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Abstract: We report high-yield triplet generation by singlet fission
upon photoexcitation of a new aggregate of the carotenoid all-
trans 3R,3’R-zeaxanthin. The yield is determined by picosecond
time-resolved resonance Raman spectroscopy, which allows
direct characterization and quantification of triplet excited-state
signatures and ground-state depletion. The technique and analy-
sis reveals that triplets form within picoseconds. A quantum yield
of 90—200% is derived with the assumption of weak exciton-
coupling in the zeaxanthin aggregate.

The generation of multiple excitons upon absorption of asingle
photon has attracted attention recently, in part because of potential
benefits to solar energy conversion.*? Singlet fission, in which two
triplet excited states are created from one singlet excited state, isa
process that could significantly enhance the efficiency of organic
molecular photovoltaics.®* Fission plays arole in the photophysics
of acenes,> " polymers,’°~*2 and other systems.>®>~*° Correlations
between triplet quantum yield (QY) and the relative energies of
the lowest singlet and triplet states have been a primary focus.®
However, investigations of the mechanism of intermolecular fission
and the influence of fundamental properties such as the coupling
strength and relative orientation of the interacting chromophores
are rarely investigated.® Additionally, there are few reports of
absolute triplet quantum yields from fission and even fewer where
triplet signatures are directly monitored as part of the measurement.
New approaches for time-resolved measurement of triplets and their
yield must be employed to gain an improved understanding of the
fission mechanism and to evaluate possible applications.

Here, we describe a new aggregate of the carotenoid all-trans
3R,3’'R-zeaxanthin (Figure 1). Upon photoexcitation, we find direct
evidence of intermolecular singlet fission by picosecond time-
resolved resonance-Raman spectroscopy (TRRR). Zeaxanthin was
selected principally because its excited states are expected to meet
one criterion for efficient singlet fission: the T, excited state energy
should be ~50% or less than the energy of the S, excited state.>**
Vaence bond theory predicts that long polyenes meet this crite-
rion;*® experimentally, the S; energy of zeaxanthin is 14 500 cm ™,
and the triplet energy is estimated to be 7000 4 800 cm~16%7 A
second advantage of zeaxanthin is that it readily self-assemblesin
binary organic/aqueous solutions.*® The aggregate studied here was
prepared by adding water to a 100 uM solution of zeaxanthin in
tetrahydrofuran (THF) to create a 90% (v/v) agueous solution.
Transmission electron microscopy (TEM) shows rod-shaped struc-
tures that are several hundreds of hanometers long and 20—30 nm
wide (Figure 1). The TEM result is consistent with a broad
probability distribution in hydrodynamic diameter (50—600 nm,
with peak at 100 nm; Figure S2) determined by dynamic light
scattering (DLS).
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Figure 1. (Top) Molecular structure of 3R,3’R-zeaxanthin monomer, with
UV —vis absorption spectrum in EtOH (black). The spectrum of the J1-
aggregate in 90:10 H,O/THF is shown in red. Dashed lines indicate the
415 nm (pump) and 473 or 551 nm (probe) TRRR wavelengths. (Inset)
TEM image of J1 aggregates.

A UV —vis absorption spectrum of the aggregate (Figure 1) has
vibronic bands at 450, 474, and 512 nm which are within 2 nm of
those reported for a J-aggregate of al-trans 3R,3’R-zeaxanthin
diacetate.®® A recent theoretical study on a closely related lutein
diacetate aggregate has addressed the similarity of the monomer
and aggregate absorption spectra, and the observed red shift is
attributed to nonresonant dispersion interactions rather than a
predominant J-type head-to-tail exciton coupling.*® Nonetheless we
denote the new aggregate J1 in keeping with the earlier literature
and to distinguish it from a more red-shifted J-aggregate that was
characterized in a recent ultrafast study.®

Continuous-wave (cw) resonance Raman spectroscopy shows
nearly identical peak positions for the aggregate vs the monomer
(Figure 2). Therefore the primary conclusion is that the molecular
constituents in the aggregate are structurally similar to zeaxanthin
monomers in solution, as found previously for other aggregates of
zeaxanthin.?* The aggregate shows slightly less Raman activity in
the structurally sensitive C—H out-of-plane wagging modes at 874
and 967 cm™! (Figure 2, inset). This finding suggests that the
moleculesin the aggregate experience less structural distortion than
in solution.*>2? The 9 cm~* downshift for the ethylenic band of
the aggregate is similar to other shifts for carotenoids in the solid
state and has been attributed to crystal packing effects.?®

