopentane/ethanol
matrix at 77 K.37 In general, the conjugation lengthN can be
expressed as follows:

whereNchain is the number of conjugated CdC double bonds
in the polyene chain,Nâ is the number of CdC double bonds
in â-ionone rings conjugated with the polyene chain, andNaldehyde

is the number of aldehyde groups in conjugation with the
polyene chain. Christensen et al.37 observed a substantial
sharpening of the vibronic structure in the absorption band when
going from 12′-apo-â-carotene (N ) 7) to 8′-apo-â-carotene
(N ) 9) but a slight re-broadening when going to 4′-apo-â-
carotene (N ) 11). To explain this observation, the authors
suggested a “distribution of conformers” model: The nonpla-
narity between the double bond in theâ-ionone ring and the
polyene backbone is believed to have a smaller impact on the
spread in transition energies when the conjugation length of

the polyene chain is increased. Optical excitation of longer
carotenes would therefore select conformers with a less het-
erogeneous distribution of S0 f S2 transition energies.37 The
observation of the slight loss of vibronic structure for the 4′-
species (both 4′-apo-â-carotene and 4′-apo-â-caroten-4′-al),
however, cannot be explained by this model alone.

The solvent dependence of the steady-state absorption spectra
of apocarotenals in this work is consistent with earlier observa-
tions made for structurally similar carotenoids.31 The energetic
position of the maximum and the bandwidth of the absorption
band of carotenoids depend strongly on the solvent medium.
Solvent-induced absorption spectral shifts of the S0 f S2

transition of some C40 carotenoids (â-carotene and astaxanthin)
depend more on the solvent polarizability than the polarity, and
the energetic position of the absorption band maximum of
carotenoids is well correlated with the Lorentz-Lorenz function
R(n) ) (n2 - 1)/(n2 + 2) of the refractive index of the solvent
(for R(n) values38 see Table 1).39 For apocarotenals, the influence
of solvent polarity on the spectral shift becomes more pro-
nounced. A loss of vibrational structure and an asymmetric
broadening of the band toward longer wavelengths is found even
in weakly polarizable polar hydrogen-bonding solvents like
methanol (see Figures 2 and 4). This effect can be explained
by a dipolar character of the electronic ground state S0. In polar
solvents, stabilization of the negative partial charge on the
carbonyl oxygen leads to a broader distribution of conformers
and therefore a loss of vibrational structure and an additional
broadening of the spectra.7,15,18In addition, an increased mixing
of charge-transfer character into the S2 state of extended polyene
systems has been suggested to contribute to this broadening.31,40

Figure 3. Room-temperature absorption (thick solid line) and fluo-
rescence (thin solid line) spectra of 4′-apo-â-caroten-4′-al (top), 8′-
apo-â-caroten-8′-al (middle), and 12′-apo-â-caroten-12′-al (bottom) in
n-hexane. The excitation wavelength of each fluorescence spectrum is
marked by an arrow. The wavelength scale is shown on top as a
reference. The absorption spectra are normalized to 1 (graduation on
the left axis), whereas the fluorescence spectra show the measured
relative amplitudes (graduation on the right axis) and therefore allow
a direct comparison of the amplitude of the three fluorescence bands.

N ) Nchain+ Nâ + Naldehyde (2)

