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ABSTRACT: Quantum tunneling, a phenomenon that allows particles to pass
through potential barriers, can play a critical role in energy transfer processes.
Here, we demonstrate that the proper design of organic−inorganic interfaces in
two-dimensional (2D) hybrid perovskites allows for efficient triplet energy
transfer (TET), where quantum tunneling of the excitons is the key driving
force. By employing temperature-dependent and time-resolved photolumines-
cence and pump−probe spectroscopy techniques, we establish that triplet
excitons can transfer from the inorganic lead-iodide sublattices to the pyrene
ligands with rapid and weakly temperature-dependent characteristic times of
approximately 50 ps. The energy transfer rates obtained based on the Marcus
theory and first-principles calculations show good agreement with the
experiments, indicating that the efficient tunneling of triplet excitons within
the Marcus-inverted regime is facilitated by high-frequency molecular vibrations.
These findings offer valuable insights into how one can effectively manipulate the energy landscape in 2D hybrid perovskites for
energy transfer and the creation of diverse excitonic states.

1. INTRODUCTION
A key objective in designing hybrid materials for energy
harvesting and light-emitting applications is efficient energy
transfer across organic−inorganic interfaces.1−10 Triplet energy
transfer (TET) is a crucial and often the rate-determining step
in processes such as photon upconversion and phosphor-
escence-based light-emitting diodes. TET generally occurs
through the Dexter mechanism, which involves a simultaneous
transfer of electrons between donor and acceptor entities.11−14

The electronic states of the donor and acceptor are assumed to
have the same spin multiplicity. Compared to Förster
resonance energy transfer (FRET), which is enabled by long-
range dipole−dipole interactions, TET is usually much
slower�occurring on the 100 s of ns or longer time scales
in molecular systems.12 In recent years, there has been an
upsurge of interest in hybrid organic−inorganic systems, such
as chalcogenide and halide perovskite quantum dots with
designed triplet acceptor ligands, for efficient energy
upconversion.1−5,15−19 In these systems, the inorganic semi-
conductors are utilized as sensitizers or donors. Spin−orbit
coupling in the inorganic semiconductors reduces the exchange
splitting between their singlet and triplet excited states,20

thereby optimizing the generation of triplet excitons in these
structures. However, TET at the interfaces between quantum
dots/3D metal halide perovskites and organic ligands is still
relatively slow, occurring over time scales of tens of
nanoseconds to hundreds of microseconds.1,3,4,7−9,15−17

Two-dimensional (2D) hybrid organic−inorganic perov-
skites offer a new platform for controlling interfacial energy

landscapes and electronic couplings, thereby promoting
efficient charge and energy transfer processes.10,21−26 Excitons
confined in the inorganic lattices, which are strongly bound
with binding energies as large as 400 meV, feature a large
oscillator strength. Uniquely, wave function hybridization can
occur between the frontier orbitals of the organic ligands and
inorganic lattices, resulting in theoretically predicted Dexter
electronic couplings as large as 40 meV.23 In addition, large
spin−orbit coupling facilitated by the inclusion of heavy
elements like Pb is beneficial for enhancing phosphorescence
from the organic ligand.10 Recently, investigations into TET
from the inorganic sublattice to the organic ligands in 2D
perovskites have demonstrated remarkably fast transfer times
on the picosecond time scale.21,24,25 These TET rates are
significantly faster than those observed at the interfaces of
quantum dots/3D perovskites and molecular acceptors,
pointing toward the immense potential of 2D perovskites.
However, the detailed mechanism underpinning the fast TET
at these interfaces remains elusive. Specifically, temperature-
dependent behavior, which is essential for mechanistic
understanding, has yet to be comprehensively explored. The
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underlying mechanisms are pivotal for the successful
application of materials-by-design principles in the realm of
2D hybrid perovskites.
In this work, we investigate the TET at organic−inorganic

interfaces using temperature-dependent and time-resolved
photoluminescence (TRPL) and transient absorption spec-
troscopy. We employed a 2D lead-iodide perovskite with a
pyrene-based organic cation as our model system because the
triplet excitons in pyrene are highly emissive.14,20,27−29 We
observed efficient TET occurring across this 2D hybrid
organic−inorganic interface, resulting in pyrene phosphor-
escence. By modeling the temperature-dependent TET, we
concluded that the TET process falls in the inverted Marcus
domain and is driven by quantum mechanical tunneling.
Strong electronic coupling leads to orders of magnitude faster
TET time of tens of picoseconds, as compared to other hybrid
systems that have been studied in this regard. Tunneling also
strongly diminishes the temperature dependence of the TET
rate. Our work illustrates the opportunities of rationally
designing the energy landscape between the donor and
acceptor species in 2D materials for efficient energy transfer
applications.

