
Chemical Physics Letters 523 (2012) 1–5
Contents lists available at SciVerse ScienceDirect

Chemical Physics Letters

journal homepage: www.elsevier .com/ locate /cplet t
FRONTIERS ARTICLE

The separation of overlapping transitions in b-carotene with broadband 2D
electronic spectroscopy

Tessa R. Calhoun a,b,1, Jeffrey A. Davis c, Matthew W. Graham a,b,2, Graham R. Fleming a,b,⇑
a Department of Chemistry, University of California, Berkeley, USA
b Physical Biosciences Division, Lawrence Berkeley National Laboratory, Berkeley, USA
c Center for Atom Optics and Ultrafast Spectroscopy, Swinburne University of Technology, Victoria, Australia

a r t i c l e i n f o
Article history:
Available online 29 October 2011
0009-2614/$ - see front matter � 2011 Elsevier B.V. A
doi:10.1016/j.cplett.2011.10.051

⇑ Corresponding author at: Department of Chemis
Berkeley, USA.

E-mail address: GRFleming@lbl.gov (G.R. Fleming)
1 Current address: Lewis-Sigler Institute for Inte

University, Princeton, USA.
2 Current address: The Kavli Institute at Cornell fo

University, Ithaca, USA.
a b s t r a c t

Broadband 2D electronic spectroscopy is applied to b-carotene, revealing new insight into the excited
state dynamics of carotenoids by exploring the full energetic range encompassing the S0 ! S2 and
S1 ! S1n transitions at 77 K. Multiple signals are observed in the regime associated with the proposed
S⁄ state and isolated through separate analysis of rephasing and nonrephasing contributions. Peaks in
rephasing pathways display dynamic lineshapes characteristic of coupling to high energy vibrational
modes, and simulation with a simple model supports their assignment to impulsive stimulated Raman
scattering. A signal persisting beyond 10 ps in the nonrephasing spectra is still under investigation.

� 2011 Elsevier B.V. All rights reserved.
1. Introduction

The electronic structure of carotenoids allows them to partici-
pate in seemingly opposing roles in photosynthesis as both light
harvestors, absorbing and donating light energy, and as photopro-
tectors, safely dissipating excess energy. The bright colors of
carotenoids arise from the strong S0 ! S2 transition near 500 nm
because these linear polyene molecules have C2h-like symmetry,
resulting in an optically ‘dark’ (i.e., the transition is not allowed
for one-photon absorption from S0) first excited singlet state (S1).
The lifetime of the S2 state is very short, <200 fs, while the lower
energy S1, populated via relaxation, lasts into the picosecond re-
gime as probed through the S1 ! S1n excited state absorption
(ESA) [1].

The rapid S2 ! S1 relaxation has been proposed to be mediated
by a conical intersection [2], but these states alone cannot explain
the vast body of experimental observations. As such, a number of
other dark states lying energetically intermediate to S2 and S1 have
been proposed (for a recent review see Ref. [3]). One of these pro-
posed states, S⁄, has a characteristic spectroscopic signature
appearing as a shoulder on the high energy side of the S1 excited
state absorption. Although the S⁄ feature has been observed in
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many experiments, a consensus on its assignment has remained
elusive. It is well established that the S⁄ spectral feature is more
pronounced and exhibits different dynamics when carotenoids
are embedded in light-harvesting pigment-protein complexes,
which has led to the conclusion that S⁄ is an electronic excited state
in a competing relaxation pathway with S1 [4]. For isolated carote-
noids, however, features in the region of S⁄ are weaker and have
been given multiple assignments in the literature including an
electronic excited state [5,6], a vibrational wavepacket on the
ground state [7,8], an impurity [9], and the result of a subpopula-
tion of carotenoids with a twisted conformation [10–13].

