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ABSTRACT
The excited-state dynamics of three types of zeaxanthin aggregates are probed with transient absorption
spectroscopy on the femtosecond-to-microsecond timescale. Triplet excited states form via singlet fission in all
three aggregates within several hundred femtoseconds. The transient absorption spectra are consistent with an S2,
but not S1, parent state for singlet fission. The quantum yield of triplet states in one of the weakly-coupled
aggregates is at least 60-80% immediately following photoexcitation. The same aggregate has a 10-30% yield of S1
excited states, which have a dominant decay time of ~8 ps. For the strongly-coupled H-aggregate, a new transient
absorption band with maximum 400−420 nm is found. The band is assigned to a triplet state with T1→Tn transition
that is strongly exciton-coupled to either the S0→S2 transition of surrounding ground-state chromophores, or a
T1→Tn transition of a nearby triplet excited state. The yield of triplet states could be 180% or more in the stronglycoupled aggregate, as inferred from the absence of S1 signal. Fast annihilation depletes most of the triplet
population in the aggregates on the picosecond timescale, however a measurable fraction persists beyond 1 µs.

Keywords: Singlet fission, multiple exciton generation, triplet excited states, polyene, carotenoid,
zeaxanthin, ultrafast transient absorption spectroscopy, femtosecond excited-state dynamics

1. INTRODUCTION
Carotenoids have been the topic of widespread research because of their numerous functions in biology. For
example, they serve an important role in harvesting the energy of sunlight1 and for photoprotection in plants2,3 and
animals.4 Carotenoids are often assembled in natural systems with significant electronic coupling to chromophores
of the same or different types. The electronic interaction between chromophores (exciton coupling) is crucial for
energy transfer in photosynthesis.5-9 The exciton coupling between carotenoids has also been proposed as an
explanation for unique colors in flower petals10 and the shells of crustaceans.11,12
One photophysical mechanism that fundamentally depends upon electronic coupling between chromophores is
singlet fission. Singlet fission is a process whereby the energy of a photoexcited singlet state partitions to form two
triplet excitons.13 Carotenoids in nature have been found to form triplet excited states via fission with substantial
efficiency (up to 30%).14-17 The mechanism is possible in large part because of the low-lying triplet excited-state
energy levels of carotenoids.18 Among the important questions that remain from the work on photosynthetic
systems is the identity of the chromophores involved in the singlet fission process.15-17,19,20 More generally,
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researchers have endeavored to understand the factors that influence singlet fission in these and numerous other
conjugated molecules.13 Recent efforts have centered on the energy levels of the constituent chromophores,21 the
effect of the number of chromophores involved,22,23 and the strength and orientation of the intermolecular electronic
coupling.13,22,24
We have investigated singlet fission within assemblies of the carotenoid zeaxanthin.19,25 These studies
utilized picosecond-to-nanosecond time-resolved resonance Raman spectroscopy (ps-TRRR). A high yield of triplet
excited states, formed via intermolecular singlet fission, was found in a weakly-coupled aggregate.25 More recently,
we characterized three zeaxanthin aggregates with steady-state optical spectroscopy, as a foundation for further
time-resolved studies.26 One of the aggregates (H) has a highly blue-shifted absorption spectrum relative to the
monomer, and two (denoted J1 and J2) have slightly red-shifted absorption spectra. The labels H and J are used in
our present and prior work, for consistency with the work of others in the community.27 However, results from
optical spectroscopy are more consistent with predominantly H-type interactions among the chromophores of all
three aggregates, and variation in the coupling strength from weak to strong.26 The conclusions from steady-state
spectroscopy are consistent with an earlier theoretical study of lutein aggregates.28
Here, the excited-state dynamics of the three types of zeaxanthin aggregates are probed with femtosecond-tonanosecond transient absorption (fs-TA) and nanosecond-to-microsecond transient absorption (ns-TA) spectroscopy.
Triplet excited states form via singlet fission in all three aggregates, and the quantum yields are estimated from the
transient spectra. A prominent excited-state absorption band is reported for the strongly-coupled H-aggregate, and
an assignment is proposed. Findings from the aggregates can be extended to solid-state systems such as thin films
and crystals of polyenes, or to carotenoids in biological systems.

