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4 ABSTRACT: Bound and unbound Frenkel-exciton pairs are essential transient precursors for a
5 variety of photophysical and biochemical processes. In this work, we identify bound and unbound
6 Frenkel-exciton complexes in an electron push−pull polymer semiconductor using coherent two-
7 dimensional spectroscopy. We find that the dominant A0−1 peak of the absorption vibronic
8 progression is accompanied by a subpeak, each dressed by distinct vibrational modes. By
9 considering the Liouville pathways within a two-exciton model, the imbalanced cross-peaks in
10 one-quantum rephasing and nonrephasing spectra can be accounted for by the presence of pure
11 biexcitons. The two-quantum nonrephasing spectra provide direct evidence for unbound exciton
12 pairs and biexcitons with dominantly attractive force. In addition, the spectral features of
13 unbound exciton pairs show mixed absorptive and dispersive character, implying many-body
14 interactions within the correlated Frenkel-exciton pairs. Our work offers novel perspectives on the
15 Frenkel-exciton complexes in semiconductor polymers.

16 Frenkel excitons are a collective of local excitations coupled
17 through resonant Coulomb interactions within chromo-
18 phores.1 Despite the fact that the extent of the delocalization
19 can theoretically span the entirety of the aggregate structure,
20 no realistic molecular aggregates are disorder-free, especially in
21 conjugated polymers, where both static disorder (e.g.,
22 conformational disorder from site to site) and environmental
23 fluctuations (e.g., low-frequency torsional modes) significantly
24 constrain the effective delocalization length.2−5 As a con-
25 sequence, at sufficiently high excitation densities, multiple
26 excitons can coexist in close proximity, leading to distinguish-
27 able exciton−exciton interactions and correlations.6 Electron
28 push−pull polymers are known to form disordered polymeric
29 aggregates,7,8 which could host two-dimensional hybrid HJ
30 excitons.2,3,9−11 In this work, we show direct evidence of two
31 distinct excitons dressed by different vibrational modes, each
32 with its own vibronic progression. Furthermore, we demon-
33 strate the presence of Frenkel biexcitons and correlated exciton
34 pairs revealed in one-quantum (1Q) and two-quantum (2Q)
35 two-dimensional coherent spectra (2DCS). By tracing the
36 Liouville pathways qualitatively on a two-exciton basis, we
37 show that the spectral overlap between the biexcitons and the
38 dominant feature of single excitons gives rise to asymmetric
39 cross-peaks in the 1Q spectra.
40 Under a two-level molecular picture, Frenkel exciton−
41 exciton interactions (EEI) can be categorized into two types:
42 the first type, termed kinematic exciton−exciton interactions,
43 originates from the hard-core-like scattering between Frenkel
44 excitons due to the Pauli exclusion principle.12 Naturally, the
45 kinematic interaction gives rise to an effective repulsive two-
46 exction state, which is observed as a blue-shifted positive
47 absorption feature (in differential absorption) relative to the

48ground-state bleach for J-aggregates in pump−probe experi-
49ments.13−15 The second type is the dynamic exciton−exciton
50interaction originating from the differences in the permanent
51static dipoles of the ground and excited states.16 For the latter
52case, experimental reports on the existence of dynamic Frenkel
53biexcitons in molecular aggregates are fairly limited, with
54sporadic evidence provided by fluence-dependent intensity and
55spectral line shape analysis by transient absorption measure-
56ments.17−19 Recently, more direct evidence is presented
57through the use of multiquantum coherent spectroscopy.20−23

58Dostaĺ et al. ascribed the growing two-exciton features in a
59small-molecule aggregated system to exciton−exciton inter-
60actions through diffusion.20 Maly ́ et al. probed exciton
61transport transitioning from wavelike to subdiffusive behavior
62through EEI in a conjugated copolymer with varying chain
63lengths.21 Gutieŕrez-Meza et al. investigated the correlation
64between the biexcitonic binding energy and hybrid H and J
65aggregate characteristics in a liquid-crystalline-like conjugated
66polymer.23,24 Despite the incremental new discoveries of
67Frenkel-exciton properties, the biexciton resonances and
68many-body correlations (e.g., excitation-induced dephasing)
69in Frenkel-exciton systems are not well developed as in their
70Wannier−Mott counterparts.25−32 In addition, although the
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71 biexcitons are observed explicitly in the 2Q spectra, their
72 contributions to the 1Q spectra are often neglected.
73 In this Letter, we address these issues by probing the
74 conjugated electron push−pull polymer poly[N,N′-bis(2-
75 octyldodecyl)naphthalene-1,4,5,8-bis(dicarboximide)-2,6-
76 diyl]-alt-5,5′-(2,2′-bithiophene) (or N2200, and its associated

f1 77 chemical structure is shown in Figure 1a) by means of two-

78 dimensional coherent spectroscopic measurements. The thin-
79 film preparation of N2200 is described in the Supporting
80 Information. Compared to conjugated homopolymers, the
81 strong charge-transfer character in the electron push−pull
82 polymers leads to a large permanent static dipole moment,33

