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Abstract: Higher excited states are attractive for driving high-energy 
photochemistry, but their ultrafast relaxation usually prevents direct utilization. 
Here we demonstrate, by pump-push-probe spectroscopy, ultrafast electron 
injection from higher excited states of perylene monoimide (PMI) coordinated to 
CdS and ZnS nanocrystals (NCs). Despite the weak electronic interaction between 
the lowest excited state of PMI and the NC surface, sequential excitation with 520 
and 650 nm pulses generates long-lived charge-separated states through higher 
excited-state electron injection. A modified subtraction analysis disentangles the 
genuine higher excited-state dynamics from apparent population change of the 
lowest excited state, revealing sub-picosecond interfacial electron transfer and 
enhanced PMI radical anion formation in the ZnS system. This work establishes 
PMI-NC hybrids as a platform for harvesting short-lived high-energy excited states 
as long-lived reactive charges under visible light. 

 Keywords: pump-push-probe spectroscopy; perylene monoimide; higher excited-
state; nanocrystals; electron transfer 

1. Introduction 

Harnessing visible and near-infrared light to drive high-energy reactions is a central challenge in 
photochemistry and materials chemistry [1–3]. Achieving this goal would enable highly selective photochemical 
transformations under mild conditions and precise spatiotemporal control in condensed-phase systems. One 
promising approach to overcome this limitation is stepwise two-photon excitation, in which two photons are 
sequentially absorbed via a real intermediate excited state [4–6]. Compared with simultaneous two-photon 
absorption, stepwise two-photon excitation can be achieved at much lower excitation intensities, yet still enables 
access to higher excited states or excited states of transient species under visible or near-infrared light. 
Accordingly, it has been applied to photocatalytic reactions utilizing high redox properties [7–13], optical 
switching [14–17], triplet–triplet annihilation upconversion [18–21], photoinitiators for 3D laser nanoprinting [22–
24] and photoionization [25–27]. 

On the other hand, higher excited states accessed by stepwise two-photon excitation generally undergo 
ultrafast relaxation in accordance with Kasha’s rule, and their lifetimes are often limited to the sub-picosecond or 
picosecond regime [28,29]. As a result, it is difficult to directly utilize these states for intermolecular chemical 
reactions. This has become a fundamental challenge that limits the general applicability of this approach. Recently, 
a strategy has been proposed to overcome this short-lifetime problem by ultrafast extraction of the high-energy 
electron to an inorganic material, thereby extending its lifetime [30]. For example, in perylene bisimide (PBI)-
based systems, it has been demonstrated that higher excited-state electrons generated by stepwise two-photon 
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excitation can be injected into the conduction band of inorganic nanocrystals (NCs), resulting in a lifetime that is 
orders of magnitude longer than that of the higher excited state of the molecule alone [31–33]. Accordingly, a 
design principle is emerging in which short-lived high-energy electrons are converted into reactive states with 
lifetimes long enough to be utilized in chemical reactions. 

However, previous proof-of-concept studies have been largely limited to PBI frameworks. Extending this 
concept to perylene monoimide (PMI) is particularly important because the reduced number of imide substituents 
shifts its electronic levels to more negative potentials, potentially enabling access to more strongly reducing excited 
states. Clarifying whether the concept of lifetime prolongation through the extraction of electrons from higher 
excited states, established for PBI systems, can also be applied to PMI systems is essential for building a general 
framework for designing photoreactions that exploit short-lived higher excited states. 

In this study, we developed PMI-coordinated CdS NCs (PMI-CdS) and ZnS NCs (PMI-ZnS Figure 1a), and 
investigated interfacial electron-transfer dynamics from higher excited states using transient absorption 
spectroscopy and pump-push-probe spectroscopy. We first focused on CdS NCs, which serve as effective probes 
of electron transfer, and then extended the study to ZnS NCs with a wider bandgap to examine how differences in 
acceptor energy levels and surface defects influence electron-transfer behavior. Furthermore, detailed analyses of 
the excited-state dynamics were performed using compound 1 (Figure 1a), which lacks a carboxylic acid moiety, 
as a reference system. 

