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ABSTRACT  

In recent years, action-detected ultrafast spectroscopies have gained popularity offering distinct 

advantages over their coherently-detected counterparts, such as spatially-resolved and operando 
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measurements with high sensitivity. However, there are also fundamental limitations connected to 

the process of signal generation in action-detected experiments. Here we perform fluorescence-

detected two-dimensional electronic spectroscopy (F-2DES) of the light-harvesting II (LH2) 

complex from purple bacteria. We demonstrate that the B800-B850 energy transfer process in LH2 

is weak but observable in F-2DES, unlike in coherently-detected 2DES where the energy transfer 

is visible with 100% contrast. We explain the weak signatures using a disordered excitonic model 

that accounts for experimental conditions. We further derive a general formula for the presence of 

excited-state signals in multichromophoric aggregates, dependent on the aggregate geometry, size, 

excitonic coupling and disorder. We find that the prominence of excited-state dynamics in action-

detected spectroscopy offers a unique probe of excitonic delocalization in multichromophoric 

systems.  
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Two-dimensional electronic spectroscopy (2DES) has emerged as a powerful tool for studying 

electronic structure and dynamics in systems ranging from photosynthetic complexes to liquids 
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and solid-state materials 1, 2. Both high temporal and spectral resolution can be achieved using 

Fourier transform 2DES, providing a significant advantage over lower dimensional approaches 

such as pump-probe spectroscopy. In addition, by expressing the signal as a 2D map correlating 

the excitation and detection frequencies, 2DES effectively decongests the spectral information 

available from conventional linear spectroscopies, enabling a better understanding of a wide 

variety of systems 3. The most common implementation of 2DES utilizes a sequence of three time-

delayed pulses that interact with the sample, generating a macroscopic third-order polarization that 

radiates a coherent signal field. Phase-matching is typically used to detect the coherent signal in a 

specific direction, requiring a sample volume greater than ~λ3 (where λ is the excitation 

wavelength) to attain the coherent build-up of a macroscopic signal 4. This limits the use of 

coherent 2DES to studies of extended samples containing large numbers of molecules, making it 

ill-suited for single molecule studies and for combining with microscopy.  

In recent years, motivated by the desire to make spatially-resolved measurements and to 

correlate optical excitation with a wide range of observables, action-detected variants of 2DES and 

pump-probe spectroscopy have been developed that employ a fully collinear geometry, relying on 

phase-cycling or phase-modulation to extract the signals of interest. These approaches overcome 

some of the limitations of coherent 2DES and have employed fluorescence 5-8, photocurrent 9-12, 

photoelectron 13-15, or photoion 16, 17 emission as experimental observables. Fluorescence-

detection, in general, has enabled spatially-resolved measurements, while photocurrent, photoion 

and photoelectron detection have enabled operando device studies 18. Numerous interesting 

systems including photosynthetic complexes 7, 8, atomic vapors 6, 14, molecular dimers 19, 20, dyads 

21, semiconductor nanostructures 9, 11, 22, 23, as well as photovoltaic devices 12, 18, 24  have been 

studied using action-detected 2DES techniques. However, there are significant fundamental 
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differences between action-detected and coherent methods, and the interpretation of the spectra 

obtained from action-detected 2DES still remains an active research topic 25-31. Studies comparing 

the spectra of coherently and action-detected measurements have been reported 20 32, 33, but to date 

there have been relatively few studies of excited-state dynamics with action-detected methods. In 

this work, we focus on fluorescence-detected 2DES (F-2DES) to highlight the similarities and 

differences between coherent and action-detected 2DES techniques for studying 

multichromophoric systems.  

Compared to coherent 2DES (C-2DES), F-2DES adds a fourth pulse, projecting the third-

order polarization onto an excited-state population of fourth order in the electric field. The 

resulting observable is an incoherent signal proportional to this excited-state population 6. The 

difference between C-2DES and F-2DES arises due to the fourth pulse which leads to additional 

Liouville pathways 19, 27, 31. The double-sided Feynman diagrams corresponding to these pathways 

are shown in SI Appendix Fig. S1, S2. In C-2DES, three contributions make up the spectra – the 

ground state bleach (GSB), stimulated emission (SE), and excited-state absorption (ESA), with the 

ESA pathway contributing with an opposite sign relative to the GSB and SE pathways. In F-2DES, 

in addition to GSB and SE pathways, two distinct and oppositely-signed ESA pathways exist, 

arising from emission upon excited to singly or doubly excited states. Depending on the relative 

quantum yields of the two excited states, the ESA pathways may partially or fully cancel, 

dramatically changing the appearance of F-2DES relative to C-2DES 19, 31, 34.  

