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Abstract

Layered hybrid perovskites are intensively researched today as highly tunable materials for efficient

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

light harvesting and emitting devices. In classical layered hybrid perovskites, the structural rigidity
mainly stems from the crystalline inorganic sublattice, whereas the organic sublattice has a minor
contribution to the rigidity of the material. Here, we report on two layered hybrid perovskites,
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(BTa),Pbl, and (F,BTa),Pbl,;, which possess substantially more rigid organic layers due to hydrogen
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bonding, m-it stacking, and dipole-dipole interactions. These layered perovskites are phase stable
under elevated pressures up to 5 GPa and upon temperature lowering down to 80 K. The organic
layers, composed of benzotriazole-derived ammonium cations, are among the most rigid in the field
of layered hybrid perovskites. We characterize structural rigidity using in situ single-crystal X-ray
diffraction during compression up to 5 GPa. Interestingly, the enhanced rigidity of the organic
sublattice does not seem to transfer to the inorganic sublattice, leading to an uncommon material
configuration with rigid organic layers and deformable inorganic layers. The deformability of the
inorganic sublattice is apparent from differences in optical properties between the crystal bulk and
surface. Supported by first-principle calculations, we assign these differences to energy transfer
processes from the surface to the bulk. The deformability also leads to reversible piezochromism due
to shifting of the photoluminescence emission peak with increasing pressure up to 5 GPa, and
thermochromism due to narrowing of the photoluminescence emission linewidth with decreasing
temperature down to 80 K. This raises the possibility of applying these phase-stable layered hybrid
perovskite materials in temperature and/or pressure sensors.
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Layered hybrid perovskites are intensively researched today as widely tunable materials for
performant light harvesting and emitting applications.’® They are typically self-assembled from
solution at low temperatures, which is ideal for the industrial production of low-cost printable
electronics.” The crystal structure of these perovskites consists of atomically-thin layers of corner-
sharing metal halide octahedra, separated by layers of bulky organic ammonium cations. Both
sublattices possess distinct frontier energy levels and dielectric constants, causing quantum and
dielectric confinement.®!! As a result, the excited states of layered hybrid perovskites can best be
described by excitons, i.e. bound electron-hole pairs generally localized in the inorganic sublattice.’®
13 The spatial and dielectric confinement cause the exciton binding energy in layered hybrid perovskites
to amount to hundreds of meV, significantly larger than in their three-dimensional counterparts.®°®

The organic sublattice plays an important role in layered hybrid perovskites. Firstly, it affects the metal-
halide bond lengths and angles and the degree of octahedral tilting, which dictates the band gap and
electronic band structure of the perovskite.'? 1416 Secondly, several reports have demonstrated the
favorable influence of carefully designed organic layers on various properties, including charge carrier
mobility,?”-?° charge and energy transfer,?1-28 exciton binding energy,® and environmental stability.3"
32 Layered hybrid perovskites excel in the tunability of the organic moiety: the organic ammonium
cations can be selected from a nearly endless library.33-35

Additionally, the organic cations impact the rigidity of the perovskite structure. Engineering the
intermolecular cohesive forces in the organic sublattice opens the door towards substantially more
rigid organic layers and, hence, to more rigid layered hybrid perovskites. For example, Gong et al. found
that phenethylammonium (PEA) derivatives form more rigid lead(ll) bromide perovskites than
alkylammonium derivatives due to CH-it interactions.3® Seitz et al. recently observed the same for
lead(ll) iodide perovskites.?” Additionally, Denis et al. designed organic layers based on
benzothieno[3,2-b]benzothiophene (BTBT) chromophores, possessing much stronger intermolecular
interactions than PEA cations, which greatly improved the thermal stability of the perovskite
structure.3® Other studies have further demonstrated this relationship between rigidity and thermal
stability.3® 32 Conceptually, weakly interacting organic compounds, such as PEA and alkylammonium
derivatives, form soft perovskites that show disorder in the organic sublattice and/or phase transitions
at comparatively low pressures or temperatures.®®*? In contrast, more tightly interacting organic
cations are expected to crystallize into stiffer perovskite structures. We anticipate that strong
intermolecular interactions in the organic sublattice facilitate the self-assembly of the perovskite
structure and increase the phase stability. Ultimately, this would lead to phase-stable layered hybrid
perovskites with tunable optical properties within a wide temperature-pressure range.