The photophysics of b-carotene in a variety of environmental
conditions have been studied extensively with ultrafast techniques
including transient absorption [5,8,9,6,14], femtosecond stimu-
lated Raman [15–17], pump-deplete-probe [7,18], transient grat-
ing [19], and photon echo experiments [12,20]. To examine the
b-carotene S⁄ features at 77 K, we employ two-dimensional (2D)
spectroscopy’s ability to resolve emission as a function of excita-
tion wavelength. Previous room temperature 2D electronic exper-
iments on b-carotene in benzonitrile concluded that S⁄ is an
excited electronic state arising from an alternate ground state con-
formation [12]. It has been shown, however, that the population of
these conformers becomes minimal at cryogenic temperatures
[13]. In addition, the spectral resolution afforded by the low tem-
perature environment and spectral bandwidth in the current study
allow the electronic dynamics to be examined in greater detail.
Specifically, we observe a 2 ps component in rephasing 2D spectra
that is consistent with a simple model of ground state wavepac-
kets, while the nonrephasing 2D spectra at long times reveal a sig-
nal of unknown origin.
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2. Methods

2.1. Sample preparation

Trans-b-carotene and anhydrous 2-methyltetrahydrofuran (2-
mTHF) were purchased from Sigma–Aldrich and used without
further purification. Samples were held in a 200 lm pathlength
cuvette inside a cryostat maintained at 77 K and had a maximum
OD of 0.25 at 508 nm.

2.2. 2D electronic spectroscopy

The theory and apparatus for 2D FT electronic spectroscopy
have been described in detail elsewhere [21]. Briefly, a non-collin-
ear optical parametric amplifier (NOPA), is pumped by 800 nm
pulses from an amplified Ti:sapphire laser system generating a
tunable, broadband laser spectrum. The NOPA spectrum used in
these experiments was centered at 550 nm with a FWHM of
70 nm to resonantly excite the lowest energy S0 ! S2 transition
of b-carotene and monitor the S1 ! S1n excited state absorption
(Figure 1a). Compression of the NOPA output was achieved via a
prism-based compression line followed by an adaptive, diffrac-
tion-based SLM pulse shaper [22]. The resulting 12 fs pulses were
characterized by transient-grating frequency resolved optical gat-
ing [23] on a 2 mm fused silica window at the sample position (Fig-
ure 1b). The beam was subsequently split into three pulses that are
focused onto the sample in a box geometry. The time delay be-
tween the first two pulses, the coherence time ðsÞ, is varied from
�120 fs to +120 fs in 0.8 fs steps while the time delay between
the second and third pulses, the waiting time (T), is held fixed.
The signal that emerges in the desired phase-matched direction
is spectrally-resolved and heterodyne-detected. The resulting array
of interferograms collected for each T are Fourier-transformed
along the s axis to form the final 2D spectrum (for a complete
description of data processing see Ref. [21]). This spectrum of the
total signal, known as the relaxation spectrum, is the sum of reph-
asing and nonrephasing components. Rephasing spectra are
formed from photon echo signals and are detected with s > 0
while for s < 0 there is a reordering of the first two pulses and free
induction decay, or nonrephasing, signals are collected. Pulse ener-
gies of 4.5 nJ/pulse at the sample position were achieved through
attenuation with a neutral density filter, and three scans were
acquired and averaged for each waiting time. Spectra were col-
lected for T = 0, 10, 20, 30, 40, 50, 60, 70, 80, 90, 100, 110, 120,
130, 140, 150, 175, 200, 225, 250, 275, 300, 325, 350, 375, 400,
425, 450, 475, 500, 550, 600, 650, 700, 750, 800, 1000, 2000,
3000, 4000, 5000, 7500, 10000, and 20000 fs. Spectrally-resolved
pump–probe experiments were conducted at a single sample posi-
tion with the same experimental conditions to accurately phase
and normalize the 2D data.
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Figure 1. (a) Linear absorption spectrum of b-carotene in 2-mTHF at 77 K (black,
left) with the laser spectrum used to excite the sample (green, right). (b) Transient
grating frequency resolved optical gating trace for the pulses used in the
experiment with contours at 10% intervals. The results give a temporal duration
of 12 fs and spectral bandwidth of 70 nm.
3. Results and discussion

Figure 2 shows the real part of representative 2D relaxation
spectra for b-carotene in 2-mTHF at waiting times before and after
internal conversion from S2 to S1 is complete. Beginning at T = 20 fs
(Figure 2a) there is a strong positive peak on the diagonal due to
stimulated emission (SE) from S2 ! S0 and ground state bleaching
(GSB). Additionally, a negative peak above the diagonal is apparent
from the S2 ! S2n ESA. The appearance of the S2 ESA above the
diagonal instead of below, as has been observed in previous 2D
experiments [12], may be due to the different solvent and temper-
ature used here. At longer waiting times, the negative signal arising
from S2 is no longer present, but the S1 ! S1n ESA appears as the
strong negative peak below the diagonal ðkt � 575 nmÞ. Signals
emitted energetically intermediate to these transitions have been
assigned to S⁄ in the literature [3,6,9]. In fact, it is immediately
clear from Figure 2 that features in the S⁄ region are not due to a
single transition. Specifically, at 20 fs, the first waiting time outside
of pulse overlap, there is a positive cross peak apparent in the S⁄