Figure 4. Room-temperature absorption (thick solid line) and fluo-
rescence (thin solid line) spectra of 4′-apo-â-caroten-4′-al (top), 8′-
apo-â-caroten-8′-al (middle), and 12′-apo-â-caroten-12′-al (bottom) in
methanol. The excitation wavelength of each fluorescence spectrum is
marked by an arrow. The wavelength scale is shown on top as a
reference. The absorption spectra are normalized to 1 (graduation on
the left axis), whereas the fluorescence spectra show the measured
relative amplitudes (graduation on the right axis) and therefore allow
a direct comparison of the amplitude of the three fluorescence bands.
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Further insight into the steady-state spectroscopy of the three
apocarotenals can be gained from their fluorescence spectra in
solvents of different polarity, which also provide a comparison
of the relative fluorescence amplitudes. The most striking feature
of the spectra inn-hexane (Figure 3) is the change from S2 f
S0 fluorescence observed for 4′-apo-â-caroten-4′-al (conjugation
lengthN ) 12, see below) to predominantly S1 f S0 emission
for 12′-apo-â-caroten-12′-al (N ) 8, see below). For the latter
one, the S2 f S0 fluorescence is still visible as a shoulder on
the blue edge of the strong emission band, whereas the
fluorescence spectrum of the former one almost resembles the
mirror image of the S0 f S2 absorption spectrum. Similar
behavior has been observed for all-trans-apocarotenes,37 apo-
carotenols,41 unsubstituted polyenes,42 spheroidenes,43 and
analogues ofâ-carotene,44,45 where a relatively abrupt change
in emission behavior occurred for carotenes with seven or eight
conjugated bonds. This crossover from S2 f S0 to S1 f S0

fluorescence with decreasing conjugation length in nonpolar
solvents can be explained by the increase of the time constant
τ1 (i.e., decrease of the rate constantk1) of S1 f S0 internal
conversion with increasing S1-S0 energy gap (see below), which
results in a much higher quantum yield for S1 f S0 fluorescence
of 12′-apo-â-caroten-12′-al compared to 4′-apo-â-caroten-4′-al
(provided that the radiative rate constants for the S1 f S0

transition of the apocarotenals are comparable). The carotenoid
8′-apo-â-caroten-8′-al, shows a behavior more similar to 4′-
apo-â-caroten-4′-al. For the 8′-species, the increasing importance
of S1 f S0 fluorescence is already signaled by the very weak
fluorescence feature around 800 nm. Assuming that the radiative
rate constant for S2 f S0 fluorescence is comparable for the
three apocarotenals, the similarity of the amplitudes of the S2

f S0 fluorescence in all three spectra is consistent with
experimental observations that the rate constant for the S2 f

S1 internal conversion step is always very small (on the order
of 100 fs) and only weakly dependent on conjugation length.2

The fluorescence spectra in methanol (Figure 4) show a
qualitatively similar behavior with respect to the change in
conjugation length of the apocarotenal. This is a surprising
observation. First of all, as will be discussed in detail below,
for 12′-apo-â-caroten-12′-al in methanol, the IC process S1 f
S0 is accelerated by about a factor of 30 and is therefore close,
e.g., to the IC rate constant of 4′-apo-â-caroten-4′-al in methanol.
Assuming no change of the radiative rate constant, one would
expect a massive drop of the S1 f S0 fluorescence quantum
yield so that the emission spectrum of 12′-apo-â-caroten-12′-al
in methanol (Figure 4, bottom) should be more similar to that
of 4′-apo-â-caroten-4′-al in the same solvent (Figure 4, top).
However, a strong emission around 800 nm is observed for 12′-
apo-â-caroten-12′-al in this highly polar solvent. This could be
explained by the fact that the nature of the emissive state
changes, such that its radiative rate constant becomes consider-
ably larger. Indeed we have recently obtained an extensive set
of transient pump-probe signals for 12′-apo-â-caroten-12′-al
and 8′-apo-â-caroten-8′-al, where, after S2 f S1 internal
conversion, the formation of stimulated emission in the near
IR region was detected, which was particularly strong in
methanol. This is consistent with the formation of a state with
substantial intramolecular charge-transfer character (“S1/ICT”).
We therefore believe that the fluorescence in the near IR region
is due to such a state. Also, the maximum of the fluorescence
is red-shifted with respect to that inn-hexane (Figure 3, bottom),
which has been observed in other systems forming a charge
transfer state from an initially locally excited state.46,47Several
models have been suggested regarding the nature of such an
“S1/ICT” state in the case of peridinin. It was proposed that the
S1 state itself has ICT character.15 Alternatively, polarity