2. RESULTS AND DISCUSSION
2.1. Structure and Energy Band Alignment of 2D

Perovskites. The pyrene-based organic ligand, 4-(pyren-1-
yl)butan-1-ammonium iodide [PyBAI, C16H10-(CH2)4-NH3I],
was prepared through a multistep synthesis following a
published procedure (more details in Methods and Figure
S1)30 and characterized via NMR spectroscopy (Figure S2), as
detailed in Sections S1.1 and S1.2 in the Supporting
Information. We chose pyrene as the triplet exciton acceptor
because its triplet state lies energetically below the conduction

band of the lead-iodide sublattice (donor) and due to the high
efficiency of its phosphorescence.3,20,27,28 The thin films of the
n = 1 and n = 2 2D perovskites, (PyBA)2PbI4 and
(PyBA)(FA)2Pb2I7, respectively, were then synthesized by a
solution-based method (FA refers to as formamidine, see
Methods for detailed information). Figure 1a shows the
schematic crystal structure of (PyBA)2PbI4. The powder XRD
pattern of the n = 1 perovskite film shows sharp peaks that
indicate a reasonable degree of crystallinity and phase purity of
the sample (Figure 1b).30 The approximated energy levels of
the n = 1 and n = 2 2D perovskites were determined in an
earlier work, using ultraviolet photoelectron spectroscopy22 as
elaborated in Section S2 of the Supporting Information, and
are summarized in Table S1.
As shown in Figure 1c, the triplet state of pyrene lies below

the n = 1 exciton resonance, and TET across the inorganic−
organic interface is energetically feasible (ΔE ∼0.6 eV). The
CBM of the inorganic layer is also slightly above the triplet
LUMO (ΔE ∼0.2 eV)22,31 of pyrene, thus electron transfer
from the lead-iodide sublattice to the pyrene-based ligand
(PyBA) is also possible. On the other hand, the n = 1 exciton
lies below the singlet state of the organic ligand. As depicted in
Figure 1d, the peaks observed around 337 and 358 nm in the
UV−vis absorption spectra of both (PyBA)2PbI4 and PyBAI
thin films originate from singlet excitons in the pyrene-based
ligand.32 The distinctly sharp peak at 490 nm, present only in
the case of (PyBA)2PbI4, is attributed to the absorption of the
n = 1 exciton residing in the [PbI4]2− inorganic layer of the
perovskite. As shown in Figure S3, the negligible overlap
between the emission spectrum of the n = 1 exciton and the
absorption spectrum of PyBA establishes that the possibility of
singlet energy transfer from PbI42− to pyrene through a Förster
mechanism is low.

Figure 1. Structural characterization and band alignment. (a) Schematic structure of (PyBA)2PbI4�the n = 1 2D perovskite with pyrene-based
PyBA ligands and (b) powder XRD pattern of the (PyBA)2PbI4 thin film. (c) Relative exciton energy levels of the lead-iodide (donor) and pyrene
(acceptor) layers of (PyBA)2PbI4, showing the energetic feasibility of TET across the inorganic−organic interface. (d) UV−vis absorption spectra
of thin films of the PyBA ligand (dashed blue line) vs that of the n = 1 2D perovskite (solid orange line).
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As depicted in Figure 2a, the PL spectrum of a thin film of
PyBAI shows a broad emission centered at 470 nm which
arises from singlet excimers of pyrene.33,34 This is in sharp
contrast to the PL spectrum of (PyBA)2PbI4, which shows an
emission peak at 500 nm arising from the n = 1 inorganic
exciton in the PbI42− layer and a more intense, red-shifted
emission centered at 650 nm. Given the triplet state of pyrene
lies around 1.87 eV,31 we attribute the emission near 650 nm
to phosphorescence from the triplet excitons in pyrene ligands.
As a control, we also fabricated (PyBA)2(FA) Pb2I7, the n = 2
perovskite�in which the thicker inorganic layer causes an
increased screening of the n = 2 Wannier exciton. As shown in
Figure S4, this results in a red shift of the n = 2 excitonic
absorption and a reduction in the band gap of the lead-iodide
layer.22 Therefore, the resulting band alignment between the
organic and inorganic layer in the n = 2 2D perovskite is no
longer favorable for TET, and phosphorescence from pyrene is
absent in this material, as shown in Figure 2a.
Next, we performed temperature-dependent PL measure-