 

Figure 1. (a) Molecular structures of PBI, PMI, and compound 1. (b) Schematic energy diagram of the stepwise 
two-photon-induced electron injection of PMI-CdS and PMI-ZnS. VBM and CBM indicate the valence band 
maximum and conduction band minimum, respectively. 

Figure 1b schematically illustrates the concept of this study. Upon irradiation with a 520 nm pump pulse, 
PMI is excited to form the lowest singlet excited state (S1). As described later, the S1 of PMI exhibits a 
characteristic excited-state absorption band around 650 nm; therefore, irradiation with an additional 650 nm pulse 
within its lifetime enables the generation of a higher excited state (hereafter tentatively denoted as the Sn state). 
While Sn states conventionally undergo rapid nonradiative relaxation, we demonstrate that the extraction of the 
excited electron in Sn states to the conduction band minimum (CBM) of the NC allows the electron derived from 
this intrinsically short-lived higher excited state to survive for longer than nanoseconds. These findings expand 
the versatility of higher excited state chemistry using organic-inorganic nanohybrids and open new possibilities 
for the design of interfacial charge-transfer systems that effectively utilize high-energy electrons under mild optical 
conditions. 
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2. Results and Discussion 

PMI, CdS NCs, and ZnS NCs were synthesized according to previously reported methods (see supporting 
information (SI) for details). X-ray diffraction (XRD) measurements reveal that the crystal structure of the 
synthesized CdS and ZnS NCs is zincblende (Figure S6). Transmission electron microscopy (TEM) measurements 
reveal that the average diameters of CdS and ZnS NCs are 4.9 ± 0.6 nm (Figures 2b and S10a) and 3.5 ± 0.6 nm 
(Figures S9 and S10b), respectively. The size of CdS NCs is consistent with that obtained from the first excitonic 
absorption peak (4.9 nm) [34]. PMI-CdS was prepared by mixing a chloroform solution of PMI (9.1 × 10−5 M) 
and CdS NCs (6.1 × 10−6 M), each measured using a microsyringe, followed by standing for 16 h. PMI-ZnS was 
also prepared at the same molar ratio. The number of PMI per NC (PMI/CdS and PMI/ZnS) was set to 15, which 
were estimated by the molar absorption coefficients of these compounds. 

 

Figure 2. (a) Steady-state absorption spectra of PMI, CdS NCs, and PMI-CdS (the molar ratio: PMI/CdS = 15) in 
chloroform. (b) TEM image of CdS NCs. 

The chloroform solution of PMI exhibits absorption peaks at 518 and 493 nm and a shoulder at 462 nm 
associated with vibronic progressions of the S0–S1 transition (Figure 2a). The chloroform solution of CdS NCs 
exhibits the first excitonic absorption peak at 440 nm. Upon coordination of PMI to CdS NCs, the absorption peaks 
derived from PMI are slightly red-shifted to 520 and 494 nm, accompanied by a broadening of the absorption 
bands. These spectral changes are attributed to the adsorption of PMI onto the surface of CdS NCs, as will be 
discussed in detail later based on fluorescence measurements. The molar absorption coefficient of the CdS NCs at 
the excitonic absorption peak is determined to be 8.3 × 105 M−1 cm−1 according to the previous report [34]. As 
described later, fluorescence measurements reveal that almost all PMI molecules are coordinated to CdS NCs in 
the concentration range of PMI/CdS ≤ 20. For comparison, similar red-shifted and band broadening were also 
observed for PMI-ZnS (Figures S8). ZnS NCs exhibit the first excitonic absorption peak at 307.5 nm (Figure S7), 
and the molar absorption coefficient of the ZnS sample is estimated to be 8.3 × 105 M−1 cm−1 at the excitonic 
absorption peak using the reported procedure [35,36]. 