TABLE 1: Lifetimes τ1(S1/ICT f S0) of 4′-apo-â-caroten-4′-al and 8′-apo-â-caroten-8′-al in Various Solvents at 298 K

solvent λmax(nm)a R(n)b R(ε)b ∆fb λpump(nm) λprobe(nm) τ1 (ps)c ref

4′-apo-â-caroten -4′-al
n-hexane 482 0.23 0.23 0 480 510 4.6 this paper

610 4.7
510 510 4.8

610 4.6
tetrahydrofuran 486 0.25 0.69 0.44 480 510 - this paper

610 5.1
510 510 4.9

610 5.1
methanol 483 0.20 0.91 0.71 480 510 3.8 this paper

610 4.2
510 510 3.8

610 4.2

8′-apo-â-caroten -8′-al
n-hexane 454 0.23 0.23 0 390 390 21.0 this paper

475 25.4
630 21.8

3-methylpentane - 0.23 0.23 0 490 555 26.4 33,31
toluene - 0.29 0.31 0.02 510 480 25.1 29
tetrahydrofuran 463 0.25 0.69 0.44 390 390 21.4 this paper

475 26.7
630 25.0

dichloromethane - 0.26 0.73 0.47 490 S1 f Sn
d 14.1 33

ethanol - 0.22 0.89 0.67 490 S1 f Sn
d 17.1 33

acetonitrile - 0.21 0.92 0.71 490 550 8.4 31
methanol 463 0.20 0.91 0.71 390 390 8.7 this paper

475 8.6
630 8.5

a λmax values correspond to the position of the maximum of the S0 f S2 steady-state absorption spectrum in each solvent obtained from a
Gaussian fit around the maximum.b The index of refractionn and dielectric constantε for the calculation of∆f ) R(ε)- R(n) were taken from ref
38, withR(ε) ) (ε- 1)/(ε+2) andR(n) ) (n2 - 1)/(n2+2). c Only upper limits can be given for the time constant of the IC process S2 f S1, where
one typically findsτ2(S2 f S1) e 300 fs.d “S1 f Sn” means that the probe wavelength was located on the S1 f Sn band, but not explicitly reported.
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dependent mixing between the S1 and ICT states could occur,
resulting in a combined S1/ICT state with varying degree of
ICT character.18 On the other hand, the presence of a distinct
ICT state separated from the S1 state has been also proposed.16

Because this important question of the nature of the S1 and ICT
states is not yet completely understood, in the following we
prefer to use the notation “S1/ICT” to emphasize the likely
involvement of an additional intramolecular charge transfer state
in the intramolecular dynamics of the apocarotenals.

Pump and Probe Wavelength Dependence of Transient
Absorption Signals. Representative experimental transient
absorption signals for 4′-apo-â-caroten-4′-al in n-hexane and
methanol are shown in Figure 5, where we plot the normalized
∆OD (eq 1) as a function of the temporal delay between the
pump and probe pulses. The carotenoid was excited to the S2

state at 510 nm which is close to the 0-0 transition of the S0
f S2 band, and the subsequent dynamics were probed at the
wavelengths 510 nm (ground state recovery, GSR) and 610 nm
(excited-state absorption, ESA). Additional time-resolved ab-
sorption traces have been obtained with the pump wavelength
480 nm at the absorption maximum (not shown here), and the
time constantsτ1 of the S1/ICT f S0 internal conversion process
for all measurements in the solventsn-hexane, tetrahydrofuran
and methanol are summarized in Table 1.

For 4′-apo-â-caroten-4′-al, the GSR signals at the probe
wavelength 510 nm show an immediate drop att ) 0.
Subsequently, the negative signal decays back to zero on a
slower time scale. The fast initial drop is due to up-pumping of
4′-apo-â-caroten-4′-al to the S2 state. After a very fast IC step
S2 f S1/ICT, which typically occurs with a time constantτ2 e
150 fs for most carotenoids,2 the second IC step S1/ICT f S0

takes place resulting in a slower final recovery of the absorption
signal. The signal can be analyzed in the framework of a simple

kinetic model assuming two consecutive IC processes S2 f S1/
ICT f S0, with characteristic time constantsτ2 ()k2