region (Figure 2a) while at longer times, both positive and negative
features are revealed. From T = 200 fs to T = 325 fs these features
appear to evolve although relaxation from S2 is complete and this
timescale does not correlate with the known S1 kinetics. To deter-
mine the source of these features, the rephasing and nonrephasing
contributions to the 2D spectra are analyzed separately in the fol-
lowing sections. It has been shown that coherence signals, such as
those that would arise from proposed ground state wavepackets
[7], can be isolated through this separation because they will only
appear as off-diagonal peaks in rephasing spectra [24,25].
3.1. Rephasing spectra

Figure 3 depicts the rephasing spectra for the same waiting
times shown in Figure 2. We again observe the positive diagonal
peak from S2 SE/GSB and the negative peak at ks � 575 nm from
the S1 ESA. Both of these peaks appear diagonally elongated when
compared to the relaxation spectra as is characteristic for rephas-
ing lineshapes. It is immediately clear that the features in the spec-
tral region associated with S⁄ appear stronger when only rephasing
pathways are considered. At T = 200 fs, it is clear that there are at
least two positive peaks in the S⁄ region, while at T = 325 fs the
higher energy ‘S⁄’ peak is replaced with negative intensity and
the lower feature now has positive and negative components. This
could arise either from separate, overlapping positive and negative
signals beating in amplitude over time or from a single peak with a
dispersive lineshape instead of the purely positive or negative peak
expected for real, absorptive 2D spectra [26]. Although the terms
‘absorptive’ and ‘dispersive’ are not strictly correct when discuss-
ing features of the rephasing and nonrephasing portions of the
2D signal separately, we will continue to use these familiar labels
to phenomenologically describe the characteristic lineshapes asso-
ciated with them. A dispersive lineshape for a real, rephasing cross
peak such as is seen in Figure 3c has been reported in recent the-
oretical work and is indicative of coupling between the electronic
transition and a high energy vibrational mode [25,27]. In addition,
the simulations predict that the positive and negative parts of such
a feature will oscillate as a function of T [27]. This theory is espe-
cially relevant for carotenoids, as they are known to possess two
strong high energy modes from the CAC and C@C symmetric
stretches, and so to investigate this dynamic behavior, a cut of
the rephasing 2D spectrum for kt ¼ 555 nm is plotted as a function
of T in Figure 4. The oscillation in the sign of the lineshape as a
function of time is evident. It should be noted that dynamics
involving fast vibrational modes are highly dependent on the
bandwidth and center frequency of the laser spectrum [25,27],
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Figure 2. Representative real 2D relaxation spectra for b-carotene in 2-mTHF at T = (a) 20, (b) 200, (c) 325 and (d) 10000 fs. Red (blue) contours indicate positive (negative)
signals in �20% intervals.
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Figure 3. Selected real rephasing experimental 2D spectra of b-carotene in 2-mTHF corresponding to the relaxation spectra in Figure 2. The arrow in (c) points to a feature in
the S⁄ region exhibiting a lineshape characteristic of coupling to a high energy vibrational mode.
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Figure 4. Cuts of the real 2D rephasing spectra for kt ¼ 555 nm showing the
oscillating phase of the lineshape for the transition indicated by the arrow in
Figure 3c. The data along the dashed line is plotted in the inset.
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Figure 5. Electronic structure and dynamics of b-carotene used for the model in
Figure 6.
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and as such, resolving this oscillatory lineshape is only possible
with a sufficiently broadband spectrum, as used here.