83 which determines the strength of dynamic EEI.6 Another
84 difference lies in the fact that the electronic transitions in
85 conjugated copolymers are coupled to more vibrational modes,
86 resulting in synergistic intermode effects, where the weakly
87 coupled mode could borrow intensities from the strongly
88 coupled vibrational mode.34 These, along with polymorphism
89 and static disorder, lead to significantly congested spectral
90 features in electron push−pull polymers.
91 Implementing 2DCS, we directly resolve (i) electronic
92 correlations between different excited states and (ii)
93 inhomogeneous and homogeneous broadening contributions
94 into the optical line widths.35 We employ a coherent optical
95 laser beam recombination technique (COLBERT) designed in
96 the research group of Keith Nelson,36,37 which adopts a four-
97 wave-mixing (FWM) signal acquisition scheme based on phase
98 matching imposed by the incident beam geometry and on time
99 ordering of the femtosecond pulse sequence. This spectrosco-
100 py generates a third-order macroscopic coherent polarization
101 by resonantly interacting a pulse train of three sequential
102 beams with an optically active material resonantly. The
103 coherent emission propagates in the well-defined direction
104 for one-quantum rephasing scheme with wavevector

105= + +k k k ks a b c
÷÷ ÷÷÷ ÷÷÷ ÷÷

and nonrephasing scheme with wave-

106vector = +k k k ks a b c
÷÷ ÷÷÷ ÷÷÷ ÷÷

, where the difference lies on the
107relative pulse arrival within the two first phase-conjugate
108pulses. Eventually, the coherent signal is detected through
109spectral interferometry by an attenuated fourth beam (i.e., the
110local oscillator or LO). Fourier-transforming along the first and
111third time duration variable gives rise to correlated
112“absorption” and “emission” axes, where the different
113electronic transitions lie on the diagonal axis, but any
114correlations between the electronic states show up as cross-
115peaks.38 The experimental method is further explained in the
116Supporting Information. In this work, we performed a series of
117fluence-dependent measurements with the pulse fluence varied
118from 12.8 to 121 μJ/cm2 at an initial population waiting time
119of 20 fs (to avoid contamination from coherent artifacts at
120shorter delays). Here, we display a case measured at an
121 f2intermediate fluence (Figure 2), with the rest shown in Figure
122S2, where we observed no drastic fluence dependence of the
123spectral line shape. We overlapped the pulse spectrum with the
124A0−1 vibronic transition (Figure 2a) in the N2200 thin film.
125The real, imaginary, and absolute part of the 1Q rephasing
126diagrams are shown in Figures 2b, 2c, and 2d, respectively. The
127real part is absorptive, while the imaginary part is dispersive

Figure 1. (a) Chemical structure of N2200. (b) Absorption spectra of
the low-energy band of N2200 (blue solid line) and the femtosecond
pulse spectrum of the local oscillator used in the 2DCS measurements
reported in this paper (black dashed line shaded in gray).

