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ABSTRACT: Action-detection has expanded the scope and applicability of 2D electronic Incoherent One-Particle
spectroscopy, while posing new challenges for the unambiguous interpretation of spectral Mixing )
features. In this context, identifying the origin of cross-peaks at early waiting times is not trivial,
and incoherent mixing is often invoked as an unwanted contribution masking the nonlinear
signal. In this work, we elaborate on the relation between the nonlinear response and the
incoherent mixing contribution by analyzing the action signal in terms of one- and two-particle
observables. Considering a weakly interacting molecular dimer, we show how cross-peaks at
early waiting times, reflecting exciton—exciton annihilation dynamics, can be equivalently
interpreted as arising from incoherent mixing. This equivalence, on the one hand, highlights the
information content of spectral features related to incoherent mixing and, on the other hand,
provides an eflicient numerical scheme to simulate the action response of weakly interacting
systems.
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he nonlinear optical response triggered by ultrafast laser recognized that spectral features in A-2DES are determined
pulses is the result of a multitude of dynamical processes not only by the coherent dynamics induced by the light—
whose spectral signatures depend specifically on the adopted matter interaction but also by the dynamical processes taking
spectroscopic method. In this context, Two-Dimensional place during the detection time.”” Contrary to C-2DES,”**
Electronic Spectroscopy (2DES) is the preferred technique the presence of cross-peaks at early waiting times does not
to disentangle exciton dynamics of complex systems in both represent a univocal signature of excitonic delocalization in A-
frequency and time domains." The most prominent version, 2DES,'”*® having been reported even in the case of weakly
known as Coherent-2DES (C-2DES), relies on the detection interacting systems.'"'? By analyzing the different contribu-
of a coherent signal, emitted along a specific phase-matching tions to the response function for a molecular dimer, Maly and
direction, upon the interaction with three noncollinear laser Mancal demonstrated that cross-peaks can emerge from the
pulses.”” incomplete cancellation of different pathways as a consequence
Recently, the technique has been developed to combine the of exciton—exciton annihilation during the detection time.*®
potentialities of 2DES with action-detection schemes.*® In Following the same line, several other contributions high-
Action-2DES (A-2DES), the interaction with a train of four lighted the importance of two-exciton manifold dynamics in
collinear laser pulses prepares the system into an excited-state determining spectral features.”” >
population, which generates an incoherent signal during a long On the other hand, Grégoire et al. brought to the attention
temporal window called the detection time. Due to the the phenomenon of incoherent mixing as an unwanted

collinearity of the setup, the signal contains contributions from
various orders in the light—matter interaction. To separate
these contributions, the phases of the laser pulses are

. . 67
mam%ulated through either phase-cycling™ or phase-modu- bimolecular recombination, and Auger recombination, or due
lation” schemes. Depending on the nature of the incoherent

. L. . . 32 @ .
onal diff d : b b b - d to nonlinearities in the detection process.”” Since incoherent
signa,,  different e'tectlon schemes nhave been imp emelrzlzel p mixing can hide spectral features of the coherent nonlinear
based on measuring fluorescence, photocurrent,

s 6 . ) response, efforts have been devoted to distinguishing these two
photoions, ~ and photoelectrons, ° paving the way for studying

systems in operando conditions.'”'® Furthermore, the combi- -

nation of A-2DES with microscopy'” and single-molecule®”*' Received: June 19, 2023

techniques allows to go beyond the diffraction limit, thus Acce_pted: July 20, 2023

circumventing the effects of inhomogeneous disorder. Published: July 25, 2023
Although probing the same ultrafast dynamics, action-

detected spectra exhibit significant differences compared to

those obtained through coherent detection. In fact, it was early

contribution in A-2DES spectra.’’ Incoherent mixing occurs
from the combination of linear signals due to nonlinear
population dynamics,”" e.g, exciton—exciton annihilation,
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contributions. In a theoretical analysis of the action signal,
Kalaee et al. proposed the existence of a precise phase
relationship between the “true” nonlinear response and
incoherent mixing signals, which can be used to differentiate
them.>

The appearance of cross-peaks at early waiting times and the
phenomenon of incoherent mixing have always been
considered independently in the literature about A-2DES.
The aim of this work is to propose a unifying picture of these
two aspects by demonstrating that, beyond sharing a common
origin, they actually represent two different views of the same
dynamical process when considering a system composed of
weakly interacting units.

