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ABSTRACT: This study elucidates the information content that is extracted from action-2D 4233 (83;
electronic spectroscopy (A-2DES) when the output intensity is not proportional to the number (2233 @ 423;
of excitations generated. Such a scenario can be realized in both fluorescence and photocurrent tfg? f@?

detection because of direct interaction like exciton—exciton annihilation or indirect effects in the @ (Egg;

signal generation or detection. By means of an intuitive probabilistic model supported by (E:SJ (Egg;
nonlinear response theory, the study concludes that in molecular assemblies the ground-state

bleaching contribution can dominate the nonlinear signal and partially or completely hide the
stimulated emission. In this case, the spectral effect resembles incoherent mixing, even in the

absence of exciton—exciton annihilation, implying reduced information about the excited-state

dynamics with an increasing number of chromophores. This finding has important implications \> J
for the selection of samples for A-2DES as well as for its interpretation. . @ f

Action-ZD electronic spectroscopy (A-2DES) has been the net loss of an exciton. These processes underlie the

attracting significant attention due to its advantages emergence of cross-peaks in the spectrum at early waiting
compared to conventional coherent-2D electronic spectrosco- times.'”~>' Furthermore, it has been reported how the
py (C-2DES). Both techniques are employed to investigate the phenomenon of incoherent mixing can affect A-2DES
dynamics of complex multichromophoric systems. In C-2DES, spectra.”” In this case, due to nonlinear population dynamics,”
the observable is a coherent electric field originating from the e.g., exciton—exciton annihilation and Auger recombination, or
macroscopic polarization of the sample induced by a sequence to nonlinearities in the detection process,23 linear responses
of laser pulses.l’z Conversely, in A-2DES, the observable is an can mix during the detection entering the signal and potentially
incoherent signal proportional to the excited-state population masking the nonlinear response of the system.22’24’25
generated by the light—matter interaction.” The nature of this The equivalence between the origin of cross-peaks at early
incoherent observable connects 2DES to almost any kind of waiting times and the phenomenon of incoherent mixing was
signal, i.e., fluorescence,’ photocurrent,6_8 photoions,” and recently demonstrated for a weakly interacting molecular dimer

in the presence of EEA.”> However, it is not yet clear how
incoherent mixing affects the response in the case of
multichromophoric systems and whether other mechanisms
beyond EEA may lead to the same spectral features. This paper
clarifies these aspects. Specifically, we will show that in the case
of molecular assemblies, (i) cross-peaks related to incoherent
mixing translate into the dominance of the ground-state

photoelectrons,'”'" allowing for the study of a wide range of
systems under operando conditions.'> Furthermore, A-2DES
can be combined with microscopy techniques'” or even single-
molecule detection.'* However, the difference between the
information obtained from the two techniques is a matter of
debate. Indeed, the third-order polarization detected in C-
2DES cannot be simply reconstructed from the fourth-order > ) e ks
population generated in A-2DES. Indeed, while in C-2DES, the bvleachmg over the stimulated emission con.trlbutlo? of.the
signal is emitted over an ultrafast time scale (ps) limited by the §1gnal a.nd (ii) the eﬁe?t does not necessarily require dz.rect
dephasing of the optical coherence, in A-2DES, the incoherent 1r'1teract10'n between excitons, €8 }.EEA'or Auger recoml?ma—
signal is collected over a longer time scale (>ns) during which tion, but it can result from other indirect 11.1teract10.ns. To give a
the excited-state population may undergo several processes concrete example, natural photosynthetic proteins, such as

during the detection.

Among these processes, we recognize the internal con- Received: October 10, 2023
version from excited states with higher energy to the lowest Revised: ~ November 22, 2023
one, from which fluorescence occurs according to Kasha’s Accepted: December 5, 2023

rule.”” Another example is represented by exciton—exciton Published: December 12, 2023

annihilation (EEA) in multichromophoric systems™'*'® and
Auger recombination in nanostructures,”'”'® both resulting in
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Figure 1. In action spectroscopy, the detected signal is proportional to the excited-state population. (a) In an ensemble of identical molecules,
represented as two-level systems, the signal is proportional to the number of excited molecules. The molecules can be independent (blue-circled) or
grouped in assemblies of N molecules (orange-circled) emitting a single output. The state of the assembly can be represented using a single-particle
or a multiparticle description. (b) From the multiparticle perspective, the states can be distinguished into different manifolds k), depending on the
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One-particle
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number of excitons k. The number of states in each manifold is determined by the binomial coefficient ( IIc\] )