Figure 2. (a, e) Absorption spectra of A0−1 in blue solid curve with
the pulse spectra shown in dashed black line shaded in gray. (b−d)
Real, imaginary, and absolute spectrum of the rephasing diagram,
measured with a fluence of 25.6 μJ/cm2. (f−h) Real, imaginary, and
absolute spectrum of the nonrephasing diagram. All measurements are
conducted with the samples positioned in a high-vacuum chamber at
ambient temperature.
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128 along the diagonal axis, as expected in a transmission
129 experiment. Interestingly, the absorptive feature in Figure 2b
130 appears to be elongated along the diagonal axis with a slight tail
131 that extends along the absorption energy axis, which is
132 enhanced in the absolute diagram in Figure 2d. In addition, the
133 cross-peaks in Figure 2b seem to be negative even though they
134 are more attenuated compared to the dominant peaks. We will
135 discuss their implications when considering all possible
136 Liouville pathways later. As the dephasing rate determines
137 the homogeneous line width, we also took the antidiagonal
138 cuts of the absolute-valued spectra as shown in Figure S3.
139 Despite the distinct pumping fluences, we observed no drastic
140 differences between the antidiagonal line widths, as opposed to
141 what was previously observed in inorganic and perovskite
142 semiconductors, which was attributed to excitation-induced
143 dephasing.25,27,29 Such a difference might be due to the
144 strongly bound nature of Frenkel excitons in comparison to
145 Wannier−Mott excitons, where Frenkel excitons are less
146 susceptible to long-range Coulombic screening, at least in
147 this type of push−pull conjugated polymer. In contrast to
148 rephasing spectra, the real (Figure 2f) and imaginary part
149 (Figure 2g) of the nonrephasing spectrum demonstrate
150 absorptive and dispersive characteristic across the diagonal
151 axis, respectively. A small side peak is observed above the
152 dominant A0−1 peak, which might be due to the interstate
153 coherence with A0−2 that is out of the spectral range. Because
154 the phase twist is now perpendicular to the diagonal axis, the
155 shoulder at 1.664 eV along the diagonal axis and cross-peak at
156 (1.736, 1.664) eV emerge more clearly. The same character is
157 also observed in the absolute-value diagram for nonrephasing
158 in Figure 2h.
159 A common practice to eliminate the phase twist issue is to
160 sum the real part of rephasing and nonrephasing diagram, in
161 which the line width is purely absorptive.39 By doing so, the

f3 162 small shoulder becomes more prevalent besides the dominant

163 f3A0−1 transition as shown in Figure 3a−d. It is worth noting that
164the peak amplitude is weighted by the product of the
165absorption spectrum and the pulse intensity. As the intensity
166of the beam is much more attenuated on the low-energy part,
167this feature should be much stronger than it appears. The
168cross-peak at (1.736, 1.656) eV indicates that the two excitons
169share a common ground state, which excludes the possibility of
170the side peak originating from a different polymer phase. In
171addition, we also want to highlight that the subpeak cannot be
172the tail of A0−0 as its energy difference from the A0−1 is less
173than 80 meV, greatly smaller than the energy of the dominant
174vinyl-stretching mode (170 meV), characteristic of various
175conjugated polymers.40 Another important feature is the
176asymmetric cross-peaks in the upper and lower quadrants of
177the 2D spectrum, also seen in the nonrephasing diagram. Such
178a signature was explained previously for a cancellation of the
179Liouville pathways for the interstate coherence and excited
180state absorption (of mixed biexciton states; see below).41 The
181cross-peak amplitude would then scale as the coupling strength
182between the two excitons in the weak-coupling limit. In the
183upper quadrant, the cross-peak shown in the red dashed square
184has a positive sign, as opposed to the dominant features.
185Because they overlap with the dominant feature, their real
186intensities might be underestimated.
187By identifying the two one-exciton transitions, we can apply
188the level scheme of a pair of heterogeneous vibronic excitons
189with their associated biexciton states as shown in Figure 3e.39 |
190nν d1

mν d2
⟩ denotes a state that has m excitons, each coupled to the

191dominant vinyl-stretching vibrational mode, ν2, and n excitons
192coupled to the satellite vibrational mode, ν1. As the relative
193positions of |n⟩ and |m⟩ can encode the two vibration modes
194directly, we discard the subscription in the following discussion
195for simplicity. For FWM experiments, only a conserved two-
196exciton space needs to be considered. Specifically, we only take
197account of the pure biexciton states, |20⟩ and |02⟩, and mixed

Figure 3. (a−d) 1Q total-correlation spectroscopy of 12.8, 25.6, 51.2, and 121 μJ/cm2, respectively. The black dashed lines indicate the position of
the dominant A0−1 feature. The red dashed squares highlight positive features indicating the contribution from biexcitons. (e) Level scheme for
both local and normal mode system of two heterogeneous vibronic excitons and their associated biexcitons. The relative energies between the
normal modes depend upon the sign and magnitude of exciton−exciton coupling strengths.
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198 biexciton states, |11⟩. Transitions are ignored when multiple
199 transition dipoles are required. For example, a direct transition,
200 |10⟩ → |02⟩ is considered forbidden because it involves
201 multiple photons in one step. The associated normal mode is
202 given schematically in the right panel of Figure 3e. The exact
203 energy shift depends on the magnitude and sign of the
204 exciton−exciton coupling operators.