The measured excited-state populations in molecular systems typically have lifetimes on 

the scale of nanoseconds, orders of magnitude longer-lived than electronic coherences. This long-

lasting signal generation provides additional opportunities for excited-state populations to interact 

and become correlated over longer timescales leading to partial or even full cancellation of the 
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ESA pathways. Second-order decay processes such as exciton-exciton annihilation (EEA), Auger 

recombination, photocarrier scattering, or nonlinearities in the detection can occur, contaminating 

the nonlinear signal and obscuring spectral dynamics 26, 29, 35, 36. Using F-2DES, strong cross peaks 

at early waiting times have been reported in multichromophoric systems 7, 8, in contrast to the 

observations in C-2DES studies where weak or no cross peaks were present 37. The appearance of 

cross peaks in F-2DES at early waiting times has been attributed to EEA 27, 31, 38 rather than to 

excitonic coupling as in C-2DES. F-2DES has revealed clear excited-state dynamics in small 

systems such as molecular dyads 19-21 and Rb atoms 17. However, excited-state dynamics in 

extended multichromophoric systems have not been investigated, with the exception of weak 

kinetic signatures reported in photocurrent-detected 2DES studies of an organic photovoltaic 

device 10 and more recently in a biohybrid device incorporating photosystem I 39. Recent 

theoretical and experimental work suggests that action-detected 2DES is poorly suited for this task 

30, 39. 

Here we study the light-harvesting II (LH2) complex from the purple bacterium 

Rhodoblastus acidophilus (R. acidophilus) using F-2DES to characterize its ability to resolve 

excited-state dynamics and probe excitonic structure in multichromophoric systems. The well-

characterized structure and the extensive previous ultrafast studies 40-46 of LH2 make it an excellent 

model system for this purpose. It is comprised of two bacteriochlorophyll a (BChl a) rings, B800 

and B850. The B800 ring consists of 9 monomeric BChl a, which are weakly coupled to each other 

giving rise to an absorption peak at ~800 nm. The B850 ring consists of 18 strongly coupled BChl 

a arranged in dimeric units, producing an absorption peak at ~850 nm. SI Appendix Fig. S5 shows 

the structure and orientation of the B800 and B850 rings in LH2 from R. acidophilus 47. Many 

previous experimental studies have used C-2DES to probe the excited-state dynamics within LH2, 
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and have reported timescales ranging from ~700 fs to 1 ps for the B800 à B850 energy transfer 

40-43. Previous F-2DES studies of LH2 studies showed spectra at t2 = 0 but did not report waiting-

time-dependent F-2DES measurements 7, 8. Here we present waiting-time-dependent F-2DES 

spectra of LH2 as well as the corresponding C-2DES data for comparison. 

To gain insight into the F-2DES measurements of LH2 we formulate an excitonic model-

based description of the F-2DES response. We derive a general dependence of the response on the 

excitonic structure, allowing us to quantify the effects of varying oscillator strength, excited-state 

population and excitonic delocalization on the prominence of the excited-state dynamics in the F-

2DES spectra. The model successfully reproduces the measured LH2 F-2DES spectra and the 

weak B800-B850 energy-transfer signatures. We also examine other multichromophoric 

geometries, finding that the prominence of excited-state dynamics in F-2DES measurements is 

dependent upon both the excitonic state structure and excitonic delocalization. Our results 

demonstrate that F-2DES provides a sensitive probe of excitonic structure, while the prominence 

of excited-state dynamics reveals the exciton delocalization. Although we focus on F-2DES, our 

findings are applicable to all action-detected spectroscopies and thus demonstrate their unique 

potential to investigate multichromophoric systems. 

The absorptive F-2DES spectra of LH2 are shown in Fig. 1 (top row) at waiting times t2= 

0 fs, 500 fs and 2 ps. The t2 = 0 fs spectra show strong B800 and B850 diagonal peaks and 

prominent cross-peaks, consistent with previous work 7, 8. By 500 fs, the relative amplitudes have 

changed, with the upper diagonal peak (UDP) from B800 losing intensity relative to the lower 

diagonal peak (LDP) from B850, and the ratio of cross-peak/diagonal peak amplitude increasing. 

Overall, the F-2DES spectra show little evolution in peak amplitudes or shapes as a function of 

waiting time, with the lower cross-peak (LCP), which corresponds to excitation of B800 and 
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detection of B850, showing the largest evolution in peak shape. The simulated F-2DES spectra are 

shown in Fig. 1 (middle row), displaying good agreement with the experimental measurements. In 

contrast to the F-2DES spectra, Fig. 1 (bottom row) shows the C-2DES spectra of LH2 at the same 

waiting times, revealing dramatic spectral evolution with increasing waiting time.  