2. MATERIALS AND METHODS
Preparation of samples. The zeaxanthin
aggregates were synthesized and characterized as
described elsewhere.25,26 Briefly, the aggregates form
by the addition of water (80 or 90% v/v) to zeaxanthin
dissolved in ethanol (EtOH), tetrahydrofuran (THF),
or 1,4-dioxane. The aggregates are distinguished by
their absorption spectra (Figure 1). The H-aggregate
has a strong blue-shifted absorption band with
maximum at 388 nm. The aggregate denoted as J1 has
a slightly red-shifted spectrum compared with the
monomer, and three distinct maxima in the visible
range at 450, 474, and 513 nm. The aggregate denoted
as J2 has maxima that are red-shifted 7−9 nm relative
to J1, and an extended red absorption wing. The
absorption spectra of H- and J2-aggregates are similar
to those of zeaxanthin that were previously studied by
fs-TA.29
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Figure 1. UV-vis absorption spectra of zeaxanthin monomer

in EtOH, H-aggregate in 20:80 (v/v) EtOH/H2O, J1Femtosecond
transient
absorption
aggregate in 10:90 (v/v) THF/H2O, and J2-aggregate in
spectroscopy. Fs-TA spectra were acquired with a
20:80 (v/v) 1,4-dioxane/H2O.
commercial system (Ultrafast Systems LLC, Helios).
Pump and probe pulses originated from a Ti:sapphire
regenerative amplifier (Spectra-Physics, Spitfire XP-Pro) seeded with a Ti:sapphire oscillator (Spectra Physics,
Tsunami). The 800 nm, ~3 mJ, 100 fs pulses from the amplifier were attenuated to ~0.8 mJ/pulse. Most of the
attenuated 800 nm beam was directed along an optical path for generating the pump pulses and chopped at 500 Hz.
For experiments with 400 nm excitation, the second-harmonic beam was generated with a type I BBO crystal.
Experiments with 520 nm excitation employed an optical parametric amplifier (OPA; Light Conversion, TOPAS-C).
The signal output from the OPA was frequency-doubled with a type I BBO crystal. The probe white light was
generated by directing ~3% of the attenuated 1 kHz output from the amplifier along an optical path that included a
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spherical mirror for focusing the 800 nm beam, and a crystal for generating a white-light continuum. Spectra
acquired in the visible 370−750 nm range utilized a 2 mm thick LiF2 crystal. Near-infrared (near-IR) 850−1400 nm
wavelengths were generated with a 12 mm thick sapphire crystal. A second spherical mirror was employed to collect
the white light and focus it to a 1/e2 diameter of ~0.26 mm at the sample point. The pump diameter (1/e2) at the
sample ranged from 0.6 to 0.7 mm. The pump and probe beams intersected at an angle of ~10 degrees, and the
polarization of the pump pulse was 54.7 degrees (magic angle) relative to the probe to avoid kinetic components
caused by anisotropy. Spectra were acquired with pump-probe delays ranging from -600 fs (probe before pump) to
+2.2 ns, where the arrival time of the pump pulse was controlled by a translation stage. The transmitted probe signal
was detected with a CCD detector in the visible spectrum, and an InGaAs array in the near-IR. LabVIEW-based
software written by Ultrafast Systems was used to control the experiments, and record the data.
The instrument response times in the visible window were approximately 150 fs (520 nm pump) and 320 fs
(400 nm pump), as determined from the amplitudes (full-width at half-maximum, FWHM) of stimulated Raman
signals from the solvent. The < 500 fs instrument response time in the near-IR was estimated from the decay of the
transient absorption signal from the zeaxanthin monomer S2 excited state. A spectral chirp over the range 350−750
nm was corrected by comparison with the solvent-only response. The kinetic fits to fs-TA signals at selected
wavelengths were determined using a least-squares iterative fit to a function that included multiple exponential
terms convolved with a single Gaussian function. The Gaussian function accounted for the instrument response, and
the FWHM of this function was set equal to the measured response time.
