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Tuning Charge-Separated State Lifetimes in Perovskite

Nanocrystal-Perylenediimide Hybrids

Alejandro Cortés-Villena, José Garcés-Garcés, Alejandro Cadranel, Alberto Garcia-Ros,
Angela Sastre-Santos, Fernando Ferndndez-Ldzaro,* Julia Pérez-Prieto,* Dirk M. Guldi,*

and Raquel E. Galian*

To surface engineer CsPbBr; nanocrystals (NCs), the use of functional
perylenediimides (PDls) featuring carboxylic acids of different spacer lengths
afforded hybrid materials such as NC@PDI-Ph (phenyl spacer) and
NC@PDI-PhPr (phenylpropyl spacer). Properties that are not seen by the
individual components, are investigated by an arsenal of steady-state and
time-resolved techniques. These ranged from photoluminescence (PL) to
ultrafast transient absorption spectroscopy (TAS) combined with global target
analyses. Herein, charge separation from NCs to the electron-accepting PDIs
upon photoexcitation of either the NC or PDI unities is evidenced. Remarkable

high  surface-to-volume ratios, and
solution  processability, among oth-
ers, make them particularly appeal-
ing. All of it renders them promising
candidates for applications ranging
from photovoltaics to photocatalysis.!!]

As colloidal nanomaterials, precise con-
trol over their surface chemistry of per-
ovskite nanocrystals is imperative for han-
dling their optical properties, solubility, and
stability.[?) The use of oleic acid (OA) and

is not only the lifetime of the charge carriers, which is on the time scale of
microseconds, that is, 34 and 63 us for NC@PDI-Ph and NC@PDI-PhPr,
respectively, but also the control over their lifetimes through tuning phenyl-
versus phenylpropyl-spacer length. These findings are of relevance to solar
energy conversion, in general, and perovskite-based devices, in particular.

1. Introduction

Currently, colloidal all-inorganic lead-halide perovskite nanocrys-
tals (NCs) are in the research spotlight. Their great light-
harvesting capabilities, high photoluminescence quantum yields
(®py), tunable bandgaps, long charge carrier diffusion lengths,

oleylamine (OAm) ligand pairs ensures
high-quality nanocrystals with excellent
dispersibility.’] However, the insulating na-
ture of the long-chain organic ligands limits
charge transport properties. While their re-
moval can enhance electronic properties, it
can impact the overall colloidal stability.[*!
In terms of light emission, the fast radiative
recombination rate of photoexcited NCs,
typically on the order of a few nanoseconds, restrains their ef-
fectiveness as an energy source.l?! Nevertheless, interfacing NCs
with strong electron donors and/or acceptors offers an effective
approach to funnel exciton energy in the form of separated elec-
tron and hole charge carriers. Interfacial charge transfer (CT)
not only suppresses radiative recombination but also generates

A. Cortés-Villena, ). Pérez-Prieto, R. E. Galian

Institute of Molecular Science

University of Valencia

c/Catedriético José Beltran Martinez 2, Paterna, Valencia 46980, Spain
E-mail: julia.perez@uv.es; raquel.galian@uv.es

). Garcés-Garcés, A. Garcia-Ros, A. Sastre-Santos, F. Fernandez-Lazaro
Area of Organic Chemistry

Institute of Bioengineering

Miguel Hernandez University

Avda. Universidad S/N, Elche 03202, Spain

E-mail: fdofdez@umh.es

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adom.202501175
© 2025 The Author(s). Advanced Optical Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial License, which permits
use, distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes.

DOI: 10.1002/adom.202501175

Adv. Optical Mater. 2025, 13, e01175 e01175 (1 0f11)

A.Cadranel, D. M. Guldi

FAU Profile Center Solar Department of Chemistry and Pharmacy
& Interdisciplinary Center for Molecular Materials (ICMM)
Friedrich-Alexander-Universitat Erlangen-Nurnberg (FAU)
Egerlandstrasse 3, 91058 Erlangen, Germany

E-mail: dirk.guldi@fau.de

A. Cadranel

CONICET - Instituto de Quimica Fisica de Materiales
Medio Ambientey Energia (IN-QUIMAE)

Universidad de Buenos Aires

Viamonte 430, Buenos Aires 1053, Argentina

A. Cadranel

Facultad de Ciencias Exactasy Naturales

Departamento de Quimica Inorgénica

Analiticay Quimica Fisica

Universidad de Buenos Aires

Viamonte 430, Buenos Aires 1053, Argentina

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH


http://www.advopticalmat.de
mailto:julia.perez@uv.es
mailto:raquel.galian@uv.es
mailto:fdofdez@umh.es
https://doi.org/10.1002/adom.202501175
http://creativecommons.org/licenses/by-nc/4.0/
mailto:dirk.guldi@fau.de
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadom.202501175&domain=pdf&date_stamp=2025-08-05