Fig. 2 shows the waiting-time dependence of the F-2DES diagonal and cross-peak 

amplitudes. The colored squares overlaid on the t2 = 0 fs of the experimental and theoretical F-

2DES spectra in Fig. 1 indicate the region over which the signal was integrated to obtain the kinetic 

traces shown in Fig. 2. All four peak amplitudes show a dramatic drop within the pulse overlap 

region, followed by very small amplitude changes within the first 2 ps. As we confirm by 

calculations, the rapid initial signal drop reflects coherence dephasing that we discuss further in 

the SI Appendix. The excitation dynamics are visible in the small changes that are more apparent 

in the panels below each kinetic trace, where the vertical scale is expanded. An exponential fit of 

the decay of the UDP amplitude reveals a time constant of 1480 ± 375 fs, and corresponds to a 

change of the signal amplitude of 4.4%. The LDP shows a rapid decay within the first ~200 fs 

followed by a roughly constant signal level.  The upper cross-peak (UCP) shows little evolution 

during the first 2 ps aside from the initial amplitude drop. The LCP exhibits a small increase, which 

is fit to an exponential rise yielding a time constant of 1345 ± 575 fs, and corresponds to a signal 

rise of 6.2%. The corresponding waiting-time dependence of the C-2DES diagonal and cross-peak 

amplitudes are shown in SI Appendix Fig. S10. In contrast to F-2DES, the peak amplitude changes 

in C-2DES are much more apparent. In particular, the LCP, which is negligible at early waiting 

times, shows a clear exponential rise with a time constant of 825 ± 10 fs, amounting to ~100% of 

the cross-peak amplitude. Further details about the data fitting are provided in the SI Appendix.  
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Fig. 1. Fluorescence and coherent-detected 2D spectra of LH2. Top row: F-2DES spectra of 

LH2 at waiting times t2=0 fs, 500 fs and 2 ps. Middle row: Simulated F-2DES spectra of LH2 at 

waiting times t2=0 fs, 500 fs and 2 ps. Bottom row: C-2DES spectra of LH2 at waiting times t2=0 

fs, 500 fs and 2 ps. The colored squares in the t2=0 fs spectra in the top and middle row indicate 

the region over which the kinetic traces shown in Fig. 2 were averaged.  

 

Bolzonello et al. recently presented theoretical studies of action-detected 2DES of molecular 

assemblies 30. They find that when the output signal intensity is not proportional to the number of 
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excitations generated in the system, e.g. because of EEA, the visibility of excited-state dynamics 

is reduced as the number of chromophores increases. When the EEA is efficient, as is the typical 

case of molecular aggregates such as LH2, the intensity of excited-state dynamics in the signal is 

given by the ratio of the SE to GSB contribution. Based on a combinatoric argument, the SE/GSB 

ratio scales as 1/N for an aggregate of N identical molecules. Here we test the applicability of their 

combinatoric approach to LH2. In Fig. 3 we present double-sided Feynman diagrams that depict 

the signals that contribute to the LCP and UDP of the F-2DES spectrum of LH2. These represent 

the features sensitive to the B800-B850 energy transfer. Only the SE and GSB pathways are 

present since the two oppositely-signed ESA contributions (shown in SI Appendix Fig. S1, S2) 

cancel 21. We note that the ESA cancellation in molecular aggregates is determined by the 

efficiency of EEA and the quantum yield of higher excited states of the constituent molecules 

relative to that of their lowest excited state. The EEA efficiency in small, dense aggregates such 

as LH2 typically reaches unity. According to the Kasha-Vavilov rule 48, for typical molecules the 

fluorescence quantum yield is independent of the excitation wavelength, as verified for BChl a and 

chlorophyll a 49. The ESA cancellation can thus be expected for most typical molecular aggregates. 

For the simple combinatoric argument we consider the system to be weakly coupled, such that the 
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site basis is appropriate, with the number of pigments on the B800 and B850 rings given by N800 

= 9 and N850 = 18 respectively. We later discuss the implications of excitonic coupling.  
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Fig. 2. Kinetic traces for different peak positions. Experimental and simulated kinetic traces as 

a function of waiting time t2 at (A) the upper cross peak (UCP), (B) upper diagonal peak (UDP), 

(C) lower diagonal peak (LDP) and (D) lower cross peak (LCP) locations, obtained by averaging 

over the regions indicated by colored squares in Fig. 1. Below each kinetic trace, an expanded 

vertical scale excludes the t2 = 0 fs peak to more clearly visualize the weak kinetic signatures. 

Error bars are derived from three distinct measurements. Exponential fits to the UDP and lower 

cross-peak LCP are also shown, yielding SEB800/GSBB800 = 4.4% and SEB850/GSBB850 = 6.2% 

respectively. The UCP and LDP were normalized such that the peak amplitude at long waiting 

times (>1ps) was 1 on average. The traces were normalized to the GSB contribution as further 

described in the SI Appendix.  