205The Liouville pathways considering all allowed transitions
206 f4are demonstrated in Figure 4. Despite the fact that the line
207widths in conjugated polymers are broadened, qualitative
208features can be observed immediately. The positive features
209that originate from transitions to the mixed biexciton (|fm⟩)
210and pure biexciton (|f1⟩, |f 2⟩) states concentrate on the left
211regime to the diagonal axis, while the right side of the diagonal

Figure 4. Liouville pathways for rephasing (a) and nonrephasing (b) diagrams. Schematic of purely absorptive 1Q spectra for rephasing (c) and
nonrephasing (d) phase matching conditions. The negative and positive features are denoted in red and blue, respectively. Figure inspired originally
by Figures 4.11 and 4.13 from ref 39.

Figure 5. (a) Real, (b) imaginary, and (c) absolute spectrum of the 1Q nonrephasing spectra. (a) Real, (b) imaginary, and (c) absolute spectrum of
the 2Q nonrephasing diagram. The black dashed line indicates the peak position at the dominant A0−1. The red dashed line locates at the side peak
position.
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212 axis has an overlapped feature from the excited state absorption
213 of the mixed biexciton and interstate coherence as mentioned
214 earlier in both rephasing and nonrephasing spectra. The overall
215 imbalanced 1Q total correlation spectra are indeed observed,
216 as shown in Figure 3a−d. However, here we considered all
217 three biexciton states, where the pure biexciton features also
218 give rise to positive features even though they could have larger
219 energy shift. Therefore, the overall imbalanced spectral features
220 could be caused by (1) the overlap between the mixed
221 biexciton absorption and interstate coherence on both sides of
222 the diagonal axis with their amplitude determined by the EEI
223 strength and their relative transition dipole moments, (2) pure
224 biexciton absorption on the left regime, leaving the right
225 regime in negative sign due to the interstate coherence solely,
226 or (3) a combination of both contributions. To address this
227 issue, we resort to the 2Q nonrephasing scheme in the phase-

228 matching direction = +k k k ks a b c
÷÷ ÷÷÷ ÷÷÷ ÷÷

.42 In contrast to the 1Q,
229 the first two pulses interacting with the material share the same
230 phase. The sequential excitation could generate biexciton and
231 unbound exciton pairs, which can be resolved in more detail
232 along the two-quantum axis.28,43

233 To more easily compare the 2Q spectral features with their
234 1Q counterparts, the 1Q and 2Q nonrephasing measurements

f5 235 are presented in Figure 5 under the pumping fluence of each
236 pulse being 121 μJ/cm2. The spectral features do not
237 significantly depend on the fluences, although low-fluence
238 measurements seem to present more artifacts as shown in
239 Figure S4. A close match of the energies of the two
240 heterogeneous vibronic excitons in 1Q and 2Q spectra can
241 be found by the red and black dashed lines. Two prominent
242 features can be observed and are explained in Figure 5d−f.
243 First, the two dominant peaks, β and α, reside on the diagonal
244 axis, each accompanied by a red-shifted side peak, β′ and α′,
245 respectively, along the two-quantum axis. Therefore, the
246 binding energies, experimentally determined as (E2Q −
247 2E1Q), for |f1⟩ and |f 2⟩ are estimated to be −76 and −64
248 meV as shown in Figure S6, respectively, where the negative
249 sign indicates their attractive nature. The exciton binding
250 energies are comparable because the two vibronic excitons
251 have the same electronic origins, while the slight difference
252 might originate from the perturbation of the two distinct
253 vibrational modes. Interestingly, a blue-shifted shoulder around
254 (1.736, 3.502) eV can also be observed extending out of α.
255 Therefore, the repulsive binding energy can be estimated to be
256 around 39 meV. One possible origin of such a positive feature
257 could be the kinematic exciton−exciton scattering mentioned
258 above. Second, unlike the real and imaginary part of the 1Q
259 nonrephasing spectrum in Figures 5a and 5b, which show
260 distinct absorptive and dispersive features, respectively, the real
261 and imaginary parts of the 2Q nonrephasing spectrum show
262 mixed features. Such features are previously observed in
263 gallium arsenide quantum wells, which are ascribed to many-
264 body interactions.28 Third, a small side peak σ at (1.736,
265 3.312) eV is observed in the absolute diagram, while the real
266 and imaginary parts of the spectra show stronger signals. As the
267 σ peak absorbs approximately twice the |e1⟩ energy and emits
268 at the |e2⟩, it suggests that the coherence originates between
269 the |e1⟩ exciton complexes (i.e., unbound exciton pair 2|e1⟩ or
270 the bound exciton |f1⟩) and the single exciton, |e2⟩. In contrast,
271 we did not observe the coherences between the |e2⟩ exciton
272 complexes and |e1⟩, although a slight elongation on top of the β
273 peak in Figure 5e suggests its weak presence. Although the 2Q