photosystems I and II or light harvesting complex 1 (LH1),
contain a high number of chromophores but only one reaction
center.”® If two excitations are generated, they can directly
interact, leading to EEA. However, if one excitation reaches the
reaction center, it influences the fate of the second excitation in
a very indirect way. Indeed, as long as the charge separation
step is slower than the exciton lifetime, the second excitation
will eventually relax to the ground state because of the
impossibility of reaching the reaction center. These additional
nonlinearities are characteristic of action detection schemes,
implying a mismatch between action- and coherent-detected
spectra.

The light—matter interaction is commonly described in the
framework of response theory.”” The nonlinear signal is given
by higher-order terms in the response that allow a
comprehensive explanation of the quantum dynamics of the
system. At the same time, these theoretical tools could drive
the spectroscopist far from a more practical and experimental
approach. For this reason, here, we examine the contributions
to the signal using two approaches.

The first approach involves the probabilistic description of
the light—matter interaction considering an assembly of N
molecules. This approach aims to identify the sources of
nonlinearity in cases where the number of readable outputs
differs from the number of molecules excited. In other words,
we are referring to those systems where more than one exciton
can be excited, such as multichromophoric systems as well as
quantum dots, but a smaller number of excitons can be
detected because of exciton—exciton annihilation, Auger
recombination, internal conversion, or limited charge separa-
tion.

The second approach translates these findings into the
framework of the response theory. The nonlinear signal is
given by several contributions related to the different pathways
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followed by the system upon the light—matter interaction. For
the third-order polarization, these contributions are ground-
state bleaching (GSB), stimulated emission (SE), and excited-
state absorption (ESA), commonly used to describe the signal
in pump—probe spectroscopy and 2DES. As anticipated, in the
context of action-detected techniques, the readout involves the
detection of the fourth-order population, i.e., the number of
excitons after the pulse train. If populations decay through
processes other than the emission, then the signal could suffer
from nonlinearities beyond the optical one. To include these, it
is useful to distinguish between the nonlinear terms involving a
single molecule and those involving different molecules in the
same assembly. Throughout our discussion, we assume
excitations with a local character and therefore weak coupling
between distinct absorbing units.

Let us start by considering an assembly of N identical
molecules, each described by a ground state lg) and an excited
state le) (Figure 1a). In the multiparticle basis, the state of the
assembly is given by accounting for the state of each molecule
simultaneously.”>>*® The states can be distinguished into
different manifolds that differ by the number of excited
molecules (Figure 1b). The number of states in each manifold |
k) scales as the binomial coefficient:

] (1)

where k is the number of excitons. In the following, each
assembly is assumed to contribute to the signal with a single
output, i.e., one photon emission or one charge separation. We
stress that this simple assumption mimics indistinctly very
different scenarios: the presence of nonlinear population
dynamics, e.g., EEA or Auger recombination, nonlinear signal
generation, e.g, charge separation in photosynthetic systems,
or nonlinearities in the detection, e.g., single-photon detector.

NI
T kNN = k)!
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Figure 2. Simulation of action-detected pump—probe experiment for a molecular assembly. (a) An assembly interacts with two pulses, namely
pump and probe. For each pulse, a molecule can either undergo a transition with probability p or remain in the same state with probability 1 — p.
(b) The nonlinear signal is given by the difference between the pump—probe signal Sp,p, and that of independent pump and probe Sy, and Sp,. The
depiction of an assembly shows how part of the nonlinear signal originates from the excitation of distinct molecules by different pulses, which
happens if the two excitations undergo annihilation or share the same reaction center for charge separation. (c) A schematic representation
illustrating the pump—probe experiment. The interaction with the pump excites molecules in the assembly with a certain probability. By finding the
assembly in a different population state, the interaction with the probe does not double the probability of molecules being in the excited state,
giving rise to the nonlinear signal. (d) Signal from the pump—probe (solid line), signal from two independent pulses (dashed line) and nonlinear
signal (infill area) as a function of the transition probability p for an assembly with N = 1 (blue) and N = 3 (orange). (e) Decomposition of the
nonlinear signal in GSB and SE contributions for N = 1 and N = 3. (f) The ratio between SE and GSB contributions follows 1/N for p — 0, while it

decreases for higher values.