In previous studies,** %* we have shown that benzotriazole-based lead(ll) iodide perovskites possess a
considerable extent of cohesive interactions in the organic sublattice, namely inter- and intramolecular
hydrogen bonding, dipole-dipole interactions, and m-it stacking. Additionally, these perovskites show
interdigitation in the organic sublattice, leading to the absence of the Van der Waals gap that is
typically present in layered hybrid perovskites with monoammonium cations. Here, we assess the
impact of these strong organic intermolecular interactions on the rigidity of layered hybrid perovskites.
We do so with a diverse set of complementary characterization techniques: we follow the structural
evolution of layered hybrid perovskites under pressure using in situ single-crystal XRD; furthermore,
we combine single-crystal photoluminescence (PL) emission and X-ray diffraction (XRD) data in a wide
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temperature and pressure range; additionally, we support our observations with densE%I-:fl qu‘g e ‘Iggggz“;;
theory (DFT) modelling, unraveling the relationship between the crystal structure and the optical
properties. We determine that the multitude of organic interactions leads to a rigid organic sublattice.
At the same time, however, this enhanced rigidity does not transfer to the inorganic sublattice. This
lack of rigidity transfer likely stems from a structural decoupling of the organic and inorganic layers,
the ammonium group-mediated interactions between the two sublattices being weaker than the
intramolecular hydrogen bonding within the organic sublattice.** Interestingly, this decoupling results
in atypical structural properties. The deformable inorganic sublattice shows marked piezochromism
and thermochromism, causing the crystal color to change from orange over red to brown with
increasing pressure, and from orange over yellow to green with decreasing temperature. At the same
time, these materials are phase-stable within the entire pressure-temperature domain under study,
up to 5 GPa and down to 80 K, resulting in a continuous modulation of the optical properties as a
function of pressure and temperature. The combination of phase stability with an easily deformable
inorganic sublattice provides prospects for the application of these hybrids in temperature and/or
pressure sensors. Additionally, this work demonstrates the synergy that can be achieved between the
organic and inorganic moieties of layered hybrid perovskites through careful molecular engineering.

Results and discussion
§1 Crystallography under elevated pressure

We recently reported on benzotriazole-based layered hybrid perovskites, which show great cohesive
interaction in the organic sublattice. Hereafter, we find that such organic cohesion reduces the amount
of disorder and eliminates phase transitions in the 0-5 GPa pressure range, in contrast to
alkylammonium and PEA perovskites.*® 42 Single crystals of two perovskite derivatives have been
studied here: (BTa),Pbl, and (F,BTa),Pbl,, with BTa = 2-(2H-benzo[d][1,2,3]triazol-2-yl)ethylammonium
and F,BTa = 2-(5,6-difluoro-2H-benzo[d][1,2,3]triazol-2-yl)ethylammonium. While previous studies
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performed powder XRD measurements of layered hybrid perovskites under pressure,*>*® the high
quality of the single crystals enabled us to use single-crystal XRD to follow their structural evolution in
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situ while varying the external pressure between 0 and 5 GPa, the results of which are shown in Figure
1 for (BTa),Pbl, and in Figure S1 for (F,BTa),Pbl,. We attribute the absence of phase transitions in the
measurement range to the increased organic cohesive interaction. Furthermore, the structural
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changes that occur as the pressure rises to 5 GPa are fully reversed after the pressure is released again.
In fact, the data points at 0.14 GPa, 1.23 GPa, and 2.48 GPa in Figure 1 (0.10 GPa, 1.61 GPa, and 3.90
GPa in Figure S1) have been measured while releasing the pressure and are perfectly in line with the
observed trends.

The evolution of the unit cell parameters and volume with pressure is plotted in Figure 1a; the unit cell
parameters of (BTa),Pbl, are defined in Figure 1b. We observe a volume contraction of 18% between
0 and 4.69 GPa. Below the hydrostatic limit of the pressure transmitting medium, at 3.6 GPa, the
contraction of the a and ¢ parameters is equivalent (a 5.1%, ¢ 5.3%) and substantially lower than the
contraction of the b parameter (7.2%, Figure S2), the latter coinciding with the layer stacking direction.
The volume contraction was fitted with a third-order Birch-Murnaghan equation of state (EoS), yielding
a reference volume V, = 2570(5) A3, a bulk modulus K, = 10.3(6) GPa, and a first derivative of the bulk
modulus K, = 7.3(7). (F,BTa),Pbl, shows a similar contraction under pressure (Figure S1) with a slightly
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increased reference volume and bulk modulus: V, = 2613(5) A3 and K, = 12.3(6) GPa. g'&,i%é?&!g}%%ggg%ﬁ?é