-1) for the
S2 f S1/ICT andτ1 ()k1

-1) for the S1/ICT f S0 steps (where
k2 and k1 are the corresponding rate constants). The full
analytical solution for the set of kinetic equations, which also
considers the finite time resolution of our setup, can be found
in ref 32. Using this model, we determineτ1 to be 4.8 ps in
n-hexane and 3.8 ps in methanol in the case of 4′-apo-â-caroten-
4′-al. We estimate the uncertainties of the time constantsτ1 to
be smaller than ten percent. The probe wavelength 610 nm is
located in the region where the ESA band S1/ICT f Sn of 4′-
apo-â-caroten-4′-al is expected. Therefore the fast initial rise
of the signal within our time resolution is due to formation of
S1/ICT state population by excitation of the molecules to the
S2 state and subsequent ultrafast IC. We can only give a rough
estimate for this step ofτ2 e 300 fs. The ESA profiles decay
with the time constantsτ1(S1/ICT f S0) ) 4.6 and 4.2 ps for
n-hexane and methanol, respectively. These values are in
excellent agreement with those extracted from the GSR profiles
recorded at 510 nm. We find practically identical time constants
for the pump wavelength 480 nm (see Table 1). Interestingly,
all τ1 values for 4′-apo-â-caroten-4′-al are almost independent
of solvent polarity. This is in contrast to our earlier measure-
ments for the shorter 12′-apo-â-caroten-12′-al, which showed
an almost 30-fold decrease ofτ1 when going fromn-hexane to
methanol.32

We have also obtained transient absorption signals for 8′-
apo-â-caroten-8′-al in n-hexane, tetrahydrofuran and methanol.
In this case, the carotenoid was excited at 390 nm (blue edge
of the S0 f S2 transition), and the subsequent dynamics were
probed at the wavelengths 390, 475 (GSR), and 630 nm (ESA).
Time constantsτ1 for all measurements in the solventsn-hexane,
tetrahydrofuran, and methanol are summarized in Table 1. Upon
390 nm excitation of 8′-apo-â-caroten-8′-al in n-hexane and
tetrahydrofuran, a slight variation of the time constants with
probe wavelength was observed in the range 21.0-25.4 ps. Two
points can be made: first,τ1 values were generally larger in
tetrahydrofuran and inn-hexane in all experimental data of
probe wavelength dependence over the range 390-630 nm;
second, upon excitation at 390 nm,τ1 was slightly larger at
475 nm.

The influence of the excitation wavelength on theτ1 values
of 8′-apo-â-caroten-8′-al appears to be insignificant. Additional
data sets forτ1 are also available from other groups,29,31,33where
8′-apo-â-caroten-8′-al was excited at 490 or 510 nm, which is
close to the 0-0 transition of the S0 f S2 band: He et al.31,33

obtainedτ1 ) 26.4 ps in 3-methylpentane after excitation at
490 nm (probed at 555 nm); similarly, Wasielewski et al.
measuredτ1 ) 25.1 ps in toluene for excitation at 510 nm
(probed at 480 nm).29 There was no apparent influence of the
excitation wavelength on theτ1 values. Within experimental
error, these values are comparable to the 21-25 ps obtained
by us inn-hexane.

In summary, it is rather difficult to draw clear conclusions
for the excitation/probe wavelength dependence of theτ1 values
of 8′-apo-â-caroten-8′-al, mainly because the change ofτ1 is
not as systematic as in the case of, e.g., the excitation wavelength
dependence of peridinin lifetimes.18 With respect to the slight
variation of ourτ1 values inn-hexane and tetrahydrofuran with
probe wavelength, we can only speculate that the consecutive
S2 f S1/ICT f S0 IC scheme applied in the analysis has to be
refined to account for all details of the dynamics, like, e.g.,
superimposed vibrational relaxation processes. Also, an ad-

Figure 5. Normalized transient absorption signals of 4′-apo-â-caroten-
4′-al after excitation to the S2 state at 510 nm inn-hexane (top) and
methanol (bottom). Open squares: S1/ICT f Sn absorption at 610 nm.
Open circles: S0 f S2 absorption at 510 nm. Solid lines are fits using
the model described in ref 32. Lifetimes see Table 1.
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ditional detailed spectral identification of transient species of
8′-apo-â-caroten-8′-al will be helpful.

