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ABSTRACT: Layered hybrid organic−inorganic perovskite (LHOIP) materials
constructed with low-band-gap chromophore-based organic spacer cations are an
emerging class of materials that promise unique tunability of their optoelectronic
properties. However, the large size of such chromophore-based spacer cations
challenges their incorporation into a layered perovskite structure and requires further
insight into the layered perovskite phase formation mechanism. Herein, we report the
preparation and incorporation of asymmetric naphthalenediimide (NDI) spacer
chromophore cations with different amine-bearing alkyl linker chains into thin films
of LHOIPs. Using in situ UV−vis spectroscopic kinetic studies of the quantum well
formation, we show that shorter linker chain lengths require higher annealing
temperatures to form the LHOIP structure. Avrami analysis of the layered perovskite
formation shows a larger Avrami coefficient (n = 3.64) for short linker chain-bearing cations compared to that for longer alkyl chain-
bearing cations (n = 2.43), suggesting an evolution from three-dimensional to quasi-two-dimensional crystal growth with increasing
linker chain length. Additionally, transient absorption spectroscopy and broad-band fluorescent upconversion spectroscopy indicate
fast photoinduced charge transfer from the inorganic layer to the electron-accepting NDI-spacer cation.

■ INTRODUCTION
Layered hybrid organic−inorganic perovskite (LHOIP)
materials have been widely investigated in the past few years
for their potential application in various optoelectronic devices
such as solar cells and light-emitting diodes.1−5 Interest in
these materials stems from their widely tunable optoelectronic
properties, facile solution processability, and increased stability
over traditional HOIPs, which make them attractive for low-
cost and high-performance applications.6,7 Generally, an
LHOIP can be formed by replacing the A-site cation in a
conventional ABX3 perovskite with a long, narrow spacer
cation (e.g., n-butylammonium). As the spacer cation is too
large to fit into the A-site of the octahedral BX6 framework of
the perovskite structure, slabs of octahedral layers self-assemble
separated by the spacer cation, forming a periodic structure of
alternating organic−inorganic layers.8 In the case of a
monovalent spacer cation, a Ruddlesden−Popper (RP)-type
perovskite is formed, where the inorganic layers are held apart
by a bilayer of spacer cations. Alternatively, a Dion−Jacobson
(DJ)-type perovskite, where the inorganic layers are separated
by a monolayer of spacer cations, is formed when divalent
spacer cations are incorporated.9,10 For simple aliphatic spacer
cations such as n-butylammonium or phenylethylammonium
with the classic PbI6-inorganic octahedral framework, the role
of the organic cation is primarily structural. The large highest
occupied molecular orbital (HOMO)−lowest unoccupied
molecular orbital (LUMO) gap of aliphatic spacer cations
compared to the inorganic framework and the electron energy
level mismatch between the organic and inorganic layers cause

the formation of a quantum well structure where the spacer
cation acts as an energy barrier to conduction band electron
movement resulting in poor out-of-plane charge transport
properties and strong quantum confinement effects. However,
the incorporation of semiconducting organic molecules such as
aromatic chromophore cations with extended π−π conjugation
and energy levels close to those of the inorganic perovskite
layer provides the possibility to engineer the electronic
structure of the layered perovskite materials.11 For example,
Passarelli et al. demonstrated an enhanced out-of-plane
conductivity by incorporating pyrene-, naphthalene-, and
perylene-based cations due to energy level matching.12 This
approach opens the door to a myriad of new semiconducting
materials with a wide range of optoelectronic applications.13

Potential electronic interactions between the organic and
inorganic layers have led to the study of layered perovskite
materials incorporating cations containing conjugated moieties
such as oligothiophene,11 carbazole,14 or benzothiophene.15

Inspired by advances in the organic photovoltaic field, an
interesting class of chromophore spacer cations is constituted
by the family of rylene-dyes such as naphthalenediimide (NDI)
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or perylenediimide (PDI).16 Moreover, as rylene-based
chromophores are strong electron acceptors,17 these spacer
cations may assist the formation of long-lived mobile charge
carriers in LHOIPs.18 However, the incorporation of rylene-
based dyes and the possible formation of layered perovskite
films remain unclear as these highly planar molecules tend to
aggregate in solution due to strong π−π interactions
compromising the formation of a layered perovskite structure.
Indeed, the incorporation of symmetric naphthalenediimide
(NDI)-based divalent cations using an ethylamine linker chain
(NDIC2) was recently investigated and only a linearly linked
PbI6 perovskitoid structure was formed, likely due to the
stacking effect of the NDIC2.19,20 At the same time, recent
research on benzodithiophene-based spacer cations suggests a
strong effect of the amine-bearing alkyl chain length on the
incorporation into a layered structure.21 Long alkyl chain
spacer cations were found to be easier to incorporate into a
layered perovskite resulting in films with higher crystallinity.
These findings are in contrast to previous reports suggesting
more oriented crystal grains and increased dimensionality for
cations with shorter alkyl chains.22 Indeed, small modifications
of the spacer cation can have a relatively large impact on the
resulting layered perovskite structure and optoelectronic
properties but a priori predictions of these effects remain
elusive.23 Herein, by investigating NDI-based spacer cations
with various linker chain lengths, we aim to develop a simple
spacer cation engineering approach to control the incorpo-
ration of NDI-base spacer cations into a layered perovskite
structure and to tune the optoelectronic properties of the
perovskite material. We report an intriguing relationship
between the chain length and crystallization parameter, e.g.,
annealing time and temperature, which is essential to form
NDI-based layered perovskite structures. Additionally, by
increasing the distance between the inorganic and NDI core,
the effect of the proximity of the chromophore core to the