After a brief presentation of the A-2DES technique, we
discuss in detail the case of a pair of chromophores, although
the analysis can be generalized to more complex interaction
networks. To this end, we use one- and two-particle
representations”>* as interpretative tools, where the term
“particle” refers to a chromophore in our model. By employing
Feynman Diagrams (FDs), the optical response of the
chromophoric pair is rationalized using both representations,
thereby elucidating the pathways followed by the system
during coherent excitation. Since the contribution of the
pathways to the total spectrum also depends on the processes
occurring during the detection time, we formulate the
dynamics in terms of kinetic schemes for one- and two-particle
populations. Interestingly, the resulting signal from one-
particle populations evidences the net contribution of
incoherent mixing stemming from a set of Feynman diagrams
where the two pairs of pulses interact with different
chromophores. Therefore, we demonstrate how the presence
of cross-peaks at early waiting times in A-2DES of weakly
interacting systems can be interpreted as arising either from
the imperfect cancellation of Feynman pathways (two-particle
perspective) or from incoherent mixing (one-particle perspec-
tive) as a result of the detection time dynamics. The
contribution of the dynamics-induced nonlinearities to the
spectrum depends on the specific kinetics of the energy
redistribution during the detection time. This implies, on the
one hand, that the phase of the incoherent mixing signal is not
a priori different from that of the nonlinear response and, on
the other hand, that the study of incoherent mixing spectral
features is informative of dynamical processes in weakly
interacting systems. Furthermore, the analysis of the action
signal in terms of one-particle observables provides an
advantageous computational scheme to simulate the effects
of the detection time dynamics in the A-2DES spectra of
weakly interacting systems by solving a set of dynamical
equations scaling linearly with the number of chromophores.

In A-2DES, the system interacts with a train of four collinear
laser pulses, separated by delay times T, T,, and Tj, resulting
in the emission of an incoherent signal S(T,;) during the
detection time T, (Figure 1a). Typically, signal emission in A-
2DES is not time-resolved, and the experimentally accessible
observable is represented by the time-integrated signal along
the detection time T

5= a8,
0 d ( d) (l )
By adopting a phase-modulation scheme,” the phase of the i-th
pulse is linearly modulated, from one train to the following, as
D(Q,) = 22QmT, where €, is the modulation frequency, m is
the repetition index of the train, and T is the intertrain delay
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Figure 1. (a) Train of four collinear laser pulses, separated by delay
times T, T,, and T;, whose phases are modulated at frequencies €2,
fori =1, .., 4. As a result of the light—matter interaction, the system
emits an incoherent signal S during the detection time T,. States of a
weakly interacting pair of chromophores in the (b) one- and (c) two-
particle representations, along with the kinetic scheme for
populations: @, is the rate of exciton recombination, while 8, and
71, are the rates of exciton—exciton annihilation of one and two
excitons, respectively.

time. As a consequence, the incoherent signal itself is
modulated and it can be decomposed as:

S(mT) = ) S(Qg)e' ™

Q (2)
where S(€)) is the component of the signal modulated at the
linear combination of frequencies Qg = Zi liSQi, where lis =0,

+1, 2, etc. By taking the Fourier transform along mT, the
different components of the optical response can be extracted,
i.e, rephasing (Qp = —Q, + Q, + Q; — Q,), non-rephasing
(Qug = +Q; — Q, + Q; — Q,) and double-quantum coherence
(Qpge = +Q; + Q, — Q; — Q,) signals. By scanning the
different delay times T), T,, and T; and taking the Fourier
transform along T} and T3, a 2D spectrum is obtained as a
function of iw, and Aiw; for each value of waiting time T5.

This procedure can be numerically implemented in close
analogy with the experiment. By employing a non-perturbative
treatment of the light—matter interaction, the dynamics of the
system is modeled using the Lindblad quantum master
equation.’”*>*® Details of the computational procedure and
the parameters used for the simulations are reported in the
Supporting Information.