ADVANCED
SCIENCE NEWS

ADVANCED
OPTICAL
MATERIALS

www.advancedsciencenews.com

long-lived charge carriers, thereby enhancing the potential for op-
toelectronics and energy conversion applications.l®! In turn, CT
across nanoscale semiconductor interfaces following photoexci-
tation is a hot topic. In this regard, Wu et al.l% explored, for exam-
ple, the electron and hole transfer dynamics from CsPbBr; NCs
to benzoquinone (BQ) and phenothiazine (PTZ), respectively.
This pioneering study inspired several studies involving a variety
of organic electron acceptors and donors.”] Most of them lacked,
however, an unambiguous corroboration for the formation of the
respective one-electron oxidized electron donor or reduced elec-
tron acceptor by spectroscopic methods. Dynamics and quantum
yields of interfacial CTs are proportional to the electronic cou-
pling between the surface-anchored electron donors and/or ac-
ceptors. Important is hereby the optimization of the orbital over-
lap through a change in interfacial distance.”?"! Hereby, chang-
ing the spacer stands out and is typically done by using conven-
tional chalcogenide quantum dots.[®! But, the alkyl chain length
of the spacer is decisive in terms of the trade-off between charge
separation and recombination.[’!

Perylenediimides (PDIs) have widely been used as visible-
light absorbing electron acceptors in organic electronics and
photovoltaics.l'% Their versatility stems from tunable electronic
features. For instance, substitutions at the imide nitrogen en-
hance solubility and influence solid-state packing, on the one
hand, whereas modifications at the bay/ortho positions allow
fine-tuning of electron affinity and optical absorption, on the
other hand. Together, these structural variations enable precise
control over the functional behavior of PDIs in optoelectronic
applications.[']

Given their strong electron-accepting character,[!?] integrating
PDIs onto NCs is an advanced strategy en-route toward long exci-
ton lifetimes. Up to now, to the best of our knowledge, only a lim-
ited number of examples have been reported. Rossi et al.[3] stud-
ied non-confined CsPbBr; NCs as energy donor and two carboxyl-
functionalized PDIs as energy acceptors. Time-correlated sin-
gle photon counting (TCSPC) measurements revealed an am-
plified PDI fluorescence stemming from a Forster-resonance
energy-transfer (FRET). It was shown to go hand-in-hand with
a 65% and 45% NC emission quenching for the most electron-
deficient and the less electron-deficient energy acceptors, respec-
tively. Similarly, Kubo et al. investigated the interactions between
confined CsPbBr; NC energy donors and two different PDI en-
ergy acceptors, namely, PBI1 (monodentate perylenebisimide)
and PBI2 (bidentate perylenebisimide).'*} A PDI fluorescence
enhancement in NC@PBI1 was evident, while a PBI2 fluores-
cence quenching NC@PBI2 was observed. Strong z—rx inter-
actions arising from the PBI2 self-assembly on the perovskite
surface was given as a rationale. A charge transfer rather than
energy transfer was reported by Gélvez-Rueda between quasi-
2D CsPbBr; NPLs (4 layers) and PDIs to afford NPL**-PDI*~
charge-separated states (CSS) employing ultrafast techniques.!%]
Depending on photoexciting either the CsPbBr; NPLs or PDIs,
differences in the charge separation but not in the charge re-
combination kinetics were noted. More recently, charge trans-
fer rate constants have been tuned by adjusting the driving
forces between the thickness-controlled quantum confinement
in CsPbBr; NPLs and electron accepting strength in PDIs, specif-
ically comparing perylene monoimide diester (PMIDE) versus
perylene diimide (PDI).*) Investigations into the effect of the
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spacer length between the organic molecules and the NCs are still
lacking in the field of perovskite NCs. This is where the present
work truly stands out.

Herein, we probe unidirectional charge transfer dynam-
ics, specifically, charge separation and recombination, from
quantum-confined CsPbBr; NCs to electron-accepting PDIs
featuring phenyl- and phenylpropyl-spacers in NC@PDI-Ph
and NC@PDI-PhPr hybrids, respectively. We observed spacer-
dependent excited-state deactivation that differs from previous
works.['**] Through the combination of steady-state and time-
resolved photoluminescence (PL), ultrafast transient absorption
(TA) spectroscopies, and global target analyses, we corrobo-
rated unidirectional charge separation evolving from NCs to
both PDIs, regardless of whether NCs or PDIs were photoex-
cited. In our analysis, several charge-separated species were de-
tected, which ultimately charge recombine in the microsecond
time regime. Charge recombination was hereby slower when a
phenylpropyl-spacer rather than a phenyl-spacer was used. This
work builds upon the findings reported in recent literature and
significantly extends it,!!>!®l by introducing a modular strategy
to obtain exceptionally long-lived charge-separated states (CSSs),
that is, on the microsecond time scale. The use of 0D nanocrys-
tals and perylenediimides (PDIs) with carboxylic acid anchors en-
hances the interactions with the nanocrystal surface, compared
to 2D perovskite materials and previously used alkylammonium
linkers. Such features are of great relevance for charge extraction
efficiencies in future perovskite-based devices.