octahedral layer on the charge transfer and exciton dynamics
was investigated using transient absorption (TA) spectroscopy
and broad-band fluorescence upconversion spectroscopy
(FLUPS).

■ RESULTS AND DISCUSSION

The chemical structure of the NDI-based monovalent cations
with different alkyl chain lengths linking the NDI core to the
functional ammonium cation is shown in Figure 1a along with
an illustration of the targeted layered perovskite structure.
NDI-based cations were synthesized in a simple one-pot
reaction (see Scheme S1). Based on their corresponding
amine-bearing linker lengths (ethyl, butyl, and hexyl), the
cations are labeled as NDI-E, NDI-B, and NDI-H. Detailed
synthetic procedures can be found in the Supporting
Information. Asymmetric monoammonium cations were
selected over symmetric diammonium cations due to the
enhanced structural flexibility of RP-phase compared to DJ-
phase perovskitespotentially easing the formation of a
layered perovskite structure.24 Lead iodide-based LHOIP
thin films were prepared by spin-coating dimethylformamide
(DMF) precursor solutions containing PbI2 and the NDI-
cation in a 1:2 molar ratio on glass substrates. Subsequent
thermal annealing aided the final formation of the layered
perovskite structure. Notably, we found that the annealing
temperature was a crucial parameter for the formation of the
layered perovskite structure (vide inf ra). For all NDI-based
layered perovskites, an annealing temperature of at least 140
°C was required for the formation of a crystalline phase. In
comparison, butylammonium- (BA) and phenylethylammo-
nium (PEA)-based LHOIPs are typically reported to form at
annealing temperatures of only 100 °C.
The absorption and photoluminescence spectra of the

perovskite films annealed at 180 °C are shown in Figure 1b.
The formation of a layered perovskite structure exhibiting

Figure 1. (a) Structure of the herein investigated naphthalenediimide monovalent cations and resulting layered perovskite structure. (b) UV−vis
and PL spectroscopy (400 nm excitation) and (c) XRD spectra of the corresponding films. Increase in the peak full width at half-maximum
(FWHM) with increasing linker length is shown in the inset. (d) Normalized XRD-scattering intensity integrated along the azimuthal direction of
the peak intensity of the 002-diffraction peak showing the orientation of the layered perovskite crystals. The intensity vs ϕ distributions were
normalized with respect to the peak areas. (e) GIWAXS of the obtained thin films show the layered structure of the perovskite material. All
characterizations were performed on films spin-coated onto glass slides.
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quantum confinement effects results in a distinct excitonic
absorption band at around 500 nm. In addition, photo-
luminescence (PL) emission with a small Stokes shift can be
observed for all investigated films. Notably, the absorption and
emission band maxima (λmax

abs and λmax
PL ) were blue-shifted

compared to similarly prepared (PEA)2PbI4 films (516 and
524 nm for λmax

abs and λmax
PL , respectively).25 The observed blue

shift is reasonably due, in part, to the increased interplanar
distance of the NDI-based layered perovskite compared to the
smaller interplanar spacing of (PEA)2PbI4, which reduces the
interaction between adjacent perovskite layers. The formation
of a crystalline layered perovskite film is further indicated by
the X-ray diffraction (XRD) patterns of the different films,
which show the characteristic equally spaced diffraction peaks
originating from the diffraction at the [00 ]-planes (Figure 1c).
While intense and narrow diffraction peaks for (NDI-E)2PbI4
suggest large ordered domains, crystallinity and domain size
are reduced with increasing linker chain length as indicated by
the reduced intensity and broadening of the diffraction peaks,
as highlighted in the inset of Figure 1c. Interplanar spacing (
d00 ) in the range of 2.3−3.0 nm was found, and d00 becomes
larger with increasing linker length following the trend of
previously reported spacer cation systems.26 Interestingly, this
trend stands in contrast to the observed absorption band
maxima position, where λmax

abs for (NDI-H)2PbI4 (492 nm) is
between the observed λmax

abs of the (NDI-E)2PbI4 (485 nm) and
(NDI-B)2PbI4 (498 nm) thin films. However, as the
absorption band position can also be altered by distortions
of the PbI6