Let us consider a pair of chromophores, each treated as a
two-level electronic system with a ground- lg,) and an excited-
state le,), where the index n = 1, 2 denotes the n-th molecule
(Figure 1b,c). The chromophoric pair is described by the
Hamiltonian:

A~

ﬁ=ﬁ1®ﬁ2+ﬁ1®H2+‘?12 (3)

https://doi.org/10.1021/acs.jpclett.3c01670
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Figure 2. Rephasing spectra from two-particle populations (a) P,,, (b) P,,., and (c) P, and one-particle populations (d) P, and (e) P, at

detection time T, = 0 fs. In (f) are reported the spectral positions of diagonal peaks (D1 and D2) and cross-peaks (C1 and C2).

where H, = ¢, le,)(e,| and ﬁn =lg ){g| + le,)(e, are the
Hamiltonian and the identity operator of the n-th chromo-
phore, respectively, while V}, is the excitonic coupling between
them. The excitation energies €, of the two chromophores are
chosen to match those of the B800 and B850 rings of the LH2
complex, namely, €, = 1.55 eV and €, = 1.46 eV.” In the
following, the excitonic coupling V), is assumed to be small
such that the two chromophores are weakly interacting. The
assumption of weak interaction implies that the eigenstates of
the chromophoric pair are well approximated by the product of
single chromophore states, whereas the dynamical effects of
the interaction are captured at the level of perturbation theory
in the form of incoherent transfer rates related to Exciton
Energy Transfer (EET) and Exciton—Exciton Annihilation
(EEA) processes.”’

Let us now introduce one- and two-particle representations
of the system, as proposed by Mukamel** and Kiihn et al.*’ In
the one-particle representation (Figure 1b), the state of one
chromophore is addressed independently of the other, as
described by one-particle observables, e.g., one-particle
populations P, (t) and P, (t) representing the probability that
one chromophore is excited. Although the one-particle
observables are well-defined at every time, the presence of
interactions between the two chromophores requires a two-
particle representation (Figure 1c) of the system, in which the
state of both chromophores is simultaneously considered in
terms of two-particle observables, e.g., two-particle populations
P,,,(t) and P, (1), representing the joint probabilities of one
chromophore being excited while the other is in the ground
state, and P,,(t), representing the probability that both

chromophores are excited. Indeed, in EET the excitation is
transferred from one chromophore in the first excited-state to
the other in the ground-state. Instead, EEA is a two-step
process that is possible only when both chromophores are
simultaneously excited: first, a higher excited-state is generated
on one molecule leaving the other in the ground-state, and
then, rapid internal conversion to the first excited-state takes
place, resulting in the net loss of one exciton. Alternatively, the
EEA process may result in the annihilation of both excitons. By
definition, the two representations are related by Pe,(t) =

P.o(t) + P, (t) and P,(t) = P, (t) + P,,,(t).

1€2

€€y
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The time-resolved incoherent signal is proportional to the
two-particle populations weighted by the emission rate of the
states:

S(T) =T, (T) + P, (T) + LR, (T)

1€2

(4)

In general, the different nature of the multiexciton state can be
captured by assuming I'j, # I'; + I',."* However, when the
constraint I', = I'; + I, applies, the signal can be expressed
equivalently in terms of one-particle populations:

S(Ty) = LR (Ty) + LR, (T,) (5)
Due to phase modulation, excited-state populations are
modulated, leading to the decomposition of the incoherent
signal in eq 2.

Because of the weak interaction between the chromophores,
we now assume a net separation in the time scales of the
system dynamics. The first time scale is ruled by the interaction
with the laser pulses, which probes the coherent dynamics of
the system in the range of hundreds of femtoseconds, for short
waiting times T,. On such a time scale, the occurrence of EET
and EEA can be neglected. In contrast, the detection time T,
defines a slower time scale, in the nanosecond regime, dictated
by the relaxation dynamics at the origin of the incoherent
signal. In this case, both EEA and EET processes must be
considered.