2. Results and Discussion

2.1. Formation of Perovskite Nanocrystal-Perylenediimide
Hybrids and Steady-State Optical Features

Colloidal cubic-shaped CsPbBr; perovskite nanocrystals (NCs)
(Figure 1a) were synthesized through a previously reported hot-
injection approach with an average nanocrystal edge-to-edge
length of 6.1 + 0.7 nm (Figure S1, Supporting Information).*17]
Oleic acid (OA) and oleylamine (OAm) were used as organic lig-
ands to passivate the NC surface. CsPbBr,; NCs were effectively
utilized as electron donors in both the ground and excited states
(vide infra). As electron acceptors, two asymmetrically substi-
tuted PDIs (Figure 1a) with phenyl- and phenylpropyl-spacers
linking the carboxylic acid anchors to the PDI core were used.

They have been synthesized in a one-step statistical conden-
sation reaction between tetrachloroperylene bisanhydride and
equimolar quantities of the corresponding anilines (Scheme S1,
Supporting Information).'®! From here on, PDI-Ph and PDI-
PhPr will refer to PDIs with phenyl- and phenylpropyl-spacers,
respectively. Both PDIs were fully characterized by nuclear mag-
netic resonance techniques such as 'H-NMR (Figures S2 and
S3, Supporting Information), *C-NMR (Figures S4 and S5, Sup-
porting Information), COSY (Figures S6 and S7, Supporting In-
formation), and high-resolution Mass Spectrometry HR-MALDI-
ToF (Figures S8 and S9, Supporting Information).

Steady-state absorption and emission spectra of NC (0.05
um), PDI-Ph (1.5 um), and PDI-PhPr (1.5 um) in toluene are
shown in Figure S10 (Supporting Information). The NC exhib-
ited an exciton peak at 496 nm and a narrow PL maximum at
503 nm under 365 nm photoexcitation, consistent with a weak
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Figure 1. a) Crystalline structure of the CsPbBr; NC and molecular structures of PDI-Ph and PDI-PhPr interacting with the NC surface (OA/OAm are
omitted for the sake of clarity). b) Energy level alignment between the NC and PDI against vacuum, highlighting that selective photoexcitation of both

systems yields charge-separated states (CSSs).

quantum-confinement regime and the monodisperse na-
ture determined by Transmission electron microscopy (TEM)
analyses.'”] The @, of the NC is moderate (53%) and sug-
gests the presence of trap states that facilitate non-radiative
recombination pathways. For both PDI-Ph and PDI-PhPr, the
main absorptions at 490 and 523 nm are assigned to 0-1 and
0-0 vibronic transitions, respectively, corresponding to the
singlet ground state (S;) to the first singlet excited state (S,).
Their fluorescence spectra exhibit a maximum at 553 nm with
a shoulder at 600 nm. The ®;; of PDI-Ph and PDI-PhPr are
similarly high (85-95%). These results support the notion that
imide substituents exert only a subtle influence on the optical
properties of PDIs.[*°]

Combining oleate-passivated NCs with an excess of electron-
accepting PDIs bearing carboxylic acid anchors enables the par-
tial replacement of oleates with PDI-Ph and PDI-PhPr.l'>2] Bind-
ing of the carboxylic acid group of oleic acid (OA) to the per-
ovskite surface—primarily lead cations—is rather weak and, there-
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fore, highly dynamic in nature.l*?) This facilitates ligand exchange

processes at the NC surface resulting in effective functionaliza-
tion. To this end, NC@PDIs hybrids were prepared by titrating
increasing PDI concentrations (0, 0.25, 0.5, 0.75, 1, and 1.5 um)
into constant NC concentrations (0.05 um) up to a maximum
PDI-to-NC ratio of 30:1.”!] As PDI concentrations increase, PDI
absorption features emerge in the absorption spectrum (Figure
2a,b). A comparison between PDI-Ph and PDI-PhPr in toluene
indicates i) a change in the absorption ratio (A,,/A,;), ii) a
blueshift of the two absorption peaks, and iii) an absorption tail
in the 530-650 nm range (Figure S11, Supporting Information).