−4 octahedra,24,27 different Pb−I−Pb bond angles in
the investigated thin films could reasonably cause the observed
differences in the absorption band positions (unfortunately
obtaining single crystals to verify this was not possible despite
significant effort). Notably, the photoluminescence of (NDI-
E)2PbI4 is significantly quenched compared to those of NDI-B
and NDI-H-based films. Given the electron-accepting proper-
ties of the NDI-chromophore core, which exhibits low-lying
HOMO and LUMO levels as determined by cyclic
voltammetry (see Figure S1) and UV−vis absorption, the
NDI-spacer cations form a type II band structure with the
inorganic where the LUMO level of the NDI-chromophore
core is located between the valence and conduction bands of
the inorganic PbI6

4− octahedral layers.11 The substantial
quenching of the PL intensity is consistent with previously
reported systems exhibiting a type II band alignment.11,25 The
high proximity of the NDI-E cation combined with the high
crystallinity found in (NDI-E)2PbI4 perovskites may enhance
charge transfer from the inorganic layer to the organic layer as
previously suggested and will be further discussed below.17

Additional insights into the thin film formation of the NDI-
based LHOIPs were obtained by grazing incident X-ray
scattering (GIWAXS; Figure 1e). With all NDI-based cations
highly in-plane, the oriented films were obtained as indicated
by the signals along the qz-axis. Due to the high crystallinity in
the (NDI-E)2PbI4, additional diffraction in the off-axis
direction attributed to the [d11 ]-planes can be observed. By
determining Herman’s orientation factor, a decline of in-plane
orientation toward a less oriented crystalline film with
increasing linker chain length can be observed (as shown in
the azimuthal angle scans in Figures 1d and S2). This is
consistent with previous work, where organic cations with
shorter alkyl chains were found to more favorably form highly
oriented perovskites.22

As the crystallinity and domain orientation are often
attributed to the crystallization kinetics during the crystal
phase formation,28,29 based on our observed trends in
crystallinity and orientation, we hypothesized that the alkyl
chain length affects the LHOIP phase formation rate during
thermal annealing process. Relatively rapid crystal phase
formation, for example, may result in the increased random-
ness of crystallite orientation compared to kinetically slower
crystallization. Additionally, as we previously suggested that
changes in the Pb−I−Pb angles could be induced by the
different linker lengths, it is reasonable to assume that
deviations of the octahedral framework can also affect the
crystalline phase formation kinetics.30 While the phase
formation mechanisms are relatively well studied for lead-
based perovskite films and some quasi-layered perovskite
films,31,32 proper understanding of the linker length on the
crystallization of pure layered perovskite remains scarce.
Previous phase formation studies were mainly conducted
using X-ray diffraction methods that are potentially less
suitable for comparing thin films with various degrees of
crystallinity and orientation.31,33 For our system, tracking in
situ the evolution of the excitonic absorption band using UV−
vis absorption spectroscopy was found to be a convenient way
to investigate the formation of the crystalline perovskite
quantum well structure during the thermal annealing process
that dictates its formation.34 Experimental details of the setup
and measurement and characterization of the as-spin-coated
films (before thermal treatment) can be found in the
Supporting Information (Figures S3 and S4). To find the
crucial annealing temperature at which the layered perovskite
quantum well starts to form, the absorbance at 485 nm (NDI-
E), 498 nm (NDI-B), and 492 nm (NDI-H) was tracked while
gradually increasing the temperature at 0.25 °C s−1. The

Figure 2. (a) Evolution of the excitonic absorption band at the absorbance maxima while gradually increasing the temperature with a rate of 0.25
°C s−1. (b) Formation of the layered perovskite under isothermal conditions for NDI-E and NDI-B. (c) Based on the fitted Avrami coefficient and
supported by the found crystallinity enhanced out-of-plane growth can be expected for (NDI-E)2PbI4 compared to that for (NDI-B)2PbI4 crystal
growth.
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conversion coefficient, α, was determined by the following
relationship

A T A
A

( ) init

fin
α =

−
(1)

where A(T) is the (quasi-steady-state) absorbance at a given
temperature T, Ainit and Afin are the absorbance at the
beginning and end, respectively, of the measurement assuming
full phase conversion at the end of the annealing process. It is
noted that the conversion coefficients were most likely
independent of the wavelength around the excitonic
absorption band (Figure S3) and no clear diffraction peaks
were observed from the as-spin-coated films (Figure S4). The
resulting phase formation curves are displayed in Figure 2a.
For all investigated films, an increase in the annealing
temperature triggers the formation of the perovskite phase,
as indicated by the increasing conversion coefficient α. At
temperatures greater than 160 °C, the curves plateau indicating
maximum perovskite phase formation at that temperature.
Considering the onset temperature at which the excitonic
absorbance band becomes optically detectable, a clear trend
toward lower temperatures with increasing linker chain length
can be observed. Generally, the crystal growth mechanism
consists of an initial nucleation step followed by an interfacial
crystal growth, the formation rate between 110 and 120 °C as
found in (NDI-B)2PbI4 and more so in (NDI-H)2PbI4 can be
potentially attributed to the formation of nuclei. After nuclei
formation, the crystallites slowly start to grow, while at the
same time more and more nuclei are formed with increasing
temperature. As the crystallites become larger, neighboring
crystallites start to impede each other resulting in low
crystalline thin films. The observed slow phase formation at
low temperature for (NDI-H)2PbI4 and (NDI-B) 2PbI4 stands
in contrast to the phase formation observed for (NDI-E)2PbI4
films where the LHOIP phase starts to be formed rapidly after
the temperature of 140 °C. We suggest that the reduced
structural flexibility of the short alkyl chain-bearing NDI-E-
cation hampers the formation of nuclei, as indicated by the
higher annealing temperature required for the perovskite
formation. As fewer growing sites do impede each other less,
resulting in films of higher crystallinity compared to (NDI-
B)2PbI4 and (NDI-H)2PbI4 films.
Besides that, enhanced conformational flexibility may induce

