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ABSTRACT: Layered hybrid perovskites based on Dion—Jacobson phases are of
interest to various optoelectronic applications. However, the understanding of their
structure—property relationships remains limited. Here, we present a systematic
study of Dion—Jacobson perovskites based on (S)PbX, (n = 1) compositions p
incorporating phenylene-derived aromatic spacers (S) with different anchoring
alkylammonium groups and halides (X = I, Br). We focus our study on 1,4-
phenylenediammonium (PDA), 1,4-phenylenedimethylammonium (PDMA), and
1,4-phenylenediethylammonium (PDEA) spacers. Systems based on PDA did not
form a well-defined layered structure, showing the formation of a 1D structure

0

| (-CHA), x=0,1,2

instead, whereas the extension of the alkyl chains to PDMA and PDEA rendered

them compatible with the formation of a layered structure, as shown by X-ray diffraction and solid-state NMR spectroscopy. In
addition, the control of the spacer length affects optical properties and environmental stability, which is enhanced for longer alkyl
chains and bromide compositions. This provides insights into their design for optoelectronic applications.

esearch activity in the field of hybrid halide perovskites

has surged over the past decade."” These materials are
semiconductors with the general formula ABX;,” where A is a
central cation, which can be methylammonium (MAY),
formamidinium (FA*), Cs*, or others; B is a divalent metal
ion, such as Pb**, and X is a halide anion (CI~, Br™, or I"). The
optoelectronic properties of hybrid halide perovskites can be
controlled by changing the chemical composition or
dimensionality.*"® For instance, layered hybrid two-dimen-
sional (2D) perovskites are derived from the conventional
three-dimensional (3D) hybrid perovskites by connecting
ABX; perovskite layers with organic spacer cations.”
Depending on the valency of the spacer (S) cation and on
the packing orientation, layered perovskites are commonly
classified into Ruddlesden—Popper (RP) and Dion—Jacobson
(DJ) phases. The former is defined by staggered perovskite
layers and mostly the (S'),A,.;B,Xs,,; formula, where n is the
number of perovskite layers separated by the organic spacers
and S’ is a monovalent spacer cation.'” On the other hand, the
DJ perovskites are often based on the (S)A, ;B,Xj,,; formula,
where S is a divalent spacer cation, and the layers are stacked
without relative displacement.'' While the use of layered
perovskites significantly widens the compositional space
available for optoelectronic devices, there are several intrinsic
problems. The identification of compounds that can be
processed into phase-pure 2D perovskite films with suitable
structural and optical properties is a key challenge.”” "
Depending on the application, environmental stability can also
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be an important constraint."> Furthermore, due to insulating
spacer molecules, the conductivity of these materials is lower as
compared to the 3D hybrid perovskites.'® This can be to some
extent circumvented by changing the number (1) of perovskite
layers, which defines the quantum well thickness and
optoelectronic properties.'” Nonetheless, as n increases the
phase purity becomes an issue.'””* Moreover, recent work
showed that the issue of photoinduced phase instability also
affects mixed halide 2D systems.'®"”

To address these and other challenges, significant effort has
been spent toward the development and investigation of
suitable spacers, including aliphatic,zo_22 aromatic,”>** hetero-
cyclic,”*° and polycyclic aromatic molecules.”” Because of the
plethora of spacers available, a holistic understanding of
structure—property relationships in layered perovskites is
essential to provide material design rules. Typically, when
designing a spacer, one should consider its geometry and
functional groups, including the core of the spacer (e.g,
aromatic moieties), the length of the anchoring group (e.g.,
alkylammonium chain), and the counterions (e.g,, I7, Br7).
According to the previous reports for RP-type layered
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perovskites, the penetration depth of the anchoring group into
the perovskite layers, which correlates with the length of the
alkylammonium chain, has a strong effect on structural and
optoelectronic properties.”**® Hitherto, the corresponding
effect of the length of the anchoring alkylammonium group
on the DJ phases is not well understood, despite the
importance of the spacer group on the resulting properties.
In this study, we analyze hybrid halide perovksites based on
bifunctional 1,4-phenylene-derived analogues of one of the
most studied organic spacers, 2-phenenthylammonium
(PEA),””*° namely 1,4-phenylenediammonium (PDA), 1,4-
phenylenedimethylammonium (PDMA), and 1,4-phenylene-
diethylammonium (PDEA) (Figure 1a). While I-based systems
incorporating PDA or PDMA spacers have been previously
reported,ls’3 ~33 PDEA remains unexplored. To minimize the
level of complexity and issues associated with phase purity we
focus on n = 1 layered perovskite compositions based on
iodide and bromide halides (Figure 1b). We demonstrate that
the control of the spacer length affects material dimensionality,
optical properties, and environmental stability, which is
particularly enhanced for longer alkyl chains and bromide

compositions.
.
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Figure 1. (a) Molecular structures of PDA, PDMA, and PDEA
organic spacers. (b) Illustration of layered DJ perovskite structure
based on (S)PbX, composition.