274nonrephasing spectra provided rich information in the
275multiexciton correlations, certain concerns still remain. One
276of which is the non-negligible spectral overlap between β and σ
277in Figures 5d and 5e, leading to ambiguities in deciphering the
278many-body effects on their presence.
279It is worth mentioning that the biexciton states observed
280here do not originate from the higher-lying excited state.
281Previous transient absorption measurements on N2200 show
282that the excited-state absorption lies around 400 meV above
283the ground-state absorption, which is outside the spectral
284window here.44 In addition, Denti et al. previously conducted
285Raman and infrared spectroscopy on the doped N2200 system,
286showing that the polaron formation is strongly localized on the
287NDI units, in great contrast to other conjugated homopol-
288ymers.45 Despite the fact that the 2D 1Q measurements
289performed here look at exciton dynamics at initial population
290time (T = 20 fs), it is not unreasonable to hypothesize that the
291biexcitons observed in this work might be attributed to
292interactions between localized excitons on the stacked NDI
293unit and its neighboring unit. Although we only probed one
294sample under specific processing conditions, further studies
295incorporating samples processed under different conditions
296will be valuable to correlate exciton dynamics with solid-state
297microstructure which will be essential to understand multi-
298exciton properties in semiconductor polymers. Previously, the
299short- and long-range aggregation in N2200 have been
300demonstrated to be tuned by varied molecular weights,46

301solvent quality,47 film annealing,48 blending,49 etc., which give
302handles to observe exciton pair and biexciton generations by
303different preparation processes. Furthermore, to assign the
304satellite vibrational mode, α, both the energy separation
305between α and β and Huang−Rhys (HR) factors are needed.
306Figure 5 suggests that the energy difference between the two
307vibronic excitons should be larger than 72 meV (580 cm−1) as
308the side peak is limited by the spectral window. The accurate
309assignment of the vibrational mode other than the dominant
310ring-stretching mode is still elusive due to unknown HR
311factors. Nonetheless, if we assume the HR factors of both
312modes are comparable, the first vibrational mode might land
313below 1000 cm−1, which is in the wavenumber range of the
314low-energy stretching and torsional modes of the chain
315backbone because the dominant Raman modes are already
316around 1500 cm−1 in the N2200 thin film. Last but not least,
317the mixed biexciton state does not seem to contribute
318significantly in either 1Q or 2Q spectra. As shown by Yang
319and Mukamel, spectral features from both mixed biexciton
320states should reside off-diagonally with equal two-quantum
321energy.26 However, the two biexcitons observed in this work
322do not show coherences from a mixed biexciton state. Only a
323small interstate coherence peak from pure |e1⟩ exciton
324complexes and single exciton |e2⟩ is observed. Although the
325electronic transition from |e1⟩ or |e2⟩ to |fm⟩ is allowed, the
326vibrational transition from |v1⟩ to |v2, v1⟩ could be partly
327forbidden due to the orthogonality of the two normal
328vibrational modes as indicated in eq 1, where the equality
329holds true under Born−Oppenheimer (BO) approximation,
330leading to the weak and even no appearance of the coherences
331from the mixed biexciton.

| | = | | |f v v e v f e v v v; , ; ,m m1 2 1 1 1 1 2 1 332(1)

333Previous work by De Sio et al. has demonstrated the presence
334of conical intersections of multiple potential wells addressed by
335both symmetric and asymmetric vibrational modes in
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336 molecular aggregates.50 The BO approximation breaks down
337 close to the conical intersection because the nonadiabatic
338 transition is enabled by the vibronic coupling. However, as all
339 measurements performed here are at early population times,
340 the BO approximation should still hold considering that the
341 coherent exciton motion does not initiate yet. Nevertheless,
342 the 2Q spectral features at long population times are of great
343 interest to investigate, as the conical intersection will allow
344 transitions to dark states that are not visible under direct
345 optical excitation.
346 Finally, we highlight that the pump fluences employed in
347 this work range from 10 to 100 μJ/cm2, in which sufficient
348 exciton−exciton annihilation (EEA) is expected in electron
349 push−pull polymers on the picoseconds time scale.51,52 Our
350 work shows direct evidence of both correlated exciton pairs
351 and bounded biexcitons even at initial population time, which
352 might be precursors for the EEA process in N2200. Dostaĺ et
353 al. directly monitored the change of two-quantum peak
354 intensities for a molecular aggregate in five-wave-mixing
355 experiments with time evolving into the nanosecond range.20