 

The LCP can be described by diagrams in which the first pulse pair interacts with the ith pigment 

on the B800 ring, while the second pulse pair interacts with the jth pigment on B850 ring as shown 

in Fig. 3A. The SE pathways clearly exhibit interband energy transfer from B800 to B850 during 

the waiting time t2, resulting in a rise in the LCP amplitude. In addition to the SE pathways, an 

even larger number of GSB pathways exist that contribute to the LCP. The number of SE pathways 

is NB800 = 9. In contrast, the number of GSB pathways is NB800 * NB850 = 9*18 = 162. If all pathways 

were equally weighted, the fraction of signal showing kinetics would be given by SE/GSB = 9/162 

= 1/18 = 5.6% of the signal. This appears to be in quite good agreement with the data shown in 

Fig. 2D in which the exponential rise due to B800-B850 energy transfer constitutes ~6.2% of the 

signal.  

A similar argument can be made for the UDP, which has contributions from the GSB and 

SE pathways shown in Fig. 3B. In these pathways, the initial pulse pair interacts with the ith B800 
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pigment, while the second pulse pair interacts with the kth B800 pigment. The spectroscopic 

signatures of interband energy transfer, i.e., a rise of the LCP and a decay of the UDP, are 

connected to all the SE pathways since only these pathways include an excited-state population 

during the waiting time t2. The, intraband energy transfer can occur during waiting time t2 as well. 

However, stimulated emission must occur from whichever pigment is in the excited state at the 

time of the third light-matter interaction (the kth pigment), making the total number of SE pathways 

equal to NB800  = 9. In contrast, there are NB800* NB800 = 81 GSB pathways including the correlation 

of all B800 transitions. Assuming equal contributions of all pathways, for the UDP, the ratio of 

SE/GSB = 9/81 = 1/9 = 11%. This does not agree with the data, which show a considerably lower 

prominence of excited-state kinetics of ~4.4% derived from the exponential fit to the UDP in Fig. 

2B.  

From the pathway analysis above, it is clear that the excited-state dynamics is reflected in 

the SE contribution, visible as the UDP decay and LCP rise with the energy transfer between the 

rings. This transfer makes it possible to distinguish the spectrally identical SE and GSB 

contributions. Since only the number of pathways figures into the combinatoric argument, the 

disagreement with experiment suggests that the assumption of equal weight of all pathways is not 

valid. This implies different transition strengths in aggregates composed of the same molecules 

(BChl a in case of LH2), indicative of excitonic effects such as delocalization. 
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Fig. 3. Signatures of energy transfer in F-2DES. (A) Double-sided Feynman diagrams depicting 

the signals that contribute to the lower cross peak (LCP) which exhibits B800 to B850 energy 

transfer (ET) during waiting time t2. The structure was taken from the RSCB protein databank 

[2FKW]. 50 (B) Double-sided Feynman diagrams depicting the signals that contribute to the upper 
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diagonal peak (from B800). (C) Excitonic model of LH2, showing the energies and oscillator 

strengths of the excitonic states of the B800 and B850 bands (left). Experimental (black) and 

simulated (red) linear absorption spectrum of LH2 (right). (D) Simulated t2-dependent kinetic 

traces of the lower cross peak (upper panel) and upper diagonal peak (lower panel) using realistic 

lineshapes that take into account the finite laser spectrum bandwidth (dashed) and modified 

lineshapes that would be acquired with a flat laser spectrum (solid). The traces were normalized 

to the GSB contribution as further described in the SI Appendix. The 1/N limits (dotted) are plotted 

at the 1/N value above 1 for the LCP/UDP.  

 
To understand the experimental F-2DES data and the effect of excitonic structure, 

we performed simulations to analyze the nonlinear response using Liouville-space 

pathways and account for the excitonic nature of LH2. As before, we assume, due to EEA, 

that the spectra contain only two types of contribution: GSB and SE, of which only the 

latter reports on the excited-state dynamics. We employ a standard disordered excitonic 

model for LH2 51-53 as described in the Methods section and in detail in the SI Appendix. 

Diagonalization of the system Hamiltonian yields the excitonic state structure shown in 

Fig. 3C. In the B800 ring, the excitons are mostly localized, with similar oscillator 

strengths. In contrast, in the B850 ring a few bright states dominate the absorption band, 

while the rest have small oscillator strength and higher energy. The linear absorption (Fig. 