Initially, all of the molecules are in their ground state. Then,
they interact subsequently with two identical laser pulses,
termed the pump and probe in analogy with spectroscopy. At
each pulse, a molecule can undergo an electronic transition
with probability p = I, where I is the photon fluence and o is
its cross section, or remain in the same state with probability 1
— p (Figure 2a). In a realistic assembly, molecules can have
different orientations; thus, p would be different for each
molecule. For the sake of simplicity, we keep p equal for all
molecules; however, the main conclusions hold in the more
general case.

After the pump pulse, the probability of having a certain
number of molecules in excited state Py follows the binomial
distribution:

NY ko Nk
PN,k_(k)P(l p) @

We define the probability of detecting a signal after the pump
pulse as the probability of having at least one molecule excited
in the assembly:
Sg:l_PN,ozl_(l_P)N (3)
where (1 — p)V represents the probability that none of the N
molecules get excited. Notice that for N = 1, the signal simply
reduces to Sp, = p = Io, that is, the probability of exciting an
independent molecule. Within the same detection setting, the
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signal after the pump—probe sequence is again proportional to
the probability of having at least one excitation in the system.
This can be evaluated from the probability of the
complementary event, that is, every molecule is in the ground
state. This is true if each molecule undergoes either no
transition (1 — p)* or two transitions p*:

Sppe =1 = [(1 = p)* + "1V (4)

The nonlinear signal is obtained by subtracting the pump—
probe signal from that of the independent pump and probe
pulses (Figure 2c):

N
SNL -

21 -1 -pNM-{1-[(0-p)+p 1} (s)

From the spectroscopic point of view, the nonlinear signal can
be extracted by modulating the amplitude of the pulses using a
chopper (Fi§ure 2b), as done in two-pulse action-detected
experiments.” >

In Figure 2d, we report the nonlinear signal for two
assemblies with different numbers of molecules, N=1and N =
3. We notice that for N = 1 the nonlinearity comes only from
the double interaction with the pulses as Sll7 is linear with p,
while for N > 1, even the signal from the single pulse is
nonlinear, according to eq 3. Notice that because a single
output is detected, the nonlinear signal saturates at 1 for any
value of N. However, the probability of measuring an output

N N
2’SPu - SPuPr =

https://doi.org/10.1021/acs.jpclett.3c02824
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Figure 3. (a) Feynman diagrams for ground-state bleaching (GSB), stimulated emission (SE), excited-state absorption I (ESAI), and excited-state
absorption II (ESAII) of the rephasing signal in A-2DES. The diagrams are distinguished into self-population pathways “s”, if the four pulses
interact with the same chromophore, and cross-population pathways “c”, if each pair of pulses interacts with different chromophores. (b) Table
reporting the number of contributions to the signal for each kind of pathway, in the case of different values of the coeflicient . For a = 0, there is
mutual cancellation between cross-population pathways, while for @ = 1, only ESA-type pathways mutually cancel.

increases steeper as N becomes larger. Therefore, at this stage,
we can already highlight two different sources of nonlinearity:
the optical nonlinearity due to the interaction with the two
laser pulses and the nonlinearity in the signal detection due to
the measurement of a single output.

However, before aiming at these classifications, it is
convenient to identify two complementary nonlinear con-
tributions: the stimulated emission (SE) and ground-state
bleaching (GSB). The SE signal is given by the process in
which the probe deexcites a molecule that has been excited by
the pump. Because this event is detected only when it leads to
a change in the signal, if another molecule in the assembly gets
excited, the double transition would result unmeasured. Thus,
in our model, the SE signal is defined as the probability that at
least one molecule in the assembly undergoes two transitions
and the final output is vanishing:

S =11 —p? +p 1N = (1 = p™ (6)

where [(1 — p)* + p*1" is the probability of vanishing output
from the assembly, while (1 — p)?" is the probability that all
molecules undergo no transitions.