complies with the anticipated effect of the fluorine substituents in (F,BTa),Pbl,, which enlarge the unit
cell volume and give rise to additional cohesive energy and related structural stiffening through
intermolecular hydrogen bonding in the organic layers, which is not present in (BTa),Pbl,;.** A bulk
modulus of 10-12 GPa is in the range of typical 2D perovskites (~7-28 GPa).*® For example, the first
phase of benzylammonium lead iodide, which exists from ambient pressure up to 0.78 GPa, possesses
a bulk modulus of 11.4 GPa (as derived from a second-order Birch-Murnaghan EoS).#° This shows that,
overall, the benzotriazole perovskites are as compressible as typical 2D perovskites. However, the
behavior of the organic sublattice of the benzotriazole perovskites is peculiar (vide infra).
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Figure 1. Evolution of the crystal structure of (BTa),Pbl, under pressure in the 0-5 GPa domain. (a)
lattice parameters and unit cell volume, which are defined in (b). The decrease in unit cell volume is
fitted with a third-order Birch-Murnaghan equation of state (EoS). Pressure points above the pressure
oil’s hydrostatic limit (at 3.7 GPa) were not used for the EoS fit. (c) Pb-I-Pb bond angles, (d) I-Pb-I bond
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angles, (e) Pb-l bond lengths, and (f) thickness of the organic bilayers as a function ofDB ess %Wg/D%ggg&‘;E

indicated in the inset figures.

We now focus on the local changes in the organic and inorganic sublattice as the pressure increases.
The structural evolution with pressure is illustrated in Figure 1c-f. Briefly, the organic layers remain
relatively unaffected under pressure, whereas significant changes occur in the inorganic part for these
hybrids. With increasing pressure, the organic cations are pushed deeper into the inorganic layers
(Figure S3 and supporting movies), modifying the inorganic layers and deforming the Pb-I octahedral
shape. As shown in Figure 1c, the angles by which the octahedra are connected (Pb-I-Pb) approach
180° under increasing pressure up to 3.67 GPa. However, the main change is observed in the angles
within the octahedra (Figure 1d and Figure S4) and, more specifically, I3-Pb-13 in the apical direction,
which decreases from 174.9° to 166.2° between 0 and 4.69 GPa. This leads to an increase in the bond
angle variance (Figure S5). Furthermore, the Pb-l bonds shrink with increasing pressure, decreasing
the bond length distortion index (Baur elongation parameter,* Figure 1e and Figure S5).

Now we turn our focus on the organic sublattice. Figure 1f depicts the contraction of the organic
sublattice, represented by the distance A between the carbon atoms that are bound to their respective
ammonium groups in a face-stacked benzotriazole couple. We opted for these carbon atoms instead
of the ammonium groups themselves in order to include the full width of the organic layer, since the
ammonium groups turn back out of the inorganic sublattice to form intramolecular hydrogen bonds
with the benzotriazole core.** In Figure 1f, A is only reduced by 3% of its initial value as the pressure
increases from 0 to 4.69 GPa. The contrast with the distortion of the inorganic sublattice (7.2%) is
remarkable, especially since Figure 1c-e depict individual ionic inorganic bonds and angles, whereas
Figure 1f depicts an ensemble of covalent bonds and non-covalent interactions. Similar observations
are made for (F,BTa),Pbl, (Figure S1), leading to the same conclusion that the organic sublattice
appears substantially more pressure-resistant than the inorganic sublattice.
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Figure 2. Average isotropic atomic displacement (U,y) in the organic and inorganic sul%lglt_tlige W@ig(de Online

1039/D4
lead(ll) iodide layered hybrid perovskites at room temperature. The difference in atomic displacement

can be related to a different behavior of the crystal structure under elevated pressure. Going from
(BA),Pbl, over (PEA),Pbl, to (BTa),Pbl,, the U, values drop, and the relevant sublattices become
increasingly more pressure-resistant.

To support these findings, we investigated the equivalent isotropic displacement (Ue,) parameters of
the atoms in the crystal structure at ambient pressure and temperature, determined via single-crystal
XRD. Such parameters indicate the extent of dynamic atomic displacement within the crystal structure.
It has been shown in the literature that rigid perovskite structures typically possess low Ugq
parameters.3® 37 Figure 2 compares the average U, values of (BTa),Pbl, and (F,BTa),Pbl, with four
literature references, namely (BA),Pbl,,>t (HA),Pbl,,>! (PEA),PbIl,,'* 52 and (NEA),Pbl,,** all of which
show less cohesive interaction in the organic layers. The crystal structures of these six perovskites are
depicted in Figure S6; a detailed overview of the U, values per element for all six compounds is given
in Table S4.