more defects and therefore additionally reduce the crystallinity.
The loss of kinetic control due to the easier perovskite
formation when NDI-H is incorporated is indeed consistent
with the reduced crystal orientation. While the perovskite
formation under nonisothermal conditions (as shown in Figure
2a) gives good insights into the LHOIP formation temper-

ature, no information about the crystal growth mode can be
obtained. However, given the anisotropic character of the
layered HOIPs, preferential crystal growth along a particular
crystallographic direction is expected.35 To investigate the
crystallization mode, Avrami analyses using in situ absorption
measurements during isothermal crystallization were per-
formed. The temperature for the experiment was chosen
based on the temperature where α ≈ 0.5 according to Figure
2a. For (NDI-E)2PbI4 and (NDI-B)2PbI4, sigmoid-shaped
transition curves (α vs time) were obtained, as illustrated in
Figure 2b. Considering the amorphous phase before thin film
annealing and the crystalline phase after annealing, such a
phase transformation between an amorphous phase and
crystalline phase can be described by the Kohn−Mehl−Avrami
model.36 Fitting the obtained conversion coefficients to the
Avrami equation

t e( ) 1 kt( )n
α = − − (2)

where α(t) is the conversion coefficient as a function of time t,
k is a kinetic rate constant, and n is the Avrami coefficient,
which gives a more detailed insight into the crystallization
mechanism.
Fitting the data in Figure 2b to the Avrami equation gives an

Avrami coefficient of n = 3.69 for NDI-E. As n = 4 is associated
with three-dimensional crystal growth, a more isotropic crystal
growth (proceeding along both the out-of-plane and in-plane
directions) is expected. This finding is in line with the observed
high crystallinity for (NDI-E)2PbI4 films. For (NDI-B)2PbI4,
an Avrami coefficient of n = 2.43 at 128 °C was found,
indicating a more two-dimensional crystal growth mode. In
both cases, the chi-squared of the fit was found to be below
0.05, indicating excellent goodness of fit. Altogether, the crystal
growth mechanism must be understood as a competing
mechanism between in-plane and out-of-plane growth, as
illustrated in Figure 2c. As XRD measured the crystallinity
along the qz vector, the loss of crystallinity observed in (NDI-
B)2PbI4 compared to that in (NDI-E)2PbI4 films and the
reduced Avrami coefficient n suggest a more predominant in-
plane crystal growth mechanism in the case of (NDI-B)2PbI4.
The obtained results for NDI-E and NDI-B cations stand in
strong contrast to layered perovskite formation when NDI-H
was used as a spacer cation. In this case, isothermal kinetic
measurements did not show a sigmoid-shaped transition curve
following the Kohn−Mehl−Avrami model but rather a
kinetically limited behavior where the crystallization rate is
affected by the conversion coefficient α (see Figure S5).
Interestingly, this kinetically limited growth behavior of (NDI-
H)2PbI4 can potentially be overcome by increasing the

Figure 3. (a) Illustration of the HOMO and LUMO levels of the inorganic octahedral layer and NDI-spacer cation. (b) Photoluminescence decay
excited at 400 nm for (NDI-E)2PbI4 and (NDI-B)2PbI4 and (c) decay of the TA-bleach at around 500 nm.
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annealing temperature as higher crystallinity was found when
annealed at 225 °C for 5 min (see Figure S6).
The formation of a defined layered structure with all herein

investigated spacer cations gives the opportunity to further
study electronic interactions between the inorganic slabs and
the spacer cations. To investigate the potential ultrafast charge-
transfer process between the inorganic layer and the organic
spacer cation, as illustrated in Figure 3a, broad-band
fluorescent upconversion spectroscopy (FLUPS)37,38 was
performed. Here, the sample emission is mixed with an
ultrashort laser pulse in a nonlinear optical crystal to generate a
signal at the sum frequency of the two incoming beams. The
time resolution of the setup is therefore only limited by the
laser pulse duration (150 fs), which is ideal to study initial PL
dynamics. The obtained PL dynamics for all investigated
LHOIP films are displayed in Figure 3b (temporal- and
spectral-dependent PL intensities of the films excited at 400
nm can be found in Figure S7). The PL decay was fit to a
single exponential convoluted with the instrument response
function (IRF) for NDI-E and NDI-B, and PL lifetimes of 0.27
and 0.51 ps, respectively, were found. For the NDI-H films, a
fit with a two-exponential decay (short lifetime of 0.62 ps and a
longer time constant of 3.6 ps) better matched the
experimental data. The fast decay times are in strong contrast
to previously reported decay times for (PEA)2PbI4 of several
hundreds of picoseconds attributed to trapping processes.39,40