Instead, the GSB signal is given by the probability that the
probe excites at least one molecule in the assembly given that
the pump has already excited another molecule, as this would
give no additional signal:

Ses=11-(1 - p)"P )

In other words, this is the lack of signal because the assembly
has been excited by the pump. The nonlinear signal
corresponds to the sum of the GSB and SE contributions:

N _ oN N
Snr = Sgse T Sse (8)

In Figure 2e, we show the decomposition of the nonlinear
signal into SE and GSB contributions. For N = 1, the two
contributions are equal to Si; = Sgg as expected for
independent molecules, while for N > 1, Sgg becomes larger
than S3. As shown in Figure 2f, their ratio is

=2

Ss 1
Sess N ©9)

where the equality holds in the limit of small transition
probabilities, p — 0.

The probabilistic approach can be connected to the
perturbative framework of nonlinear response theory, thus
enabling the analysis of action-detected 2D experiments. In
four-pulse A-2DES, the components of the fourth-order signal
are typically selected using phase-cycling** or phase-
modulation® schemes. The pulses are separated by delay
times t), t,, and t;, while the emission of the incoherent signal
occurs during t,. At each light—matter interaction, the state of
the system changes from population to coherence, and vice
versa. Therefore, each second-order interaction, which occurs
with probability p in the pump—probe picture discussed above,
is replaced by two first-order interactions in the four-pulse
setting (Figure 3a).

Without loss of generality, we limit our analysis to the case
where only one- and two-exciton manifolds, denoted as I11) and
[2) in Figure 1b, are populated with a non-negligible
probability at the end of the pulse train. As shown in Figure
1b, these manifolds consist of all of the states in which one or
two molecules are excited. We define P, , as the probability that

the system is in the collective state lg;..e,..gy) in the one-
exciton manifold and P,, as the probability of being in the

state gy...¢,...€,...gn) in the two-exciton manifold.

In experiments, the incoherent signal is typically integrated
along the detection time t,. The time-integrated signal is
proportional to the population of one- and two-exciton
manifolds at t, = 0, which in turn depend on the delay times
t), t,, and t; and the phases of the pulses. By selecting a certain
phase combination, e.g, rephasing, nonrephasing, or double-
quantum coherence, and assuming that all chromophores have
identical quantum yield @, the time-integrated signal can be
written as

S=2Y 2,0 +2-a@Y ¥ B, (0

n=1 m>n (10)
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where the parameter a quantifies the deviation of the
contribution of the two-exciton manifold from twice that of
the one-exciton manifold. In the Supporting Information, we
derive eq 10 from a kinetic model for the populations during
the detection time, including exciton recombination, EEA, and
different signal generation rates of the one- and two-exciton
manifolds.

The different pathways that generate populations on the
one- and two-exciton manifold upon light—matter interaction
can be visualized in terms of Feynman diagrams (FDs). In
Figure 3a, we report FDs for the rephasing signal considering
the ground state |0), the one-exciton state |1), and the two-
exciton state 12). Notice that pathways that are in a coherence
during the waiting time ¢, have been neglected. In the weak
coupling limit, this coherence is established between
(localized) site states rather than (delocalized) excitonic states.
Because this coherence dephases at twice the rate of the optical
coherence, these pathways can be neglected when the
dephasing time is comparable to the pulse duration.

The pathways are distinguished into ground-state bleaching
(GSB), stimulated emission (SE), and excited-state absorption
(ESA) processes. While both GSB and SE pathways end in a
one-exciton population, the presence of a fourth pulse gives
rise to two kinds of ESA pathways, ending either in a one-
exciton (ESAI) or in a two-exciton (ESAII) population. Each
pathway contributes to the signal with a sign (—1)", where ny
is the number of interactions on the bra side of the FD.
Therefore, GSB, SE, and ESAI contribute with negative
features to the spectrum, while ESAII comes with positive sign.
Depending on their sign, spectral features associated with
different pathways may interfere constructively or destructively
within the spectrum, eventually leading to partial or complete
cancellation.