TRRR was employed to distinguish and quantify excited state
species. Samples were photoexcited at 415 nm and probed at 551
or 473 nm. A spectrum of the excited monomer in EtOH (Figure
3A) shows a highly upshifted ethylenic band at ~1790 cm™*, which
isasignature of the S, excited state.>>2* The S, decay and ground-
state bleach recovery times are consistent with a ~10 ps lifetime
for monomer B-carotene and zeaxanthin.?>2® By contrast, the
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Figure 2. CW-resonance Raman spectra of zeaxanthin monomer in THF,
and J1-aggregate in 90:10 H,O/THF excited with 458 nm. The spectrawere
normalized to equal pesk heights of the ethylenic mode. (Inset) Magnified
view of the fingerprint region. * Residual peak from imperfect subtraction
of THF solvent.
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Figure 3. TRRR spectra of (A) monomer S, state, probed at 551 nm. (B)
J1-aggregate in 90:10 H,O/THF probed at various delays between 415 nm
pump and 551 nm probe. “T” indicates bands from the triplet state. (C)
Same as (B) but probed with 473 nm.

resonance Raman spectra of the aggregate (Figure 3B, C) do not
show S; features at the probe wavelengths of this study. Difference
spectra acquired with a551 nm probe at various delay times ranging
from >20 ps to 3 ns are dominated by an ethylenic band peaked at
1503 cm™* and a band in the C—C fingerprint region peaked at
1127 cm™*. Additional bandsin the fingerprint region have maxima
at 1009, 1192, and 1239 cm™ L. Spectra acquired with the 473 nm
probe have nearly identical peak positions as those found with 551
nm (Figure 3C). Furthermore, the positions of the maxima are nearly
identical to those of the triplet S-carotene monomer.?” The
frequencies of the long-lived species do not match those of
carotenoid cation or anion radicals, thus charge separation is not
supported.®2°

Significant evolution of the difference spectra is evident at
pump—probe delay times from O ps to times later than 12 ps. The
changes are analyzed by fitting the 4 ps spectrato a set of Lorentzian
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Figure 4. Relative Raman scattering intensity in the ethylenic band region.
(Upper plot) Kinetics of positive ethylenic band intensity. (Lower plot)
Kinetics of bleached ground state intensity centered at 1519 cm™ . Theinsets
are magnifications at early times.

functions (Figure 3B, 3C). Short-lived bands centered at 1512 and
~1154 cm™* that do not coincide with the triplet bands are also
apparent. To gain further insight into the dynamics of the system,
we plot the integrated area of the ethylenic band growth and
depletion at each time point (Figure 4). The points are fitted to a
function which includes a 5.6 ps Gaussian instrument response and
several variable exponentia terms. The time constants that are found
upon fitting are 5—7 ps, 600—700 ps, and >3 ns, in the proportions
listed in Figure 4.

The kinetics and spectral analysis support the following picture:
The triplet features appear at the earliest (0 ps) delay of pump and
probe and reach a maximum within 4 ps. The ground state depletion
at ~1519 cm™? reaches a minimum on a similar time scale. The
rapid kinetics are consistent with triplet formation via an allowed
singlet fission process. The precursor state is not seen but could be
a hot S; state that is too short-lived to be detected. The prompt
<10 ps decay of positive ethylenic intensity centered at 1503—1512
cm! has two likely origins. First, prompt annihilation of triplets
formed by singlet fission that do not diffuse apart can occur via T,
+ T1— S (hot) + T,, in which the T, state is expected to quickly
relax to T;. Second, vibrational cooling of hot S, produced by the
annihilation can also cause the <10 ps decay. The bands at 1512
and 1154 cm™* are likely signatures of a hot S, state. The 600—700
ps kinetic component is attributed to triplets that escape immediate
recombination and subsequently annihilate or decay back to
the ground state. The existence of a >3 ns component supports the
assignment of the long-lived species to a triplet state in the
aggregate.