To investigate the adsorption properties of PMI on CdS NCs in chloroform, fluorescence spectroscopy 
measurements were performed by stepwise addition of a CdS NC solution (6.1 × 10−5 M) to a chloroform solution 
of PMI with a fixed concentration of 1.0 × 10−6 M. In this approach, PMI/CdS decreases with increasing addition 
of the CdS NC solution. After each addition, the solution was allowed to stand for 10 min, followed by nitrogen 
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bubbling for 10 min, after which the fluorescence spectrum was recorded. The excitation wavelength was set at 
488 nm. The fluorescence spectral changes at each PMI/CdS ratio, and the fluorescence peak wavelength as a 
function of the added concentration of CdS NCs are shown in Figure 3. 

 

Figure 3. (a) Fluorescence spectra of PMI in CHCl3 upon stepwise addition of CdS NCs under excitation at 448 
nm and (b) Fluorescence peak maximum wavelength as a function of the added concentration of CdS NCs. 

The chloroform solution of PMI exhibits a fluorescence maximum at 553 nm, with the fluorescence band 
extending to approximately 800 nm. Upon stepwise addition of the CdS NC solution (resulting in a gradual 
decrease in the PMI/CdS ratio), the fluorescence spectrum derived from PMI is shifted to the red, accompanied by 
a decrease in fluorescence intensity, which is attributable to the coordination of PMI to the surface of the CdS 
NCs. When the PMI/CdS ratio reaches 20, both the spectral shape and the fluorescence intensity become nearly 
constant, suggesting that almost all PMI molecules are coordinated to CdS NCs at this concentration ratio. 
Adsorption of PMI on the surface of the NCs was also confirmed by proton nuclear magnetic resonance (1H NMR) 
spectroscopy (Figure S15), where the ligand-derived signals were broadened or became unobservable because of 
surface heterogeneity. 

The relative fluorescence quantum yields (ΦF) of PMI and PMI-CdS (PMI/CdS = 15) are determined to be 
1.00 and 0.88, respectively, using rhodamine 6G as a standard [37]. Thus, the decrease in fluorescence quantum 
yield upon coordination is limited. As discussed later, the highest occupied molecular orbital (HOMO) level of 
PMI is more positive than the valence band edge of CdS NCs, whereas the lowest unoccupied molecular orbital 
(LUMO) level of PMI is more negative than the conduction band edge of CdS NCs. Therefore, when defect states 
of NCs are not taken into account, neither energy transfer nor electron transfer from the excited PMI to the CdS 
NCs is expected to occur when the PMI moiety is selectively excited. The absorption spectrum of PMI-CdS is 
nearly a simple superposition of those of PMI and CdS NCs, and coordination causes only a small decrease in the 
fluorescence quantum yield of PMI. These results indicate that the electronic interaction between the lowest 
excited state of PMI and CdS NCs is weak. 

Potentials of the conduction and valence bands of ZnS relative to those of PMI suggest that neither electron 
transfer nor energy transfer occurs from the S1 state of PMI. However, the relative fluorescence quantum yield of 
PMI-ZnS (PMI/ZnS = 15, ΦF = 0.62) is much lower than that of PMI and PMI-CdS. Because ZnS is known to 
form a higher density of defect states than CdS, the observed decrease in the relative fluorescence quantum yield 
is likely attributable to electron transfer via defect states, presumably associated with sulfur vacancies. 
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To clarify the excited-state dynamics of PMI and PMI-CdS in chloroform, femtosecond transient absorption 
measurements were performed. The excitation wavelength was set to 520 nm with a pulse energy of 30 nJ pulse−1 
to selectively excite PMI. Figure 4 shows the transient absorption spectra and dynamics obtained after 
photoexcitation. To gain further insight into these dynamics, global analysis based on singular value decomposition 
was performed using the Glotaran program [38]. A three- or four-state sequential kinetic model convoluted with a 
Gaussian instrument response function was tentatively applied, and the transient absorption data were decomposed 
into three or four evolution-associated spectra (EAS1–EAS3 or EAS4). Details of the fitting procedure are 
provided in Figures S17–S19. 