In Figure 2, the rigidity increase in the organic sublattice complies with the enhanced organic
intermolecular interactions. (PEA),Pbl, and (NEA),Pbl, possess a more rigid organic sublattice than the
alkylammonium perovskites due to CH-mt interactions and a more space-filling packing, as has been
established by Seitz et al.3” (NEA),Pbl, only has a slightly more rigid organic sublattice than (PEA),Pbl,,
although its aromatic system is larger, indicating that these organic layers do not pack appropriately
to allow for strong m-mt interactions, as is also evinced from the crystal structure. The BTa- and F,BTa-
based organic layers, on the other hand, show more efficient m-mt stacking (with a previously calculated
interaction energy of 6.0 kcal mol?)* than PEA and NEA because of interdigitation in the organic layers
(Figure S6), which is reflected in the 50 % lower U, value of the organic layers. Moreover, these
benzotriazole perovskites show intramolecular hydrogen bonding (4.0 kcal mol?, Figure S6),** which
likely adds to the rigidity improvement. Although (F,BTa),Pbl, additionally contains intermolecular
hydrogen bonding (1.4 kcal mol?),* both benzotriazole perovskites appear equally rigid at ambient
temperature based on U, values; at 100 K, however, we measured a 30 % increase in rigidity of the
organic sublattice of (F,BTa),Pbl, over (BTa),Pbl, (Table S5). From the perspective of U, values and
compressibility, the BTa-based and F,BTa-based organic layers are among the most rigid in the field of
layered hybrid perovskites.

We now move to the rigidity of the inorganic sublattice. This time, interestingly, the U, parameters of
the benzotriazole perovskites are at the same level as those of (PEA),Pbl, and (NEA),Pbl, (Figure 2).
Typically, an increase in the rigidity of the organic layer translates into an increased rigidity of the
inorganic sublattice.3® >3 However, for the benzotriazole perovskites, this is not the case. In fact, at
room temperature, the values are similar and at 100 K both benzotriazole perovskites have a higher
average U, than (PEA),Pbl, for the inorganic sublattice (Table S5). We hypothesize that this is related
to weakened hydrogen bonding between the ammonium groups and the inorganic sublattice in the
benzotriazole perovskites, which is apparent from their crystal structure (Figure S6). The lack of strong
interaction between the organic and inorganic moieties might cause the transfer of rigidity to be
hampered. One should, however, be careful to use U, parameters for analyzing the rigidity of the
structure, since Uy parameters account at the same time for a dynamic atomic displacement and a
static disorder intrinsic to the samples. Nevertheless, our findings seem to support the high-pressure
single-crystal XRD results discussed above. The benzotriazole perovskites behave markedly different
under pressure than (BA),Pbl, and (PEA),Pbl,, which have been thoroughly investigated in the past.*>
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46 The key differences are illustrated schematically on the right-hand side of Figure 2. Alkgloalm 1(%@%@5&2%‘;;
perovskites readily undergo phase transitions under pressure due to a lack of strong organic
intermolecular interactions and a low overall structural rigidity. In the prototypical butylammonium
lead iodide 2D perovskite,>* significant changes in the conformation of the organic cations occur under
pressure in concordance with phase transitions at 0.22 GPa and 2.2 GPa. In the benzotriazole
perovskites, no phase transition occurs up to at least 5 GPa. In (PEA),Pbl,, Liu et al. found that the
organic moiety is easily deformable and that the PEA cations act like springs, while the inorganic moiety
barely shows any deformation.*® Similarly, for benzylammonium lead bromide, Feng et al. showed
using experiment-aided DFT calculations that the benzylammonium cations undergo a significant
change in conformation between ambient pressure and 3.79 GPa, with the benzene ring tilting towards
the inorganic plane.> Unlike typical 2D perovskites containing a Van der Waals gap in the organic layer,
the benzotriazole perovskites possess an interdigitated organic layer that is hardly compressed. At the
same time, the transfer of rigidity to the inorganic sublattice is hampered. The ammonium groups are
pushed into the Pb-I octahedral layers, thereby changing the octahedral shape (Figure S3). Therefore,
the inorganic layers seem to be more receptive to external pressure changes than classical layered
hybrid perovskites. However, it is difficult to trace the exact differences with, for example, (PEA),Pbl,,
for which conclusions have been drawn from a DFT model based on changes in powder XRD patterns
rather than directly from in situ single-crystal XRD.*> More studies using in situ single-crystal XRD under
pressure are required to make detailed comparisons.