3C) and F-2DES spectra (Fig. 1 Middle row) were calculated by summing all the 

appropriate response pathways (see SI Appendix). To better represent the experiment, the 

calculated F-2DES spectra of LH2 were additionally multiplied by the laser spectrum along 

both frequency axes and convolved with the Fourier transform of the time-domain filter 

function used in the experimental data processing. As can be seen from Fig. 1, the 
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agreement of the theory and experiment is excellent. Upon applying the same analysis that 

we used for the experimental data, we extract the apparent SE/GSB ratios of the B800 and 

B850 manifolds directly from the kinetics of the integrated UDP and LCP as shown in Fig 

2B and D respectively. We obtain contrasts of SE/GSB = 4.1% and SE/GSB = 4.8% from 

the UDP and LCP, in good agreement with the experimental values of 4.4% and 6.2% 

respectively. This agreement demonstrates that the combination of excitonic effects and 

the influence of finite laser spectra on the measured line-shapes can explain the observed 

presence of excited-state dynamics in F-2DES measurements.  

To disentangle the effects of excitonic structure and the finite laser spectrum we calculated the F-

2DES spectra with spectrally flat pulses. In Figure S14 we show that the finite laser spectrum 

effectively pulls the diagonal and cross-peaks together, making their individual kinetics more 

difficult to separate. Fig. 3D compares the excited-state kinetics of the UDP decay and LCP rise 

calculated with the finite laser bandwidth (dashed lines), flat laser spectrum (solid lines), and the 

1/N limit that assumes identical sites and perfect distinction of the SE and GSB. Clearly, the finite 

bandwidth increases the peak overlap, decreasing the apparent SE/GSB ratio and thus the excited-

state dynamics visibility. Crucially, as seen from the LCP rise for the flat spectra, the excitonic 

effects can enhance the excited-state dynamics far beyond what is expected from the number of 

pigments. To gain insight into this effect, we consider a generic aggregate of N coupled two-level 

systems. The response pathways can be separated into those with excitonic population and inter-

exciton coherence in t2. The inter-excitonic coherence dephases rapidly and leads to the initial 

signal drop which is not relevant for the excitation transfer. We thus consider only the population 

pathways. The ratio between the spectrally-integrated SE and GSB in the absorptive F-2DES 

spectra can be expressed as 
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SE
GSB =

∑ 〈(!(!("("〉*"!(,#)$
!,"&'
∑ 〈(!(!("("〉$
!,"&'

.				(1) 
Here, (! is the transition dipole moment of the excitonic state i, and !!"(##) is the population 

propagator in the waiting time t2, i.e., the conditional probability that, provided the excitation 

started in state i, it will be in state j after time t2 has passed. The orientational averaging is denoted 

by 〈〉. The F-2DES spectra of LH2 were measured and calculated with all-parallel pulse 

polarizations and thus contains a weak anisotropy contribution. Here, to isolate the population 

dynamics only, we will consider the isotropic signal acquired under the so-called magic angle 

between the polarization of the first and second pulse pairs, for which 〈&"&"&!&!〉$.&. = '
( |&"|

#*&!*
#
. 

There are two limits under which the SE/GSB ratio reduces to the combinatoric result of 

Bolzonello et al. 30: a uniform population of all states regardless of the initial state ( e.g., iso-

energetic landscape), !!"(##) = '
)∀,, ., and all states with the same oscillator strength |&"|# = |&|#∀". 

For these cases, Eq. (1) for the ratio reduces to  

/ SEGSB4*+,-./$	1.1*2&3,.+
= / SEGSB44&$5	.46,22&3./	43/5+738

	

= 1
7.				(2) 

 
However, none of these situations strictly applies to real aggregates. An interesting case is that of 

(quasi)equilibration within the excitonic manifold, for which we have !!"(##) = 9!9:∀,. In this case, 

the ∑ |&"|#"  can be factored out and the SE/GSB ratio becomes  

/ SEGSB45;*,2,</&35=
=
∑ *&!*

#9!5;)
!>'

∑ *&!*
#)

!>'
.				(3) 

In the ratio, the sum of the oscillator strengths (GSB) is compared to the same sum weighted by 

the populations. At thermal equilibrium at temperature T, the population of the excitonic states are 

9!9: = exp >−@! A?BC D>∑ exp >−@@ A?BC D)
@>' D

A'
 where 3" are the state energies. Depending on the 
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excitonic state structure (energies, oscillator strength, delocalization), the SE/GSB ratio can thus 

be larger or smaller than 1/N.  

Eqs. (1)-(3) are very simple and connect the static properties of the excitonic manifolds, 

without considering dynamics or line shapes, to the SE/GSB ratio that is observable as the weak 

dynamics in F-2DES spectra. To verify that the extracted SE/GSB ratio can indeed be inferred 

from the excitonic structure in realistic systems, we calculated the F-2DES spectra of various 

aggregates, as described in the SI. In F-2DES, the SE can be distinguished from GSB either by its 

spectrum or kinetics. In excitonic manifolds with many states, this can prove to be very difficult 

due to large spectral overlap and small SE/GSB ratio. This is the case of the individual LH2 rings 

as well, both of which have broad, featureless spectra. Fortunately, the excitation transfer between 

the rings allows us to distinguish the excited-state dynamics from the constant GSB contribution. 

