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Layered hybrid perovskites are based on organic spacers separating

hybrid perovskite slabs. We employ arene and perfluoroarene moi-

eties based on 1,4-phenylenedimethylammonium (PDMA) and its

perfluorinated analogue (F-PDMA) in the assembly of hybrid

layered Dion–Jacobson perovskite phases. The resulting materials

are investigated by X-ray diffraction, UV-vis absorption, photo-

luminescence, and solid-state NMR spectroscopy to demonstrate

the formation of layered perovskite phases. Moreover, their behav-

iour was probed in humid environments to reveal nanoscale segre-

gation of layered perovskite species based on PDMA and F-PDMA

components, along with enhanced stabilities of perfluoroarene

systems, which is relevant to their application.

Introduction

Layered hybrid perovskites (or 2D perovskites) are derived from
three-dimensional organic–inorganic perovskites of general
formula AMX3 (Fig. 1a).1–3 Here, A is the central cation (e.g.
methylammonium MA+, formamidinium FA+, or Cs+), M a
divalent metal ion (mostly Pb2+ or Sn2+) and X a halide anion
(I−,Br−, or Cl−).4,5 The incorporation of a larger spacer cation
between hybrid perovskite slabs can lead to the formation of
2D perovskite architectures, which have attracted attention due
to their enhanced stabilities and versatility as compared to
their 3D counterparts (Fig. 1b and c).6–8 In particular, two
classes of 2D perovskite materials are of special interest,
namely the Ruddlesden–Popper (RP) and Dion–Jacobson (DJ)
phases.9–14 RP systems mostly follow the general formula
S′2An−1MnX3n+1, where S′ are monofunctional spacers that inter-
act with the perovskite slabs by forming a bilayer with a half-a-
unit-cell displacement between the perovskite slabs
(Fig. 1b).7,15 On the contrary, DJ systems are commonly based
on the general formula SAn−1MnX3n+1 incorporating bifunc-
tional spacer (S) moieties between aligned perovskite slabs
(Fig. 1c).16 While RP phases have been widely used in perovs-

Jovana V. Milić

Jovana V. Milić is Assistant
Professor at the Adolphe Merkle
Institute of the University of
Fribourg in Switzerland. Her
research focuses on the develop-
ment of (supra)molecular
materials for energy conversion,
with a particular interest in
photovoltaics. She has been
recognized by the Periodic Table
of Younger Chemists and as CAS
Future Leader in 2019, Green
Talent Award in 2020, and Zeno
Karl Schindler Prize in 2021.

She is invested in science outreach, policy and education, such as
through activities of the European Young Chemists’ Network and
International Younger Chemists Network, connecting and support-
ing young scientists globally.

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
d1nr08311b. Datasets presented here can be accessed at the DOI: 10.5281/
zenodo.6194713 under the license CC-BY-4.0 (Creative Commons Attribution 4.0
International).
‡These authors contributed equally to the study.
§P. A. G. is presently affiliated with Alexandru Ioan Cuza University of Iasi,
Faculty of Chemistry, Bd. Carol I, no. 11, 700506 Iasi, Romania.

aLaboratory of Photonics and Interfaces, Institute of Chemistry and Chemical

Engineering, École Polytechnique Fédérale de Lausanne, 1015 Lausanne,

Switzerland. E-mail: michael.graetzel@epfl.ch
bMax Planck Institute for Solid State Research, 70569 Stuttgart, Germany
cInstitute of Chemistry and Chemical Engineering, École Polytechnique Fédérale de

Lausanne, 1015 Lausanne, Switzerland
dAdolphe Merkle Institute, University of Fribourg, 1700 Fribourg, Switzerland.

E-mail: jovana.milic@unifr.ch
eInstitute of Chemistry and Chemical Engineering, École Polytechnique Fédérale de

Lausanne, 1951 Sion, Switzerland

This journal is © The Royal Society of Chemistry 2022 Nanoscale, 2022, 14, 6771–6776 | 6771

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
 2

02
2.

 D
ow

nl
oa

de
d 

on
 0

3-
08

-2
02

4 
13

:4
5:

50
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue

www.rsc.li/nanoscale
http://orcid.org/0000-0002-8461-3909
http://orcid.org/0000-0002-0205-2942
http://orcid.org/0000-0002-1830-3881
http://orcid.org/0000-0002-9965-3460
http://crossmark.crossref.org/dialog/?doi=10.1039/d1nr08311b&domain=pdf&date_stamp=2022-05-10
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1nr08311b
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR014018


kite optoelectronics, DJ phases are underrepresented despite
their appealing optoelectronic properties and environmental
stability.17–20 It is thereby of interest to understand and control
their structural and optoelectronic properties, which are highly
dependent on the supramolecular self-assembly of the organic
spacer layer.