Solvent and Conjugation Length Dependence of the IC
Time Constant τ1. The GSR and ESA profiles of 8′-apo-â-
caroten-8′-al are qualitatively similar to those obtained for 4′-
apo-â-caroten-4′-al. The most striking difference however is the
clear decrease ofτ1 by a factor of 2.5 when going fromn-hexane
to methanol. Table 1 summarizes the polarity dependent IC time
constantsτ1 for 4′-apo-â-caroten-4′-al and 8′-apo-â-caroten-8′-
al in n-hexane, tetrahydrofuran, and methanol. Corresponding
values for 12′-apo-â-caroten-12′-al are available from our
previous work.32 The polarity is quantified in terms of the
solvent polarity factor∆f defined as

where values for the dielectric constantε and index of refrac-
tion n were taken from the literature.38 Additional data of
ultrafast transient absorption experiments for 8′-apo-â-caroten-
8′-al are available from the earlier work of Kispert and
Wasielewski.29,31,33

We observed a marked change of the solvent dependence
when the conjugation length of the apocarotenal was shortened.
The τ1 values for 4′-apo-â-caroten-4′-al were almost solvent
independent, and the IC process was fast (4-5 ps). While in
n-hexane and tetrahydrofuran the values were practically the
same, a very mild reduction by about 0.5-1 ps (depending on
probe wavelength) was observed in methanol. For 8′-apo-â-
caroten-8′-al, the averaged values inn-hexane and tetrahydro-
furan were very similar (22.7 and 24.4 ps) and dropped markedly
only for the strongly polar methanol (8.6 ps) compared to 17.1
ps for the slightly less polar ethanol.33 In contrast, 12′-apo-â-
caroten-12′-al showed the largest variation ofτ1 with solvent
polarity: 220 ps (n-hexane), 91 ps (tetrahydrofuran), and 8 ps
(methanol).32 Apparently, there are characteristic differences
regarding the onset and the strength of the solvent dependence
of τ1 between the different apocarotenals. For instance, in the
case of 12′-apo-â-caroten-12′-al, the data of the current work
and pump-probe measurements in the near-infrared region in
additional solvents suggest that in the lower polarity range (∆f
) 0-0.3) the τ1 values are not particularly sensitive to the
solvent polarity. However,τ1 values are almost linearly cor-
related with∆f over the range 0.3-0.7. While a qualitatively
similar effect is also seen for 8′-apo-â-caroten-8′-al, the onset
of solvent polarity dependence ofτ1 appears at a higher∆f value
(ca. 0.6) compared to the 12′-species. Therefore, for 8′-apo-â-
caroten-8′-al the values inn-hexane (∆f ) 0) and tetrahydrofuran
(∆f ) 0.44) are very similar (e.g., 25.4 and 26.7 ps, respectively,
at a probe wavelength of 475 nm), whereas for 12′-apo-â-
caroten-12′-al a pronounced reduction is observed (averaged
values of 220 vs 91 ps from ref 32). For 4′-apo-â-caroten-4′-al,
τ1 is already very small in nonpolar solvents and in a range,
where the values for the other two apocarotenals in methanol
are located. The reason for the different behavior regarding the
onset and the strength of polarity dependence for the three
apocarotenals is not yet clear, but can be possibly rationalized
in terms of varying S1-S0 and ICT-S0 energy gaps (for details
see below): For the longer conjugation lengths, the S1 state
might be already energetically so low that the stabilization of
the ICT state has only a minor influence on the rate constant of
internal conversion to S0. In methanol, the similarity of theτ1

values for 12′-apo-â-caroten-12′-al and 8′-apo-â-caroten-8′-al
might point toward similar ICT-S0 energy gaps.