To explore the origin of these features in b-carotene, we can be-
gin with a simple model using a linear combination of 2D Lorentz-
ian lineshapes [26] for the dynamics and transitions available for
the electronic structure given in Figure 5. We assume that all path-
ways originate in the lowest level of the S0 state due to the cryo-
genic temperature used in the experiment. Transitions to higher
vibrational levels of S2 as well as ESA signals from vibrationally ex-
cited S1 were not included due to minimal overlap with the laser
spectrum. The model was scaled by the laser spectrum along the
kt axis, and dipole strengths and linewidths of each transition were
chosen to match the data. Features in the S⁄ region involving high
energy vibrational modes are multiplied by an additional phase
term ðeimTÞ to simulate the dynamic lineshapes observed [27]. Fig-
ure 6 shows the rephasing spectra from this model for the waiting
times given in Figure 3. The frequencies chosen for the phase terms
and the off-diagonal locations of the ‘S⁄’ peaks are taken from the
Raman frequencies for the ground state CAC (1161 cm�1) and
C@C (1524 cm�1) symmetric stretches [16,17]. The qualitative
agreement between the model and experiment supports previous
studies concluding that features in the S⁄ region arise from a
ground state wavepacket via impulsive stimulated Raman scatter-
ing (ISRS) [7]. A feature assigned to CAC ISRS has also been previ-
ously observed with 2D electronic spectroscopy [12]. It is
important to note that the frequencies of the CAC and C@C
stretches correspond to beat periods of 29 and 22 fs, respectively
for the oscillations in the lineshapes of these peaks. This means
that the oscillatory behavior in Figure 4 would be aliased from
the true beat frequencies due to the waiting times collected in
the experiment.
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Figure 6. Real part of the rephasing 2D spectra for the model from the electronic structure and dynamics in Figure 5 at the same waiting times as given for the experimental
spectra in Figure 3. Signals are represented by 2D Lorentzian lineshapes while those features in the S⁄ region are multiplied by additional phase factors based on the ground
state Raman frequencies of the CAC and C@C symmetric stretches. The qualitative agreement between these features and the data in Figure 3 suggest they arise from ISRS
pathways.
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Figure 8. Summation of relaxation (black), rephasing (red), and nonrephasing
(blue) 2D spectra along the s axis for T = 10000 fs.
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From Figure 3d, it can be seen that the ISRS features are no long-
er present by T = 10000 fs. It should be noted that the amplitude
present here in the model spectrum is due solely to the use of sim-
plistic Lorentzian lineshapes for the GSB and S1 peaks. The 2 ps life-
time we find for the ground state wavepackets does not agree with
previous observations of signals assigned to ISRS in b-carotene [7],
but is consistent with lifetime components from some transient
absorption studies [9] as well as long-lived coherences assigned
to ground state wavepackets in other carotenoids [28]. This life-
time is, however, shorter than the S1 lifetime and other signals that
have been assigned to S⁄ [6,12]. A signal exhibiting a longer life-
time is apparent as a shoulder on the high energy side of the S1

ESA in Figure 2d and will be discussed below in the analysis of
the nonrephasing spectra.

3.2. Nonrephasing spectra

As the ISRS pathways will only produce off-diagonal features in
the rephasing spectrum [24,27], analysis of the S⁄ region in nonreph-
asing spectra can be useful in isolating other signals. Figure 7 shows
the nonrephasing spectra at the waiting times discussed previously.
While less dynamic than their rephasing counterparts, the S⁄ region
is not devoid of intensity. In fact, at T = 10000 fs, the S⁄ region of the
nonrephasing spectrum contains significant negative amplitude not
present in the rephasing spectrum. The black trace in Figure 8 shows
the summation of the relaxation spectrum along the s dimension,
analogous to the negative of the transient absorption signal, for
T = 10000 fs. The region kt ¼ 525—560 nm contains the signal, here
appearing as negative intensity, that is often the source of the S⁄

assignment. Additionally, the rephasing and nonrephasing contri-
butions are plotted separately in red and blue, respectively, and
clearly show this signal arises largely from nonrephasing pathways.
The origin of this ‘S⁄’ feature is not immediately obvious from the 2D
spectra. The cryogenic temperature eliminates the possibility of
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Figure 7. Selected real nonrephasing exp
large scale conformational changes after photoexcitation [29,30],
and the overall negative signal is significantly broader than any
other features observed in this experiment, suggesting that it may
arise from multiple transitions. Alternatively, it has been proposed
that a subpopulation of b-carotene molecules in a twisted ground
state conformation can give rise to S⁄ signal analogous to S1 ESA
[10–13]. Not only has the population of these conformers been
shown to be temperature dependent [13] making significant signal
from them at 77 K unlikely, but such an S⁄ signal should then appear
as both rephasing and nonrephasing, which is not observed here. In
fact, we are unable to construct a Feynman diagram capable of pro-
ducing off-diagonal signal in exclusively nonrephasing pathways as
seen in Figure 7. Another possibility would be that the overall neg-
ative signal in the S⁄ region is offset by positive off-diagonal signal
only in the rephasing spectra. As such a feature necessarily involves
a coherent superposition, it is unclear what its origin would be given
the long waiting times. A more detailed theoretical investigation is
currently underway.
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erimental 2D spectra of b-carotene.
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4. Conclusions