ments on (PyBA)2PbI4 (Figure 2b), and a much narrower and
more structured emission at around 650 nm was observed as
the temperature decreases. These sharp peaks at ∼650 nm are
vibronic resonances of the localized triplet excitons and have
been well-documented previously for pyrene.27−29,31 Further-
more, we can exclude the possibility that traps or defects
contribute to these emissions. Emissions stemming from
trapped excitons or other defect states in 2D perovskites
typically display much broader spectral profiles and do not
exhibit the sharp vibrational features that we observe, even
when measured at low temperatures. For example, a recent

publication shows much broader trap emission at low
temperature compared to the triplet emission at room
temperature in 2D perovskites containing naphthalene-derived
ligands.35 In addition, as shown in Figure S5, subgap excitation
renders negligible emission, again confirming that the emission
is not originated from subgap states. These sharp features
evolve into a broader emission at higher temperatures, likely
due to the formation of triplet excimers.36 To confirm energy
transfer, we conducted PLE experiments on (PyBA)2PbI4,
where the emission intensity from the phosphorescence at 650
nm was monitored while varying the excitation wavelength.
The overlap of the PLE spectrum (Figure 2c) with the
absorption maxima of the n = 1 inorganic exciton at 490 nm
clearly indicates that phosphorescence occurs following energy
transfer from the Wannier excitons in [PbI4]2− to the triplet
states in the pyrene ligands. In contrast, the PyBAI thin film
exhibits negligible emission under 490 nm excitation (Figure
S6). At low temperatures, the n = 1 excitonic peak split into
two peaks. Such splitting in the Pb-based 2D perovskites may
arise from Rashba splitting induced by strong spin−orbit
coupling,37 or due to an enhanced electron−hole exchange
interaction in these materials.38 Alternatively, other theories
suggest that it could result from exciton polarons39 and dark
excitons.40

This assignment of the ∼650 nm emission to phosphor-
escence from the pyrene ligands is also supported by the TRPL
dynamics measured by time-correlated single-photon counting
(TCSPC) (Figures 2d and 3a). At room temperature, the
decay of the emission at 650 nm can be fit to a triexponential
curve, whose longest component is 98.5 ± 2.1 ns. This is much

Figure 2. Triplet emission and lifetimes. (a) Emission spectra at room temperature (λEX = 447 nm) of thin films of the pyrene ligand (PyBAI) vs
the n = 1 and n = 2 2D perovskites, which show pyrene phosphorescence only in the case of the n = 1 perovskite, (PyBA)2PbI4. (b) Temperature-
dependent PL spectra (λEX = 447 nm) of (PyBA)2PbI4, which shows the sharp peaks of pyrene phosphorescence centered around 650 nm at low
temperatures evolving into a broad emission at 280 K. (c) Photoluminescence excitation (PLE) spectrum of (PyBA)2PbI4, monitoring the emission
intensity of the pyrene phosphorescence (∼650 nm) while varying the excitation wavelength. (d) TRPL dynamics of (PyBA)2PbI4 taken at 280 K
along with the fits to multiexponential decays (Table S3), which shows the longer lifetime of triplet excitons in pyrene, as compared to the n = 1
Wannier exciton in the Pb−I layer and the singlet excimers in the pure PyBAI film.
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longer than the lifetimes of the n = 1 Wannier exciton at 510
nm in the lead-iodide layer, as well as that of the singlet
excimers (at ∼470 nm) observed in the pure PyBAI film. The
fitting parameters are summarized in Table S2. The multi-
exponential nature of the triplet decay can be attributed to
nonradiative processes, for example, triplet back transfer and
trapping. This idea is further supported by the low quantum
yield (∼0.1%) of the phosphorescence (Figure S7). Fluence-
dependent measurements (Figure S8) show negligible
variation in the triplet decay dynamics with excitation fluences
below 1.4 mJ/cm2. We employed a fluence of 20 μJ/cm2 for
data shown in Figures 2 and 3, thus ruling out the contribution
of triplet−triplet annihilation.