§2 Single-crystal PL spectroscopy and exciton-phonon coupling

It has been shown that rigidity affects the PL behavior and exciton-phonon coupling of 2D layered
perovskites: rigid perovskite structures generally show weaker coupling of excitons to phonons since
the perovskite structure is less deformable.3® Based on the reduced equivalent isotropic displacement
(Ueq) parameters for the benzotriazole perovskites, especially in the organic layer, we hypothesized
that these perovskites may possess a reduced exciton-phonon coupling as compared to (PEA),Pbl,.
Before the analysis of exciton-phonon coupling, we first examine the PL emission spectra. Figure 3a

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

shows representative PL emission spectra of BTa-, F,BTa-, and PEA-linked perovskites at room
temperature. All three PL spectra are dominated by emission centered at 2.30-2.36 eV (525-540 nm),
ascribed to the radiative decay of excitons within the Pb-I octahedral layers. However, as opposed to

Open Access Article. Published on 24 February 2025. Downloaded on 2/24/2025 10:01:30 PM.

(PEA),Pbl,, the BTa- and F,BTa-linked perovskites exhibit a highly asymmetric emission line shape
towards lower energies, suggestive of multiple overlapping transitions contributing to the total

(cc)

emission profile. This is reminiscent of the so-called dual-band emission that has been reported for
other layered perovskites, particularly for BA-linked systems.>®>° Although the origin of this multi-
component emission has been hotly debated in the literature, most recent works agree that the two
peaks arise from a difference in band gap between the (sub)surface layers and the bulk of these single
crystals, due to small structural changes in the local crystalline environment.>® 3% 3° This seems to be
the case for the (BTa),Pbl, and (F,BTa),Pbl, as well, based on the following experimental observations:
(i) we observe no saturation of the PL intensity as a function of the laser fluence, ruling out emission
due to defects or trap states (Figure S7). (ii) The time-decay of both the high-energy and low-energy
parts of the PL have similar time constants, as observed in the time-resolved PL (TRPL) measurements
shown in Figure S8. Exponential fitting of the PL decay yields a time constant of 24 ns for the high-
energy peak around 2.25 eV and 29 ns for the low-energy broad emission band. Both are within the
expected time range for excitonic transitions, again ruling out any longer-lived defect-related origin of
the emission. (iii) Figure 3a compares confocal PL spectra, with excitation and PL collection from the
same side of the crystal, with transmitted PL spectra, in which the crystal is excited from the back. If
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the high energy emission peak originates from the surface of the crystal, it is expected to | -eor?o(%/g/%é cle Online

1
in the spectrum measured on the backside of the crystal. A detailed rationale behind this statement is

provided in Figure S9. Indeed, as shown in Figure 3a, the transmitted PL spectra only contain the low-
energy part of the confocal PL spectrum, clearly indicating that the high-energy emission originates
from the surface layers of the single crystal, whereas the low-energy tail arises from the bulk. Since in
the transmission geometry all collected emission has traveled throughout the entire crystal, the
complete absence of any high-energy surface emission suggests its elimination from the spectrum due
to either bulk reabsorption®9-62 or Forster resonant energy transfer (FRET) of the high-energy excitons
towards the interior of the crystal.®3

The observed variation in bandgap between the surface and bulk of the crystals is, of course, directly
related to the inherently soft nature of hybrid organic-inorganic perovskites. Earlier computational
studies have shown that even minor changes in the Pb-I-Pb bond angle, caused by, for example,
microstrain due to the packing of the organic linkers, can have a significant impact on the band gap.5*
85 To provide computational feedback on the band gap difference between the crystal bulk and surface,
we created a slab model of the (F,BTa),Pbl, perovskite in Figure 3b and performed periodic DFT
calculations. This model is composed of three inorganic layers terminated by F,BTa organic spacer
molecules, including a vacuum spacing between the periodic replicas along the direction normal to the
inorganic planes (Figure 3b). This design imposes unique geometries of the ammonium and inorganic
moieties that may occur at the crystal surface, which are not observed in the bulk material.
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Figure 3. (a) single-crystal PL of (BTa),Pbl,, (F,BTa),Pbl,, and (PEA),Pbl, at room temperature after
excitation at 3.06 eV (405 nm), comparing the PL collected by two different measurement geometries:
confocal (solid line) and transmission geometry (shaded area), see main text for details. At 1.79 eV, a
narrow artefact due to a luminescent impurity in the cryostat window has been removed from all
spectra. (b) optimized structure of (F,BTa),Pbl, theoretical surface model. (c) enlarged images of
inorganic frame at surface and bulk positions to illustrate structural distortion. (d) diagram of lowest-
energy HOCO/LUCO transitions involving only the surface and bulk inorganic groups, respectively.