Broadband 2D electronic spectroscopy is able to unambiguously
detect multiple transitions in the carotenoid energetic region that
has previously been associated with the controversial S⁄ assign-
ment. Our results suggest that for isolated b-carotene at 77 K, reph-
asing signals exhibiting dynamic lineshapes on the high energy
side of the S1 ! S1n transition arise from impulsive stimulated Ra-
man scattering [7] with the ground state CAC and C@C symmetric
stretches. These features’ dependence on the experimental laser
conditions [19,25,27] may explain the wide range of observations
from other techniques in the literature for this system. Further-
more, analysis of the nonrephasing spectra reveals a separate,
long-lived signal whose origin is the subject of future work.
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[27] T. Mančal, A. Nemeth, F. Milota, V. Lukeš, H.F. Kauffmann, J. Sperling, J. Chem.
Phys. 132 (2010) 184515.

[28] J.A. Davis, E. Cannon, L.V. Dao, P. Hannaford, H.M. Quiney, K.A. Nugent, New J.
Phys. 12 (2010) 085015.

[29] D. Niedzwiedzki, J.F. Koscielecki, H. Cong, J.O. Sullivan, G.N. Gibson, R.R. Birge,
H.A. Frank, J. Phys. Chem. B 111 (2007) 5984.

[30] Y. Pang, M.A. Prantil, A.J. Van Tassle, G.A. Jones, G.R. Fleming, J. Phys. Chem. B
13 (39) (2009) 13086.

Tessa R. Calhoun received her Ph.D. from the University
of California, Berkeley in 2010 under the guidance of
Graham Fleming where she studied quantum coherence
in photosynthetic complexes. She is currently a Lewis-
Sigler Fellow in the Lewis-Sigler Institute for Integrative
Genomics at Princeton University. Her current research
interests include using nonlinear spectroscopy and
microscopy techniques to study structure–function
relationships in natural systems.
Jeffrey Davis received his B.Sc. in Physics and Chemistry
from Monash University, Australia, in 2001. He received
his Ph.D. in Physics from The University of Cambridge in
2005, where he worked with Prof. Richard Phillips
exploring coherent dynamics in semiconductor nano-
structures. In 2006 he took up a post doctoral position at
Swinburne University of Technology and in 2009 spent
time as a visiting research fellow at the University of
California, Berkeley in the group of Graham Fleming. He
is currently a senior research fellow at Swinburne
where he leads a research group exploring coherent
dynamics in complex systems.
Matt W. Graham recently earned his Ph.D. in 2010
under the supervision of Graham R. Fleming. His dis-
sertation focused on uncovering new photophysics of
semiconductor carbon nanotubes using ultrafast spec-
troscopic techniques. He completed his undergraduate
studies in Chemical Physics at the University of Toronto,
and is currently a Kavli Fellow at the Kavli Institute at
Cornell for Nanoscale Science where he is advised by
Jiwoong Park and Paul L. McEuen.
Graham Fleming received his Ph.D. from the Royal
Institution under the direction of George Porter. He did
postdoctoral work with Wilse Robinson and joined the
University of Chicago in 1979. In 1997 he moved to the
University of California, Berkeley and Lawrence Berke-
ley National Laboratory. He is currently Vice Chancellor
for Research and Melvin Calvin Distinguished Professor
of Chemistry at UC Berkeley. His research interests are
in ultrafast processes, the primary steps in photosyn-
thesis and their regulation, quantum dynamics, and the
electronic structure and dynamics of nanomaterials.


	The separation of overlapping transitions in ? -carotene with broadband 2D electronic spectroscopy
	1 Introduction
	2 Methods
	2.1 Sample preparation
	2.2 2D electronic spectroscopy

	3 Results and discussion
	3.1 Rephasing spectra
	3.2 Nonrephasing spectra

	4 Conclusions
	Acknowledgments
	References