The long lifetimes of these triplet excitons at room
temperature lead to the slightly sublinear dependence of
their PL on excitation fluences ∝ I0.9, due to saturation
effects,41 where I is the laser intensity. In contrast, the n = 1
inorganic exciton shows a linear power dependence (Figure
S9). As the temperature decreases, the phosphorescence
lifetime shortens to 13.6 ± 0.8 ns at 7 K (Figure 3a). The
fittings for the temperature-dependent TRPL kinetics of
pyrene phosphorescence are summarized in Table S3. We
propose that the prolonged phosphorescence lifetime at higher
temperatures is attributed to the transformation of pyrene
triplets into a triplet-excimer-like state. This is supported by
the broad, featureless emission observed at room temperature,

Figure 3. Temperature-dependent TET dynamics. (a) Temperature-dependent TRPL dynamics of pyrene phosphorescence in (PyBA)2PbI4 along
with fits to triexponential decay excited at 447 nm, which show an increase in the lifetime of the pyrene triplets at elevated temperatures. (b) TRPL
dynamics at 200 K of the first 200 ps, depicting a much slower rise/growth of the triplet population in pyrene through TET, as compared to that of
the n = 1 Wannier excitons formed by direct excitation of Pb−I. (c) Temperature-dependent rise times of the pyrene phosphorescence, which
demonstrate a weak dependence of the TET rate on T. Solid lines are fits to an exponential rise convoluted with a Gaussian response function. (d)
Transient absorption spectra of the (PyBA)2PbI4 film at indicated time delays, followed by selective excitation of PbI4. (e) TA kinetics of the n = 1
exciton (∼500 nm) and pyrene triplets (∼480 nm). The solid lines are fits to exponential functions. The growth of the triplets is fitted with a single
exponential rise with a time constant of 70 ± 10 ps and the decay of the n = 1 excitonic resonance is fitted with a biexponential decay of 8.7 ± 1.1
ps (45%) and (67 ± 5) ps (55%). (f) Temperature-dependent TA kinetics of the n = 1 Wannier exciton decay in the PbI42− layer, which show
slower decays at higher temperatures. The solid lines are fits to a biexponential decay (parameters in Table S5).
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in contrast to the structured emission at 7 K (Figure 2b). The
temperature dependence of the triplet lifetime contradicts the
behavior expected from emissions associated with trap states,
as elevated temperatures typically result in the detrapping of
excitons, leading to a reduction in lifetime. We note that the
lifetime of the phosphorescence here is shorter than that
observed in pyrene crystals.31 This can be explained by the
close proximity of the pyrene molecules to the Pb−I lattices,
which leads to an enhanced radiative rate of the triplet excitons
in pyrene, induced by the heavy-atom effect.28 The
incorporation of I in the inorganic layer, along with Pb can
substantially reduce phosphorescence lifetimes by more than
an order of magnitude. For example, in dinuclear Ir2I2
complexes, phosphorescence lifetimes as short as 50 ns have
been reported, which is in stark contrast to halide-free Ir(III)
complexes with phosphorescence lifetimes in the range of
hundreds of nanoseconds.42 Multiexponential triplet decay
with fast component on the ns time scale has also been
reported recently in 2D halide perovskites containing
naphthalene-derived cations.35,43

2.2. Weak Temperature Dependence of TET. To
extract the TET time, we monitored the rise in triplet emission
from the pyrene ligands at 650 nm. As shown in Figure 3b, the
growth of triplet emission is slower than that of the PL from
the directly excited n = 1 Wannier excitons. The rise time of
pyrene phosphorescence is estimated by fitting its TRPL
dynamics using a convoluted exponential rise function with a
Gaussian response function (Table S4).
These results reveal that TET occurs over a time scale of

65.0 ± 5.7 ps at 200 K (Figure 3b). Remarkably, as shown in
Figure 3c, the TET rate is only weakly temperature-dependent
over a large range of temperatures (7−250 K) and is, in fact,
slightly higher at lower temperatures (for example, the TET
time scale is 49.9 ± 4.1 ps at 7 K). We note that Ema et al.
made a similar observation of temperature-dependent energy
transfer in their work in naphthalene-based 2D perovskites;
however, the underlying reason was not elucidated in detail.21