Given the fast decay observed when employing electron-
accepting perylenediimide (PDI) cations in proximity to
HOIPs as previously reported,18 we attribute the observation
of short decay times herein to the charge transfer from the
inorganic perovskite layer to the spacer cation. Indeed, the
charge transfer becomes slower with increasing linker length
and thus distance from the perovskite layer to the NDI core.
Hence, the PL dynamics are determined by the depopulation
of the 2D-confined excited state due to potential electron
transfer from the inorganic layer to the NDI-spacer cations
resulting in a faster PL decay than for similar systems
incorporating aliphatic butylammonium spacer cations.44

Arguably, it is possible that the PL decay times are affected
by different defect densities in the thin films, which could form
nonradiative trap states. However, the defect density is
expected to be inversely correlated with material crystallinity,
which is not consistent with the observations herein. As the
FLUPS signal is proportional to the product of the electrons
and holes, our conclusions regarding the charge-transfer
dynamics were further supported by TA spectroscopy. TA
spectra were obtained using a 400 nm pump laser and are
shown in Figure S8. For all investigated films, a ground-state
bleach (GSB) at around 490−500 nm can be observed
attributed to the excitation of the perovskite layer ground state
to the lower excited state. The absorption bleach decays
without any observable shift of the bleach maxima, indicating
the formation of a single exciton.18 The decay dynamics of the
GSB are shown in Figure 3c, and Table 1 shows the calculated

lifetimes using a global analysis of the TA data with three
exponential decay components. The first dominant decay
component (τ1) can be attributed to the radiative recombina-
tion due to the similarity to the decay times obtained in the
FLUPS measurement. Although previously reported electron
transfer between PbBr(0.7I0.3)4 to the naphthyl spacer cation via
a Dexter electron transfer attributed a similarly short decay
constant to an exciton-exciton annihilation process,41 the
second decay process (τ2) cannot be unequivocally assigned
for the herein investigated systems.
Notably, decay associated spectra (DAS) resulting from the

global lifetime analysis of the ground-state bleach (Figure S9)
showed maximum amplitudes matching the bleaching peak for
all of the three decay components for (NDI-E)2PbI4 and
(NDI-B)2PbI4. These findings are contrasted by the mis-
matched maximum amplitudes for (NDI-H)2PbI4, where only
the long decay component fits the bleaching peak maxima. The
mismatch between the PL decay in the (NDI-H)2PbI4 samples
is due to a more complex electron-transfer kinetics and is
consistent with the biexponential decay in the FLUPS.
Considering the decay of the absorption bleach caused by
the regeneration of the ground state, the prolonged decay time
is strongly indicative of reduced exciton binding energy for
(NDI-E)2PbI4 compared to that for the (NDI-B)2PbI4
sample.42 Overall, the FLUPS and TA results are consistent
with the photoinduced electron transfer from the inorganic to
the organic layer in the NDI-based LHOIPs and show that
increasing the alkyl linker link has an important effect on
increasing the characteristic time for the charge transfer to
occur. This observation due to the heterojunction-like
electronic structure will likely have important consequences
on the optoelectronic device performance of these materials.
Investigations in this regard are ongoing in our laboratories.

■ CONCLUSIONS

In summary, we report here the first successful incorporation
of monovalent NDI-based chromophore cations into LHOIPs
and uncovered the effect of the linker chain length on the
formation of the layered perovskite structure. An increase in
the linker chain length was found to give less crystalline and
more disoriented perovskite films. Subsequent kinetic studies
of the crystalline phase formation using temperature-controlled
UV−vis absorption spectroscopy suggest the formation of the
(NDI-H)2PbI4 at lower temperatures compared to that of the
(NDI-E)2PbI4 crystalline phase, indicating that the tuning of
the amine-bearing alkyl chain is a potential strategy to facilitate
the incorporation of bulky spacer chromophore cations into a
layered perovskite structure. Further, fluorescent upconverted
spectroscopy showed rapid PL decay with a decay time of less
than 1 ps. The fast PL decay is attributed to charge transfer to
the spacer chromophore. Thereby, the high proximity of short
alkyl chain-bearing spacer cation enhanced the electron-
transfer rate. As transient absorption spectroscopy shows
slow bleach decay indicating reduced exciton binding energy,
monovalent NDI-based spacer cations are promising candi-
dates for applications in optoelectronic devices such as solar
cells.