356 By fitting the temporal evolution with the derived theoretical
357 result considering the direct population of biexciton states,
358 they were able to acquire an associated diffusion constant in
359 good consistency with the previous literature.
360 In addition to the method of direct monitoring through EEI,
361 we suggest that the line shape at initial population time and the
362 diffusion constant might have a deterministic correlation. Moix
363 et al. studied the quantum transport behavior theoretically at
364 short and long times in a one-dimensional J-aggregate chain,
365 when both static disorder and environmental fluctuations exist.
366 Of particular relevance, they treated either analytical solutions
367 for master equations for the exciton dynamics, which correlate
368 the exciton diffusion constants to the Coulombic coupling
369 constant, static disorder, and dephasing rates. In conjugated
370 polymers, the first two parameters can theoretically be acquired
371 by fitting the linear absorption spectra the with the Spano
372 model.53 Meanwhile, the dephasing rates could be determined
373 by analyzing the full coherent line shape properly in 2DCS
374 measurements by utilizing the microscopic theory of
375 dephasing.
376 The microscopic dephasing theory points out that the
377 exciton dynamics generated by the impulsive excitation are not
378 only determined by population decay, which are in turn
379 determined by the radiative and nonradiative rates, but that
380 there is also a contribution to decoherence due to system−
381 bath interactions, e.g., exciton−phonon and exciton−exciton
382 scattering.27,31 The combination of both gives rise to the
383 homogeneous line width in frequency domain, which can be
384 determined by fitting the antidiagonal cut with a Lorentzian
385 function in a purely homogeneously broadened limit.
386 However, in addition to the homogeneous line broadening
387 contributions, the inhomogeneous broadening arising from
388 static disorder (e.g., each molecular segments adopts a slightly
389 different conformation, resulting in different transition
390 energies) will broaden the diagonal line shape, which has an
391 impact on the antidiagonal line width concurrently.54 There-
392 fore, alongside the Coulomb coupling constant and the static
393 disorder, the remaining parameter, homogeneous dephasing
394 rate, could be obtained through the line shape analysis; thus,
395 an effective diffusion constant can be determined. The
396 comparison between this and the results determined from
397 traditional ultrafast measurements could lead to new physical

398insights into the evolution of exciton transport and diffusion
399behavior.
400In conclusion, we perform 1Q and 2Q coherent optical
401spectroscopic measurements on an electron push−pull
402conjugated polymer, where clear features originating from
403two heterogeneous vibronic excitons alongside their exciton
404complexes are observed. 1Q measurements display spectral
405features due to the advantageous attractive bound biexcitons,
406leading to asymmetric cross-peaks. The resultant 2D spectra
407can be explained qualitatively by tracing the Liouville pathways
408using a two-exciton model. The 2Q nonrephasing diagram
409provides further unambiguous evidence of both bound
410biexcitons and unbound exciton pairs. Specifically, unbound
411exciton pairs are found to be the dominant feature with a
412strong attractive biexciton subpeak, the binding energy of
413which is approximately 70 meV. A weakly repulsive biexciton is
414also observed from the shoulder of the unbound exciton pairs.
415The unbound exciton pairs show mixed absorptive and
416dispersive line shape in contrast to that of the attractive
417biexciton, indicating the many-body effects in the unbound but
418correlated exciton pairs.
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(22) 537Maly,̀ P.; Mueller, S.; Lüttig, J.; Lambert, C.; Brixner, T.
538Signatures of exciton dynamics and interaction in coherently and
539fluorescence-detected four-and six-wave-mixing two-dimensional
540electronic spectroscopy. J. Chem. Phys. 2020, 153, 144204.

(23) 541Gutiérrez-Meza, E.; Malatesta, R.; Li, H.; Bargigia, I.; Srimath
542Kandada, A. R.; Valverde-Chávez, D. A.; Kim, S.-M.; Li, H.; Stingelin,
543N.; Tretiak, S.; et al. Frenkel biexcitons in hybrid HJ photophysical
544aggregates. Science advances 2021, 7, eabi5197.