 

Figure 4. (a–c) Femtosecond to nanosecond transient absorption spectra, (d–f) evolution-associated spectra, and 
(g–i) dynamics of compound 1 (1.6 × 10−4 M), PMI (9.1 × 10−5 M), and PMI-CdS (PMI/CdS = 15) in CHCl3 excited 
at 520 nm (30 nJ pulse−1) at room temperature. 

The excited-state dynamics of compound 1 in chloroform are first described as a reference (Figure 4a,d,g). 
EAS1, with time constants on the order of tens to a hundred femtoseconds, contains a significant contribution from 
the nonlinear optical response of the solvent and is therefore not discussed further in this study. EAS2 is 
characterized by distinct ground-state bleach and stimulated emission features together with a slight blue shift of 
the transient absorption band at 650 nm. Considering both its spectral evolution and picosecond timescale, the 
EAS2 is attributed to vibrational relaxation from the initially populated Franck–Condon state to the lowest 
vibrational level of the S1 state. Subsequently, the S1 state undergoes monoexponential relaxation on the 
nanosecond timescale. 

PMI exhibits similar ultrafast components, with the solvent nonlinear response and vibrational relaxation 
appearing as EAS1 and EAS2, respectively (Figure 4b,e,h). In the transient absorption spectra of PMI, negative 
signals assigned to ground-state bleach and stimulated emission appear instantaneously at 498, 533, and 580 nm 
upon 520-nm excitation, while a positive band attributed to excited-state absorption is observed at 665 nm. This 
positive band shifts slightly to 650 nm within a few picoseconds, in good agreement with the assignment of EAS2 
to the Franck–Condon state, which decays via vibrational relaxation. In addition to these components, PMI shows 
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an extra EAS3 component with a time constant of 272 ps. Comparison with compound 1 suggests that this 
component is associated with the carboxylic acid group of PMI. Diffusion-ordered spectroscopy (DOSY) 
measurements suggest that PMI molecules may form dimers in chloroform through intermolecular interactions 
between carboxylic acid groups (Figure S14). It should be noted that the PMI concentration employed in the 
transient absorption measurements was more than an order of magnitude higher than that used in the fluorescence 
measurements. Thus, the near-unity fluorescence quantum yield of PMI obtained under dilute conditions is not 
necessarily inconsistent with the contribution of intermolecular association under the present conditions. This 
effect may be reflected in the transient absorption response. Following EAS3, a nanosecond decay assigned to S1 
relaxation is observed as EAS4. 

For PMI-CdS, the overall transient absorption spectra are similar to those of PMI (Figure 4c,f,i). The excited-
state absorption band derived from PMI becomes slightly broader upon coordination to the CdS NC surface. On 
the other hand, the peak wavelength is nearly identical to that of PMI, suggesting that the broadening is likely due 
to inhomogeneity arising from differences in PMI’s binding sites and binding modes on the NC surface. Consistent 
with these spectral features, the excited-state dynamics of PMI-CdS can also be decomposed into time-constant 
components, similar to those of PMI. However, the time constants of EAS2 and EAS3 are slightly longer than 
those of PMI. The slightly prolonged EAS2 and EAS3 components may reflect modification of the local 
environment around PMI upon coordination to the NC surface, where surrounding ligands such as oleic acid 
partially restrict molecular motion, thereby slowing vibrational relaxation and the reorientation dynamics 
associated with the carboxylic acid group. Similar spectral features and dynamics were also observed for PMI-
ZnS (Figure S19). These results suggest that the electronic interaction between the S1 state of PMI and the 
semiconductor NCs is weak in both PMI-CdS and PMI-ZnS. 