A complementary pair of organic spacers could engage
in π–π interactions, e.g. between arene and perfluoroarene
species, through self-assembly to form an alternating-cation
2D perovskite system.21 This has been previously analysed
based on 2-phenylethylammonium (PEA) and 2-(perfluorophe-
nyl)ethylammonium (FEA), forming an RP phase.21 Such a
favourable interaction is based on the complementarity
between the quadrupole moments of the aromatic rings that is
expected to yield a more compact parallel (π–π) stacking in
arene-perfluoroarene systems (Fig. 1d).21–26 This could alter
the optoelectronic properties of the hybrid material.14,16,27–29

In addition, the fluoroarene moieties are expected to increase
hydrophobicity and reduce halide ion migration through π-ion
interactions, which is relevant for the stability of the resulting
materials.24,26,30–32 Such tailored arene-perfluoroarene
π-interactions, however, remain unexploited in controlling the
properties of DJ perovskite phases.16,21,26,33

Here, we investigate a DJ system employing arene
and perfluoroarene species, namely 1,4-phenylenedimethyl-
ammonium (PDMA) and its analogue comprising a perfluori-
nated phenylene moiety (F-PDMA), as well as their mixture
(1 : 1 PDMA/F-PDMA, denoted as PF). We evidence the for-
mation of layered perovskite structures by X-ray diffraction
(XRD), accompanied by changes in the optoelectronic pro-
perties via UV-vis absorption and photoluminescence (PL)
spectroscopy. We further demonstrate the formation of
nonsegregated structures by solid-state NMR spectroscopy,
while revealing enhanced environmental stability in humid
environments, which is relevant to their future application.

Results and discussion

Thin films of layered perovskites were prepared based on SPbI4
(n = 1) compositions (S = PDMA, F-PDMA (Fig. S1–S3†), and
1 : 1 PDMA : F-PDMA, denoted as PF) by solution-processing
followed by annealing, in accordance with the procedure
reported in the ESI.†

Structural properties were investigated by X-ray diffraction
(XRD) in the Bragg–Brentano configuration (Fig. 2). The XRD
patterns of the thin films show low angle reflections (<10°) at
2θ of 7.22°, 6.93° and 7.17° for (PDMA)PbI4, (F-PDMA)PbI4 and
(PF)PbI4, respectively, which is accompanied by periodic pat-
terns typical of layered (2D) perovskite structures.27,29,34,35 This
is particularly the case for (PDMA)PbI4 (Fig. 2a), whereas
(F-PDMA)PbI4 shows lower intensity peaks with a poor signal-
to-noise ratio, suggesting lower crystallinity (Fig. 2b). We
further observed a low angle diffraction for the mixed (PF)PbI4
system characteristic for 2D structures, with an increase in
relative intensity of the 14° and 28° diffraction peaks (Fig. 2c).
This suggests that the presence of F-PDMA modifies out-of-
plane texture of the films. To corroborate this, we analysed the
films by grazing incidence wide angle X-ray scattering
(GIWAXS) measurements (Fig. 2d–f and Fig. S4, ESI†). Films
with different (5%, 10%, 25% and 50%) F-PDMA content were
investigated (denoted as 5%, 10%, 25%, and 50% (PF), respect-

Fig. 2 Structural properties of layered hybrid perovskites. (a–c) XRD
patterns of thin films based on (a) (PDMA)PbI4 (black), (b) (F-PDMA)PbI4
(blue), and (c) (PF)PbI4 (red) compositions on microscope glass. (d–f )
GIWAXS patterns of thin films of (d) (PDMA)PbI4, (e) (F-PDMA)PbI4, and
(f ) (PF)PbI4. Methods and further analysis is provided in the ESI.†

Fig. 1 Structural representation of (a) 3D and (b and c) 2D layered
hybrid perovskite structures, highlighting (b) Ruddlesden–Popper and (c)
Dion–Jacobson phases. The grey octahedra represent {PbX6} frame-
works whereas cyan rods illustrate the organic spacers. (d) Schematics
of a π-stacking of arene and perfluoroarene moieties, namely 1,4-
phenylenedimethylammonium (PDMA) and its analogue containing a
perfluorinated phenylene moiety (F-PDMA).
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ively) and compared to the PDMA-based 2D perovskite compo-
sition. We observe a very clear dependency of out-of-plane
texture on F-PDMA content, which is confirmed by gamma
integrations of the diffraction intensity at 7.3° (Fig. S5, ESI†).
Likewise, a visual inspection of GIWAXS images shows that
(PDMA)PbI4 crystallites have a preferred orientation,9–12,27,34

whereas upon the gradual addition of F-PDMA continuous
Debye–Scherrer rings appear, indicating a more random distri-
bution of crystallites (Fig. 2d–f and Fig. S4, ESI†). This suggests
that F-PDMA inhibits the formation of texture in the films of
PF-based compositions, which is likely a consequence of com-
peting fluorine-based interactions in F-PDMA-based systems,
in accordance with previous reports.26,33