A 30 mL volume of sample containing 10 μM zeaxanthin (concentration in units of monomer equivalent)
was pumped continuously through a quartz capillary with 2 × 2 mm square cross-section. The maximum optical
density (OD) of each sample ranged from 0.22 to 0.28 for a 2 mm path. The percent excitation of the samples
ranged from 5 to 8%, as estimated from the pump pulse energy, beam size, the extinction coefficient per monomer at
the pump wavelength (Figure 1), and the sample OD. Degradation was less than 15% at the end of the experiments
with the J1 and H aggregates. The degradation of the J2-aggregate during the experiments was a challenge; hence
only a few fs-TA spectra are presented here, and without analysis of the kinetics.
Nanosecond transient absorption spectroscopy. Nanosecond-to-microsecond TA spectra of the H and J1
aggregates were acquired with a home-built system. Pump pulses at 355 nm were generated by the third harmonic
of a Nd:YAG laser (Quantel, Brilliant). Pump pulses at 410 nm were generated by an optical parametric oscillator
(OPOTEK, Magic Prism) pumped with the third harmonic. The 20 Hz pump pulses were ~6 ns in duration. The
energy per pulse was 0.1−0.2 mJ at the sample point, and the beam diameter was 4−5 mm. The probe white light
was generated from a continuous-wave 75 W Xe arc lamp (PTI) and passed through appropriate long- and short-pass
filters to select the wavelength range incident on the sample. Two spherical mirrors with focal length of 200 mm
were used to focus the probe light onto the sample, and collect the transmitted beam. The light was then focused at
the input of a 1 mm diameter fiber optic, and the output was relayed to the entrance slit of a spectrometer (PTI) with
200 mm focal length. The resolution of the spectrometer was ≤ 10 nm. Signals were detected with a PMT
(Hamamatsu R928) with 5 dynodes biased. The anode current was sent to a ×100 voltage amplifier (Phillips
Scientific 6931) or a transimpedance amplifier (Edmund Optics 59-179) prior to being recorded with a digital
storage oscilloscope (LeCroy Wavesurfer 452). The bandwidth of the scope was limited to 20 or 200 MHz to
improve the signal-to-noise ratio for small (sub-milliOD) transients. The time response of the system was 20−30 ns.
The ns-TA system was computer controlled using a custom LabVIEW program. Signals were acquired for
8000 pump pulses at each probe wavelength. Half of the traces were recorded with the pump+probe beams incident
on the sample, followed by an equal number with pump-only. The pump-only signals were subtracted from the
pump+probe to reduce the artifacts caused by laser scatter and fluorescence from the sample. The voltage signal V(t)
recorded by the oscilloscope was converted to a transient absorption (ΔOD) using ΔOD = -log [V(t) / V(t<0)] where
V(t<0) is the voltage offset immediately prior to the pump pulse.
Samples for the ns-TA experiments were prepared in a glovebox (MBraun Unilab) with oxygen level < 1 ppm.
Organic solvents were degassed with several freeze-pump-thaw cycles, and water was degassed by boiling prior to
being brought into the glovebox. The sample solution was loaded in a 1 × 1 cm square cuvette with gas-tight fittings.
During the course of the experiment, the samples were constantly stirred with a magnetic stir bar. The OD of the
samples was < 0.5 at the pump wavelengths. The percentage of chromophores excited in the samples was estimated
to be 10% for both the H- and J1-aggregates. At the end of the ns-TA experiments, the degradation was less than
5%.
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3. RESULTS
3.1 Femtosecond-to-nanosecond transient absorption spectroscopy of zeaxanthin aggregates
The fs-TA spectra of zeaxanthin monomer and the J1-, J2-, and H-aggregates are presented in Figure 2 over
the visible and near-IR range. No significant differences in the TA spectra were found upon changing the pump
wavelength from 520 nm to 400 nm. Therefore, spectra in Figure 2 were selected from runs with either pump
wavelength, and illustrate the best quality spectra that we have available. Transient absorption kinetics and fits at
selected wavelengths for the J1- and H-aggregates are shown in Figure 3, and numerical values are listed in Table 1.