Although several components of the optical response are
readily available from the nonperturbative simulation, in the
following, we specifically focus on the rephasing signal S(Qy),
at waiting time T, = O fs. Considerations for the non-rephasing
and double-quantum coherence signals are drawn in the
Supporting Information.

Before discussing the role of the dynamical evolution during
the detection time, we first consider the contributions to the
spectrum resulting from populations at T; = 0 fs, immediately
after the end of the fourth pulse. This is equivalent to assuming
signal emission as the only relaxation pathway active during the
detection time. In Figure 2, we report the contributions to the
signals in eqs 4 and S from two- (Figure 2a—c) and one-
particle populations (Figure 2d,e), respectively. As exemplified
in Figure 2f, spectral features for the considered system may
appear either as diagonal peaks (D1 and D2) or as cross-peaks
(C1 and C2).

https://doi.org/10.1021/acs.jpclett.3c01670
J. Phys. Chem. Lett. 2023, 14, 6872—6879


https://pubs.acs.org/doi/suppl/10.1021/acs.jpclett.3c01670/suppl_file/jz3c01670_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01670?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01670?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01670?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.jpclett.3c01670?fig=fig2&ref=pdf
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.3c01670?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL
a) GSB (D1) b) GSB (C1)
Pelgz(QR) = Pel(QR) X Pga(QDC) ‘Dglez(QR) = Pgl(Q21) X P&(Q43)
{2} ””””” /QYR gZR\ ””” /QvR Qpcl, - 70 Qb é} ””””” /QYR QuT -3 7 - Qo Q} ””” /szu
lewgoXergal| lewXenl| |92X g2l lgie2Xgreal| o [g1X g1l leaXeal|
fffff e N T NG F----+ T | N F=--- I N
Q, |/€192/\91%] LU 192Xz Q, [19192AT152] l91Xg1] Q, |1 2N92]
NargXor 0| . = /|91><91\/ ® |g2X 92| 192X g1 . = lg:Xarl| _~ ® - |lgNel
--------- Q pee=oo) peecossodi) peesor o)
lggXergal| ¢ loxXenl| "o l92Xg2l logXergal| "o gfel o |eXel
|l goXgr gl > lg Xl > [92)(9] g1 goXgrgol| > lgr Xl > [g2)( g2l
) SE (D1) d) SE (C1)
Peg,(2r) = Pe, (Q2R) X Pg,(Qpc) Pgie,(Q2R) = Py, (Q31) X Pe,(Q242)
P v (Gr  Otoyof @ Qocfoyioi@oc| b QRfoooo " Qu et e
lergz)(e19o| Q le1)e] Q [g2X 92| [giex)g162| Q [g1){(91] |ex)ex| Q
----- - - i N F=r eyl | N F=o I
€192)(9192 |~ €1) QA‘/ [92) 92| | }91)(91\/
_________ Q3 —_ ol Q3 mo 57l rR Y T Q3 _ Nl Q3 Sl
o Jloees] = leal ™ ®  [oel o, Jlreesd P = flaall ™ ® o el
“agasl o el o [l9Xel ~lngXecl g, gel g, ol
|9102%9102] e I l92)2] (910200102 e I |92)(2]
e) ESAI (C1) f) ESAII (C1)
Pe,g, (2R) = Pe (Q21) X Py, (S23) Pee,(Q2r) = Pe (8221) X Pe,(243)
éf?\ ””””” /Qvfe Q} ””” /va Qua3” Q4 SEF\\ ””””” /QYR Q} ””” /Q'm Qa3 =7 7 /Q‘“
lerg2)e19a| lex)exl |92X g2l lerex)er el lex e |ex)Xeo|
o e et I e e e R e T Sk
Q/g,,,,‘ ,,,,,, o ,‘?1,){6}‘, Gl e R T o >|§17>(7€71|7 Q/g,,,,;,,
eslen] = o el ® el eslen] = o el ® el
Taghewl o Tledal o |eXal Tagkanl o Tlakel o [eXel
912X g1 gl > lg Xl > [92)9] 102X g1 g0l > gl |g2X( g2l