The atomic-level interactions were further analysed by
solid-state nuclear magnetic resonance (NMR) spectroscopy
(Fig. 3).34 Solid-state NMR has emerged as a powerful method
to characterize the atomic-level structure of lead-halide perovs-
kite materials.36–42 To shed light on the coordination and dis-
tribution of the spacer ligands within the DJ phases, we relied
on our previously developed approach.21 Specifically, 19F NMR
spectra were recorded for the fluorinated spacer (F-PDMA) and

a mechanosynthetic mixture of the two spacers (F-PDMAI2 and
PDMAI2 stoichiometric 1 : 1 mixture, denoted as PF (Fig. 3a)),
as well as their corresponding 2D perovskites, namely
(F-PDMA)PbI4 and (PF)PbI4 (Fig. 3b). The 19F NMR spectra of
the F-PDMA spacer in pure state and within a mixture with
PDMA were found to be identical, featuring two fluorine
signals at −135 and −139 ppm, indicating that the chemical
surrounding of the fluorine atoms is the same in both
samples. This suggests that the PDMAI2 and F-PDMAI2
powders do not form a homogeneous phase upon mixing, but
remain spacially separated within microcrystalline grains con-
stituted of only one of the two molecules. However, the 19F
NMR spectra of 2D perovskites substantially change as com-
pared to the spectrum of the pristine spacer, with different
intensity ratios of the 19F NMR signals, indicating the for-
mation of new phases. This evidences that the fluorine atoms
experience a different chemical surrounding within the perovs-
kite material, in agreement with the incorporation of F-PDMA
into the perovskite structure.

Similarly, 19F NMR of a 2D perovskite phase based on a 1 : 1
spacer mixtures (PF) reveals the formation of a different phase
as it exibits an additional signal at ca. −130 ppm, whereas the
other two signals remain almost unchanged in intensity and
chemical shift. This is in accordance with nanosegregation
into domains within the 2D perovskite material in which all
spacers are fluorinated, forming the same phase as in
materials prepared exclusively from F-PDMA. The additional
signal at −130 ppm could either originate from the fluorinated
spacers at the interface of these domains or from the domains
where F-PDMA and PDMA form a homogeneous mixture. We
have investigated this further by comparing 13C cross-polaris-
ation (CP) NMR spectra obtained by transferring polarisation
either from 1H or from 19F nuclei (Fig. 3c and detailed in the
ESI†). While the resolution of the 19F → 13C CP NMR spectra
was insufficient to extract any additional structural insight,
1H → 13C CP NMR corroborates the co-existence of indepen-
dent phases, each comprising only one spacer, in the mixed
system, further evidencing their nanosegregation. In summary,
solid-state NMR further confirms that F-PDMA is integrated
into the DJ 2D perovskite structure, while evidencing that the
mixture of spacers (F-PDMA and PDMA) leads to phase segre-
gation, which is in accordance with a previous report on per-
fluorinated spacers in RP phases.21 These structural changes
are directly reflected in the optoelectronic properties of the
films.

The optical properties of the thin films were analysed by
UV-vis absorption and PL spectroscopy. The excitonic features
in the absorption spectrum in the range of 490–500 nm are in
agreement with the formation of layered 2D structures.9,29,34

For (PDMA)PbI4, (F-PDMA)PbI4 and (PF)PbI4, absorption
maxima were observed at 510 nm, 480 nm, and 505 nm,
respectively (Fig. 4a). Thin films containing mixtures of arene
and perfluoroarene spacers with increasing amounts of
F-PDMA (5%, 10%, and 25%) feature a gradual blue shift of
the absorption maximum to 510 nm, 509 nm, and 507 nm,
respectively (Fig. S5, ESI†). Similarly, PL spectra (Fig. 4b and

Fig. 3 Atomic-level structure of layered hybrid perovskites. (a)
Structural representation of PDMA (top) and F-PDMA (bottom). (b) 19F
NMR spectra of F-PDMAI2(F-PDMA), 1 : 1 spacer mixture (PF), and the
corresponding 2D perovskites. (c) 13C CP NMR spectra of arene spacer
(PDMA), the perfluoroarene analogue (F-PDMA), a mixture of the two
spacers (PF) as well as their 2D perovskite structures. The 13C spectra
obtained by transferring polarization from 1H to 13C are depicted in dark
blue and the spectra obtained when transferring polarization from 19F to
13C are depicted in black.
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Fig. S5, ESI†) show minor Stokes shifts of ca. 20 nm, 10 nm,
and 15 nm for (PDMA)PbI4, (F-PDMA)PbI4 and (PF)PbI4,
respectively, accompanied by a gradual reduction in photo-
luminescence quantum yield (PLQY) related to their excitonic
characteristics (Fig. S6, ESI†), confirming that the presence of
F-PDMA has an impact on the optical properties. The corres-
ponding PL spectra of neat F-PDMA-based thin films also
appear to involve multiple signals, which is likely associated
with their structural disorder and requires further
investigation.