Upon 347-nm excitation of PMI-CdS, where CdS NCs are predominantly excited, transient spectral features 
assignable to photoexcited CdS NCs were observed in the early time region (Figure S27). Subsequently, another 
set of signals, similar to those observed following direct excitation of PMI, gradually emerges on the tens-of-
picoseconds timescale, suggesting the formation of PMI-derived transient species after excitation of the CdS NCs. 
Based on the HOMO and LUMO energy levels of PMI, together with the conduction- and valence-band edge 
potentials of the CdS NCs, these observations suggest that direct excitation of the CdS NCs induces energy or 
electron transfer to the PMI moiety. Further details are provided in the Supporting Information. 

To investigate the dynamics of the higher excited states of PMI, PMI-CdS, and PMI-ZnS, pump-push-probe 
spectroscopy was employed, in which femtosecond transient absorption measurements were performed using two 
excitation pulses separated by a controlled time delay. The first pump pulse (P1) was set to 520 nm with a pulse 
energy of 250 nJ pulse−1. The second pump pulse (P2) was set at 650 nm with a pulse energy of 80 nJ pulse−1 to 
further excite the S1 of PMI to a higher excited state. In the present study, the delay time between P1 and P2 (t12) 
was fixed at 5 ps, at which coherent effects are absent, and the vibrationally hot state has largely relaxed to the 
lowest excited state. The transient absorption changes associated with the higher excited state were expressed as 
ΔΔOD, which was obtained by subtracting the transient absorption signal induced by 520 nm excitation alone 
(ΔOD520) from that induced by combined excitation with the 520 and 650 nm pulses (ΔOD520+650); that is, ΔΔOD 
= ΔOD520+650 − ΔOD520. 

Figure 5a,b show the pump-push probe spectra and dynamics of PMI in chloroform excited with 520-nm and 
650-nm excitation pulses. Immediately after excitation, pump-push-probe spectra of PMI exhibit a negative signal 
at 650 nm corresponding to depletion of the S1 state, together with positive signals at 490, 550, and 580 nm, which 
are attributed to recovery of the ground-state bleach and a decrease in stimulated emission. These results suggest 
that PMI was promoted to higher excited states. 

The positive signals associated with stimulated emission are larger than those of the ground-state bleaches. 
The stimulated emission decays rapidly within 1 ps, and the observed spectrum becomes nearly the inverse of that 
obtained under 520 nm pump-only excitation. Importantly, the inverse spectrum persists beyond nanoseconds, 
while the signals gradually decay to the initial state, i.e., the S1 state. Because higher excited states generally decay 
to the lowest excited state within 1 ps, the nanosecond dynamics observed here cannot reasonably be attributed to 
relaxation from the higher excited state itself. Even if electron transfer or ionization from the higher excited state 
were to produce another transient reactive species, such as radicals, such a process should give rise to distinct 
spectral signatures beyond a mere inversion of the S1 spectrum, and it would not naturally account for the eventual 
recovery to the original S1 state. These considerations strongly suggest that the anomalous long-lived component 
is not due to a genuine photoproduct formed in the higher excited state, but rather to an apparent population change 
of the S1 state. 

In fact, a simple two-state analysis of ΔΔOD demonstrates that, when the S1 population is reduced by 
stimulated emission, the S1 lifetime component is intrinsically embedded in the ΔΔOD response (details are 
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described in the SI). In the previously reported PBI-CdS system [32], this effect was not pronounced because the 
P2 wavelength was set at 705 nm, although a weakly related feature was observed for PBI alone and was not 
discussed further. In the present system, however, the P2 pulse wavelength is 650 nm, much closer to the 
fluorescence band, and this contribution therefore becomes much more significant. 