We thus also construct our test aggregates with two spectrally distinct manifolds. For aggregates 

of varying geometries, sizes and excitonic delocalization, we have extracted the SE/GSB ratios 

and compared them to the results of Eq. (3), finding excellent agreement (see SI Appendix). This 

indicates that it is indeed the static excitonic state structure that dictates the presence of excited-

state dynamics. These expressions apply to any aggregate that features distinct excitonic manifolds 

with rapid intra-manifold equilibration and slow inter-manifold energy transfer. One extreme case 

would be a perfect J aggregate for which all oscillator strength is in the lowest-energy state, leading 

to > BC
DBEDFA&77 → 1. The opposite extreme case is a perfect H aggregate in which only the highest-

energy state is bright, leading to a vanishing SE in the excited-state equilibrium and > BCDBEDGA&77 → 0. 

In general, the ratio will be somewhere between these two extremes, depending on the aggregate 

geometry, electronic coupling, energetic disorder and the excitonic delocalization (see Fig. 4A). 

In the case of the linear J/H aggregate, the SE/GSB ratio monotonously increases/decreases with 
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the excitonic coupling relative to energetic disorder, correlating with the excitonic delocalization. 

In these aggregates, the SE/GSB ratio thus directly reports on the excitonic delocalization. A 

slightly more complex example is a circular aggregate in which the dipole moments are oriented 

tangentially to the circle. In a large circle (small coupling) the dominating interaction is between 

nearest neighbors, and the aggregate has J-type character, with the SE/GSB ratio increasing with 

delocalization. When decreasing the circle size (increasing coupling), the ratio reaches its 

maximum and then starts to decrease, signifying the transition to predominantly H-type behavior.  

 
Fig. 4. Effect of delocalization on the signatures of energy transfer in F-2DES. (A) 

Dependence of the SE/GSB ratio on the excitonic delocalization for different types of molecular 

aggregates. Here the electronic coupling is characterized by the nearest-neighbour coupling Jnn, 

while σdis characterizes the Gaussian disorder (mean square deviation). The delocalization length 

5()*+, (blue) is calculated as described in the Methods section. Thin, gray lines at 1 and 6 are the 

1/N value for identical molecules and the maximum ratio for a perfect J-aggregate with 6 

monomers. (B) Dependence of the SE/GSB ratio on the excitonic delocalization for the LH2 B850 
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ring. The dotted line indicates the |Jnn|/	σdis used in the F-2DES simulations, yielding a SE/GSB 

ratio of ~3 times larger than the 1/N limit. 

Having discussed the general aggregates, we briefly return to LH2 to understand the role 

of excitonic coupling and delocalization in the observed dynamics. Fig. 4B depicts the dependence 

of the SE/GSB ratio on the excitonic delocalization for the LH2 B850 ring, in which both the 

electronic coupling and energetic disorder are relatively strong, leading to a significant excitonic 

delocalization and more complex state structure 53. At the same time, the equilibration within the 

B850 manifold is much faster than the B800àB850 transfer, so that Eq. (3) applies. To include 

the population transfer, Eq. (3) can be augmented as  

/ SEGSB4EHII
=
∑ 9@9:*&?HII!*

#(
@>'

∑ *&?HII!*
#(

@>'
GA@"#$$→"#&$J' 									(4) 

for the B800 ring, and 

/ SEGSB4EHKI
=
∑ 9!9: H&?HKI(H

#'H
!>'

∑ H&?HKI(H
#'H

!>'
X 

        (1 − GA@"#$$→"#&$J').							(5) 

for the B850 ring. These expressions formalize the connection to the UDP decay and LCP rise 

observed in the experimental F-2DES data. 

The geometry of the LH2 B850 18-BChl a ring is similar to that of the circular aggregate, 

leading to an analogous non-monotonous SE/GSB ratio dependence. For realistic LH2 parameters, 

the electronic nearest-neighbor coupling and energetic disorder are of a very similar magnitude 

which results in the lowest-energy states carrying most of the oscillator strength. This places the 

SE/GSB ratio close to its maximum in Fig. 4B. We thus have from just the excitonic structure, the 

rise of the LCP is SEB850/GSBB850 = 17% (18% for all-parallel), which is ~3 times larger than 

1/N=1/18 limit (5.5%) as well as the extracted experimental value of 6.2%. In the B800 ring the 
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coupling and thus delocalization is much weaker, giving SEB800/GSBB800 = 13% (11% for all-

parallel pulse polarizations). This matches the 1/N=1/9 (11%) value for independent sites, but is 

again larger than the experimental value of 4.4%. As in the experiment, the SE/GSB ratio is about 

1.5 times larger in the B850 ring (seen in the LCP) than in the B800 ring (seen in the UDP). The 

values are, however, larger than the experimental ones, highlighting the importance of including 

realistic lineshapes and the effects of finite laser bandwidth. A summary of the various SE/GSB 

ratios extracted from the different calculations is given in SI Appendix Table S1 for easy 

comparison with the experimentally determined ratios. 