Following optimization of the atomic positions, strong distortion is observed in the surface inorganic
layers, while the inner bulk frame retains a more rigid linear orientation (Figure 3c). Specifically, the
surface inorganic components relaxed to geometries yielding a maximum Pb-I-Pb angle of 163.7°, while
the bulk frame yields a maximum value of 178.0°. Consequently, the highest occupied-lowest
unoccupied crystal orbital (HOCO-LUCO) transition in a bulk inorganic layer corresponds to an energy
gap of 1.13 eV (at PBE level including spin-orbit coupling), while the HOCO-LUCO transition in the
surface inorganic layers is predicted with a gap of 1.32 eV, which is illustrated schematically in
Figure 3d. The difference in band gap between the surface and bulk layers can be correlated to the
degree of structural distortion in these regions, which has been demonstrated to result in larger band
gaps for these systems.® Our analysis is in line with the findings of Sheikh et al.®’, who analyzed dual
peak emission for butylammonium lead iodide, (BA),Pbl,, crystals. They obtain two emission peaks for
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bulk (BA),Pbl, crystals at 2.20 eV and 2.38 eV, which is close to the 2.13 eV and 2.30 eV thaot we ggyaj‘ﬁde Online

[:10.1
for (BTa),Pbl,. It is likely that the exact peak position of the two peaks is strongly dependent on the

degree of distortion of the inorganic framework in both the bulk and at the surface, since the excitonic
peak position is known to depend on the Pb-I-Pb angle.’* The relative intensity of the two emission
peaks is expected to be dependent on the thickness of the crystal sample, which determines the ratio
between surface and bulk. Indeed, Sheikh et al. showed that bulk crystals of (BA),Pbl, possess dual
peak emission, while exfoliated flakes possess only a single excitonic emission peak corresponding to
the ‘surface’ contribution for the bulk crystals.®” Moreover, the emission spectrum for a thicker bulk
crystal of (PEA),Pbl, as obtained by Jin et al.? shows a clearer contribution from the second emission
peak as compared to our sample, for which the relative intensity of the second peak is small (Figure
S11). It can be hypothesized that relative intensity between the surface and bulk emission peaks, for
crystal samples of an equal thickness, is also dependent on the extent to which the Pb-I-Pb angles differ
between surface and bulk (Figure 3), which may, in turn, depend on the specific crystal structure of a
2D perovskite, but we are not able to draw a solid conclusion on this aspect based on our current
experiments.

%
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Figure 4. (a) temperature-dependent PL of (BTa),Pbl,, (F,BTa),Pbl,, and (PEA),Pbl, single crystals (solid
line) and the corresponding Voigtian fit of the high-energy flank of the emission (shaded area). The
best-fit parameters for the Gaussian and Lorentzian line broadening parameters are listed in Table S6.
For (F,BTa),Pbl,, photographs of the emission color are added for selected temperatures. At 1.79 eV,
a narrow artifact due to a luminescent impurity in the cryostat window has been removed from all
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spectra. (b) temperature dependence of the FWHMs extracted from the Voigtian fits. TBS|-%8'£9§@%§§€&%%“;E

are fits of the line broadening with eq (1). The best-fit parameters are summarized in Table 1.

To further investigate the rigidity of the perovskite single crystals under study, we have performed
temperature-dependent PL in a temperature range of 80-300 K as shown in Figure 4a. The
temperature-dependent broadening of the excitonic PL linewidth is routinely used to quantify the
exciton-phonon coupling in several 3D and layered lead halide perovskites,®®  which can be correlated
with the rigidity of the inorganic sublattice. The total PL linewidth in these materials is composed of
both homogeneous and inhomogeneous broadening terms and can be described by:%8

4 A/ i Yimp kT
D(T) = To+7acT + g + “impe™ oK1 )

Here, I, is a temperature-independent inhomogeneous broadening due to static disorder. In the
second and third term, y,. and y,,: denote the scattering strength from acoustic and optical phonons,
respectively, and E, is the mean energy of the optical phonons. The last term phenomenologically
accounts for scattering from ionized impurities®, characterized by coupling constant yi,, and
ionization energy Einp.