We studied layered hybrid perovskites based on the (S)PbX,
(n=1) composition, where S = PDA, PDMA, or PDEA, and X
= I or Br. The synthetic procedure is detailed in the Supporting
Information (Section S1). For simplicity, (S)PbX, materials
based on PDA, PDMA, or PDEA spacers will be denoted as
PDA-X, PDMA-X, and PDEA-X, respectively, depending on
the halide counterion (X = I, Br). The structure of thin films
deposited on glass substrates was investigated by means of X-
ray diffraction (XRD). The XRD pattern of PDA-I (Figure 2a,
black) corresponds to the (PDA)PbI,-2H,0 dihydrate (Figure
2a, green), which is a one-dimensional (1D) perovskite,
indicating that a layered phase has not formed.’" This is likely
due to the lack of flexibility of the PDA spacer,”* as well as its
lower level of penetration into the neighboring perovskite
layers, which prevents the formation of a layered phase.”"** In
addition, the PDA-I precursor solution changes its properties
over time, which is likely due to the oxidation and subsequent
polymerization of (PDA)I, (Supporting Information, Section
S2, Figures S1 and $2).° A significant difference in the
behavior of the spacer is observed when the alkyl chain length
of the spacers is extended by one methylene (—CH,—) group;
the PDMA-I films show typical layered perovskite diffracto-
grams with a sharp diffraction peak at 7.19°, which
corresponds to the (001) reflection with a layer spacing of
12.3 A, along with higher order diffraction peaks of the (001)
Bragg planes family (Figure 2a, red).'”*” Further extension of
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Figure 2. (a,b) X-ray diffraction data of (a) I- and (b) Br-based n = 1
layered perovskites: black, PDA; red, PDMA; blue, PDEA. The green
line in panel a shows the simulated diffractogram of (PDA)Pbl,-2H,0
(CCDC no. 632922 based on ref 31). (c,d) Solid-state MAS NMR
spectra of mechanochemically prepared PDEA-I powder. (c) Room
temperature *”’Pb spectrum and (d) *’Pb—'H HETCOR spectrum
at 100 K. Further experimental details are provided in Section S1, SI.
(e—h) GIWAXS reciprocal space maps of (e¢) PDMA-I, (f) PDEA-],
(g) PDMA-Br, and (h) PDEA-Br.

the spacer to PDEA led to a larger lattice parameter, evidenced
by the diffraction peak located at 6.98° (Figure 2a, blue),
corresponding to a layer spacing of 12.7 A. However, the
crystallinity of the PDEA-I system appears to be lower as
compared to PDMA-], resulting in broader diffraction peaks
and the higher order reflections are hardly resolved.””

The XRD patterns of Br-based films (Figure 2b) show the
effect of the halide on structural properties. In contrast to
PDA-L, the Br-based analogue forms films with the most
intense peak at 7.42°, corresponding to d-spacing of 11.9 A,
accompanied by higher order reflections (Figure 2b, black).
However, there are two additional peaks below 10° located at
5.90° and 7.0°, which are not attributable to a layered
structure. This might be related to the unstable PDA-Br
solution (Section S2, Figures S1, S2). In addition, considering
previous reports on the corrugated structure of perovskites
based on a monofunctional (4-bromophenyl)ammonium
spacer,”® which is comparable to PDA, we suspect that the
PDA-Br system might form a corrugated structure. As in the I-
based systems, extension of the alkyl chain by one methylene
resulted in a well-defined layered PDMA-Br material with the
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Figure 3. (ab) UV—vis and steady state PL emission spectra of PDA-I (black), PDMA-I (red), and PDEA-I (blue). The inset in panel a shows
zoomed-in absorption in the 300—440 nm range, whereas the inset in panel b represents the zoomed-in emission in the 380—500 nm interval. (c,d)
UV—vis and steady-state PL emission spectra of PDA-Br (black), PDMA-Br (red), and PDEA-Br (blue).

basal peak centered at 7.26° (Figure 2b, red), corresponding to
d-spacing of 12.2 A. The XRD of PDEA-Br showed only a
single broad peak located at 7.01° with a layer spacing of 12.6
A (Figure 2b, blue), hinting at a lower crystallinity and an
increased lattice parameter as compared to PDMA-Br.