It is instructive to compare theτ1 results for the apocarotenals
with data from earlier experiments for carotenoids without
conjugated carbonyl groups as a function of conjugation
length.30-32,48-52 To do this, we introduced an empirical
parameterL, which characterizes the effective conjugation length
of the respective carotenoid:

The empirical factor 0.5 was introduced in the second term to
account for the experimental observation2 that conjugated
â-ionone CdC bonds are not fully conjugated with the rest of
the system (resulting in a smaller effect onτ1 than a CdC double
bond in a polyene chain would have). This is due to the fact,
that theâ-ionone ring is nonplanar, and therefore its CdC bond
is not in plane with the rest of the polyene chain. Likewise the
same factor 0.5 was introduced (empirically) in the third term,
because it is known that replacing a CdC bond at the end of a
polyene chain by a CdO group results in largerτ1 values in
nonpolar solvents.2 Using this definition, 12′-apo-â-caroten-12′-
al hadL ) 6 + 1‚0.5 + 1‚0.5 ) 7, whereas forâ-carotene one
obtainedL ) 9 + 2‚0.5 + 0 ) 10.

The resulting correlation is presented in Figure 6, and
correspondingτ1 values can be found in Table 2. Obviously,
the τ1 results for the apocarotenals in nonpolar solvents (open
circles with lines) fit very well into the correlation found for
polyenes without aldehyde substituents (crosses). It should also
be noted, that theτ1 values for unsubstituted carotenoids were
independent of solvent polarity (crosses and triangles in Figure
6). This means that in nonpolar solvents apocarotenals showed
the “expected” behavior when the conjugation length was
changed. However the situation changed drastically when the
apocarotenals were dissolved in a highly polar solvent like
methanol (filled circles with lines in Figure 6). A pronounced
reduction ofτ1 in methanol relative ton-hexane (by a factor of
30) was observed for 12′-apo-â-caroten-12′-al. While the same

∆f ) ε - 1
ε + 2

- n2 - 1

n2 + 2
(3)

Figure 6. Internal conversion time constantτ1 as a function of the
effective conjugation length for several carotenoids. Empirical conjuga-
tion length parameterL ) Nchain + 0.5‚Nâ + 0.5‚Naldehyde(see text).
Open circles with lines, apocarotenals inn-hexane; filled circles with
lines, apocarotenals in methanol. Crosses: carotenoids without CdO
substitution inn-hexane (toluene in the case of lutein). Downward
triangles: Carotenoids without CdO substitution in methanol. Lifetimes
see Table 2. Lines connecting the apocarotenal data are only intended
as a guide for the eye and have no further significance.

L ) Nchain+ 0.5‚Nâ + 0.5‚Naldehyde (4)
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qualitative trend was visible for 8′-apo-â-caroten-8′-al and 4′-
apo-â-caroten-4′-al, the relative change became much smaller
(factors of 2.6 and 1.2 for the 8′- and 4′-species, respectively).
The large effect in 12′-apo-â-caroten-12′-al can be explained
by the strong stabilization of the ICT state in highly polar
solvents. The presence of such a state was also suggested by
our very recent results from time-resolved pump-probe experi-
ments in the near IR region, where after the first ultrafast S2 f
S1/ICT IC step a strong stimulated emission signal appeared
for 12′-apo-â-caroten-12′-al in methanol, which decayed with
practically the same time constantτ1 as reported earlier.32

Interestingly, we also found stimulated emission in the near IR
region for 8′-apo-â-caroten-8′-al in methanol. It was much
weaker than for 12′-apo-â-caroten-12′-al and decayed with a
time constant which was again very similar to the one already
reported.32 We also note that weak stimulated emission signals
and therefore ICT-like behavior were even observed in nonpolar
solvents for both 12′-apo-â-caroten-12′-al and 8′-apo-â-caroten-
8′-al, which decayed with time constants very similar to those
reported in the current study (ca. 220 and 21 ps, respectively).
A tentative interpretation of this experimental evidence will be
given below.

Finally, we note that the time constantτ1 of 8′-apo-â-caroten-
8′-al in dichloromethane measured previously by He et al. is
substantially lower than one would expect based on the polarity
of this solvent alone (∆f ) 0.47), which is similar to tetrahy-
drofuran (∆f ) 0.44).33 It is well-known that 8′-apo-â-caroten-
8′-al can undergo electron transfer in chlorinated solvents and
form radical cations, which absorb in the near IR region around
850 nm.53 It is likely that such an additional intermolecular
reactive channel is operative here, which leads to a reduction
of τ1.