In order to determine the dominant broadening mechanism, it is important to consider the shape of
the emission profile. Homogeneous broadening mechanisms such as phonon scattering give rise to a
Lorentzian line shape, whereas inhomogeneous broadening, which can be caused by disorder or
scattering from ionized impurities, leads to a Gaussian emission profile. The overall line shape is,
therefore, best described by a Voigtian function, which results from the convolution of the
homogeneous and inhomogeneous broadening contributions to the emission peak. At the low-energy
side of the PL spectra, the line shape is distorted due to the abovementioned photon recycling and/or
FRET, which is why we have determined the linewidth of the spectra by fitting only the high-energy
flank of each emission spectrum with a Voigtian function (Figure 4a). We extracted the full width at
half maximum (FWHM) from the best fit (see Table S6 for fit parameters); the extracted FWHM as a
function of temperature is displayed in Figure 4b. For (PEA),Pbl,, the emission peak has a clear

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Lorentzian profile, indicating phonon scattering is the dominant broadening mechanism. Moreover, as
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shown in Figure 4b, an excellent fit of the temperature-dependence of the FWHM for (PEA),Pbl, can

(cc)

be obtained by taking only the scattering from optical phonons into account, since the contribution
from acoustic phonons is typically negligible. The best-fit parameters are summarized in Table 1. The
exciton-phonon coupling constant of 51 meV and optical phonon energy of 19 meV for PEA,Pbl, are in
good agreement with earlier studies.’®”? Contrary to (PEA),Pbl,, the room-temperature PL spectra of
the (F,)BTa-linked perovskites rather have a Gaussian profile (Table S6 contains the fit parameters).
Due to this dominant Gaussian profile, the contribution of optical-phonon scattering to the broadening
is difficult to assess for (F,)BTa-linked perovskites (Figure S10). The contribution is potentially minimal
since the temperature-dependent broadening can be nicely reproduced by only taking the term that
can be phenomenologically assigned to impurity scattering into account, as shown in Figure 4b. The
obtained ionization energies (E;n,) are 27 meV and 34 meV for (BTa),Pbl, and (F,BTa),Pbl,, respectively,
matching with active ionizable impurities that would be near-isoenergetic with the band extrema.
Earlier computational studies into intrinsic defects of butylammonium-linked perovskite have
identified halide vacancies as donor-type defects, which introduce a very shallow trap state near the
conduction band minimum.”® Hence, combined with their low formation energy, iodide vacancies
might be responsible for the observed broadening due to impurity scattering in (BTa),Pbl, and
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(F,BTa),Pbl,. Nonetheless, the PL linewidth broadening being dominated by impurity scagglzril%%o\yggj‘ggg&”g‘;;

be highly unusual for metal halide perovskites, in which optical-phonon scattering is usually dominant
to the extent that the contribution by scattering from ionized impurities can be ignored.*" ¢ 74 There
can, however, be another explanation for the Gaussian profile of the emission for the benzotriazole
perovskites. A condensed phase system can be described by a continuous distribution of oscillators
characterized by two parameters that quantify the nuclear dynamics and the magnitude of the
fluctuations. As the dimensionless ratio between these parameters is varied, the optical absorption or
fluorescence spectra change continuously from a Gaussian in the static limit to a Lorentzian in the fast
modulation limit.”> Thus, while in the lead halide perovskite community, Gaussian lineshapes are
commonly associated with impurities, this is not necessarily the case. We would also expect Gaussian
lineshapes in the case of slow modulation of the 2D inorganic lattice excited-state electronic structure
due to a quasi-static distribution of locked molecular conformations of the organic spacers.

Table 1. Best-fit parameters extracted from the analysis of the temperature-dependence of the
FWHMs of the emission spectra in Figure 4a with equation (1).

Io[meV] Vot [MeV] Eopt [meV] Vimp [MeV] Eimp [MeV] R?
(BTa),Pbl, 22.9 - - 210.9 26.7 1.00
(F,BTa),Pbl, 22.5 - - 269.2 34.1 0.99
(PEA),Pbl, 15.1 50.8 19.4 - - 0.99