■ EXPERIMENTAL METHODS
Synthesis of the (NDI)2PbI4 Films. Thin films containing NDI-

spacer cations were formed based on using a 0.4 M NDI + 0.2 M PbI2
in the DMF solution. All films were spun-coated at 2500 rpm for 30 s

Table 1. Decay Time Constant for the Absorption Bleach
for the Investigated Films

τ1 [ps] τ2 [ps] τ3 [ps]

(NDI-E)2PbI4 0.27 18.1 498
(NDI-B)2PbI4 0.51 5.9 94
(NDI-H)2PbI4 0.81 4.8 119
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and subsequently annealed at 180 °C for 30 min in an argon-filled
glovebox.
UV−Vis Absorption and Photoluminescence Measure-

ments. UV−visible light absorption measurements were carried out
with a UV-3600 Shimadzu spectrometer. For the Avrami analysis, a
home-build transparent heating window was used. The measurement
was carried out under ambient conditions. The unannealed samples
were stored in an argon-filled glovebox until shortly before the
measurement.
X-ray Diffraction and Gracing Incident Wide-Angle Scatter-

ing Measurements. Thin film X-ray diffraction (XRD) measure-
ments were taken in the Bragg−Brentano geometry using non-
monochromatic Cu Kα1 radiation on a Bruker D8 Vario instrument
equipped with a LynxEYE XE detector. Grazing incidence wide-angle
X-ray scattering experiments were carried out at the European
Synchrotron Radiation Facility (in Grenoble, France) at beamline
BM01. The samples were measured under ambient conditions with a
0.6506 Å (19.06 keV) X-ray source and a beam size of 0.5 × 0.5 mm2

onto the sample coming in at an incidence angle of 0.25°. GIWAXS
images were processed using the python packages pygix and pyFAI.43

Time-Resolved Photoluminescence. Time-resolved PL meas-
urements were carried on using a broad-band upconversion setup
(FLUPS, LIOP-TEC). An extensive description of the setup could be
found elsewhere.37,44 Basically, after excitation by a pump pulse (λpump
= 400 nm) generated by a CPA Ti:sapphire laser (Libra-HE USP,
Coherent), the fluorescence of the sample is collected and mixed with
a gate pulse (λprobe = 1300 nm, type II sum frequency generation) in a
100 μm-thick BBO crystal (EKSMA Optics). The upconverted signal
is dispersed in wavelength using UV gratings and recorded by a CCD
camera (Newton 920, Andor). The time correction for the impulse
response function (IRF) was calculated to be 240 fs using the cross-
correlation between the unabsorbed pump and the probe.
Transient Absorption Spectroscopy. Ultrafast transient

absorption (TA) measurements were conducted using an fs
chirped-pulse amplified (CPA) Ti:sapphire laser (Clark-MXR, CPA-
2001). A part of the laser output (778 nm, 1 kHz repetition rate) was
frequency-doubled in a 0.5 mm thick BBO crystal and chopped to
generate the pump pulse (λpump = 389 nm, 500 Hz). The remaining
part of the laser output was focused onto a CaF2 crystal to produce a
white light continuum probe spanning from 400 to 780 nm. The
white light is attenuated, and its beam cross section is reduced to
ensure homogeneity within the probe area. The probe beam was split
before the sample; the signal and the reference were sent into two
spectrographs (Spectra Pro 2150i, Princeton Instruments) and
detected shot-to-shot using CCD cameras (Hamamatsu S07030-
0906). The dynamics were obtained using a digitally controlled delay
stage (PI) in the pump path. The time resolution of the experiment
was calculated to be 300 fs using the cross-correlation of the pump
and probe beam on a reference glass sample. Detailed information on
the data treatment of the FLUPS and TA results can be found in the
Supporting Information.
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Materials and Methods 
Lead iodine (PbI2, 99.99%, CAS: 10101-63-0) and 1,4,5,8-Naphthalenentetracarboxylic 

dianhydride (97%, CAS: 81-30-1) were obtained from TCI and was used without any further 
purification. Propylamine (99% CAS: 107-10-8) and HI-solution (57% wt.%, no stabilizer 
CAS:10034-85-2) were purchased from Sigma-Aldrich. NBoc-1,2-diaminoethyl (98%, CAS: 
57260-73-8) and N-Boc-1,6-hexanediamine (95%, CAS: 51857-17-1) were purchased from 
Fluorochem. N-Boc-1,4-butanediamine (95%, CAS: 68076-36-8) was obtained from ABCR. 

 
Scheme S1. Synthetic route to the NDI-based cations. Here n = 2, 4,6 for NDI-E, NDI-B, and 

NDI-H, respectively. 
Synthesis of Boc-protected NDI-E (NDI-E-Boc) (1) 
2 g (mmol, 1 eqv.) of Naphthalene-dianhydride (NDA) and 1.25 g (mmol, 1.05 eqv.) were 

transferred in a dry 2-neck-flask and dissolved in 20 ml of dry DMF under Argon atmosphere. 
After injection of 0.65 ml of propylamine, the reaction mixture was heated to 140 °C. After 12 
hours of constant stirring, the solvent was evaporated and the desired product was obtained after 
purification over a silica gel column using DCM/Ethylacetate 95:5 mixture as eluent. The 
product was recrystallized from DCM/Iso-propanol mixture to obtain the pure product as a white 
solid. 