Optical and electrochemical data (Figure S12, Supporting In-
formation) for PDI-Ph and PDI-PhPr, as well as the energy levels
for the NC, are taken from the literature,!'”] to construct the en-
ergy level alignment that is shown in Figure 1b. Selective NC pho-
toexcitation at 365 nm is expected to result in a charge separation
by transferring an electron from the NC conduction band mini-
mum (CBM) to the lowest-unoccupied molecular orbital (LUMO)
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Figure 2. a) Absorption spectra of NC upon increasing PDI concentration in toluene for NC@PDI-Ph b) and NC@PDI-PhPr. Normalized PL spectra for
NC@PDI-Ph c) and NC@PDI-PhPr d) under photoexcitation at 365 nm. Normalized PL kinetic traces for NC@PDI-Ph €) and NC@PDI-PhPr f) recorded

at 503 nm under pulsed-laser photoexcitation at 375 nm.

of PDI, resulting in a (NC**@PDI*") CSS. Likewise, 525 nm
photoexcitation of PDI forms the same (NC** @PDI*~) CSS via
an electron transfer from the NC valence band maximum (VBM)
to the highest-occupied molecular orbital (HOMO) of the PDI.
(NC**@PDI*~) CSS presents an estimated energy of 1.6 eV.

2.2. Excited-State Interactions in Perovskite-Perylenediimide
Hybrids

Steady-state and time-resolved PL experiments were conducted
with the NC@PDIs dispersed in toluene. A strong attenuation
of the PL intensity of the NC under selective 365 nm photoex-
citation was observed in both systems (Figure 2¢,d). Quenching
efficiency (@), calculated at a 30:1 ratio, was 90% and 64% for
NC@PDI-Ph and NC@PDI-PhPr, respectively. In other words,

Adv. Optical Mater. 2025, 13, e01175 e01175 (4 Of11)

the shorter spacer in NC@PDI-Ph imposed a stronger quench-
ing (Figure S13, Supporting Information). Analyses of a double-
reciprocal plot of (I,—I)~! versus [PDI]|! afforded apparent asso-
ciation constants (K,,,): (2.25 +0.05) X 10° M~" and (0.31 + 0.07)
x 10° M~ for NC@PDI-Ph and NC@PDI-PhPr, respectively
(Figure S14, Supporting Information). Notably, PDI-centered flu-
orescence remained discernible in NC@PDI-PhPr (Figure 2d),
whereas it was completely absent in NC@PDI-Ph (Figure 2c).[??!
At this point, we postulate that charge separation evolving from
the NC to PDI under 365 nm photoexcitation is the dominant
mechanism for the excited-state quenching. A NC-to-PDI energy
transfer pathway should not be ruled out, when considering the
driving force (AGyr = —0.2 eV) and the spectral overlap integral
(J = 1.27 x 10Y nm* M~! cm™!) between the excited state do-
nating NC emission and the excited state accepting PDI absorp-
tion (Figure S15, Supporting Information). However, the absence
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of NC absorptions in the photoluminescence excitation (PLE)
spectrum of NC@PDI-Ph and NC@PDI-PhPr speaks against an
energy transfer scenario (Figure S16, Supporting Information),
despite the large spectral overlap integral value. An energy trans-
fer scenario due to unfavorable dipole orientations for a Forster
mechanism and unfavorable orbital overlap for a Dexter mech-
anism is non-competitive relative to charge separation, probably
due to the perpendicular orientation of PDI relative to the NC
surface. Additionally, @, fluorescence of PDIs at a ratio of 100:1
relative to NC was calculated under 525 nm photoexcitation to be
86% and 17% for NC@PDI-Ph and NC@PDI-PhPr, respectively
(Figure S17, Supporting Information).

Independent confirmation for charge separation evolving
from both PDIs to NC rather than fluorescence deactivation due
to PDI-Ph aggregation, came from quenching assays of the PDI-
Ph fluorescence in different mixed halide CsPbCl,Br; -PDI-Ph
(Figure S18a, Supporting Information). It is well known that
the halide-alloying in perovskites affects the VBM position.[>?3]
Therefore, the driving force (AG) for charge separation from the
VBM of the NC to the HOMO level of PDI-Ph is expected to de-
crease upon chloride-alloying. This agrees with the decrease of
quenching efficiency (@) as a function of AG (Figure S18b, Sup-
porting Information) and corroborates charge separation from
the NCs to the PDI-Ph according to the energy-level alignment
(Figure S18c, Supporting Information).

Time-resolved PL experiments by means of time-correlated
single photon counting (TCSPC) were conducted to investigate
the recombination dynamics of band-edge excitons in the NC
(Figure 2e,f). Under 375 nm pulsed-laser excitation, the NC emis-
sion decay monitored at 503 nm resulted in 3 lifetimes: bright
exciton components X1 [0.5 ns (22%)], X2 [2.9 ns (60%)], and X3
[13.2 ns (18%)], respectively. Upon PDI addition (ratio of 30:1),
quenching of the time-resolved PL of NC was evident with the
bright exciton lifetimes of 0.1 ns (36%), 0.8 ns (36%), 5.2 ns
(28%) for NC@PDI-Ph and 0.3 ns (45%), 1.3 ns (40%), 7.3 ns
(15%) for NC@PDI-PhPr. All lifetime parameters and their re-
spective contributions are gathered in Table S1 (Supporting In-
formation). Accordingly, @, (calculated from the fastest compo-
nent X1) was 87% and 51% for NC@PDI-Ph and NC@PDI-PhPr,
respectively,**] consistent with the data obtained from steady-
state PL.1%%]