To directly probe the formation of the triplets, we
performed transient absorption (TA) spectroscopy measure-
ments with a temporal resolution of ∼200 fs (Figure 3d).
Upon selectively exciting the PbI42− layer of the perovskite, a
sharp bleach can be observed at ∼500 nm originating from the
n = 1 exciton in the inorganic layer. The n = 1 exciton
resonance decays simultaneously with the emergence of a
distinct long-lived excited-state absorption (ESA) signal at
∼480 nm (Figure 3d). We assigned the long-lived ESA to T1−
Tn absorption, which overall agrees with the spectra from
sensitized triplets (Figure S10). A prior study on the triplets of
pyrene carboxylic acid ligands on CdSe quantum dots2

revealed a triplet absorption peak at 430 nm with a shoulder
at ∼480 nm. We observed only a peak at 480 nm but not at
430 nm in the ESA band of PyBA. This discrepancy could be
attributed to our spectral response being limited to below 450
nm. Additionally, the shift in the triplet absorption energy
might also be a consequence of the absence of electronegative
atoms in PyBA, which could influence the energy levels.44 The
triplet ESA grows with a single-exponential rise of 70 ± 10 ps,
aligning with the slow decay (67 ± 5 ps, 55% weight) of the n
= 1 excitons (Figure 3e) as well as the rise time (67.2 ± 7.6 ps)
of the phosphorescence at 250 K. This observation supports
the occurrence of a concerted TET mechanism. To further
elucidate the dependence of the n = 1 exciton decay on
temperature, we compared the dynamics obtained at 7, 150,

and 280 K (Figure 3f). Fluence-dependent dynamics show no
change in the decay kinetics of the n = 1 exciton in the range of
excitation powers used for pump−probe measurements, thus,
eliminating the occurrence of nonlinear effects such as Auger
recombination (Figure S11). The slow component of the n = 1
excitons becomes slightly faster at lower temperatures (ranging
from 53.7 ± 3.0 ps at 7 K to 70.0 ± 0.1 ps at 280 K) and
mirrors the trend observed in the rise time of the triplet
formation, which provides additional support for a concerted
TET mechanism. The kinetic fittings of the n = 1 excitons at
different temperatures are summarized in Table S5.
In contrast, in the sequential mechanism, the triplet forms in

two steps, with the hole transfer following the electron transfer
(or vice versa).15,25 In such a scenario, the charge transfer
(CT) state will serve as an intermediate for triplet formation,
and thus, the decay of the CT state should directly correlate
with the rise of the triplet state. As discussed earlier, electron
transfer from PbI42− to triplet LUMO is also possible. The
decay of the n = 1 exciton has an additional fast component of
8.7 ± 1.1 ps (45% weight), which is consistent with the ∼10 ps
CT across organic−inorganic interfaces in 2D perovskites with
conjugated ligands in our previous work.45 As shown in Figure
S12a, we also observed a broad absorption band at ∼530−600
nm that persists over 100 s of ps, which agrees well with the
absorption of the CT state observed previously.45 We
tentatively assigned this broad absorption band to the CT
state, resulting from electron transfer from PbI42− to PyBA
ligands. The slow decay of this CT state, occurring at 100 s of
ps (Figure S12b), implies that the sequential mechanism would
lead to a slower TET time scale of 100 s of ps. Given the
sequential mechanism is likely to occur on a much slower time
scale, we conclude that a concerted mechanism plays a more
dominant role. Nevertheless, the possibility of a sequential
mechanism contributing to TET cannot be completely ruled
out.
It should also be considered that the absorption of pyrene

radical ions might contribute to the ESA at ∼480 nm.46 If the
observed ESA feature at this wavelength were primarily due to
pyrene radical ions resulting from CT, the rise time of the
triplet emission, which is about 70 ps as determined by TRPL
measurements, would be expected to correspond with the
decay of the 480 nm band. However, our observations do not
support this; the ESA feature shows practically no decay within
the 600 ps time frame, as seen in Figure 3e. Consequently, we
concluded that the TA feature at 480 nm was not
predominantly derived from the pyrene radical ions but was
more likely attributed to triplet absorption. We estimated the
quantum yield of the TET processes by QY k

k k kTET
ET

r nr ET
= + +

where kET is the TET rate, and kr and knr are the radiative and
nonradiative lifetimes of the n = 1 exciton. Given that the
electron transfer to the ligands primarily occurs on the
picosecond time scale, it is the main contribution of knr. By
assuming that kr is much slower, we can estimate QYTET at
room temperature to be ∼11% based on the electron transfer
and TET times of 9 and 70 ps, respectively.