(24) 545Bittner, E. R.; Silva, C. Concerning the stability of biexcitons in
546hybrid HJ aggregates of π-conjugated polymers. J. Chem. Phys. 2022,
547156, 181101.

(25) 548Li, X.; Zhang, T.; Borca, C. N.; Cundiff, S. T. Many-body
549interactions in semiconductors probed by optical two-dimensional
550Fourier transform spectroscopy. Phys. Rev. Lett. 2006, 96, 057406.

(26) 551Yang, L.; Mukamel, S. Revealing exciton-exciton couplings in
552semiconductors using multidimensional four-wave mixing signals.
553Phys. Rev. B 2008, 77, 075335.

(27) 554Moody, G.; Kavir Dass, C.; Hao, K.; Chen, C.-H.; Li, L.-J.;
555Singh, A.; Tran, K.; Clark, G.; Xu, X.; Berghäuser, G.; et al. Intrinsic
556homogeneous linewidth and broadening mechanisms of excitons in
557monolayer transition metal dichalcogenides. Nat. Commun. 2015, 6,
5588315.

(28) 559Karaiskaj, D.; Bristow, A. D.; Yang, L.; Dai, X.; Mirin, R. P.;
560Mukamel, S.; Cundiff, S. T. Two-quantum many-body coherences in
561two-dimensional Fourier-transform spectra of exciton resonances in
562semiconductor quantum wells. Phys. Rev. Lett. 2010, 104, 117401.

(29) 563Thouin, F.; Cortecchia, D.; Petrozza, A.; Kandada, A. R. S.;
564Silva, C. Enhanced screening and spectral diversity in many-body
565elastic scattering of excitons in two-dimensional hybrid metal-halide
566perovskites. Phys. Rev. Res. 2019, 1, 032032.

(30) 567Srimath Kandada, A. R.; Li, H.; Thouin, F.; Bittner, E. R.; Silva,
568C. Stochastic scattering theory for excitation-induced dephasing:
569Time-dependent nonlinear coherent exciton lineshapes. J. Chem. Phys.
5702020, 153, 164706.

(31) 571Li, H.; Shah, S.; Kandada, A. R. S.; Silva, C.; Piryatinski, A.;
572Bittner, E. R. The optical signatures of stochastic processes in many-
573body exciton scattering. Annu. Rev. Phys. Chem. 2023, 74, 467−492.

(32) 574Rojas-Gatjens, E.; Li, H.; Vega-Flick, A.; Cortecchia, D.;
575Petrozza, A.; Bittner, E. R.; Srimath Kandada, A. R.; Silva-Acuña, C.
576Many-Exciton Quantum Dynamics in a Ruddlesden-Popper Tin
577Iodide. J. Phys. Chem. C 2023, 127, 21194−21203.

(33) 578Grisanti, L.; D’Avino, G.; Painelli, A.; Guasch, J.; Ratera, I.;
579Veciana, J. Essential state models for solvatochromism in donor-
580acceptor molecules: The role of the bridge. J. Phys. Chem. B 2009,
581113, 4718−4725.

(34) 582Zhao, Z.; Spano, F. C. Multiple mode exciton-phonon
583coupling: Applications to photoluminescence in oligothiophene thin
584films. J. Phys. Chem. C 2007, 111, 6113−6123.

(35) 585Mukamel, S. Principles of Nonlinear Optical Spectroscopy; Oxford
586University Press: 1995.

The Journal of Physical Chemistry Letters pubs.acs.org/JPCL Letter

https://doi.org/10.1021/acs.jpclett.4c00065
J. Phys. Chem. Lett. XXXX, XXX, XXX−XXX