Attenuated total reflectance-Fourier transform infrared (ATR-
FTIR) spectroscopy was carried out to confirm the formation of
NC@PDIs (Figure S20, Supporting Information). The appear-
ance of the C=0 stretching band at 1712 cm™!, characteristic of
the free carboxylic acid group in OA, indicates a partial replace-
ment of oleate by carboxylic acid-functionalized PDI.[?®! How-
ever, the presence of unbound oleate molecules mask the PDI-Ph
signature. Based on control experiments with PDI-C0,[**} high
apparent association constant K, strong PL quenching-vide
supra—and transient absorption data-vide infra-revealed that
NC@PDIs were formed under these experimental conditions.

2.3. Probing Charge Separation in Perovskite
Nanocrystal-Perylenediimide Hybrids

transient
employed to

Femtosecond
TAS)  was

absorption
assess the

spectroscopy  (fs-
charge separa-
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tion between NCs and surface-bound PDIs upon
photoexcitation.?®l  Two different pump excitation wave-
lengths, namely 365 and 525 nm, were used for the selective
photoexcitation of PDIs and NCs, respectively. Initially, dynam-
ics at low-energy 525 nm photoexcitation allowed identifying the
kinetic components and was used, in a later step, as internal
references to rationalize the analysis under high-energy 365 nm
photoexcitation.

NC was photoexcited at 525 nm with an ultrafast laser pulse.
Although NC failed to exhibit sizeable absorptions at 525 nm,
as tested by steady-state absorption spectroscopy, control fs-TAS
experiments on the NC display ground-state bleaching (GSB) of
the exciton features (XB) in the 2D pseudocolor map (Figure S21,
Supporting Information). Our observation is rationalized by con-
sidering the presence of sub-bandgap states, from which pho-
tocarriers are promoted into the conduction band, as was previ-
ously reported.[?”] The two XBs at 475 and 498 nm, due to band-
edge fillings effects of electrons and holes, are consistent with
those observed in the steady-state absorption experiments. They
are superimposed on an excited state absorption (ESA) feature at
513 nm. Responsible are interactions between hot and band-edge
excitons and its decay is accompanied by the growth of XB fea-
tures. Implicit are hot exciton relaxations. After exciton cooling,
that is, from hot- down to band-edge states (<1 ps), the resulting
XB features are superimposed on a broad ESA band between 450
and 520 nm.

Target analysis of the fs-TA included four species for the NC
control: hot exciton (HX), biexciton (XX), and two exciton com-
ponents (X1) and (X2), with lifetimes of 0.3 ps, 34 ps, 1.1 ns,
and 4.8 ns, respectively. HX decays are essentially hidden within
the time resolution of our experimental setup and is close to the
coherent artefacts that are linked at the early times to the high
pump-energy of 1 pJ, whereas XX is due to generation of biexci-
tons in the same nanocrystal.

Upon 365 nm photoexcitation (Figure S22, Supporting Infor-
mation), the shape of the fs-TA resembled the one observed by
us under similar pump fluence conditions.**! Longer-lived HX
is the first species, when compared to that of NC under 525 nm
photoexcitation. It corresponds to HX with excitonic ESAs at 474,
496, and 513 nm and transitions into multiexcitons MXs and
biexcitons XXs. Considering a high-energy fluence of 45 mJ cm=2
and an estimated absorption cross-section of 1.7 x 10~* cm? for
similarly sized CsPbBr; nanocrystals at 400 nm, the average ex-
citon occupancy ((N)) was calculated to be at least 1412. This
clearly confirms the formation of multiexcitonic states in our ex-
periments. HX, MX, and XX decay sequentially with lifetimes of
2, 6, and 24 ps, respectively. The X1 lifetime of 0.6 ns was consis-
tent with that one observed via TCSPC. A single 4.3 ns lifetime
was derived for the X2/X3 components, due to the 7 ns time win-
dow of our experimental setup.

PDI-Ph and PDI-PhPr references were also photoexcited at
525 nm. The 2D pseudocolor map of PDI-Ph (Figure 3a) displays
typical GSBs at 490 and 523 nm, with the latter overlapping with
the pump laser scattering, which was not considered in the anal-
ysis. Stimulated emission (SE) feature also appears at 550 nm,
with a shoulder at 600 nm, consistent with the steady-state mea-
surements. In addition, a broad ESA extending from 650 nm all
the way into the near-Infrared (NIR) region was observed and at-
tributed to the singlet excited state. Representative kinetic traces

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 3. fs-TAS under 525 nm pump excitation. 2D pseudocolor plot for a) PDI-Ph and c) NC@PDI-Ph. Representative kinetic traces for b) PDI-Ph and
d) NC@PDI-Ph. Species-associated decay spectra for e) PDI-Ph and f) NC@PDI-Ph. Relative population for g) PDI-Ph and h) NC@PDI-Ph.