Figure 3. Feynman Diagrams (FDs) for the rephasing signal corresponding to (a,b) Ground-State Bleaching (GSB), (c,d) Stimulated Emission
(SE), (e) Excited-State Absorption I (ESAI), and (f) Excited-State Absorption II (ESAII) pathways, along with their corresponding spectral
positions as specified in Figure 2f. In each panel, the two- (2P-FD) and one-particle (1P-FD) representations of FD are depicted respectively on the
left and right. At the top of each FD is reported the population, modulated at frequency €, at the origin of the incoherent signal. FDs can be
further distinguished in (a,c) self-population pathways (solid contour), where the same chromophore interacts with all four pulses, and (b,d—f)
cross-population pathways (dashed contour), where each chromophore interacts with a different pair of pulses. Each FD can contribute with either

a positive (red panel) or a negative (blue panel) sign to the signal.

and P,

81&2

exhibit a diagonal peak and two cross-peaks of negative sign,

The spectra from two-particle populations P,

whereas P, , displays two positive cross-peaks. In this context,

the cross-peaks from two-particle populations represent
statistical correlations between the chromophores induced by
the light—matter interaction, rather than an actual coupling
between them.””** Indeed, when partitioning the signal in
terms of one-particle populations P, and P,, the cross-peaks

from the two-particle populations cancel out completely, and
each spectrum exhibits a negative diagonal peak corresponding
to the response of an independent molecule, as expected for a
pair of weakly interacting chromophores at short waiting times
T,.

The cancellation of cross-peaks that is observed when
switching from the two- to one-particle representation relies on
the specific phase relation between different excitation
pathways. These pathways can be visualized in terms of
Feynman diagrams corresponding to Ground-State Bleaching
(GSB), Stimulated Emission (SE), and Excited-State Absorp-
tion (ESA) contributions.” Due to the presence of a fourth
pulse, two kinds of ESA pathways are possible in A-2DES:

6875

generating either a one-exciton population (ESAI) or a two-
exciton population (ESAII).”* Each FD contributes to the
signal with the sign (—1)™, where ng is the number of
interactions on the bra side. A selection of FDs contributing to
the optical response of the system is shown in Figure 3, while
the complete set is given in the Supporting Information along
with the corresponding response functions. Notice that also
FDs can be represented in terms of one- (1P-FD) and two-
particle (2P-FD) observables,””*" as reported respectively on
the right and left of each panel in Figure 3.

The 2P-FDs can be differentiated depending on their final
two-particle population. Populations P,, and P, originate

from GSB (Figure 3a,b) and SE (Figure 3c,d), which appears
as both diagonal peaks and cross-peaks, and from ESAI (Figure
3e), only contributing to cross-peaks. All of these pathways are
associated with spectral features of negative sign (Figure 2a,b).

On the contrary, P,, is formed through ESAII pathways

(Figure 3f), contributing with positive cross-peaks (Figure 2c).

By decomposing each 2P-FD into the product of two 1P-
FDs, we can track the pathway followed by each chromophore
individually. From this perspective, the pathways can be

https://doi.org/10.1021/acs.jpclett.3c01670
J. Phys. Chem. Lett. 2023, 14, 6872—6879
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distinguished into two categories: self-population pathways
(Figure 3a,c), which involve the interaction of one
chromophore with all four laser pulses, and cross-population
pathways (Figure 3b,d—f), in which each chromophore
interacts with a different pair of pulses. This classification is
introduced in analogy to that of self- and cross-polarization
pathways in C-2DES, proposed by Yang and Fleming.*' For
the considered system, self-population pathways correspond to
diagonal peaks (D1 and D2), while cross-population pathways
contribute as cross-peaks (C1 and C2). It follows that, at T, =
0 fs, negative cross-population pathways of GSB, SE, and ESAI
exactly cancel the positive cross-population contributions of
ESAIL Therefore, only diagonal peaks associated with GSB
and SE self-population pathways appear in the total spectrum.
Indeed, these are the only pathways available for a single
chromophore to generate a population modulated at the
rephasing frequency j in eq S.