The growing popularity of action-detected 2D spectroscopies motivates an in-depth 

analysis of their potential for probing excited-state dynamics in molecular systems. While F-2DES 

has revealed excited-state dynamics in molecular dyads 19-21 and Rb atoms 17, recent work 30 raises 

doubts about the extent to which excited-state dynamics are visible in larger molecular aggregates. 

Using LH2 as a model system, our experimental data clearly demonstrates that F-2DES of LH2 

shows weak but distinct spectral evolution as a function of the waiting time, in stark contrast to C-

2DES (see Fig. 1). In particular, the kinetics of energy transfer from B800 to B850 are difficult to 

discern in F-2DES, constituting a ~6.2% change in the signal level of the LCP, compared to ~100% 

in C-2DES. The rise in the LCP in the F-2DES data occurs with a time constant of 1345 ± 575 fs, 

consistent with previous reports of the B800-B850 energy transfer time 54 and with our C-2DES 

measurement of 825 ± 10 fs. The substantially smaller relative kinetic signals in F-2DES compared 

to C-2DES means that high signal-to-noise ratio is required for resolving LH2 energy transfer 

kinetics with F-2DES. For observing energy transfer in LH2, C-2DES offers a clear advantage 
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over F-2DES. However, the strength of the excited-state signatures in F-2DES carry important 

information about the excitonic structure as discussed below. 

In order to understand the origin of the kinetic signatures in the F-DES spectra of LH2, we 

first examined the LH2 signals in the context of the combinatoric argument presented by 

Bolzonello et al. 30. At first glance, the experimentally extracted SEB850/GSBB850 of 6.2% appears 

in good agreement with the estimate of 5.6% obtained from the 1/N limit for the LCP. This 

fortuitous agreement incorrectly suggests an absence of excitonic delocalization in the B850 band. 

One would expect even better agreement with the 1/N limit for the B800 band due to its 

considerably weaker coupling in comparison to B850. Here we find that the 1/N limit fails, 

predicting SEB800/GSBB800 = 11% for the UDP, greatly exceeding the experimental value of 4.4%. 

Seeking better agreement with the experimental data we simulated the F-2DES spectra based on 

an excitonic model for LH2, using parameters consistent with previous work. Our F-2DES 

simulations showed weaker dynamic signatures than expected based strictly on the excitonic 

model of LH2. We attributed this to the insufficient separation of the broad B800 and B850 peaks 

in the F-2DES spectrum, and the effects of finite laser bandwidth. Taking both the laser spectrum 

and peak overlap into account we were able to obtain SE/GSB ratios in good agreement with the 

F-2DES measurements. The SE/GSB value reports on the interplay of excitonic coupling and 

disorder, allowing us to infer the delocalization within the B850 ring (Fig. 3C) to be about 3.5 to 

4 BChls, in agreement with previous studies 52, 55, 56. 

Through simulation we explored other molecular aggregate geometries, showing that the 

relative prominence of the excited-state dynamics is determined by the structure of the excitonic 

state manifold. Dependent on the aggregate geometry, the relative contribution of the excited-state 

dynamics can be greatly enhanced or suppressed. When the geometry of the system is known, 
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there is a clear relation between the SE/GSB ratio and excitonic delocalization. This allows 

excitonic delocalization to be inferred within dense excitonic manifolds. We note that this is a 

unique feature of F-2DES which is distinct from C-2DES, for which coherent artifacts near time 

zero and ESA signals that are oppositely-signed from GSB and SE complicate the determination 

of excitonic coupling and delocalization 20, 57. While it might be difficult to distinguish the SE from 

GSB within the manifold by itself, the presence of an additional, spectrally separated manifold 

connected by slow excitation transfer is sufficient to make the SE visible. We note that future 

experimental advances, such as time-gating the fluorescence signal in F-2DES 31, 38 could allow 

for isolation of the SE signals, as could the recently-proposed 2D-FLEX method 58. 