are shown in (Figure 3b). Time constants for two species were de-
termined from global target analysis (Figure 3e,g). A shorter-lived
component of 341 ps and a longer-lived component of 5 ns reflect
PDI-Ph aggregates ('PDI-Ph",,,) and PDI-Ph monomers (‘PDI-
Ph™), respectively. For the PDI-Ph monomer, we found a lifetime
that is in accordance with that obtained in TCSPC (Figure S23,
Supporting Information). Similarly, PDI-PhPr also exhibits two
decay components, that is, 114 ps and 4.2 ns (Figure S24, Sup-
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porting Information). Here, the assignment is based on the shape
of the species-associated decay spectra (SADS) for each compo-
nent. Solvent-related signals interfered with the determination of
the lifetimes of PDI-Ph and PDI-PhPr upon 365 nm photoexcita-
tion in the fs-TAS, but we expect similar results.

Moving on to NC@PDI-Ph, which we photoexcited at 525 nm,
striking differences were appreciated in the 2D pseudocolor
maps (Figure 3c) when compared to PDI-Ph. Short-lived PDI-Ph
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signatures along with the concomitant appearance of a strong XB
feature of NC are noted (Figure 3d). Three exponentially decay-
ing species together with an infinite offset were needed in the
target analysis of the raw data (Figure 3fh). The corresponding
lifetimes are 2 ps, 26 ps, 656 ps, and >7 ns. Relevant is the fact
that the PDI-Ph singlet excited state of NC@PDI-Ph (NC@'PDI-
Ph"), a charge-transfer state (CTS), and a NC-centered X1 were all
initially populated. The differential spectrum of NC@'!PDI-Ph*
was similar to that seen for the PDI-Ph reference. In contrast, the
differential absorption spectrum of the CTS included XB contri-
butions from NC and GSB contributions from PDI-Ph. Both of
them, that is, NC@'PDI-Ph" and CTS were found to undergo
charge separation in 2 and 26 ps, respectively. In turn, they gen-
erate along-lived (> 7 ns) charge-separated state (CSS), which fea-
tures XB contributions from NC and a characteristic PDI*~ ESA
at 765 nm. The PDI*~ spectral features are unequivocal evidence
for a charge separation that occurred upon photoexcitation. X1,
which reveals a shorter lifetime than NCs on their own, also un-
derwent charge separation in 656 ps. Upon 365 photoexcitation
of NC@PDI-Ph, the fs-TA analyses afforded six species. HX, MX,
and XX as the first three species are all NC-centered with life-
times of 1, 6, and 27 ps. Relative to the observations made with
the NC control, neither spectroscopic nor kinetic differences are
appreciated for HX, MX, and XX. For X1 and X2, however, their
lifetimes are significantly impacted. They are shortened to 52 ps
and 1.8 ns, respectively. Taking the latter together with TCSPC re-
sults, we postulate that charge separation evolves from all bright
excitons (Figure S25, Supporting Information). A strong and per-
sistent XB feature is apparent in the kinetic traces; this long-lived
component (CSS) was further confirmed by ns-TAS (vide infra).

At first glance, the NC@PDI-PhPr dynamics (Figure S26, Sup-
porting Information) under 525 nm photoexcitation involve also
the growth of the XB feature at 498 nm. But, this occurred
on a longer timescale than what was concluded for NC@PDI-
Ph. Overall, charge separation in NC@PDI-PhPr is apparently
slowed down relative to NC@PDI-Ph and we make the longer
spacer responsible for that. Target analysis identified four species
with lifetimes of 52 ps, 502 ps, 4.6 ns, and >7 ns. The ini-
tially populated NC@!PDI-PhPr* undergoes charge separation
within 52 ps, resulting in a long-lived (> 7 ns) CSS. Accord-
ingly, the charge-separation rate constants are 1.9 x 10! s7! for
NC@PDI-PhPr and 5.0 X 10'! s! for NC@PDI-Ph.!*®! Likewise,
slower was the charge separation from X1 with 8.3 x 10° s~
in NC@PDI-PhPr (Figure S28, Supporting Information) than
1.9 x 10'° 57! in NC@PDI-Ph (Figure S25, Supporting Informa-
tion) under 365 nm photoexcitation. Altogether, photoexcitation
of NC@PDIs at either 525 or 365 nm, consistently leads to the
formation of CSSs. The shorter spacer in NC@PDI-Ph facilitates
a faster charge separation, attributed to stronger intercomponent
interactions.