However, the sum of the different spectral contributions at
T; = 0 fs is not what is experimentally observed, since the
situation may change when taking into account the dynamics
during the detection time T, Starting from the end of the
fourth pulse, we introduce a simple kinetic model that accounts
for the relaxation processes active during signal emission. In
the following, we focus the discussion on the EEA process,
while considerations about the inclusion of the EET are drawn
in the Supporting Information. As depicted in Figure lc, we
consider the exciton recombination at rate @, and exciton—
exciton annihilation at rates B, and y,, corresponding,
respectively, to the loss of one and two excitons in the
process. For simplicity, the rates of these processes are
assumed to be time-independent, resulting in the following
kinetic scheme for the two-particle populations:

d

E elgz(t) = _alpelgz(t) + (az + /Bz)Pelez(t)

d P = P P

E glez(t) =y glez(t) + (al + ﬂl) elez(t)

d —

Epelez(t) = _(al + ﬂl ta, + ﬂz + ylz)Pelez(t) (6)

As outlined in the Supporting Information, by solving the
kinetic scheme, the time-integrated signal can be expressed in
terms of two-particle populations at T; = 0 fs as:

I,P,

12%¢e,

S= LR, + LR, +
= d)lpelgz(o) + d)ngﬁ(o) + (@11
(0)

€6, €8,

+ @,-I1 + @,)P,

162

(7)

€286
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where @, = % and @, = % are the quantum yields of the

135

one-exciton P —
gt p+atp+y,

states, @, = is the quantum

yield of the two-exciton state, while II
and II a+h

€1e,—>¢1€
127814 a+ B +a+p+y,

€1€2>€182
a+p,
q+p+a+p+y,

are the

probabilities that the two-exciton state converts to one or
the other one-exciton state during the detection time. In eq 7,
the first and second terms are responsible for the negative
contributions to the spectra (Figure 2a,b), while the third term
is responsible for the positive contributions (Figure 2c). Notice
that, according to their spectrum at T,; = 0 fs (Figure 2a—c), all
of these terms give rise to cross-peaks associated with cross-
population pathways (Figure 3b,d—f).

In Figure 4 are shown the time-integrated spectra for various
rates a,, 3, and y,,, leading to different cross-peak amplitudes.
When exciton recombination is faster than EEA (a, > f5,, 712),
cross-peaks do not appear and the spectrum only reflects the
contribution of individual chromophores (Figure 4a). Instead,
cross-peaks start to arise when EEA competes with exciton
recombination, as exemplified by the limiting cases of the net
loss of one exciton (3, > a,, 7,) and two excitons (y;, > a,,
B,) in Figure 4b,c, respectively. The cross-peak amplitude is
determined by the balance between the positive and negative
contributions from the two-particle populations in eq 7. An
analysis of the peak amplitudes as a function of the different
relaxation rates is reported in the Supporting Information.
Therefore, in the two-particle representation, the appearance
of cross-peaks at early waiting times arises from the imperfect
cancellation of different pathways, as previously discussed in
terms of the reduced contribution of ESAII due to EEA.******

We now demonstrate how, for weakly interacting systems,
such cross-peaks can be interpreted as incoherent mixing
contributions. To this end, we derive a kinetic scheme for one-
particle populations (Figure 1b) by combining the relevant
kinetic equations for two-particle populations (eq 6) to obtain:

d

SR = =aR 1) = (B + )P0

12

d

—P (t) = —a,P, (t) — + P, (t
dt ez( ) 2 fz( ) (ﬂz 7/12) e‘ez( ) (8)
where the two-exciton population P, () explicitly appears.