In weakly interacting systems, FDs can be differentiated into
self- and cross-population pathways,” respectively identified
by the superscript “s” and “c” in Figure 3a. In self-population
pathways, the four pulses interact with the same chromophore,
while in cross-population pathways, each pair of pulses
interacts with different chromophores. Because self- and
cross-population pathways have the same phase relation, they
are extracted together in the signal. To comprehend their
contribution to the final spectrum, we need to understand how
the different pathways combine in the signal. Notice that in the
present model, ESA-type contributions are all cross-population
pathways simply because we have assumed that each molecule
is described as a two-level system. While this assumption
simplifies the analysis of the signal, it can be relaxed by
including the double excited state of each molecule.

First, consider the ideal case where the two-exciton state
contributes twice as much as the one-exciton state to the
signal, corresponding to @ = 0 in eq 10. This is realized in the
absence of EEA and when the signal generation rate of the
two-exciton manifold is twice that of the one-exciton manifold.
Under these conditions, the signal reduces to the sum of the
nonlinear response of independent chromophores, that is

S=0 R (0)

n=1 (11)

where the single chromophore population results from the sum
over that of the collective states, P, = P, + > snPe . In this

case, only the GSB and SE self-population pathways contribute
to the spectrum, meaning that the ESAII cross-population

pathways exactly cancel the GSB and ESAI cross-population
pathways. This corresponds to the situation with N = 1 in eqs
6 and 7, recovering an equal intensity of GSB and SE
contributions to the nonlinear signal while other sources of
nonlinearity are absent.

The situation changes when a > 0. Let us consider the case
where the assembly of N molecules generates the same signal
independently of the number of excitations so that the one-
and two-exciton manifolds contribute equally, corresponding
to @ = 1 in eq 10. In the Supporting Information, we show that
this situation can result either because of fast EEA during t, or
when the two-exciton manifold generates the signal at the same
rate as the one-exciton manifold, in the absence of EEA. In this
case, which identifies the limit of complete annihilation, the
signal can be written as

S=0),R(0)+®), > P, (0)=

n=1 m>n

@Y, (0) ~ @), > B(0) x P (0)

n=1 m>n (12)

Notice that the contribution of the two-exciton state to the
signal is reduced, resulting in mutual cancellation between the
ESAIl and ESAI cross-population pathways. Therefore, in
addition to the self-population pathways from GSB and SE, the
GSB cross-population pathways also contribute to the
spectrum. This contribution to the signal corresponds to the
nonlinearity due to the reduced response of the assembly,
resulting from eqs 6 and 7 for N > 1.

The second equality in eq 12 shows that in the case of weak
coupling between different chromophores, the population of
the two-exciton manifold at t, = 0 can be factorized as P, , (0)

=P, (0) x P, (0). Therefore, the additional signal boils down

to the product of the linear signals of the individual molecules.
This is analogous to the phenomenon of incoherent
mixing””**** as we will further discuss below.

A key point to note is the different scaling of the number of
self- and cross-population pathways: GSB involves N self-
population pathways and N(N — 1) cross-population path-
ways, while SE involves N self-population pathways (Figure
3b). This is reflected in the number of linear and product
terms contributing to the signal in eq 12. As N increases, the
striking consequence in the spectrum is the dominance of GSB
cross-population contributions over the self-population signal,
in analogy with the ratio resulting from the probabilistic
analysis in eq 9. Indeed, the ratio between the number of SE
and GSB pathways is

SE SE’ N 1

GSB  GSB'+ GSB° N+ N(N-1) N (13)

resulting that, for large N, the GSB contribution can
completely dominate over the SE contribution, in the limiting
case of @ = 1. Furthermore, we also notice that the ratio
between the number of self- and cross-population pathways is

self GSB°+SE° 2N 2
cross GSB* N(N-1) N-1 (14)

meaning that for large N, the nonlinear signal is dominated by
cross-population pathways.

These ratios are important to assess the information content
in the spectra as SE is the only pathway containing information
about the excited-state dynamics along ¢, and self-population
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Figure 4. Total (first column), self-population contribution (second column), and cross-population contribution (third column) for the rephasing
signal of two different assemblies with (a) N =2 and (b) N = 100. On the left, a schematic representation of the energy levels for the two systems.

pathways contain the nonlinear response of the chromophores.
As N increases, the contribution of cross-population pathways
becomes more significant, reducing the amount of dynamical
information. In other words, both self- and cross-population
pathways contribute to the spectra, but only the former
actually provides information about the excited-state dynamics
in the system, while the latter simply reduces to the product of
linear responses of the two molecules with no evolution along
t,.