Yield: 0.875 g (1.94 mmol, 26%) 
1H NMR (400 MHz, CDCl3-d): 8.75 (s, 4H), 7.38 (t, J = 5.7 Hz, 2H), 4.24 – 4.04 (m, 2H), 1.78 

(h, J = 7.5Hz, 2H), 1.22 (s, 8H), 9.03 (t, J = 7.4 Hz, 3H). 
13C NMR (400 MHz, CDCl3-d): 163.21, 162.83, 131.6, 130.91,126.78, 126.68, 126.64, 126.47, 

79.29, 42,45, 40.65, 39.20, 28.38, 28.15, 11.49 
 
NDI-B-Boc and NDI-H-Boc were synthesized analogously.  
NDI-B 
Yield: 25% 
1H NMR (400 MHz, CDCl3-d): 8.76 (s, 4H), 4.60 (br, 1H), 4.19 (m, 4H), 3.20 (q, J = 7.5 Hz, 

2H), 1.43 (t, J = 7.4 Hz, 3H).  
13C NMR (400 MHz, CDCl3-d): 162.99, 162.98, 156.08, 131.13, 131.08, 126.85, 126.67, 79.33, 

42.58, 40.57, 40.30, 28.55, 27.77, 25.53, 21.52, 11.62. 
NDI-H 
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Yield: 25% 
1H NMR (400 MHz, CDCl3-d): 8.78 (s, 4H), 4.54 (br, 1H), 4.28 – 4.15 (m, 4H), 3.13 (t, J = 6.6 

Hz, 2H), 1.86 – 1.69 (m, 4H), 1.46 (m, 15H), 1.06 (t, J = 7.4 Hz, 3H) 
13C NMR (400 MHz, CDCl3-d): 163.01, 131.11, 131.09, 126.82, 126.75, 77.36 42.58, 40.92, 

28.58, 28.11, 26.82 25,53, 11.63 
NMR spectra can be found in Figure S8 and Figure S9. 
Deprotection and salt-formation of NDI-E salt (2) 
Free NDI-E amine was obtained by stirring the protected NDI-E in 20 ml of 10 % 

Trifluoroacetic acid DCM solution. After 2 h the solvent was concentrated and the dry solid was 
redissolved in Methanol. After cooling the mixture in an ice-bath to 0 °C around 3 eqv. of 57 % 
HI-solution was added. After stirring the mixture for 2 hours, solid NDI-amine iodine 
precipitated as a yellowish solid. The precipitant was collected by centrifugation and washed 3x 
with diethyl ether. After recrystallisation from isopropanol-methanol-mixture the product was 
dried under high-vacuum for 6 hours. NDI-B and NDI-H salts were synthesized accordingly. 

NDI-E 
1H-NMR (400 MHz, DMSO-d6) : 8.67 (s, 4H), 7.79 (br, 3), 4.33 (t, J = 5.9 Hz, 2H), 4.02 (m, 

2H),  3.18 (t, J = 5.9 Hz, 2H), 1.84-1.62 (m, 2H), 0.95 (t, J = 7.4 Hz , 3H) 
13C-NMR (400 MHz, DMSO-d6): 163.22, 162.61, 130.42, 126.43, 126.33, 126.18, 12.08, 

41.73, 40.15, 39.94, 39.78, 39.73, 39.52, 39.31, 39.10, 38.89, 37.83, 37.52, 20.78, 11.42 
HR-MS (ESI-QTOF): C19H18N3O4

+1: expected: 352.1292; found: 352.1292 
NDI-B 
1H-NMR (400 MHz, DMSO-d6) : 8.62 (s, 4H), 7.62 (br, 3), 4.07 (t, J = 6.8 Hz, 2H), 4.04 –  

3.95 (m, 2H), 2.84 (t, J = 7.4 Hz, 2H), 1.68 – 163 (m, 6H), 0.95 (t, J = 7.4 Hz , 3H) 
13C-NMR (400 MHz, DMSO-d6): 162.68, 162.58, 130.52, 130.50, 126.28, 126.11, 126.07, 

126.06, 41.73, 38.74, 24.76, 24.63, 20.82, 11.44 
HR-MS (ESI-QTOF): C21H22N3O4

+1: expected: 380.1605; found: 380.1612  
NDI-H 
1H-NMR (400 MHz, DMSO-d6) : 8.62 (s, 4H), 7.58 (br, 3), 4.09 – 3.94 (m, 4H), 2.79 (q, J = 

7.5 Hz, 2H), 1.68 (m, 4H), 1.54 (m, 2H), 1.38 (m, 4H), 0.9 (t, J = 7.4 Hz, 3H) 
13C-NMR (400 MHz, DMSO-d6) : 162.60, 130.47, 130.44, 126.22, 126.21, 126.09, 41.70, 

38.83, 27.28, 26.95, 26.07, 25.53, 20.82, 11.43 
HR-MS (ESI-QTOF): C23H26N3O4

+1: expected: 408.1918; found: 408.1915 
NMR spectra can be found in Figure S10 and Figure S11 
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Cyclic Voltammetry (CV) 

 
                  Figure S1. Cyclic voltammogram of NBoc-protected NDI-E in chloroform. 
 