Because at T, = O fs the total spectrum corresponds to the sum
of independent molecular responses, we employ the solution
for P, , (t) of eq 6 with the initial condition P, (0) = P, (0) X

P, (0). As detailed in the Supporting Information, under this

€16y
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assumption, the time-integrated signal can be written in terms
of the one-particle populations at T; = 0 fs as follows:

S:EITI+F2§2

= BB, (0) + ®,R,(0) = (DTLLT, + @, TIEZ )P (0) X R,(0)
)
B, + B, +
where HEE_’} = h¥m and HEEEf,\ = Ptm
T8 a Bty B+, T8 g+t oyt ty,

are the probabilities to relax from the excited- to the ground-
state of each molecule through EEA during the detection time.
In this alternative decomposition of the signal, the first and
second terms correspond to diagonal contributions associated
with the response of individual chromophores (Figure 2d,e),
while cross-peaks are generated by a third term featuring the
product of one-particle populations. Notice the correspond-
ence between the terms in the one-particle representation of
the signal (eq 9) and those in the two classes of FDs (Figure
3). The first and second terms correspond to the one-particle
signals S(€g), modulated at Qy = —Q, + Q, + Q; — Q,,
which originate from self-population pathways (Figure 3a,c).
In the absence of EEA (f,, 71, = 0), these are the only
contributions appearing in the spectra, consistent with the
condition of independent chromophores (Figure 4a). Instead,
the third term is responsible for the contribution of incoherent
mixing and corresponds to all cross-population pathways
(Figure 3b,d—f). Only when EEA is active (3, y1, # 0), this
term leads to the appearance of negative cross-peaks in the
total spectrum (Figure 4b,c). Indeed, cross-population path-
ways arise from the product of two 1P-FDs, in which each pair
of pulses interacts with different chromophores (Figure 3b,d—
f). These one-particle signals S(Q;), originating from two

light—matter interactions, correspond to linear signals
modulated at frequency €;; = Q; — €. As a result, the product
of two linear signals can also be modulated at the same
frequency as the rephasing, ie, S*(Q,) X S(Q,;) is
modulated at Q,; — Q,; = Q. Therefore, in this picture, the
emergence of cross-peaks is due to the incoherent mixing of
linear signals during the detection time.”"*” In this respect, the
term “incoherent mixing” may be deceptive. Indeed, the mixing
signal inherits and preserves the phase combination of the
fourth-order interaction sequence, and for this reason, it is
extracted together with the nonlinear response.

To summarize, we have demonstrated that, in the weak
interaction limit, cross-peaks at early waiting times and the
phenomenon of incoherent mixing correspond to alternative
pictures, i.e., two- and one-particle representations, of the same
underlying physical dynamics.

The analysis presented above highlights several points
deserving explicit discussion. First, we notice that cross-
population pathways are generated by all the processes, i.e.,
GSB, SE, and ESA-type pathways, and therefore, they can
contribute to the spectrum with both positive and negative
signs. This clarifies that the incoherent mixing contribution
should not be identified exclusively with the ESAII pathways.
Indeed, when annihilation is efficient and the spectrum is
“ESA-free”,” the GSB contribution can still be determined in
part by incoherent mixing. As a consequence, no precise phase
relationship is expected between the “true” nonlinear signal
and incoherent mixing contributions, contrary to what has
been theoretically proposed in ref 33. In fact, while in the
specific model analyzed above incoherent mixing contributes
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with negative spectral features, it can also contribute with
positive signs when the system has a second excited-state with
a high emission rate. This extension of the model is explicitly
considered in the Supporting Information.

Toward an unambiguous definition of incoherent mixing, it
is worth emphasizing that one- and two-particle representa-
tions are equivalent only for weakly interacting chromophores.
In this context, the interpretation of cross-peaks as the
nonlinear signal of the composite system or as the incoherent
mixing of the response of its subparts is a matter of
representation dictated by the choice of what system is of
interest. Whereas in the one-particle representation, the focus
is on the single chromophore and cross-peaks arise from the
spurious interaction with another system, the two-particle
representation supports the dimeric nature of the system, even
when the interaction is weak, and cross-peaks are part of the
nonlinear response of the system as a whole. In the literature
about A-2DES, the former view has been traditionally adopted
to interpret the response of extended solid-state systems,”"**
while the latter has been privileﬁged for analyzing the response
of small molecular aggregates.”*>*

Beyond the weak-coupling regime, energy splitting and
dipole redistribution related to excitonic delocalization on the
two chromophores must be considered. In this case, Feynman
diagrams contributing to cross-peak positions (Figure 3b,d—f)
no longer represent the product of one-particle signals. As a
result, they do not generate incoherent mixing but rather
become expressions of the nonlinear response of the molecular
dimer.*™*