To isolate the dynamics of the higher excited state more selectively, the transient absorption dynamics 
obtained under P1-only excitation were scaled by an appropriate factor (α) so that their slow decay component 
matched that observed in the ΔΔOD dynamics, and the resulting scaled single-pulse transient absorption spectra 
were then subtracted from the two-pulse data (ΔΔΔOD = ΔΔOD520+650 − αΔOD520). At 650 nm, corresponding to 
the maximum of the transient absorption band of PMI, the slow decay components obtained under one-pulse and 
two-pulse excitation coincide remarkably well (Figure 5c). The good agreement of these slow dynamics suggests 
that the long-lived component predominantly reflects the decay of the S1 state rather than the intrinsic dynamics 
of the higher excited state. We therefore newly define ΔΔΔOD as the difference between the two-pulse signal and 
the scaled single-pulse transient absorption signal, and use this quantity to reexamine the higher excited-state 
dynamics. 

 

Figure 5. (a) Pump-push-probe spectra and (b) dynamics of PMI in chloroform excited by a 520 nm P1 pulse (250 
nJ pulse−1) and a 650 nm P2 pulse (80 nJ pulse−1). The delay between P1 and P2 (t12) was fixed at 5 ps. Time zero 
was defined as the moment when the P2 pulse and the probe pulse arrived at the sample simultaneously. (c) 
Comparison of the decay profiles of the pump-push-probe dynamics and the one-pulse transient absorption 
dynamics probed at 650 nm. The decay trace obtained with 520 nm excitation alone was normalized to the long-
time decay component. 

Figure 6a,d,g present the subtracted pump-push-probe spectra (ΔΔΔOD), the corresponding EAS, and the 
time profiles at several probe wavelengths for PMI. After subtraction of the nanosecond-lived component arising 
from stimulated emission, the spectral changes associated with S1 depletion and Sn formation are revealed much 
more clearly. Following EAS1, assigned to the nonlinear solvent response, EAS2 (811 fs) and EAS3 (11 ps) 
appear. Based on their spectral characteristics and time constants, EAS2 and EAS3 are attributed to the Franck-
Condon state of Sn states and the subsequent relaxation of their vibrationally hot states, respectively. EAS4 (553 
ps) shows a spectral shape slightly different from that of S1. Because this component is too slow to be assigned to 
relaxation from the higher excited state, it may reflect an additional process arising from PMI aggregation. EAS5 
(>2 ns), although extremely weak, may represent a transient photoproduct formed only under double-pulse 
excitation, as discussed in the following paragraph. 

For PMI-CdS (Figure 6b,e,h), in addition to the ΔΔΔOD spectral components observed for PMI, an additional 
negative signal and a positive signal were observed around 440 and 460 nm, respectively. Because no such features 
were generated upon excitation at 650 nm alone, these signals are assigned to excited-state species on the CdS 
NCs generated via the higher excited state of PMI. These signals are clearly smaller than those produced by direct 
excitation of CdS, and the positive component is relatively more pronounced. This suggests that the spectral profile 
is distorted into a derivative-like shape by effects such as the carrier-induced Stark effect, leading to an apparent 
underestimation of the bleach amplitude. The CdS bleach signal was generated instantaneously upon excitation 
and persisted for longer than nanoseconds (Figure 6h). This indicates that the charge-separated state generated by 
sequential excitation with the 520 and 650 nm pulses is long-lived. 

Further insight can be obtained by comparing the shapes and time constants of the EAS derived from global 
analysis. In the early-time component, EAS2 exhibits a spectral shape broadly similar to that of PMI; however, 
the time constant (740 fs) is almost the same or slightly shorter than that of PMI. This very slight acceleration of 
the decay may suggest the contribution of ultrafast charge injection into CdS NCs. For EAS3 and EAS4, the band 
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around 510 nm becomes relatively more pronounced. EAS4 (134 ps) exhibits an inverted spectral shape relative 
to the S1 signal, indicating that the system has not yet fully returned to the original S1 state on this timescale. 
Furthermore, EAS5 (>2 ns) displays a distinct positive signal in the 560–600 nm region, although these signals 
are very small. This spectral profile of EAS5 closely resembles that reported for the PMI radical anion [39]. These 
results suggest that an electron is first injected from the higher excited state of PMI into the CdS NC and is 
subsequently transferred to another PMI molecule coordinated on the same NC surface, thereby spatially 
separating the electron from the initially oxidized PMI and suppressing direct back electron transfer. Such a 
cooperative process involving multiple chromophores has also been reported previously for the PBI-CdS system 
[32]. In addition, because the CdS bleach-like signal persists for a long time, it is likely that the hole initially left 
on PMI is transferred to, or redistributed within, the CdS side on a certain timescale. 