2.3. Tunneling-Driven TET. The weak temperature
dependence of the TET rate is intriguing because it indicates
that quantum tunneling is the main driving mechanism.47,48

This weak temperature dependence is in contrast to the
classical Marcus theory which, in the absence of quantum
tunneling, typically necessitates overcoming an energetic
barrier for TET. This barrier leads to reduced transfer rates
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at lower temperatures unless the process is barrier-less.15

However, in the semiclassical Marcus framework that includes
quantum tunneling, one can observe transfer rates that exhibit
only a weak dependence on temperature. Such a shallow
temperature dependence has been previously attributed to
quantum tunneling, notably including CT in photosynthetic
reaction centers and molecular junctions.49,50

In order to understand the energy landscape for interfacial
TET, we utilized density functional theory (DFT),51,52

employing both projector-augmented-wave (PAW) poten-
tials53 and the Perdew−Burke−Ernzerhof (PBE) functional4,42

to compute the electronic energy levels present in the initial
and final states of the energy transfer process (Figures 4a,b and
S13−S17). The initial excitation is near the band edge of the
Pb−I core (see the PDOSs in Figures 4a and S16−S17). TET
occurs downward in energy, and the final state is the triplet of
the pyrene layer. The initial (red color) and final orbitals (blue
color) of the hole and electron undergoing concerted transfer
during the TET process are shown in Figure 4b. Initially, the
excitation is localized on the [PbI4]2− layer, while after TET,
the excitation is on the pyrene layer. The Marcus theory
calculations for the TET process reveal that the magnitude
−ΔG° (0.835 eV), the Gibbs free energy change for the
reaction (see Table S6), is greater than that of reorganization
energy λ (0.564 eV) (see Table S7), thereby placing this
material in the Marcus-inverted domain (Figure 4c). In
classical Marcus theory (Section S4.1), a barrier dictated by
λ and ΔG°, (λ + ΔG°), has to be overcome energetically,

which leads to a slower transfer rate as temperature decreases
in both normal and inverted regimes.54,54,55,55 The TET time
scales, as predicted by classical Marcus theory, are plotted in
Figure S18. Clearly, these TET times are many orders of
magnitude slower than what is observed experimentally, and
the exponential dependence of the transfer rate on temperature
also contradicts the trends extracted from our TRPL and TA
studies.
Thus, we consider the semiclassical picture with a

contribution from quantum tunneling, which occurs due to
the overlap of the vibrational wave functions of the donor and
acceptor species. The DFT calculations show that the organic
ligands undergo more significant geometric changes than the
inorganic sublattice. The root-mean-square displacements of
[PbI4]2− and pyrene are 0.05 and 0.68 Å, respectively. This is
because organic molecules are less rigid than the inorganic
sublattice and tend to distort more substantially upon
excitation. Thus, the Marcus theory reaction coordinate
(Figure 4c) is largely attributed to the pyrene ligands.
Vibrational frequencies of organic ligands are much higher
than those of the lead-iodide lattice composed of heavy
elements. The vibrational energy is sufficiently high to prevent
the onset of thermally activated processes, even at room
temperature. As a result, TET occurs efficiently via tunneling
through the relatively narrow barrier in the Marcus-inverted
region.

Figure 4. Quantum-tunneling-driven TET. (a) Spin-polarized projected density of states (PDOSs) for the (PyBA)2PbI4 system with the charge
densities of the initial TET orbitals localized in the lead-iodide layer. (b) Charge density difference between the final and initial orbitals of hole
(left) and electron (right) involved in TET. Red represents the initial orbitals localized onto the [PbI4]2− perovskite core, while blue represents the
final orbitals localized onto the pyrene molecular layer. (c) Schematic of the Gibbs free energy surfaces as a function of the nuclear configuration of
TET from Pb−I to pyrene in the Marcus-inverted regime (λ < −ΔG°), depicting the enhanced vibrational overlap between the donor and acceptor
wave functions. (d) Plot showing the theoretically predicted (orange) and experimentally extracted (blue) TET time scales as a function of
temperature, depicting the tunneling-induced weak T dependence of the triplet transfer rate. The shaded blue area indicates the experimental
uncertainties in determining the TET times.
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At the low-temperature (kBT < ℏω) tunneling regime, the
TET rate is described in Marcus theory by the following rate
expression56,57

k
H G e
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exp lnET
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= °
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We employed a value of 1500 cm−1 for the vibrational
frequency, ω, roughly corresponding to a carbon−carbon
stretch. The electronic coupling between the inorganic and
organic layers, H12, was estimated to be on the order of 10
meV, which aligns well with ref 23. This gives a 50 ps
temperature-independent TET time scale, providing good
agreement with the experimental data in the 7−295 K
temperature range (Figure 4d). One can conceptualize the
system oscillating within the Marcus parabola, where tunneling
through the barrier during each attempt has a small probability.
The TET rates reflect the necessity for numerous tunneling
attempts before the system successfully traverses the barrier.
H12