Due to the weak diffraction of PDEA-based perovskites, to
confirm the formation of a layered structure, mechanosynthe-
sized powders of PDEA-I were studied by solid-state NMR
spectroscopy, which is highly sensitive to the local structure
and dimensionality of hybrid perovskite systems despite
possible differences in morphology compared to thin films
(Figure 2¢,d and Figures $4-56).”* The room temperature
27Pb NMR spectrum (Figure 2c) exhibits a major signal at
~1030 ppm, which is characteristic of a 2D n = 1 structure,’
as well as a minor signal at ~50 ppm due to unreacted Pbl,.
Furthermore, the **’Pb—'H HETCOR spectrum recorded at
100 K (Figure 2d) shows a clear correlation between the **’Pb
environment in the perovskite layers and the 'H signals of the
PDEA spacer (both the —NH," signal at ~8 ppm and the alkyl
signals at ~4.5 ppm), proving atomic-scale contact between
the two; notably the Pbl, signal is absent due to the lack of 'H
in this phase. The spectrum was recorded at 100 K to avoid
dynamics of the spacer which reduce the efficiency of cross-
polarization;** consequently the temperature-dependent *’Pb
signal is observed at a lower shift of 720 ppm.** The
modification of the PDEA cation environment in formation of
the layered perovskite can also be seen by the change in the
3C NMR signals, particularly those of the alkyl carbons which
are closer to the perovskite layers (Figure S4). Taken together,
these observations provide strong evidence for the formation
of a layered PDEA-I perovskite structure.

To acquire more information about the structure and
crystallite orientation, we used synchrotron radiation to
perform grazing incidence wide-angle X-ray scattering
(GIWAXS) measurements (Figure 2e—h).** While in the
samples of PDMA-based perovskites (Figure 2e,g) a well-
ordered out-of-plane stacking was indicated by pronounced
intensity maxima of the scattering signal in the vertical

10327

direction, ring-like signals were observed for the PDEA systems
(Figure 2fh). These reveal a random orientation of crystallites
with no preferred stacking orientation, which is in accordance
with the XRD data that probe the vertical direction and,
therefore, yield a much larger signal for the well-ordered
layered structure as opposed to the randomly oriented
crystallites. I- and Br-systems showed the same orientation of
crystallites, and the layer spacings obtained from GIWAXS are
consistent with those from XRD (Table S1). Both methods
show a trend of increasing layer spacing with longer spacer
molecules, in accordance with the expectations. Moreover, I-
systems had a slightly larger unit cell than Br-systems due to
the larger ionic radius. For the PDA-based films, the difficulties
to form a layered phase are further apparent (Figure S3). In
summary, PDMA and PDEA spacers form thin films with 2D
structures, while increasing the spacer length from PDMA to
PDEA results in a more isotropic distribution in crystallite
orientation for both I- and the Br-based materials.

We thereafter investigated the role of alkyl chain length in
the optical properties by UV—vis absorption and of steady
state photoluminescence (PL) spectroscopy. The absorption of
RP-type n = 1 perovskites can be modulated by controlling the
length of the organic spacer; shorter spacers reduce the exciton
absorption energy.””*** The variations in the alkyl chain
length change the potential barrier width between lead halide
layers*” and further affect the perovskite structure by inducing
octahedral tilting.** This is particularly important as the optical
properties of layered perovskites are influenced by the Pb—X
distances, Pb—X—Pb angles,48 and quantum and dielectric
confinement.”” Typically, n = 1 layered perovskites based on
Pb and I feature exciton peaks at around 500 nm (~2.5 eV),
which can be detected at room temperature due to the strong
exciton binding energy (E, > kT).° This is clearly
demonstrated in the optical absorption spectra of the films
(Figure 3a), which show pronounced peaks for both PDEA-I
and PDMA-I samples at 503 and 508 nm, respectively, in
accordance with the reduced alkyl chain length. One would
expect an even further exciton absorption energy reduction in
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the PDA-based perovskites if they formed well-defined layered
perovskites. Instead, we observe a resonant absorption at 380—
400 nm, which is attributed to the 1D iodoplumbates.”’