 

Figure 6. (a–c) Subtracted pump-push-probe (ΔΔΔOD) spectra, (d–f) evolution-associated spectra (EAS), and (g–
i) dynamics of PMI (9.1 × 10−5 M), PMI-CdS (PMI/CdS = 15), PMI-ZnS (PMI/ZnS = 15) in CHCl3 excited at 520 
nm (250 nJ pulse−1) and 650 nm (80 nJ pulse−1) with t2 = 5 ps at room temperature. 

A similar set of signals was also observed for PMI-ZnS (Figure 6c,f,i). As in PMI-CdS, EAS2 (723 fs), which 
probably indicates the higher excited states, exhibits almost the same or slightly shorter time constant than that of 
PMI. These time constants of EAS4 are nearly twice as long in ZnS NCs as in CdS NCs. A slower return of the 
electron to the original PMI increases the probability that the electron is instead transferred to another PMI 
molecule during this interval. Consistent with this interpretation, the EAS5 component, which is assignable to the 
PMI radical anion, is more than twice as intense in PMI-ZnS as in PMI-CdS. In general, the probability of 
intermolecular electron transfer to another PMI should increase with the number of PMI molecules coordinated 
per NC. However, because the PMI/NC ratios are comparable for the CdS and ZnS systems (PMI/CdS = PMI/ZnS 
= 15), the observed difference is unlikely to arise simply from the number of PMI molecules bound to each NC. 

One possible explanation is that PMI-ZnS exhibits a clearly lower fluorescence quantum yield than PMI-
CdS, suggesting that ZnS NCs contain a higher density of trap sites, most likely associated with zinc vacancies. If 
such trap states efficiently capture the hole [40,41], the driving force for electron return to the original PMI is 
reduced. This would slow the recovery represented by EAS4 relative to PMI-CdS, and increase the probability of 
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electron transfer to another PMI molecule coordinated on the same NC surface, which results in the efficient 
formation of the PMI radical anion. These results demonstrate that further excitation of the S1 state of PMI with 
650 nm light enables charge injection even into wide-bandgap ZnS NCs. Compared with the previously reported 
PBI-CdS system, the PMI used in the present study bears the carboxylic acid substituent through a phenyl spacer, 
which should result in a longer effective distance from the NC surface. Nevertheless, by introducing the new 
analysis based on further subtraction from ΔΔOD, we successfully revealed electron transfer from the higher 
excited state across a π-conjugated organic ligand-NC interface. Moreover, the present results suggest that 
appropriate suppression of back electron transfer, for example by exploiting defect states in NCs, may provide a 
route to more efficient generation of the PMI radical anion, namely, a long-lived charge-separated state. 

3. Conclusions 

In summary, pump-push-probe spectroscopy revealed that higher excited states of PMI coordinated to CdS 
and ZnS NCs can rapidly inject electrons into the NCs, leading to long-lived charge-separated states. While the 
lowest excited state of PMI shows only weak electronic interaction with the NC surface, sequential excitation with 
520 and 650 nm pulses opens an efficient pathway for interfacial electron transfer from higher excited states. The 
modified subtraction analysis introduced in this study enabled us to distinguish the intrinsic higher excited-state 
dynamics from the long-lived stimulated-emission contribution. In particular, PMI-ZnS shows more efficient 
formation of the PMI radical anion, suggesting that suppression of back electron transfer by trap states plays an 
important role. These results extend the strategy of utilizing short-lived higher excited states from PBI-based 
systems to PMI–nanocrystal hybrids and provide insight into the design of visible-light-driven charge-transfer 
systems using high-energy excited states. 
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