We now consider the interplay between self- and cross-
population pathways to the A-2DES spectra at waiting time ¢,
= 0 fs by varying the number of chromophores N. Assuming ®
=1 and a = 1, in Figure 4 we report the rephasing spectra for
N = 2 (Figure 4a) and N = 100 (Figure 4b), along with the
isolated contributions from self- and cross-population path-
ways. For N = 2, we consider two chromophores with different
excitation energies so that the net effect is the appearance of
well-defined cross-peaks. The transition energies of the two
molecules are respectively €, = 1.55 eV and €, = 1.46 eV.
Instead, the energies of the chromophores for N = 100 are
drawn from a Gaussian distribution with mean ¢ = 1.5 eV and
standard deviation 6 = 45 meV. In both cases, we consider a
Voigt line shape function g(t) = I't + A*#, which accounts for
inhomogeneous (A = 20 meV) and homogeneous (I" = 20
meV) broadenings.

In the case of N = 2, the spectrum exhibits two diagonal
peaks and two cross-peaks, corresponding to the self- and
cross-population contributions, respectively. In this case, the
amount of signal associated with cross-population pathways is
smaller than the self-population ones, meaning that the
dynamical information from the SE contribution is not hidden.
On the contrary, for N = 100, the spectrum is dominated by a
single broad peak mainly due to the contribution of cross-
population pathways. By recalling that cross-population
contributions in the weak coupling limit reduce to the product
of linear signals (incoherent mixing), we suggest that such
mixing can happen even in the absence of direct interaction
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between excitons. Indeed, the emergence of the GSB cross-
population contribution is related to the reduced signal
generated by the two-exciton manifold, as resulting from eqgs
10 and 12. This is reduced because of dynamical processes,
e.g., EEA, but also for other intrinsic mechanisms limiting the
emission to a single output. In this sense, the case of the
reaction center generating charges on a time scale slower than
the exciton lifetime is paradigmatic because a = 1 even when
two independent excitations are generated. Therefore, the
emergence of cross-peaks does not necessarily reflect the
presence of coupling between molecules or the annihilation
between different excitations.

The spectra in Figure 4 refer to t, = 0. Because we are
looking at the rephasing signal, self-population pathways are
diagonally elongated whereas cross-population pathways result
in inhomogeneously broadened spectra. The different line
shape reflects the fact that fluctuations on the same molecule
are correlated, while those on different molecules are
uncorrelated.*® A discussion about the line shape of self- and
cross-population pathways in the presence of homogeneous
and inhomogeneous broadenings is reported in the Supporting
Information. The evolution of the spectral line shape for longer
t, is not considered explicitly here; however, while the line
shape of the self-population pathways reflects the evolution of
the wavepacket during t,, the GSB cross-population pathway
only reflects the recovery of the ground state as much as the
overall nonlinear signal. Moreover, as t, increases, energy
transfer between different molecules can take place, resulting in
cross-peaks carrying information about the excited-state
dynamics. However, because these pathways would have the
same weight as the self-population pathways from which they
originate, we also expect them to be hidden by cross-
population pathways when N is large.

In summary, we considered the different sources of
nonlinearity in the response of a molecular assembly excited
by multiple pulses in the case of action detection. The
probabilistic analysis offers a practical interpretation of the
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signal contributions described by the response theory. For
example, cancellation of the ESA pathways in the fourth-order
response simply corresponds to the fact that when only one
excitation can be detected, the number of excitation events
does not change the output.

Therefore, we can conclude that when the output is not
proportional to the number of excited molecules, action-
detected spectroscopy cannot isolate pathways in which the
interaction occurs on the same molecule (self-population
pathways) or on different molecules (cross-population path-
ways). In the worst-case scenario of complete annihilation, i.e.,
a = 1, the ratio between self- and cross-population pathways is
2/(N — 1), where only the former brings dynamical
information. Moreover, we highlight that the excited-state
dynamics along t, is exclusively present in the SE contribution.
Because the ratio SE/GSB has 1/N as an upper limit, the SE
contribution is likely to be hidden or negligible for large N.

