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Abstract:  Competing electronic pathways exhibiting energy dependence across a single vibronic 
excitation are observed in β-carotene for the first time with broadband two-dimensional electronic 
spectroscopy at 77K.  The origins and implications of these features are discussed. 

 
1. Introduction 
The functions of carotenoids in photosynthetic systems range from photoprotection and light harvesting to 
structure.  Despite the ubiquitous presence of these polyenes in natural systems and almost four decades of 
research, the electronic structure of carotenoids is still intensely debated [1,2].  The ultrafast internal conversion 
from the optically bright S2 state to the lower energy, optically ‘dark’ (i.e., the transition is not allowed in one–
photon absorption from S0) state S1 is proposed to proceed via a conical intersection [3].  However, controversy 
surrounds the existence and role of other dark states lying energetically intermediate to S2 and S1 [2,4].  In 
addition, recent visible pump-infrared probe studies show that different vibronic states in S2 follow different 
relaxation paths or at least branch between two different decay routes [5].  The unique ability of two-dimensional 
(2D) spectroscopy to resolve emission as a function of excitation wavelength makes it an ideal tool to study 
carotenoids such as β-carotene. 
 
2. Experimental Methods 
2D electronic spectroscopy holds considerable potential for helping to clarify the electronic structure and 
dynamics of carotenoids for several reasons:  it provides enhanced spectral resolution compared to time-resolved 
absorption spectroscopy, it is uniquely able to discriminate parallel relaxation paths [6-8], and it is directly 
sensitive to quantum phase thereby revealing coherence between electronic states [9].  In addition, frequency 
dependent relaxation is readily apparent in the time dependent spectral shape [10]. 

The theory and apparatus used for the 2D FT electronic spectroscopy has been described in detail elsewhere 
[11].  Briefly, three successive pulses, generated from a non-collinear optical parametric amplifier pumped by 
800 nm pulses produced from a Ti:sapphire oscillator/regenerative amplifier system, are incident on the sample, 
producing a photon echo which is then spectrally resolved and heterodyne-detected on a CCD camera.  The time 
delay between pulses 1 and 2, the coherence time, is varied for each population time, the time between pulses 2 
and 3.  The resulting spectrum for each population time is then Fourier-transformed along the coherence time 
axis to produce the final 2D spectrum.  The 18 fs pulses used in this experiment are centered at 550 nm with a 
FWHM of 80 nm to excite the lowest energy S0→S2 transition of β-carotene and monitor the S1→Sn excited state 
absorption (ESA).  All experiments were performed at 77 K to narrow the spectral features allowing overlapping 
signals to be separated.  The cryogenic temperature also reduces the heterogeneous distribution of isomers that 
have been implicated in the presence of different kinetics for intermediate electronic states [12].  While 2D 
electronic experiments have been performed previously on β-carotene [13], the resolution afforded by the low 
temperature and increased spectral bandwidth in the current study allow the electronic character of this important 
system to be examined in unprecedented detail. 
 
3. Results and Discussion 
Figure 1 shows preliminary 2D data for β-carotene in 2-methyltetrahydrofuran (a) and 3-methylpentane (b) for a 
waiting time (T) of 400 fs.  The positive peak on the diagonal is the remaining S0→S2 bleach following excitation 
of S2.  The S1→Sn ESA at ~580 nm appears as the strong negative peak below the diagonal after internal 
conversion from S2.  Between these two expected peaks, there are clearly both positive and negative features of 
unknown origin.  While negative signals in this region have been previously observed in transient absorption 
studies [14,15], this is the first experiment to reveal that the signal contains two intermediates of opposite sign 
(phase).  The dynamics responsible for these opposing signals are present for β-carotene in both 2-
methyltetrahydrofuran (Fig. 1(a)) and 3-methylpentane (Fig. 1(b)) while the relative amplitudes and energetic 
positions of these features are dependent on the solvent polarity.  In addition, the appearance of these features 
coincides with the decay of S2 and rise of the S1→Sn ESA suggesting that these transitions do not arise from a 
state intermediate in the relaxation of S2 to S1 but are competing with this internal conversion. 

An important characteristic is that the amplitude of the two signals is clearly dependent on the initial energy 
used to excite S2 despite the fact that the excitation spectrum is only resonant with the low energy portion of a 
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single electronic transition.  Recent studies of the vibronic coherent oscillations measured by transient grating 
show multiple vibrational modes contributing to the lowest energy S0-S2 vibronic peak of β-carotene [16].  
Hence, it is probable that different, dominant vibrational modes lead to the distinct ultrafast electronic relaxation 
pathways giving rise to signals with opposite sign.  Non-adiabatic dynamics require the nuclear motion from 
specific vibrational modes to promote an electronic transition [17].  These results, therefore, support the presence 
of a conical intersection in the electronic structure of β-carotene, but neither signal can be immediately attributed 
to either S2 or S1 and further studies are ongoing to determine their origins. 

 (a) (b) 
 
 
 
 
 
 
 
 

 
 
 

Fig. 1.  Two-dimensional electronic relaxation spectrum of β-carotene at 77 K in (a) 2-methyltetrahydrofuran and (b) 3-
methylpentane for T = 400 fs shown with an arcsinh scaling.  The competing pathways intermediate to the known 
transitions appear in the boxed region.  Amplitude increases from black (negative) to red (positive). 

 
4. Conclusions 
Competing pathways energetically intermediate to the S0→S2 and S1→Sn transitions in β-carotene were observed 
for the first time with broadband two-dimensional electronic spectroscopy.  The presence of two signals with 
opposing phases may explain the controversial assignment of features in this region in the literature.  Further, 
despite the fact that the excitation in the experiment is only resonant with a single electronic transition, the 
competing pathways exhibit clear dependence on the excitation energy.  This energy is likely due to different 
contributing vibrational modes suggesting the presence of non-adiabatic dynamics, but the energetic positions of 
these features does not imply an origin from either S2 or S1.  Current work is underway to optimize the 
compression of the pulses to their transform-limit of sub-10 fs in order to directly observe relaxation through the 
conical intersection. 
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