Therefore, while incoherent mixing of one-particle signals
can be always recast as the net contribution of fourth-order
pathways in the two-particle picture, the factorization of
nonlinear pathways into the product of one-particle signals
does not hold in general. This leads to the central issue of how
to identify cross-peaks representing incoherent mixing. We
remark the two conditions necessary to derive the one-particle
representation of the signal (eq 9), namely, weak coupling
between chromophores and the time scale separation between
the dynamics during the delay times and the slower mixing
process during the detection time. The latter condition points
out that time-gating strategies”>***" can be used to reduce the
contribution of incoherent mixing to the spectrum. Indeed, as
reported in the Supporting Information, the time-gated signal
shows how the term related to incoherent mixing grows as the
integration window increases.

Recognizing the presence of incoherent mixing is especially
important because the associated spectral features may hide
the relevant spectral dynamics. Since in the weak coupling
regime, the environments of the two chromophores can be
considered as independent, cross-population pathways do not
have rephasing capability."’ As a result, incoherent mixing
contributions are not diagonally elongated and their line shape
is not expected to undergo significant changes along the
waiting time T,.>' On the one hand, this may have the
detrimental effect of hiding spectral diffusion of nearby
nonlinear features. On the other hand, a careful analysis of
the cross-peak line shape can clarify whether they are related to
incoherent mixing or excitonic delocalization. Nevertheless, the
presence of incoherent mixing can be informative of the
interaction network at play in the system. Indeed, it has been
shown that dynamics-induced nonlinearities can be exploited
to study the long-range transport mechanism in photovoltaic
devices using a pump—probe setting.”*~**
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A further point deserving attention is the generality of the
incoherent mixing mechanism. Indeed, just as the mixing of
linear signals can enter in the fourth-order response, higher-
order contributions may appear in the linear signal, e.g,
S(Qy) X S*(Q43) is modulated at Qp+€2,; = ,;, as recently
observed in ref 32, or the mixing between fourth-order and
linear signals may contribute to sixth-order response.”> Hence,
the incoherent mixing of contributions from different orders is
intrinsic to A-2DES and should always be considered in
spectral assignments and simulations.

In this regard, we point out that the one-particle
representation of the signal provides a numerically efficient
way to simulate the effect of incoherent mixing on the action
response of extended systems. In fact, the number of one-
particle populations scales linearly, 2N, with the number of
chromophores N, compared to the exponential scaling of the
entire combinatorial space, 2. Therefore, it is possible to
simulate the response of individual subunits and then combine
them by using a kinetic scheme for one-particle populations.
Notice that a similar kinetic scheme has been derived assuming
the independence of the excited-state population of each
chromophore at every time, P, , (t) = P, (t) X P, (t), obtaining
proper nonlinear population dynamics.*® In the continuum
limit, the product between populations can be replaced by a
quadratic term of the form P(r, t)? as originally used to define
the concept of incoherent mixing.’' In light of these
considerations, the analysis can be generalized to supra-
molecular complexes, e.g, the LH2 complex, composed of
weakly coupled domains, e.g.,, B800 and B850 rings, interacting
only during the detection time. In this case, both the nonlinear
response of each domain and the incoherent mixing between
different domains can contribute to the signal, eventually
overlapping in the spectrum.

In conclusion, through the use of one- and two-particle
representations, we have clarified the nature and role of
incoherent mixing in A-2DES spectra of weakly interacting
systems. Overlooking the experimental feasibility of distin-
guishing between these observables, one- and two-particle
populations have been employed as interpretative tools to
identify the dynamical pathways stemming from different
orders in the light—matter interaction. Although giving
equivalent results in the limit of weakly interacting systems,
the two representations provide different perspectives for
interpreting the emergence of spectral features. Notably, the
one-particle representation makes evident the distinct nature of
self-population and cross-population pathways, thus elucidat-
ing the contribution of incoherent mixing in the action-
detected spectra.
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