As a result, we are able to identify the origin of incoherent
mixing as due to the fourth-order terms that correspond to
GSB cross-population pathways, where the two coherences
along t, and t; occur on different molecules but result in a
single output. In a 2D spectrum of a weakly interacting
assembly, GSB cross-population pathways correspond to the
product of the two linear signals and do not show evolution
along t, beyond ground-state recovery. Thus, for large N, A-
2DES measurements would likely provide information
equivalent to that of linear absorption. We can apply this
argument to different systems as the key factor is the ratio
between the number of output and excitation sites, which is 1/
N in the case of equal contributions of the one- and two-
exciton manifolds in the weak coupling scenario.

We report that excitonic coupling may change the result and
play a positive role. Indeed, while the contribution of the two-
exciton manifold can still be suppressed by eflicient EEA or
nonlinear signal generation mechanisms, the number of
optically active GSB cross-population contributions may be
reduced because of dipole moment redistribution. In this more
general setting, N should be identified with the number of
absorbing states rather than the number of independent
chromophores. Moreover, in the case of strong excitonic
coupling, cross-population pathways reflect the presence of
delocalization in the system.'®*’

An unexpected mitigation of the unfavorable scaling of self-
population pathways comes from disorder. Indeed, the
presence of inhomogeneous broadening improves the visibility
of self-population pathways compared with cross-population
pathways. This aspect is linked to the rephasing capability of
the nonlinear response, as shown explicitly in the Supporting
Information.

When it is known that the signal corresponds to the case of
complete annihilation (@ = 1), a potential advantage comes
from the possibility of estimating N itself. N could be an
indicator of how many chromophores are connected to the
output, such as the number of chlorophylls linked to the
reaction center in a photosynthetic system. The estimation of
N would become feasible if SE and GSB could be measured
independently. For example, it is possible to design an
experiment where the pump pulse overlaps only with the
lower energies of the absorption band and the probe with the
full band. Close to t, = 0, the A-2DES signal will exhibit both
SE and GSB components at the pump frequencies, whereas
only the GSB component will be present at higher frequencies,
where the probe does not overlap with the pump.

Nevertheless, action spectroscopy has strong limits in its use
on a wide range of materials. For this reason, it is then crucial
to be aware of the kind of samples to be studied with action-
detected spectroscopies. Grégoire et al. showed that incoherent
mixing can contribute differently depending on the amount of
EEA in the sarnple.22 Indeed, it has been found that incoherent
mixing does not contribute significantly to the A-2DES
spectrum of organic solar cells, while it dominates over the
nonlinear response in perovskite samples. Additionally, cross-
peak dynamics has been observed in heterojunction photo-
voltaic cells.® This is possible because a working cell tries to
achieve high internal quantum efficiency, implying that from
every exciton a charge is produced, meaning a detection for
every absorption (¢ = 0 or N = 1).

The results reported in this work highlight the importance of
strategies to minimize the incoherent mixing contributions to
A-2DES. Recently, 2D-FLEX has been proposed, which can
selectively measure the SE pathway in fluorescence-detected
experiments.”® Furthermore, the possibility of time-gating the
fluorescence signal during the detection time can help to
reduce the extent of incoherent mixing.lg_20 However, a time-
gating approach is far-fetched to be applied in photocurrent
detection.

In this work, we provide a different perspective to the
problem of incoherent mixing in action-detected spectroscopy.
Our argument refers to an assembly of weakly coupled
molecules, and it does not explicitly account for the presence
of vibrational degrees of freedom. Future work is needed to
understand how strong excitonic coupling may change the
relative weight of the different contributions to the signal and
to further elucidate the dynamics along the waiting time t,. On
the other hand, the inclusion of higher excited states If) of each
molecule introduces ESA self-population pathways providing
additional spectral features, without affecting the scaling
between SE and GSB contributions. A further step will be to
consider higher-order response in the light—matter interaction
in ord}e(z)r4 (;co investigate the signal coming from multiexciton
states.” ™’
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