2.4. Probing Charge Recombination in Perovskite
Nanocrystal-Perylenediimide Hybrids

When inspecting the ns-TAS recorded for NC, the XB features
decayed via ground-state recovery within 20-30 ns (Figure S29,
Supporting Information). The lifetimes are only 1.1 ns for X1 and
4.8 ns for X2 under 525 nm photoexcitation. However, photoexci-
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tation at 365 nm gives rise to components X2 and X3, exhibiting
lifetimes of 2.6 and 6.6 ns, respectively. Minor contributions from
trap states, X(T), evolved when NC was photoexcited at 365 nm
unlike that under 525 nm. X(T) are characterized by an XB fea-
ture that is persistent for 225 ns (Figure S30, Supporting Infor-
mation). For PDI-Ph upon 525 nm photoexcitation, ground state
recovery was completed within 20 ns (Figure 4a,b). As a matter of
fact, target analysis of the ns-TA data revealed a single decay com-
ponent with a lifetime of 5 ns (Figure 4e,g). A similar behavior
is observed for PDI-PhPr either upon 525 nm (Figure S31, Sup-
porting Information), with a lifetime of 5 ns. In stark contrast,
in NC@PDI-Ph the spectral features under 525 nm photoexcita-
tion, which correspond to the XB from NC and the characteristic
765 nm ESA from (PDI*~), are even discernible on the microsec-
ond timescale (Figure 4c). This is in sound agreement with pre-
vious reports on the PDI*~,['>2°] but it is noteworthy that CSSs
in NC@PDIs are significantly longer-lived compared to previous
reports involving perovskite NPLs and PDI hybrids.!'>1¢] Never-
theless, CSS lifetimes exceeding 100 ps have been reported using
Rhodamine 6G (Rh6G) and non-confined CsPbl; NCs as elec-
tron donor and acceptor, respectively,’* and up to a dozen days
under ambient conditions involving non-confined CsPbBr; NCs
and benzoquinone (BQ).1>"!

Remarkably, the decay of the XB feature follows a multiexpo-
nential behavior (Figure 4d), which prompts to a complex re-
laxation pathway. Target analysis of the ns-TA data resulted for
NC@PDI-Ph in four components (Figure 4fh). Three different
charge-separated states, all featuring the PDI®~ fingerprint in the
form of the 765 nm ESA,['>?°] were identified with lifetimes of
93 ns (CSS 1), 1.7 ps (CSS 2), and 34 ps (CSS 3). In our kinetic
model, all CSSs include electrons that are localized on PDI, while
the holes, which initially are generated at the NC surface, mi-
grate across the NC to different traps in a sequential manner.3!]
Target analysis for NC@PDI-PhPr under 525 nm photoexcita-
tion (Figure S32, Supporting Information) using the same model
afforded lifetimes of 330 ns (CSS 1), 6.7 ps (CSS 2), and 63 ps
(CSS 3).3%1 Solvent-related issues interfered with the determina-
tion of the lifetimes of PDIs and NC@PDI upon 365 nm pho-
toexcitation in the ns-TAS. All in all, we infer that the dynamics
are similar across the various CSS in NC@PDI under both 525
and 365 nm. All time constants obtained from fs-and ns-TAS are
found in Tables S2 and S3 (Supporting Information).

2.5. Proposed Kinetic Model

All pathways are illustrated in the Jablonski diagram of Figure 5a.
Similar time constants are obtained for HX, MX, and XX in both
systems under 365 nm excitation. It indicates that the spacer
lacks an appreciable influence on the early exciton dynamics. The
bright excitonic X1, X2, and X3 exhibit differences, with decay
dynamics that are faster for the shorter spacer (phenyl) relative to
the longer spacer (phenylpropyl). In stark contrast, under 525 nm
excitation, S; of PDI is quenched to a variable degree, that is,
faster in the presence of the shorter spacer. Additionally, a distinct
charge-transfer state is detected. The quenching of these excited
states results in the formation of three different charge-separated
states (CSS), namely CSS1, CSS2, and CSS3, which arise from
different charge location sites within the nanocrystal, whose

© 2025 The Author(s). Advanced Optical Materials published by Wiley-VCH GmbH
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Figure 4. ns-TAS under 525 nm pump excitation. 2D pseudocolor plot for a) PDI-Ph and ¢) NC@PDI-Ph. Representative kinetic traces for b) PDI-Ph and
d) NC@PDI-Ph. Species-associated decay spectra for e) PDI-Ph and f) NC@PDI-Ph. Relative population for g) PDI-Ph and h) NC@PDI-Ph.

lifetimes also display a clear spacer-length dependence
(Figure 5b). Importantly, charge separation in NC@PDI-Ph
occurred more than one order of magnitude faster under se-
lective photoexcitation of PDI at 525 nm than under selective
photoexcitation of the NC at 365 nm. Nevertheless, this dif-
ference is more subtle in the case of NC@PDI-PhPr, where
charge-separation rate is about two times faster when pho-
toexciting PDI rather than NC. Treating the charge separation