The emission maxima of the PDMA-I and PDEA-I samples
are located at 518 and 522 nm (Figure 3b). The larger Stokes
shift in PDEA-I might be associated with energy loss via
vibrational relaxation and it could also be influenced by higher
structural disorder, consistent with the increase in the PL peak
width upon extending the alkyl chain of the spacer (Figure
§7).**3% The broad emission detected in PDEA-I in the 400—
500 nm range might originate from surface species, such as
intermediate 1D iodoplumbate phases, 51 given the similarity
to the PDA-I emission (Figure 3b, inset). The substitution of I
with Br resulted in wider PDMA-Br, PDEA-Br optical
bandgaps with excitonic peaks centered at 401 and 397 nm,
respectively (Figure 3c). The long absorption tail in the
PDMA-Br sample might be attributed to the high surface
roughness. For the PDA-Br, an absorption peak at ~350 nm
suggests that carriers are not solely confined in 2D structures.
The emission properties of Br-based films reveal that the PL
peaks of both PDMA-Br and PDEA-Br are centered at 407—
408 nm, whereas PDA-Br has a very broad emission in the
400—500 nm region (Figure 3d). As in the I-based systems,
PDEA-Br thin films exhibit a larger Stokes shift and emission
bandwidth as compared to PDMA-Br (Figure S7). While both
PDMA- and PDEA-based 2D perovskite films feature
pronounced excitonic optical absorption and emission, a
sharper emission for the PDMA systems is likely related to a
higher structural homogeneity, resulting from the more
oriented grain distribution compared to PDEA.

To gain more insights into the role of alkyl chain length with
regard to charge carrier dynamics, we performed transient
absorption (TA) spectroscopy measurements (Figure 4a,c).
We focus our analysis on the I-based samples due to setup
limitations in the UV region. The TA spectra of PDMA-I and
PDEA-I (Figure 4b,c) display similar features, consisting of a
negative photobleaching signal at 500 and 510 nm,
respectively, as well as two positive features. The presence of
a single photobleaching signal indicates an n = 1 phase with no
higher order phases being present.14 On the other hand, the
PDA-I TA spectrum shows no appreciable features (Figure
4a), further demonstrating the absence of a layered n = 1
structure in this system. The shape of the signal in both the
PDMA-I and PDEA-I spectra appears to closely match that of
the second derivative of the absorption spectra, shown by the
dashed black line, which allows us to conclude that the positive
features arise due to a photoinduced Stark effect. Stark effects,
first evidenced in hybrid perovskite materials in 2014, and
subsequently in 2D-perovskites’**> and perovskite nanocryst-
als,*® arise due to a change in the absorption of a material in
the presence of an electric field; in the case of the
photoinduced Stark effect, the electric field is a photoinduced
(local) field. The photoinduced signal, A4, has been shown to
comprise a linear combination of the first and second
derivatives of the absorption spectrum.”” Changes in the
dipole moment are associated with the second derivative of the
absorption spectrum, whereas changes in the polarlzablllty of
the sample are associated with the first derivative.>® Therefore,
in the PDMA-I and PDEA-I samples the photoinduced Stark
effect arises due to a change in the dipole moment, caused by
the photogeneration of charge transfer (CT) excitons. Kinetic
traces of the Stark effect feature reveal that the lifetime of CT
excitons is comparable between the samples; this implies that
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Figure 4. Transient absorption spectra of (a) PDA-I, (b) PDMA-],
and (c) PDEA-L Samples were excited at 389 nm with a fluence of
23.2 uJ cm™* (PDA-I) and 3.26 ] cm™? (PDMA-I and PDEA-I). The
dashed black line corresponds to the second derivative of the
absorption spectrum.

the time constant for exciton separation into free charges will
be similar between the two samples (Figure S8). The Stark
effect feature appears to be larger in the PDMA-I sample, when
compared to the PDEA-I, which might be rationalized by the
shorter spacer length and smaller layer spacing, resulting in a
stronger electric field due to the charge transfer exciton across
the layers. Furthermore, layered perovskites have been shown
to form multiple quantum well structures,”® and tunnelling
between these structures can also increase the contribution of
the second derivative to the TA signal,55 which stimulates a
follow-up investigation.