Given the difficulty in observing excited-state dynamics in multichromophoric systems 

with F-2DES, the question arises as to what systems and questions are better-suited to action-

detected spectroscopies compared to their coherent counterparts. Action-detected spectroscopy 

combines several advantages such as absence of nonresonant contributions, spatially resolution 

and high sensitivity down to the single molecule level 59. Photocurrent-based 2DES measurements 

of solar cell materials have shown wide variability in their sensitivity to excited-state dynamics 

between semiconductor-nanocrystal 9, perovskite 35 and organic samples 10. The work of 

Bolzonello et al. 30 suggests that the ability of action-based 2DES to resolve excited-state dynamics 

decreases with system size, as predicted by their 1/N limit. They point out that “N should be 

identified with the number of absorbing states rather than the number of independent 

chromophores”. Eq. (3) is consistent with this idea, showing that the excitonic structure reweights 

the relative contributions of the states, showing that in the case of strong delocalization, it is 

possible to significantly beat the 1/N limit. Thus, characterizing the SE/GSB ratio provides direct 

information about excitonic delocalization, a clear benefit of action-detected measurements. 
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Remarkably, this works for dense excitonic manifolds as well, as long as the SE can be 

distinguished, for example by its dynamics as in LH2. An interesting effect occurs if large 

multichromophoric systems are connected to a smaller system containing only a few pigments. 

Our analysis suggests that energy transfer to the smaller system might be still observable in the 

cross-peak dynamics since the SE/GSB ratio depends only on the structure of final excitonic 

manifold [see Eq. (3)]. One particular system might be the Heliobacterial reaction center in which 

the antenna and the core of the reaction center can be spectrally separated 60. In addition, probing 

the excitonic structure via F-2DES might be particularly informative for systems with broad ESA 

signals such as photosynthetic reaction centers. Separated from their antenna complexes, these 

systems contain a small number of pigments. Understanding their excitonic structure in the low 

energy Qy region is an outstanding challenge due to a combination of disorder and spectral overlap 

of the constituent pigments. Attempts to leverage distinct Qx signatures of the pigments to untangle 

the Qy excitonic structure have been complicated by the broadband ESA signals in the Qx region 

61. Should the oppositely-signed ESA pathways in F-2DES cancel in such systems as they do in 

LH2, broadband F-2DES measurements may offer advantages over C-2DES for revealing 

excitonic structure. 

The LH2 samples from Rbl. acidophilus were prepared following established protocols 62 

that are described in detail in the SI Appendix. Our experimental setup for the F-2DES 

measurements is based on the acousto-optic phase modulation and lock-in detection scheme first 

demonstrated by Marcus and co-workers 6, 63, and used previously by us 7, 21. We describe our 

current implementation in detail in the SI Appendix. The pulse energies used were 5.5 pJ per pulse 

with spot sizes of 16 µm, exciting ~10% of the sample at each laser shot. Samples were flowed at 

~75 mL/min to reduce photobleaching effects. The t1 and t delays were scanned from 0 to 91 fs, 
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in steps of 7 fs, while t2 was scanned from 0 to 2000 fs. A lock-in time constant of 100 ms was 

used in the measurements and the signal at each combination of the three delays was averaged 

over 60 acquisitions (8 min per t2 delay). The C-2DES measurements were made in the pump-

probe geometry as reported previously 64. The pump pulses had a total pulse energy of 7.3 nJ and 

were focused to 190 μm at the sample position, whereas the probe pulse had a pulse energy of 2.5 

nJ and was focused to 180 μm. The t1 delay was scanned from 0 to 180 fs, in steps of 5 fs, in the 

partially rotating frame with 0-π phase cycling. For the B800-B850 energy transfer kinetics, t2 was 

scanned from -100 to 5000 fs in 100 fs steps. Each t2 spectrum was collected in ~1.5 minutes, 

requiring ~90,000 total laser shots. Further details on the C-2DES implementation are in the SI 

Appendix. 

The excitonic model of LH2 was constructed as follows (additional details in the SI Appendix). 

Using the structure from the RSCB protein databank [2FKW] 50, we calculate the electronic 

coupling via the dipole-dipole approximation. We assume identical site energies for the B800 

band, and BChl a dimers in the B850 band 65, with Gaussian energetic disorder three-times stronger 

in the B850 band, reflecting possible charge-transfer character 66. The static excitonic structure is 

depicted in Fig. 3A. The excitonic delocalization can be calculated as J=52.6 = 7>∑ *KL" *
M)

",L>' D
A'

, 

where 8-!  are the coefficients of the transformation from the site basis (index n) to the excitonic 

basis (index i), where N=9 for the B800 ring and N=18 for the B850 ring. We describe the 

vibrational bath using a 3-component Brownian oscillator model, and intra-manifold population 

relaxation rates as well as coherence dephasing are calculated using Redfield theory. The excitonic 

lineshapes are calculated by a cumulant expansion using the same spectral density, considering 

exchange-narrowing and relaxation-induced broadening. For faster calculations in the frequency 

domain, the lineshape was fit to a Lorentzian. The waiting time propagator *(,#) was calculated 
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using the secular approximation and matrix exponential, with the excitation transfer between the 

rings described by a site-independent rate with time constant of 830 fs.  
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