Having evidenced the 2D perovskite formation through
optical and structural properties, the stability of the materials
was analysed by monitoring the behaviour of the films in
humid environments.34,43 For this purpose, we measured
contact angles (Fig. S7, ESI†) for the films based on F-PDMA,
PDMA and with various amounts of F-PDMA (5%, 10%, 25%
and 50% (PF)) with respect to PDMA in 2D perovskite compo-
sitions. With increasing F-PDMA content from 0%, over 5%,
10%, 25%, up to 50%, contact angles of 49.6°, 59.6°, 62.1°,
63.3°, and 60.1° were obtained, respectively, showing a sub-
stantial increase in hydrophobicity in the presence of F-PDMA.
The system based on 25% F-PDMA demonstrated the greatest
hydrophobicity, which was accompanied by the highest inten-
sity of diffraction peaks that are commonly associated with the
crystallites of perovskite layers that are perpendicular to the
substrate (Fig. S5, ESI†).34 This suggests that the changes in
hydrophobicity are likely not only associated with the fluoroar-
ene content but also with the orientation of crystallites and
the organic spacers in the films. The environmental stability
was further assessed by measuring optical (UV-vis absorption
and PL spectra) as well as structural properties (XRD) after
exposing the samples to a relative humidity of 80 ± 5% for
15 min. While (PDMA)PbI4 is known to hydrate in humid con-
ditions (Fig. 5a),9,34,44 (F-PDMA)PbI4 did not undergo any
change (Fig. 5b). However, the UV-vis absorption spectra of
mixed (PF)PbI4 films changed when exposed to humid con-
ditions (Fig. 5c), with a 25 nm blue shift of the absorption
peak at 510 nm and an increase of absorbance in the 405 nm
region. Furthermore, recorded XRD patterns (Fig. 5d) reveal a
transformation that could be depicted as a superimposition of
the patterns of two species, i.e. the hydrated PDMA-based
phase and the co-existing (F-PDMA)PbI4 phase.

This observation is in accordance with the formation of a
segregated structure of the perovskite phases based on two
spacer moieties in mixed thin films (Fig. 5e), as indicated by
solid-state NMR spectroscopy. Since PDMAI-based films are
known to hydrate, whereas F-PDMAI-based ones are resistant
to hydration, the mixed cation system is expected to be more
resilient to moisture. Instead, the formation of a hydrated
PDMA phase suggests that, in contrast to the previous reports
on arene-fluoroarene-based systems,30,45 the corresponding DJ
systems remain nanosegregated. This process has been pre-
viously associated with improvements in photovoltaic perform-
ances and operational stabilities,21 which is relevant for the
application of these materials in the future.

Conclusions

In summary, we investigated arene and perfluoroarene
spacers, namely 1,4-phenylenedimethylammonium (PDMA)
and its analogue containing a perfluorinated moiety
(F-PDMA), for their propensity to form hybrid Dion–Jacobson
layered perovskite materials through self-assembly. The ana-
lysis showed that PDMAI, F-PDMA, and their 1 : 1 mixture form

Fig. 5 Environmental stability of layered hybrid perovskites. (a–c) UV-
vis spectra of (PDMA)PbI4 (black), (F-PDMA)PbI4 (blue), and (PF)PbI4 (red)
on microscope glass before (plain lines) and after (dashed lines)
exposure to a relative humidity of 80 ± 5% for 15 min. (d) XRD patterns
of (PDMA)PbI4 (black), (F-PDMA)PbI4 (blue), and (PF)PbI4 (red) on micro-
scope glass after exposure to humid conditions (referred to as hyd). (e)
Schematic representation of layered and nanosegregated PDMA/
F-PDMA perovskite structures.

Fig. 4 Optoelectronic properties of layered hybrid perovskites. (a) UV-
vis absorption spectra and (b) PL spectra of thin films based on (PDMA)
PbI4 (black), (F-PDMA)PbI4(blue), and (PF)PbI4 (red) on microscope glass.
Further characteristics are shown in the ESI.†
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layered perovskite materials, which are not well oriented in the
case of F-PDMA-based films. Moreover, while the F-PDMA-
based system showed resilience to moisture, its addition to the
PDMA-based composition did not prevent hydration,
suggesting the possible formation of a segregated structure
which was confirmed by solid-state NMR spectroscopy. This
provides insights for the design of Dion–Jacobson perovskites
incorporating arene-perfluoroarene π-systems, stimulating
further studies towards their application in optoelectronics.
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