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Figure 2. Fs-TA spectra at different time delays of zeaxanthin monomer (Mon) in ethanol, photoexcited at 400 nm with 0.6
µJ/pulse; J1-aggregate (J1) photoexcited at 520 nm with 0.32 µJ pulse; J2-aggregate (J2) pumped at 400 nm with 0.3
µJ/pulse; and H-aggregate (H) pumped at 520 nm with 5.0 µJ/pulse. The absorption spectra of the ground state are shown
as dotted lines, and are inverted and scaled for best comparison with the initial bleach. Signals from the solvent are
indicated by an asterisk (*). Spectra in near-IR region are shown as insets. All near-IR spectra were acquired with 400 nm
photoexcitation. The instrument time response is slower in the near-IR window than the visible; therefore, spectra
illustrating dynamics are selected at different times relative to those in the main panels.

Zeaxanthin monomer. The fs-TA spectra and kinetics of monomeric zeaxanthin are shown in Figure 2.
The dynamics are known to be similar to those of β-carotene.30 In brief, the initial monomer spectrum has a broad
excited-state absorption (ESA) band that spans the range 900−1100 nm. This absorption originates from the S2→Sn
transition and decays with a 100−200 fs time constant which is characteristic of the solvent-dependent S2 excitedstate lifetime.31 A band with maximum at 550 nm and a broad near-IR band in the region 1050 to 1200 nm appear
within 1 ps. The 550 nm band is characteristic of an S1→Sn’ transition.1,30,32 The absorption in the 900-1300 nm
range is attributed to the S1→S2 transition.33 The 9−12 ps decay times of these features correspond to the known
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lifetime of the S1 state.1,34,35 Global fitting procedures highlight an additional absorption band on the high-energy
side of the 550 nm S1 band, which has been assigned to a state labeled as S*.15,30,35-37 No signatures of the triplet
excited state were observed in our measurements because the intersystem-crossing yield of zeaxanthin, like other
carotenoids, is significantly less than 1% with visible excitation.38
J1-aggregate. Selected spectra obtained with 520 nm excitation (0.32 µJ/pulse) are shown in Figure 2. At
the earliest time delays a relatively flat ESA spans the visible and near-IR region from 550 nm to wavelengths
longer than 1250 nm. The formation time of the ESA at 700 nm and longer wavelengths is within the instrument
response time. The majority of the decay at ~700 nm occurs with a time-constant of ~200 fs (Table 1). Two ESA
bands centered at 550 nm and 590 nm dominate the TA spectra for delay times longer than 200 fs. The risetime of
both bands is 200 fs or less. The transient absorption at 590 nm decays with exponential time constants of 270 fs
(44% amplitude) and 7.8 ps (50%). The absorption is significantly diminished by 15 ps. The decay of the 550 nm
band can be fitted with three exponential components, 330 fs (45%), 5.1 ps (20%) and 230 ps (20%). In contrast to
the 590 nm band, significant (~15%) amplitude of the 550 nm band persists beyond 2 ns.
There are additional ESA bands in the 380−530 nm region that overlap with the transient ground-state
bleach (GSB). These bands can be discerned as early as 100 fs, based upon positive differences between the
transient GSB and the inverted steady-state UV-Vis absorption spectrum. An ESA band at 500 nm competes with
the GSB as early as 100 fs, and at ~270 fs and later times, the band appears as a slightly positive feature. ESA
features are also apparent at ~435 and ~463 nm for delay times ranging from less than 1 ps to greater than 150 ps.
We note that a simplifying aspect of the transient spectra of J1 is the absence of any stimulated emission,
which would appear as negative features in the fs-TA spectra. Consistent with this observation, the extremely low
2.5×10-5 fluorescence quantum yield of the aggregate26 makes it very unlikely that a radiative transition to the
ground state would be present past 100 fs. The quantum yields of the other aggregates are even smaller, and
likewise no stimulated emission is seen for these samples.
J2-aggregate. The J2-aggregate has transient absorption spectra that are similar to those of the J1aggregate (Figure 2). ESA bands are noted at 465, 505, 560, and 595 nm which are generally slightly red-shifted
relative to analogous bands of J1. However, the relative amplitude of the 595 nm band is clearly greater than that of
the 560 nm band at the earliest time delay, which is opposite to the relative amplitudes of these bands for J1. As
seen with J1, the ESA band at 595 nm decays faster than the 560 nm band. The latter band remains strong after
several hundreds of picoseconds.