Simplified Energy Gap Law Description of S1/ICT IC
Time Constants.The apocarotenal series studied in this paper
allows to gain additional insight into the influence of the polyene
chain length on the intramolecular dynamics. Previously, this
conjugation length dependence of the rate constantk1 ()τ1

-1)
of S1 f S0 internal conversion has been successfully quantified
using an energy gap law (EGL) approach37,44,54-59

where in the simplest casea andb are constants, and∆E is the
S1-S0 energy gap. For shorter polyenes∆E can be extrapolated
from the (especially for substituted systems often not very well-

resolved) fluorescence spectra of these weakly emitting species.
The parametersa andb are also useful to estimate S1-S0 energy
gaps for longer carotenoids (with more than nine conjugated
double bonds), where fluorescence from the S1 state is very
weak (instead only S2 f S0 fluorescence is mostly observed).
Despite the apparent success of the EGL, caution should be
exercised when applying it to a wide range of structurally
different carotenoids, because its well-known that, in addition
to the conjugation length, effects like the degree of methyl sub-
stitution or the number ofâ-ionone rings37,41,60result in slightly
varying values for the parametersa and b in eq 5.44,58,59For
the apocarotenals, we have to consider especially the influence
of the carbonyl substituent, which results in the formation of
considerable ICT contributions. Thus the observed fluorescence
in the near IR region might be more generally denoted as an
“S1/ICT f S0” emission, particularly in polar solvents.

To compare our results with earlier EGL correlations, it is
necessary to extract approximate energies for the 0-0 position
of the S1 f S0 electronic transition from our apocarotenal
fluorescence spectra. In this respect, it is useful to draw a
comparison with the results of Christensen et al., who carried
out an extensive study of the emission spectra and S1-S0 energy
gaps of the chemically related apocarotenes in EPA matrices at
77 K.37 For instance, their results for 12′-apo-â-carotene (and
also 10′-apo-â-carotene) suggest that the S1 f S0(0-0) transi-
tion of 12′-apo-â-caroten-12′-al can be identified with the
shoulder of the fluorescence spectrum at 17750 cm-1 (Figure
3, bottom). In the same way, considering the shape of their S1

f S0 emission spectrum of 8′-apo-â-carotene it is reasonable
to assume that the S0 f S1(0-0) transition of 8′-apo-â-caroten-
8′-al should be located near the minimum of our fluorescence
spectrum around 15200 cm-1 (Figure 3, middle). For the longest
of the apocarotenals, the 4′-species, such an extrapolation is no
longer feasible, because of the very weak fluorescence in the
range 700-800 nm.

An extensive set of available S1 f S0 IC rate constantsk1

and energy gaps∆E extracted from S1 f S0 fluorescence spectra
has been compiled by Frank et al. for 24 carotenoids.56 In Figure
7 we compare their correlation (open circles) with our data for
the apocarotenals inn-hexane (filled circles) in a semilogarith-
mic representation:

Applying a linear least-squares fit to the data of Franck’s
compilation (omitting their two points with the largest∆E)

TABLE 2: Comparison of the Lifetimes τ1 in Nonpolar and Highly Polar Solvents for 4′-apo-â-caroten-4′-al and
8′-apo-â-caroten-8′-al with Other Apocarotenals and Carotenoids

carotenoid conjugationa Lb τ1 (ps) (n-hexane) τ1 (ps) (methanol) ref

4′-apo-â-caroten-4′-al 10O1â1 11 4.7c 4.0c this paper
6′-apo-â-caroten-6′-al 9O1â1 10 12.0 6.3 31
8′-apo-â-caroten-8′-al 8O1â1 9 22.7c 8.6c this paper
12′-apo-â-caroten-12′-al 6O1â1 7 220 8.0 32
7′,8′-didehydrospheroidene 12 12 2.7 - 48
rhodopin glucoside 11 11 - 4.2 49
lycopene 11 11 4.7 - 50
spheroidene 10 10 8.7 - 48
â-carotene 9â2 10 9.0 9.0 30,51
lutein 9â1 9.5 15.3 (toluene) 14.3 30
nonaene 9 9 18 - 52
octaene 8 8 68 - 52
heptaene 7 7 290 - 52
peridinin 7LOA - 161 12 7,9