Finally, we investigated the effect of alkyl chain length on the
stability of thin films in humid atmosphere. We have previously
demonstrated that the PDMA-I system hydrates within
minutes when exposed to >65 =+ 5% relative humidity
(RH)."> We further extended the analysis of the environmental
stability to other DJ perovskites by exposing the samples to 70
+ 5% relative humidity (RH) atmosphere for 20 min at 28 °C.
Humidity-treated PDA-I samples did not change the structural
(Figure Sa) and optical properties (Figures S9a and S10a),
which is expected since the pristine structure is already a
dihydrate phase. In contrast, the Br analogue changed its
structure (Figure Sd) and new diffraction peaks emerged below
10°, while the optical properties did not change remarkably
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Figure S. X-ray diffractograms of (a) pristine (black) and hydrated (gray) PDA-I films and the calculated pattern for (PDA)PbI,-2H,O (green) i
(b) pristine (red) and hydrated (gray) PDMA-I films, and the calculated patterns for (PDMA)Pb,I¢-2H,0 (blue) and (PDMA)I, (black);* (c)
pristine (blue) and humidity-treated (gray) PDEA-I films. Diffraction patterns of Br-based samples using PDA, PDMA and PDEA spacers are

shown in panels d, e, and f, respectively.

Table 1. The Formation of a Layered Structure, Hydration Stability, and Absorption (A) and Emission (PL) Wavelengths
Based on PDA-X, PDMA-X and PDEA-X Systems (X = I, Br)

PL
408 nm

PL
522 nm

“The feasibility to acquire well-defined layered perovskite thin films. Green = formed layered perovskite; gray = possibly formed a layered
perovskite but not well-defined; red = did not form layered perovskites. “Environmental stability with regard to hydration during a 20 min exposure
to 70 & 5% RH. Green = stable; gray = already hydrated; red = unstable.

(Figures S9b and S10b). In contrast, the optical absorption and
emission of PDMA-I, which transforms from a 2D into a 1D
structure (Figure 5b),"* change significantly (Figures S9c and
S10c). The replacement of I~ with a Br~ counterion has a
significant effect on the propensity of PDMA-based systems to
hydrate, as the crystal structure was retained in the PDMA-Br
sample upon exposure to humid conditions (Figure Se). This
might be associated with the contracted lattice, which hampers
water intercalation into the crystal structure,” or stronger
hydrogen bonds between Br and the spacer molecules.”’~%*
Humidity-treated PDEA-I and PDEA-Br revealed no changes
in the corresponding diffraction patterns (Figure Sc,f) and the
optical properties (Figures S9e—f and S10e—f), confirming that
PDEA-I and PDEA-Br maintain a layered structure.®”®”
Contact angle measurements revealed an improvement in
hydrophobicity with increased alkyl chain length of I-based
films, whereas Br-based films were not necessarily more
hydrophobic (Figure S11), suggesting that other factors might
play a role.

All in all, the length of the organic spacer and the counterion
affect the stability of DJ perovskites as well as structural and
optoelectronic properties (Table 1). While extended spacer
systems and Br-based analogues provide enhanced stabilities,
they may however affect the resulting charge carrier mobilities
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and conductivities of the resulting materials, which remain to
be assessed.

In summary, we investigated Dion—Jacobson layered
perovskite phases based on phenylene-derived aromatic
spacers (S) with different length alkyl chains (i.e., PDA,
PDMA, and PDEA) and halide counterions (X = I, Br) of
(S)PbX, (n = 1) composition. The systems based on the PDA
spacer did not form a well-defined layered structure. Instead,
we demonstrated that PDA-I forms a hydrated 1D structure.
The extension of the alkyl chains in the PDMA and PDEA
spacers rendered them compatible with the formation of
layered perovskite structures, as evidenced by X-ray diffraction
and solid-state NMR spectroscopy. Moreover, GIWAXS
measurements revealed that in PDMA-based perovskites
crystallites are oriented in the out-of-plane directions, whereas
there is no preferred stacking orientation in PDEA thin films.
Optical bandgap and the emission bandwidth also increase
with length of alkyl chain. Moreover, the analysis of charge
carrier dynamics by transient absorption spectroscopy revealed
in PDMA-I and PDEA-I films a photoinduced Stark effect,
which arises due to photogeneration of CT excitons and is
related to the length of alkyl chain. Finally, the resilience
against moisture increases with the length of the alkyl chain,
and the substitution of iodide with bromide also proved to be
an effective strategy to enhance stability against humidity.
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These results provide critical insights into material design,
offering new strategies for tuning the properties of these
materials for optoelectronic applications.
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