H-aggregate. When pumped with 520 nm, 5 µJ pulses, the initial bleach is strongest at ~380 nm (Figure 2),
which is similar to the position of the maximum ground-state absorption. A broad ESA band is apparent at the
earliest times across the visible/near-IR region. Subsequently, three resolved ESA features appear. The dominant
transient absorption band of the H-aggregate has a maximum at ~410 nm. Weaker bands have peak positions at
~500 nm and 545−570 nm. The minor bands were previously reported for the same aggregate, however the 410 nm
band was outside the spectral window of the prior study.29 The apparent maximum of the dominant band shifts from
420 nm (at 227 fs) to ~400 nm (at 2 ns). The likely reason is that the ESA competes with GSB. The rise-time of the
dominant feature cannot be distinguished from the ~150 fs instrument response time because of spectral overlap
with the bleach. Approximately 80% of the decay of the band occurs with 4 and 50 ps time constants. It is difficult
to extract a rise time for the ~550 nm band because of competition with the decay of the initial broad ESA band.
Most (70−80%) of the decay of the ~500 and ~550 nm bands occurs within 10 ps.
Power-dependence of prominent H and J bands. The kinetics of both 550 nm and 410 nm species were
compared under different excitation powers. For the J1-aggregate, we investigated the kinetics of the 550 nm ESA
for pulse energies ranging from 0.32 to 0.9 µJ/pulse, corresponding to estimated excitation ratios from 5 to 13%.
When the excitation pulse energy was varied over this ~3−fold range, the amplitude of the 350 fs component
remained almost unchanged (48% to 52%), whereas the 5−6 ps component increased from 19 to 28%. The kinetics
of the 550 and 410 nm ESA of the H-aggregate were studied with excitation ratios ranging from 5 to 11%. The 750
fs decay component of the 550 nm band showed a slight increase in amplitude, from 49% to 57%, when the
incoming photon density was increased. The 410 nm band exhibited only minor changes over the same variation in
excitation energy.
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Figure 3. TA kinetics at selected wavelengths with 520 nm excitation of the J1-aggregate (0.32 µJ/pulse) and the Haggregate (5.0 µJ/pulse). The kinetics are fitted to a multi-exponential function convolved with a Gaussian component
which is used to describe the instrument response function (abbreviated IRF above).

Table 1. Multiexponential fitting results for kinetics of fs-TA bands of zeaxanthin monomer and aggregates.
Probe
τ0, (amp.) (1)
τ2, (amp.) (1) τ3,(amp.) (1)
τ1, (amp.) (1)
τ > 1 ns
(nm)
ps, (%)
ps, (%)
ps, (%)
ps, (%)
(% amp.)
480
10.2,(100)
Monomer/
550
0.15, (-100)
9.8, (100)
400 nm,
1000
0.19, (100)
0.6 µJ/pulse
1200
0.21, (77)
12, (23)
451
0.62, (67)
7.5, (20)
152, (8)
(5)
500
7.3, (21)
230, (42)
(12)
J1-agg/
550
0.10, (-90)
0.33, (45)
5.1, (20)
230, (20)
(15)
520 nm,
590
0.20, (-80)
0.27, (44)
7.8, (50)
(6)
0.32 µJ/pulse
709
0.19, (91)
5.7, (9)
1020
0.45, (100)
383
0.85, (45)
12, (34)
290, (14)
(7)
418
0.14, (-91)
3.9, (58)
48, (26)
610, (11)
(5)
H-agg/
520 nm,
555
0.75, (54)
10, (28)
300, (11)
(7)
5 µJ/pulse
702
0.14, (90)
7.2, (10)
1020
0.30, (80)
3, (10)
>20, (10)
(1) Numbers in parentheses denote the relative amplitude (%) of the fitting components. For τ0, the growth of a signal is
distinguishable from the instrument response at several probe wavelengths; the amplitudes associated with the
appearance times are negative in sign. Decay times are associated with positive amplitudes.
Species/
Pump conditions
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3.2 Nanosecond-to-microsecond transient absorption spectroscopy of zeaxanthin aggregates
TA spectra of J1- and H-aggregates on the nanosecond-to-microsecond timescale are shown in Figure 4.
The spectra correspond well to those acquired at the longest (nanosecond) times with the fs-TA system. The most
prominent absorption bands of J1 are centered at approximately 550 and 500 nm. The H-aggregate also shows a
transient absorption at 550 nm, but the amplitude is much smaller than the same band of J1, for the same (~10%)
excitation ratio.