156 10.5 17
a Nomenclature see ref 2.b Empirical conjugation length parameterL ) Nchain + 0.5‚Nâ + 0.5‚Naldehyde; see text.c Arithmetic averages of the

respective values from Table 1.

k1 ) a‚exp(- b‚∆E) (5)
ln(k1/ps-1) ) A - B‚∆E/cm-1 (6)
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yieldsA ) ln a ) 10.45775 andB ) 8.92873‚10-4 (solid line
in Figure 7). Our data for 12′-apo-â-caroten-12′-al and 8′-apo-
â-caroten-8′-al are in very good agreement with this correlation.
Similar to the conclusions drawn from Figure 6, this supports
the interpretation that apocarotenals in nonpolar solvents show
the expected conjugation length dependence of their S1 lifetimes.
Using the above correlation we can also predict the S1-S0

energy gap for 4′-apo-â-caroten-4′-al in n-hexane to be∆E )
13450 cm-1.

In the case of methanol an analogous correlation of the S1-
S0 energy gap with the shape of the fluorescence spectra is no
longer successful. As an example, applying a similar procedure
as outlined above to the 12′-apo-â-caroten-12′-al fluorescence
spectrum (Figure 4, bottom) would yield∆E ) 16200 cm-1,
which is far off from the correlation in Figure 7. If the EGL
correlation would be valid, one would instead expect∆E values
of 14040, 14120, and 13270 cm-1 for the 12′-, 8′-, and
4′-species, respectively (open triangles in Figure 7). This could
be simply due to a failure of the EGL approach for carotenoid
systems having ICT contributions. However, it could also mean
that ICT contributions to the S1/ICT fluorescence spectrum,
especially for 12′-apo-â-caroten-12′-al in methanol (Figure 4,
bottom), mainly arise from energies around the maximum of
the fluorescence emission. The latter interpretation would be
also consistent with a preliminary analysis of time-resolved ICT
stimulated emission data recorded by us very recently, which
show that stimulated emission yields are highest above 800 nm
and tail off toward 740 nm.

4. Conclusions

We have presented femtosecond pump-probe transient
absorption measurements of the ultrafast internal conversion
processes of a series of apocarotenals with varying conjugation

length in different solvents. 4′-apo-â-caroten-4′-al having the
largest number of conjugated double bonds shows the smallest
time constant (largest IC rate constant) for the S1/ICT f S0

transition, and in this caseτ1 is almost independent of solvent
polarity (ca. 5 ps inn-hexane and 4 ps in methanol). For the
shorter 8′-apo-â-caroten-8′-al, a pronounced reduction ofτ1 from
22.7 to 8.6 ps was observed when changing fromn-hexane to
methanol, which is however still much weaker than previously
reported for the even shorter 12′-apo-â-caroten-12′-al (220 and
8.0 ps, respectively).32 The conjugation length dependence of
τ1 in the nonpolar solventn-hexane can be described by an
energy gap law approach based on S1-S0 energy differences
obtained from the evaluation of the static fluorescence spectra
of the apocarotenals. In highly polar solvents like methanol the
IC process is very fast, and only weakly dependent on the
conjugation length. Based on our experimental findings the
following (tentative) picture of the excited-state dynamics of
apocarotenals appears to be reasonable: For apocarotenals with
short conjugation length (and thus a long S1 lifetime in nonpolar
solvents) an ICT state is strongly stabilized in highly polar
solvents resulting in a large reduction of the lifetime. For
apocarotenals with long conjugation length, the lifetime of the
S1 state is already very short in nonpolar solvents, so the
influence of ICT character on the lifetime appears to become
less and less important with increasing conjugation length.
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