The analyses of triplet QY's depend upon quantification of the
decreased scattering from the ground-state ethylenic band after
photoexcitation. The depletion at 4 ps was measured for the
monomer and aggregate samples as a function of percentage
excitation (Figure 5). The percentage excitation is determined from
Beer's law, the pump energy, and the laser beam cross-sectional
area. The ground-state depletion percentage is determined from the
subtraction coefficient of a probe-only spectrum that gives the best
removal of ground state from the pump + probe spectra (see
Supporting Information (Sl)). Both the monomer and aggregate
show linear depletion up to the 20% excitation ratio explored here.
It is significant that the extent of depletion for the aggregate at
these powersistwice that of the monomer, and within experimental
error the slopes of the lines in Figure 5 have aratio of 2:1. There
are two possible explanations for this result. First, one would expect
the depletion of two chromophores per absorbed photon in the case
of highly efficient intermolecular singlet fission. If annihilation
occurred after fission, the bleach would still remain, as long as the
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Figure 5. Percentage of ground state depletion for 415 nm photoexcitation,
with varying pump energies at 4 ps time delay. The excitation % is
determined from spot size measurements and laser pulse energy; the
depletion is determined from difference spectra.

hot S ethylenic frequency is significantly shifted from the parent
ground state frequency at 1519 cm™1. Thusthe 2-fold greater slope
for the J1-aggregate isindirect evidence for a~200% triplet yield,
i.e. quantitative intermolecular singlet fission.

A second possible origin of a 2-fold greater magnitude for the
depletion of the aggregate is that the transition dipole of exciton-
coupled systems is theoretically expected to scale as (Ngy)*®, where
Neon iS the number of coherently coupled molecules in the exciton
state.* Therefore, the TRRR transient bleach signals of the exciton-
coupled zeaxanthin aggregate could be enhanced relative to the
monomer signal by a factor of (Nen)?, since four interactions with
the pump and probe fields are involved. Enhancements of thiskind
have been discussed for pump—probe transient absorption spec-
troscopy of strongly coupled J-aggregates of pseudoisocyanine (PIC)
dyes.*® However, we consider this possibility unlikely in the case
of Jl-zeaxanthin for two reasons. First, the cross section per
molecule (Figure 1) closely corresponds to the monomer cross
section in most spectral regions, and particularly at the 415 nm
pump wavelength; thus the J1-zeaxanthin is qualitatively different
from PIC in thisregard. Second, the QY result for J1 isindependent
of whether the probe is resonant with the 473 nm monomeric region
or significantly red-shifted to 551 nm. Together the two factors
suggest that the zeaxanthin Jl-aggregate is weakly exciton-
coupled™ and can be treated as if N, & 1. In that case, the pump
pulse in our experiments is a linear actinic pulse for <20%
excitation.

A second approach for analyzing the triplet QY incorporates the
triplet excited-state band area along with the ground state depletion
(see Sl). First the ratio of the triplet and ground state resonance
Raman cross sections is found from the percentage of ground state
depletion and the ratio of triplet/ground state ethylenic band
intensities at 3 ns. Next, the percentage of molecules in the triplet
excited state can be determined at the 4 ps pump—probe delay,
assuming that (1) the triplet cross section remains the same at 4 ps
asfor 3 nsand (2) the area of the 1503 cm™! Lorentzian band is a
good indicator of triplet population. When the percentage of triplets
is divided by the excitation ratio the resulting triplet QY at 4 psis
~90% per absorbed photon, at the lowest pump energy. Similar
results are obtained for either 473 or 551 nm probe. The 90%
estimate is obviously lowered by any annihilation that causes loss
of scattering intensity at 1503 cm™* during the 4 ps delay. Without
annihilation, the direct triplet yield could reach the ~200% found
by examination of ground-state depletion (i.e., slopes of Figure 5).

Triplet yields as high as 30% by singlet fission have been reported
in carotenoids of light harvesting centers.*>** However in these
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systems the absence of proximal carotenoids rules out the possibility
of intermolecular homofission. Instead, the recent reports support
an intramolecular fission mechanism which is enhanced by distor-
tion of the carotenoid.*>323% An alternative mechanism is singlet
heterofission between a carotenoid and nearby bacteriochlorophyll
molecule.® By contrast, the aggregate of the present study consists
of undistorted carotenoid molecules, and exhibits a higher triplet
QY than the light harvesting systems.

In summary, picosecond TRRR is found to be a powerful tool
for identifying and quantifying the triplet yields in a self-assembled
carotenoid aggregate. The spectra reveal that the J1-aggregate of
zeaxanthin forms triplets in <4 ps by a highly efficient intermo-
lecular singlet fission process, possibly viaashort-lived hot S, state.
The triplet QY of 90—200% derived assuming weak coupling is
remarkable in view of the 0.2% triplet QY for monomeric
zeaxanthin.®* The influence of aggregate structure on QY and
further investigation of the exciton coherence number are aims of
ongoing experiments which will be reported elsewhere.
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