Cyclic voltammogram were obtained using a three-electrode cell setup with platinum foil as 

working electrode, Pt-wire as counter electrode and Ag/AgCl as a reference electrode. To 
eliminate the oxidation of the iodine, NBoc-protected NDI-E in chloroform with 
tetrabutylammonium hexafluorophosphate (Bu4NPF6, 0.1 mol/L) as the supporting electrolyte 
was used. LUMO energy level was calculated based on the onset potential of the reduction 
process and the potential of the ferrocene reference (ferrocene vs. vacuum: –4.8 V):[1] 

HOMO energy level is determined based on the determined LUMO level and the optical band 
gap (Eg) determined by UV-Vis spectroscopy. The determined HOMO and LUMO energy levels 
are in agreement with previously reported values of similar naphthalenediimide derivatives.[2,3] 

 
HOMO [eV] LUMO [eV] Optical Band gap (Eg) 

–6.77 –3.67 3.1 eV 

 
Determination of the layered perovskite formation 
The GIWAXS were analyzed using PyFAI and PyGis python library. The orientation was 

determined by the Herman’s orientation factor (H) defined by following equations:[4] 
 

〈𝑐𝑜𝑠%(𝜑)〉 =
∑ 𝐼(𝜑)𝑐𝑜𝑠%(𝜑)	𝑠𝑖𝑛(𝜑)0
123

∑ 𝐼(𝜑)𝑠𝑖𝑛(𝜑)0
123

 

where 𝜑 corresponds to the azimuthal angle from 0° to 90 and I(𝜑) is the angle dependent 
Intensity 

And: 

𝐻	 = 	
3〈𝑐𝑜𝑠%(𝜑)〉 − 1

2  
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Figure S2. Display of azimuthal angle 𝜑 (left) and calculated Herman’s orientation factor 

displayed in the table on the right. 
 
Setup for in-situ UV–vis measurement Avrami-analysis 

 
Figure S3. (a) Setup of in-site UV–vis measurement for Avrami-analysis. (b) The setup for 

kinetic measurements consists of a FTO coated glass-plate connected to two electrode. By 
applying DC current, the plate can be heated up to 200 °C with an accuracy of ±1 °C. The 
substrate was mounted between the sample holder and the glass-plate. Measurements were 
conducted under ambient air conditions. The spin-coated unannealed samples were stored in the 
glovebox until just before the measurement. (c) Conversion coefficient α derived from (a) at 
different wavelength shows a minimal deviation in the range of the exciton absorption band. 

Perovskite film Herman’s 
orientation factor 

(NDI-E)2PbI4 0.73 

(NDI-B)2PbI4 0.62 

(NDI-H)2PbI4 0.41 
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   Figure S4: (a) UV–vis absorbance and (b) XRD of the as-spin-coated films before thermal 
treatment. 
 
 

 
Figure S5. Conversion coefficient for (NDI-H)2PbI4. Phase transition was observed at low 

temperature but equilibrates after a few seconds.  
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Figure S6: (a) XRD and (b) UV–vis absorption spectra of (NDI-H)2PbI4 annealed at 225 °C for 

5 minutes. 
 
 

 
Figure S7: Temporal- and spectral-dependent PL-intensity of (NDI-E)2PbI4, (NDI-B)2PbI4, and 

(NDI-H)2PbI4 excited at 400 nm. 
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Figure S8. Transient absorption spectra of the NDI-spacer cation based layered perovskite 

thin-films. 
 
 

 
Figure S9. Decay associated spectra resulting from the global analysis of the ground state 

bleach. 
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Data analysis and fitting 
We fit the PL decays using a global analysis. For each sample, we applied a mono-exponential 

(NDI-E and NDI-B) or bi-exponential (NDI-H) decay function convoluted with a Gaussian 
function to fit every dynamic trace. The amplitudes and lifetimes were left free, while the 
Gaussian width and time-zero were fixed. These values were extracted from a 2D Gaussian fit 
using the cross-correlation between the un-absorbed pump beam and the gate beam around time-
zero. 

To extract the lifetimes displayed in Table 1, we performed a global analysis of the dynamic 
traces of the bleaching peak. A tri-exponential decay function was used to fit the data from 0.20 
ps to 1200 ps leaving the amplitudes and lifetimes free and setting y0 to 0. The decay-associated 
spectra (DAS, Figure S9) display the extracted amplitude coefficients A1, A2, A3 for each time 
constant (τ1, τ2, τ3) versus the wavelength. 
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NMR-spectra 

 

Figure S10. From top to bottom: 1H-NMR spectrum of NDI-E-Boc, 13C-NMR spectrum of NDI-E-Boc, 

and 1H-NMR spectrum of NDI-B-Boc. 
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Figure S11. From top to bottom: 13C-NMR spectrum of NDI-B-Boc, 1H-NMR spectrum of NDI-H-Boc, 

and 13C-NMR spectrum of NDI-H-Boc. 
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Figure S12. From top to bottom: 1H-NMR spectrum of NDI-E, 13C-NMR spectrum of NDI-E, and 1H-

NMR spectrum of NDI-B. 
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Figure S13. From top to bottom: 13C-NMR spectrum of NDI-B, 1H-NMR spectrum of NDI-H, and 13C-

NMR spectrum of NDI-H. 
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