Adv. Optical Mater. 2025, 13, e01175 e01175 (8 of 11)

rate constant for electrons/holes as a function of spacer dis-
tance revealed significant differences (Figure S33, Supporting
Information). Under 525 nm photoexcitation, charge transfer
proceeded via a super-exchange mechanism through the spacer,
in which the carrier tunneled quantum mechanically across the
energy barrier imposed by the bridging molecule connecting
the donor and acceptor. This trend is evident for when PDI
is selectively photoexcited, while it is more challenging to
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Figure 5. a) General kinetic model illustrating NC and PDI systems under the two excitation wavelengths used during the present work indicating the
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charge-separated states during the proposed kinetic model.

rationalize it in the case of selective photoexcitation of NC. Here,
we consider differences in the initial state delocalization within
the NC conduction band.[?*! Variations in electron wavefunction
overlap and the extent of delocalization is likely to influence
the efficiency of a super-exchange mechanism and, in turn, to
cause deviations from the expected distance dependence. Slight
differences in driving force might be another plausible explana-
tion. For example, from the energy levels of both components, a
driving force of —0.7 eV is associated with an electron transfer
from the CBM of the NC to the PDI LUMO, whereas a driving
force of —0.5 eV is linked to a hole transfer from the PDI HOMO
to the VBM of the NC. It is important to note that all of these
driving forces should only be considered as estimates due to the
significant uncertainties in delocalizing charge carriers within
NCs. The former proceeds at a greater thermodynamic driving
force, but it might well be placed within the Marcus inverted
region, where an excess driving force leads to slower charge
separation rates.[>*] However, it is unlikely that this mechanism
is at play in semiconductor quantum dots, since Auger-assisted
processes can circumvent the limitations of the inverted Marcus
region by channeling excess energy into intraband excitations,
instead of relying on interactions with vibrational modes.?*l A
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similar finding was recently reported for perovskite NPL-PDI
when employing amino-functionalized PDIs.[] It is, however,
important to note that different anchoring and dimensionality
of the perovskites might play a different role.

A remarkable feature of NC@PDI-Ph and NC@PDI-PhPr is
the exceptionally long-lived charge-separated states, especially
when compared to most perovskite systems known to this date,
with the exception of a few examples aforementioned.7230 Al
though NC@PDI-Ph exhibits an ultrafast charge separation, NC-
PDI-PhPr yields longer-lived CSSs, which renders them perfect
candidates for light-driven redox catalysis.

3. Conclusion

The combination of time-resolved spectroscopic techniques and
kinetic analysis in a time window from femto- to microsec-
onds were crucial to evaluate the charge separation dynamics in
NC@PDIs. Interactions between the perovskite NCs and PDIs
bearing carboxylic acid anchoring groups with spacers of dif-
ferent lengths led to efficient separation, with a rate constant
25 times faster for NC@PDI-Ph compared to NC@PDI-PhPr
hybrids under selective photoexcitation to the PDI at 525 nm.
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Independently of the excitation wavelength, three distinct charge-
separation states were populated, with lifetimes ranging from
93 ns to 34 ps for NC@PDI-Ph and from 330 ns to 63 ps for
NC@PDI-PhPr hybrids. These CSS lifetimes were much longer
than those reported for other perovskite-PDI systems to date,
including perovskite nanoplatelets (NPLs). These findings high-
light the key role of the perovskite dimensionality (NCs vs NPLs),
the nature of the anchoring group and the length of the spacer
between the NC and the organic acceptor molecules in the charge
transfer process. A short spacer favors the interactions between
the electron donors and acceptors, increasing the rates of charge
separation but also the rate of charge recombination. A longer
spacer led to a longer-lived CSS, which is highly desired for pho-
tovoltaic and photocatalytic applications.

4. Experimental Section

Time-Correlated Single Photon Counting Analysis:  The data is fitted to a
multiexponential decay function:

I(t) = B, e=t/m) 4 Bze(*t/fz) + Bse(*t/fz) )
where 7; and B; are the lifetime and amplitude, respectively as fitting pa-

rameters of the ith exponential component.
The intensity average lifetime value is calculated according to:

i B
T = n n. )
2o B
The relative emission intensity is calculated as follows:
Byt
B, (%) = —— x 100 3)

YL B

Transient Absorption Data Analysis: To analyze the transient absorp-
tion data, a well-established procedure was followed.[3%] First, singular
value decomposition (SVD) and global analysis were performed using
an all-sequential/parallel decay model. This approach yields evolution-
associated spectra (EAS)/decay-associated spectra (DAS), which help de-
termine the minimum number of kinetic components involved in the cas-
cade. However, it is important to note that EAS/DAS do not necessarily
correspond to spectra of distinct chemical species with clear physicochem-
ical meaning. Therefore, as a second step, target analysis was applied
using specific kinetic models based on plausible physical and chemical
assumptions. This yields species-associated difference spectra (SADS),
which represent the actual transient species involved in the photophysi-
cal processes. All data analyses, including SVD, global fitting, and target
modeling, were conducted using the R-package TIMP and its graphical
interface GloTarAn.[3336]
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