G

https://doi.org/10.1103/PhysRev.37.17
https://doi.org/10.1103/PhysRevB.88.155202
https://doi.org/10.1103/PhysRevB.88.155202
https://doi.org/10.1146/annurev-physchem-040513-103639
https://doi.org/10.1146/annurev-physchem-040513-103639
https://doi.org/10.1088/1367-2630/15/8/085010
https://doi.org/10.1088/1367-2630/15/8/085010
https://doi.org/10.1088/1367-2630/15/8/085010
https://doi.org/10.1021/acs.chemmater.3c02665?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.chemmater.3c02665?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1016/S1079-4050(03)31001-4
https://doi.org/10.1016/S1079-4050(03)31001-4
https://doi.org/10.1038/nmat3722
https://doi.org/10.1038/nmat3722
https://doi.org/10.1002/adma.201701072
https://doi.org/10.1002/adma.201701072
https://doi.org/10.1002/adma.201701072
https://doi.org/10.1063/1.4705272
https://doi.org/10.1063/1.4705272
https://doi.org/10.1063/1.4705272
https://doi.org/10.1021/acs.jpcc.9b09368?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b09368?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpcc.9b09368?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1063/5.0054877
https://doi.org/10.1063/5.0054877
https://doi.org/10.1016/S0022-2313(99)00191-X
https://doi.org/10.1063/1.464797
https://doi.org/10.1063/1.464797
https://doi.org/10.1021/jp990354g?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp990354g?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02213?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpclett.2c02213?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1063/1.461121
https://doi.org/10.1063/1.461121
https://doi.org/10.1103/PhysRevB.58.7654
https://doi.org/10.1103/PhysRevB.58.7654
https://doi.org/10.1103/PhysRevB.58.7654
https://doi.org/10.1103/PhysRevB.57.R4206
https://doi.org/10.1103/PhysRevB.57.R4206
https://doi.org/10.1021/acs.jpcb.0c06732?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpcb.0c06732?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1038/s41467-018-04884-4
https://doi.org/10.1039/C9SC04367E
https://doi.org/10.1039/C9SC04367E
https://doi.org/10.1063/5.0022743
https://doi.org/10.1063/5.0022743
https://doi.org/10.1063/5.0022743
https://doi.org/10.1126/sciadv.abi5197
https://doi.org/10.1126/sciadv.abi5197
https://doi.org/10.1063/5.0090515
https://doi.org/10.1063/5.0090515
https://doi.org/10.1103/PhysRevLett.96.057406
https://doi.org/10.1103/PhysRevLett.96.057406
https://doi.org/10.1103/PhysRevLett.96.057406
https://doi.org/10.1103/PhysRevB.77.075335
https://doi.org/10.1103/PhysRevB.77.075335
https://doi.org/10.1038/ncomms9315
https://doi.org/10.1038/ncomms9315
https://doi.org/10.1038/ncomms9315
https://doi.org/10.1103/PhysRevLett.104.117401
https://doi.org/10.1103/PhysRevLett.104.117401
https://doi.org/10.1103/PhysRevLett.104.117401
https://doi.org/10.1103/PhysRevResearch.1.032032
https://doi.org/10.1103/PhysRevResearch.1.032032
https://doi.org/10.1103/PhysRevResearch.1.032032
https://doi.org/10.1063/5.0026351
https://doi.org/10.1063/5.0026351
https://doi.org/10.1146/annurev-physchem-102822-100922
https://doi.org/10.1146/annurev-physchem-102822-100922
https://doi.org/10.1021/acs.jpcc.3c04896?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/acs.jpcc.3c04896?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp809771d?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp809771d?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp067927r?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp067927r?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
https://doi.org/10.1021/jp067927r?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as
pubs.acs.org/JPCL?ref=pdf
https://doi.org/10.1021/acs.jpclett.4c00065?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as


(36)587 Vaughan, J. C.; Hornung, T.; Feurer, T.; Nelson, K. A.
588 Diffraction-based femtosecond pulse shaping with a two-dimensional
589 spatial light modulator. Opt. Lett. 2005, 30, 323−325.

(37)590 Turner, D. B.; Stone, K. W.; Gundogdu, K.; Nelson, K. A.
591 Invited Article: The coherent optical laser beam recombination
592 technique (COLBERT) spectrometer: Coherent multidimensional
593 spectroscopy made easier. Rev. Sci. Instrum. 2011, 82, 081301.

(38)594 Fresch, E.; Camargo, F. V.; Shen, Q.; Bellora, C. C.; Pullerits,
595 T.; Engel, G. S.; Cerullo, G.; Collini, E. Two-dimensional electronic
596 spectroscopy. Nat. Rev. Methods Primers 2023, 3, 84.

(39)597 Hamm, P.; Zanni, M. Concepts and Methods of 2D Infrared
598 Spectroscopy; Cambridge University Press: 2011.

(40)599 Chang, X.; Balooch Qarai, M.; Spano, F. C. Intermolecular
600 charge transfer in H-and J-aggregates of donor-acceptor-donor
601 chromophores: The curious case of bithiophene-DPP. J. of Phys.
602 Chem. C 2022, 126, 18784−18795.
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