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excitation.

4. DISCUSSION
The dynamics of the self-assembled carotenoids have some aspects that are closely connected to the
established photophysics of the monomer. The photophysics of monomeric β-carotene or zeaxanthin are
summarized in Scheme 1.18 The signatures of the initial S2 excited state for the monomer and aggregates alike are
broad ESA bands which span the visible/near-IR region. One distinguishing aspect of the monomer is the maximum
near 1000 nm, which is attributed to S2→Sn absorption. The comparatively flat absorption bands of the aggregates
can be attributed to the wide distribution of energy sublevels for the exciton-coupled S2 state. The lifetimes of the S2
features of aggregates appear to be slightly longer than that of the monomer. However, accurate measurements of
the S2 lifetimes were not possible, given the response time of the fs-TA system.
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Next, it is reasonable to assign the 590−600
nm TA bands of the weakly-coupled (J1- and J2-)
aggregates to an S1→Sn’ transition. The location of the
maximum is approximately 40 nm red-shifted relative
to the corresponding band of the monomer in ethanol.
Red-shifts in the transient features are expected for the
aggregates relative to the solvated monomer, similar to
shifted transitions originating from the ground state.
The shifts are a consequence of non-resonant dispersion
interactions, which are greater for the aggregates than
the solvated monomer. The decay of the 590 nm band
occurs largely with times similar to 0.27 and 7.8 ps. It
is possible that the faster component is a consequence
of overlap with the 550 nm band which has a fast decay
unrelated to the S1 state (see below). We assign the 7.8
ps component to the intrinsic S1 lifetime of the Jaggregates. This lifetime is only slightly shorter than
the 9 ps measured for the monomer. We did not
observe a 20−30 ps component in the 590 nm decay,
thus our results from fs-TA spectroscopy do not agree
with the longer S1 lifetime reported previously.29 No
sign of the S1 state was found in our studies of the
strongly-coupled H-aggregate.
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Scheme 1. Jabłoński diagram of zeaxanthin monomer.
The solid arrows indicate allowed optical transitions, and
the dashed arrows indicate either internal conversion (IC)
or intersystem crossing (ISC) pathways.

The transient absorption spectra of the aggregates, and particularly J1 and J2, show a strong band with a
maximum at 550 nm which lasts for hundreds of nanoseconds. These bands do not have a counterpart in the fs-TA
spectra of the monomer. Our ps-TRRR experiments with probe wavelengths 473 and 550 nm strongly support the
assignment of both the 465 and 550 nm bands of the J1-aggregate to T1→Tn transitions.25 Similarly, our TRRR
studies of the H-aggregate (to be published) fully support the assignment of the weak 550 nm band to the T1 state, in
agreement with the previous assignment of that band from fs-TA spectroscopy.29 The assignments for the T1→Tn
bands of the aggregates are consistent with numerous prior studies of monomeric carotenoids that have located the
maxima of these transitions in the 450−550 nm region.36,39-42 In general, the studies of monomers indicate that the
lowest energy T1→Tn transitions are approximately 900 cm-1 shifted to lower energy of the absorption onset of
S0→S2. Similarly, the T1→Tn transitions in the J1-aggregate are also red-shifted relative to transitions from the S0
state.
We now turn our attention to the assignment of the dominant absorption band of H, which has a maximum
at 400-420 nm. The long >100 nanosecond lifetime distinguishes the band from typical carotenoid excited-state
features, and is evidence that this absorption, like the 550 nm band, is a signature of a triplet excited state. The fast
appearance time and strength of the band are both consistent with singlet fission. A crucial aspect of our assignment
rests upon the proposal that the T1→Tn transition is strongly exciton-coupled to the S0→S2 transitions of
neighboring molecules. The fact that the transient ESA resulting from the proposed (T1→Tn + S0→S2) coupling has
a maximum that is slightly red-shifted relative to ground-state absorption of the H-aggregate is consistent with the
lower energy of the T1→Tn transition relative to S0→S2 of the isolated chromophores.