2 , ΔG°, and λ were assumed to be temperature-independent
in our model. However, these parameters might vary with
temperature changes due to alterations in the molecular
configuration. Such variations could be responsible for the
observed slight decrease in the TET rates at higher
temperatures.
2.4. Discussion and Conclusions. Our findings highlight

the unique opportunities that 2D hybrid organic−inorganic
perovskites offer for the strategic design of energy transfer
between conjugated organic ligands and inorganic lattices. The
enhanced overlap between the vibrational wave functions of
the donor and acceptor layers�induced by their dimension-
ality and relative band alignment�prompts triplet excitons to
tunnel from the inorganic layer to the organic layer, bypassing
the need to thermally overcome the potential barrier of the
transfer. This mechanism results in remarkably fast, TET time
scales of 50−70 ps across a range of 7−295 K. These triplet
transfer times are more than 2 orders of magnitude faster than
at the interfaces between bulk perovskites and rubrene
molecules,9 which presumably have much smaller orbital
overlap and hence weaker Dexter-type electronic coupling.
TET observed here is also more than 3 orders of magnitude
faster than at the interfaces of CdSe and PbS quantum dots,
where transfer times on the order of 100 ns have been
reported.4,18

The energy landscape of the Marcus-inverted regime plays a
crucial role in facilitating triplet exciton tunneling. While the
Marcus-inverted regime has been more commonly observed in
CT processes, this study reports triplet exciton transfer
occurring within the inverted regime that has been much less
explored. Experimental observation of Marcus-inverted phe-
nomena can be hindered due to the dominance of parasitic
processes such as Auger-assisted transfer,58 in which the excess
driving force is transferred to another excitation or charge,
rather than vibrations. This work demonstrates that proper
alignment of the donor and acceptor bands, as well as tuning
the donor−acceptor coupling, can provide control over the
Marcus regime of energy transfer processes in low-dimensional
materials. This revelation lays the groundwork for further
investigation of Marcus-inverted phenomena in other 2D
perovskites and optimization of this class of excitonic materials
for designing triplet emissions.

3. METHODS
3.1. Thin Film Preparation. The n = 1 perovskite thin film was

developed by spin-coating 2:1 molar ratios of the pyrene butyl
ammonium iodide salt: lead(II) iodide (Sigma-Aldrich) dissolved at a
concentration of 0.3 M (with respect to the organic salt, at 50 °C with
constant stirring) in DMF onto freshly cleaned SiO2 wafers at 2000
rpm for 20 s. The films were then annealed on a hot plate for 15 min
at 150 °C.

The n = 2 perovskite thin film was developed by spin-coating 2:2:1
molar ratios of the pyrene butyl ammonium iodide salt/lead(II)
iodide (Sigma-Aldrich)/formamidinium iodide (Greatcell Solar)
dissolved at a concentration of 0.3 M (with respect to the organic
salt, at 50 °C with constant stirring) in DMF onto freshly cleaned
SiO2 wafers at 3000 rpm for 60 s. The films were then annealed on a
hot plate for 2 min at 180 °C.

The above thin films were characterized by out-of-plane X-ray
diffraction (Rigaku SmartLab using a Cu Kα source of λ = 1.54056 Å
in Bragg−Brentano mode), ultraviolet−visible absorption spectrosco-
py (Agilent Cary 60 ultraviolet−visible light spectrophotometer), and
the other optical measurements discussed in the paper.

3.2. Steady-State and Time-Resolved PL Measurements. A
custom-built confocal microphotoluminescence setup was employed
for both steady-state and time-resolved optical measurements. We
utilized a 447 nm picosecond pulsed diode laser (LDH-P-C-450B,
PicoQuant) with a full width at half-maximum of 50 ps and a
repetition rate of 5 MHz as the excitation source. This laser was
focused onto the sample surface by using a 40× Nikon objective with
a numerical aperture (NA) of 0.6. The emitted luminescence was
collected via the same objective, dispersed through an Andor
Technology monochromator, and subsequently detected by an
Andor Shamrock 3030i spectrometer and Newton 920 CCD. An
optical filter was strategically placed before the detector to eliminate
excitation scatter. For TRPL measurements, we employed a single-
photon avalanche diode (PicoQuant, PDM series) coupled to a
single-photon counting module (PicoQuant). Unless otherwise
specified, we used a low excitation fluence of 130 nJ/cm2 to mitigate
the initiation of undesirable bimolecular processes such as exciton−
exciton annihilation.