Exciton coupling of the kind described above, whereby a transition of a triplet excited state couples to a
transition of nearby ground-state chromophores, appears not to have been clearly addressed in the literature. We
suggest that the phenomenon could be a common feature in transient spectroscopy of exciton-coupled systems,
because it is not unusual for a T1→Tn transition of a chromophore to have oscillator strength and energy similar to a
transition in the singlet manifold. The similar energies and oscillator strengths of singlet and triplet transitions in the
case of the carotenoids have been well-established theoretically43,44 and experimentally.39,42 We emphasize that the
more commonly discussed decoupling of triplet excited states from their surroundings is based upon very low
oscillator strengths of S0↔T1 transitions that are typical for organic molecules, and therefore correspondingly weak
exciton coupling between the singlet S0 and triplet T1 states. The latter should not be confused with the different
type of exciton coupling between triplet and singlet optical transitions, such as T1→Tn and S0→Sn transitions that
are possible once the T1 states are generated e.g. in pump-probe spectroscopy.
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The transient absorption results here cannot exclude other possible assignments for the 410-420 nm
absorption of the H-aggregate. These species could include an excimer, or a triplet pair (T1T1) in an overall singlet
or quintet state.13 Recently, an ESA feature in the TA spectra of pentacene film was assigned to such a coupled state,
whereas excimer formation was excluded because of the crystallographic structure.45 Evidence from magnetic field
effect experiments has suggested that there may be significant binding energy between two neighboring T1 excited
states of perylene.46 Further experiments, such as time-resolved vibrational spectroscopy, are needed to confirm the
assignment of the 410-420 nm band.
The appearance of a minor 550 nm absorption in the H-aggregate can be explained in terms of
inhomogeneity within this aggregate. The ground-state absorption bands in the 420−520 nm range for the Haggregate are found to have positions that are very similar to those of the weakly-coupled aggregates. This
correspondence, as well as other evidence, led to the proposal that the H-aggregate has a subpopulation of
chromophores that are not strongly-coupled.26 It is likely that these chromophores are the ones responsible for the
triplet ESA at 550 nm in the TA spectra.
The inhomogeneous model may appear to conflict with the indistinguishable dynamics of the H-aggregate,
when pumped with either 400 or 520 nm excitation. Specifically, how is it possible that either pump excitation
wavelength causes strong GSB at 380 nm? One explanation is that energy transfer between the weakly-coupled
subpopulation of chromophores and the surrounding strongly-coupled ones may occur faster than the time resolution
of the experiments reported here. Specifically, if the subpopulation excited at 520 nm were to relax within <150 fs
to the much lower (out-of-phase) energy level of the strongly-coupled exciton band, then the occupation of this
lower level would diminish the population of strongly coupling chromophores, and hence cause the bleach of its
optically-allowed transition.
The dynamics of zeaxanthin aggregates that are most relevant to singlet fission can be listed as follows:
1. The S1 excited state is formed in low yield upon photoexcitation of the aggregates. For the H-aggregate, we
see no evidence of the S1 state. For the J1-aggregate, the yield of the S1 state can be estimated from TA spectra at
early times. The excitation ratios for pump-probe experiments of J1 are estimated to be 5−7%. Based on literature
reports on the relative magnitudes of S1 ESA and the GSB for monomeric β-carotene and related carotenoids, the
extinction coefficient of the S1 state ranges from 1.7×105 to 3.6×105 M-1cm-1.30,47 With these values and the percent
excitation in mind, the absorption bands of the J1 spectrum lead to a quantum yield of the S1 state that ranges from
10−30%. The quality of the fs-TA spectra of J2 prevents us from making a similar estimate for this aggregate.