For temperature-dependent PL measurements, a Cryostation s50
closed-cycle optical cryostat from Montana Instruments was used.
The sample was secured on the holder, and vacuum was established
within the sample chamber. This setup allowed us to achieve
temperatures ranging from 7 to 295 K, with a temperature stability of
better than 10 mK.

Measurements with an excitation wavelength of 490 nm (to
selectively excite [PbI4]2−, Figure S6) were conducted by a pump that
was the output of an optical parametric amplifier (OPA; TOPAS-
Twins, LIGHT CONVERSION Ltd.) pumped by a high-repetition
rate amplifier (750 kHz, PHAROS, LIGHT CONVERSION Ltd.).

3.3. Pump−Probe Spectroscopy. The output from a high-
repetition rate amplifier (750 kHz, PHAROS, LIGHT CONVER-
SION Ltd.) was used to pump two independent OPAs (TOPAS-
Twins, LIGHT CONVERSION Ltd.). One OPA generated the pump
beam, while the other provided the probe beam. A mechanical
translation stage (DDS600-E, Thorlabs) was utilized to introduce a
time delay between the pump and probe beams. Both beams were
focused onto the sample by using a 40× Nikon objective with an NA
of 0.6. The probe beam was collected using the same Nikon objective
and then detected by an avalanche photodiode (C5331-04,
Hamamatsu). For temperature-dependent pump−probe experiments,
we employed a Cryostation s50 from Montana Instruments, allowing
us to conduct studies in a high-vacuum environment across a
temperature range of 7−295 K.

3.4. Computational Methodology. DFT51,52 with the PAW
potentials53 and the PBE functional59,60 was employed for all systems.
The electronic structure calculations were performed within the
Vienna ab initio simulation package (VASP).61−63 The PAW PBE
versions included in the POTCAR files for each species were
PAW_PBE I 08Apr2002, PAW_PBE N 08Apr2002, PAW_PBE H
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15Jun2001, PAW_PBE C 08Apr2002, and PAW_PBE Pb 08Apr2002.
The 2D perovskite n = 1 (PyBA)2PbI4 models were taken from
experiment as characterized by out-of-plane X-ray diffraction (see
Methods). During the VASP calculations, we utilized a sizable plane-
wave basis energy cutoff of 520 eV, a 5 × 5 × 5 Γ centered k-point
mesh to sample the Brillouin zone (creating 39 irreducible k-points),
and van der Waals dispersion interactions within the Grimme D3
method64 for all the full-pyrene system simulations. See Figure S14 for
the crystal structure of the (PyBA)2PbI4 model. The specific spin
multiplet of the system was controlled through the NUPDOWN tag
within the INCAR file of the VASP simulation, to set the difference
between the number of electrons in the spin-up and spin-down
channels (Singlet, NUPDOWN = 0 vs Triplet, NUPDOWN = 2).
When the triplet-state systems were considered, collinear spin-
polarized calculations were performed. The geometries of all systems
were optimized in their appropriate spin multiplet states. After
geometry optimization, the band structure of the perovskite n = 1
(PyBA)2PbI4 system was calculated along the high-symmetry path
(Γ−Z−D−B−Γ−A−E−Z−C−Y−Γ) with 20 k-points included
between each high-symmetry point (creating 200 irreducible k-
points) (Figure S15). The band structure of (PyBA)2PbI4 revealed the
direct band gap as the Γ → Γ transition.

In order to determine the Marcus theory energetics for calculation
of the Gibbs free energy (ΔG) and the reorganization energy (λ), we
break down the full pyrene−perovskite model into its components:
pyrene ligand layer (Py) and perovskite core (PbI) (see Figure S16).
Then, we calculate the subsystem total energies in the appropriate
multiplet states to capture the TET process (Tables S6 and S7). The
system’s initial state is the pyrene ligand in the singlet state, and the
perovskite core in the triplet state. The final state after TET is
considered the pyrene ligand in the triplet state and the perovskite
core in the singlet state. Thus, we calculate the Gibbs free energy
(ΔG) as

G ((PbI) ( Py ) )

(( PbI ) (Py) )

singlet geometry
3

triplet geometry

3
triplet geometry singlet geometry

= + *

* +

and the reorganization energy (λ) as

((PbI) ( Py ) )

(( PbI ) (Py) )

singlet geometry
3

triplet geometry

3
triplet geometry singlet geometry

= + *

* +
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