2. The S1 excited state is not the parent state for the singlet fission process. The S1 state is clearly not the parent
state for singlet fission, because (a) the signatures of the T1 and S1 states form simultaneously and (b) the decay of
590 nm S1 band does not lead to a concurrent rise in the 550 nm T1 band. The fact that the S1 state is not the parent
state for singlet fission agrees with a prior study of carotenoids in light-harvesting complexes.48
3. The ultrafast formation time and high yield of triplet excited states reveal that singlet fission is an
important pathway for all of the photoexcited aggregates. The absorption bands for the T1 state appear within
~300 fs for both the J- and H-aggregates, which is highly improbable to happen via intersystem crossing. The triplet
T1→Tn extinction coefficient is 1×105 M-1cm-1 for the monomer.42 Assuming the extinction coefficient at 550 nm in
the aggregate is equal to the value of the monomer, the triplet quantum yield of the J1-aggregate is estimated to be
60−80% based upon the amplitude of 550 nm band at 300 fs. The spread in the yields is largely dominated by
uncertainty in the measurement of the excitation ratio. These values would imply that 30−40% of the relaxation of
J1 occurs via singlet fission to form the triplet excited states. It must be emphasized that the triplet yield here is a
lower limit, and does not take into account (a) annihilation that occurs within the instrument response time, and (b)
diminishment of the T1→Tn extinction coefficient at 550 nm. The transient spectra clearly show strong oscillator
strength for the triplet absorption in other regions, e.g. 500 and 460 nm. If the strength of the transition at 550 nm
were lower than the assumed 1×105 M-1cm-1 value, then the calculated triplet yields would increase.
The J2-aggregate has a lower triplet yield in comparison with J1, and the main competitive process for
singlet fission is internal conversion to the S1 state. The quality of the fs-TA spectra prevents us from drawing
quantitative conclusions for the triplet yield of this aggregate.
For the H-aggregate, there is a small portion of T1 states that have a weakly-coupled T1→Tn transition with
the same 550 nm band position as for J1 and J2. The estimated yield is 10-20%, following the analysis above. A far
greater yield of T1 excited states in the H-aggregate have an absorption band that reveals strong exciton coupling to
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the surrounding ground-state chromophores (T1→Tn + S0→Sn), or possibly to one another (T1→Tn + T1→Tn). One
can infer, from the absence of any S1 product and the 10-20% yield of weakly-coupled triplets, that the yield of T1
states with strongly coupled transitions could be 180% or more.
4. The decays of the T1 excited states in the aggregates are much faster than that of the monomer because of
triplet-triplet annihilation. A 9 µs lifetime of monomeric zeaxanthin has been reported.42 By comparison, the
majority of the triplet excited-state signal in the aggregates decays on a timescale that is less than 10 ps. The short
lifetime is attributed to annihilation. The energy of the T2 state for an N=11 polyene is expected to be less than
twice of that of T1,44 thus triplets can efficiently annihilate and form T2 and S0 states. Unlike most bimolecular
processes, the decay rates of triplet excited states in zeaxanthin aggregates depend only weakly on the energy of the
pump pulses. A likely explanation is that in the case of the singlet fission, two triplets are generated in close
proximity to one another. Therefore, prompt geminate annihilation that is independent of excitation density can take
place in these systems.

5. SUMMARY
We summarize the excited state dynamics of the zeaxanthin aggregates in Scheme 2. Zeaxanthin
molecules in the aggregates are excited to the S2 state. The normal (monomer-like) internal conversion to the S1
state competes with singlet fission in the J1- and J2-aggregates. In the case of the H-aggregate, fission appears to be
too fast for the generation of measurable S1 excited-state population. Our spectra suggest that singlet fission occurs
directly from the S2 state. If an intermediate (S*) state with covalent character were the fission precursor,17,48,49 then
the population or lifetime of this species is insufficient for detection in the experiments described here. The T1
excited states in the aggregates show variation in their absorption bands which can be explained by exciton coupling.
The 550 nm ESA is a signature of a T1→Tn transition that is only weakly coupled to transitions of neighboring
molecules. The 410 nm ESA is associated with strong H-type coupling between T1→Tn and S0→S2 transitions of
surrounding chromophores. Alternatively, the 410 nm ESA could be attributed to strong H-type coupling between
two T1→Tn transitions, if a triplet pair state (T1T1) were formed. A majority of the triplet species annihilate within
10 picoseconds. However, a portion of the triplet population survives over many nanoseconds, and approaches the
intrinsic triplet-state lifetime of monomeric zeaxanthin.
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Scheme 2. Excited-state dynamics of zeaxanthin aggregates. An aggregate that has weak/intermediate coupling is
denoted J1. The strongly-coupled aggregate is denoted H. Internal conversion is denoted by IC. Tn(delocal.) refers to
a high-energy state of the triplet that is delocalized because of exciton coupling. The estimated yields of excited-state
species in the J2-aggregate are not listed (see text).
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