We have established from XRD in Figure 2 that the inorganic layers of (BTa),Pbl,, (F,BTa),Pbl,, and
(PEA),Pbl, have similar structural rigidity. In contrast, the PL study in Figure 4 and Table 1 indicates a
significant difference in both the overall magnitude and the dominant scattering mechanism of the
temperature-dependent emission line broadening. This discrepancy might tentatively be explained by
different organic sublattice phonon modes being active in (F,)BTa-linked versus PEA-linked perovskite.
Several literature studies have reported that phonon modes in the organic sublattice couple to excitons
in the inorganic sublattice.>” 767° Indeed, an explicit link has been made in the literature between
exciton-phonon coupling in 2D hybrid organic-inorganic perovskites and the vibrational modes of C-N
and NH;* bonds of the ammonium headgroup that is typically bound to the inorganic framework via
hydrogen bonds.’” 78 Due to the formation of an intramolecular hydrogen bond between the
ammonium headgroup and a nitrogen atom of the benzotriazole core, the typical hydrogen bond
pattern between the ammonium group and the inorganic framework is absent for the benzotriazole
perovskites. Furthermore, the uncommon interdigitated organic bilayer could result in the presence
of locked molecular conformations, inducing a Gaussian lineshape. While such aspects are
hypothesized to influence the PL lineshape in these 2D perovskites, a detailed analysis of phonon
modes in benzotriazole perovskites is beyond the scope of the current study and can be the subject of
future work.

Additionally, the dual-band structure of the PL spectra is much better resolved at 80 K, as can be seen
in Figure 4a. This is also the case for our sample of (PEA),Pbl,, although it did not show any significant
asymmetric line broadening towards lower energies at room temperature. As expected, the low-
energy band at 80 K is entirely due to the bulk of the crystal, as evidenced by the emission spectra
measured in transmission geometry (Figure S11). Finally, we note that none of the PL spectra of the
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1 ihi H H - i yé&cle Online
layered perovskites under study exhibit the broad emission at 1.4-2.1 eV often repog%%ii%gj%ﬁ@c%“ﬁ
material class.®% 81 However, since the latter is commonly attributed to below-gap bulk defect states,

its presence is most likely highly dependent on the exact processing conditions of the single crystals.2%
81

§3 Thermochromism, piezochromism, and phase stability

Due to the strong temperature dependence of the PL linewidth for the (F,)BTa-linked perovskites,
these materials exhibit significant thermochromism, with the emission changing from orange at room
temperature to bright green at 80 K (see emission photographs in Figure 4a and graphical abstract).
Such strong thermochromism is not observed for (PEA),Pbl,, since the dependence of the linewidth of
the emission on temperature is not as strong as for the benzotriazole perovskites (vide supra).
Additionally, it has been shown in the literature that, as opposed to the benzotriazole perovskites,
alkylammonium perovskites show phase transitions while cooling from RT to 80 K.** Complementarily
to this temperature-dependent behavior, we observe that the PL peak position of (BTa),Pbl, and
(F,BTa),Pbl, is strongly dependent on the external pressure (Figure S12). For (BTa),Pbl,, the surface PL
emission peak shifts from 550 nm (2.26 eV) at ambient pressure to 685 nm (1.82 eV) at 4.4 GPa. For
(F,BTa),Pbl,, this is from 540 nm (2.30 eV) at ambient pressure to 620 nm (2.00 eV) at 5.0 GPa. The
respective PL peak shifts are nearly linear at 100 meV GPa and 60 meV GPa*! (Figure S13). We
tentatively attribute the PL shift being less strong for (F,BTa),Pbl, to the increased organic cohesive
energy in this material in the form of intermolecular hydrogen bonding, which is not present in
(BTa),Pbl,.** The red-shifted bulk PL emission peak appears to be less sensitive to pressure changes
and merges with the surface PL emission peak at about 1.6 GPa for both materials. We hypothesize
that the crystallographic bulk-surface differences modelled in Figure 3 are gradually eliminated with
increasing pressure and that, at pressures above 1.6 GPa, the bulk and surface inorganic layers have
nearly identical geometries. (PEA),Pbl, also shows pressure-dependent behavior of its PL emission
peak (97 meV GPa, Figure S14) but has been found to suffer from reversibility issues above 3.5 GPa.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

The pressure dependence of the PL emission peak is combined with the temperature dependence of
the PL linewidth in Figure 5a for (BTa),Pbl, and in Figure S15 for (F,BTa),Pbl, to display the marked
piezochromism and thermochromism in these materials. Both materials change color from orange

Open Access Article. Published on 24 February 2025. Downloaded on 2/24/2025 10:01:30 PM.

over yellow to green upon cooling from ambient temperature to 80 K and from orange over red and

(cc)

brown to black upon compressing from ambient pressure to 5 GPa. In Figure S16, we verified that the
PL spectra under standard conditions are the same, i.e. at 0 GPa in the pressure experiment and at
300 K in the temperature experiment. Furthermore, the PL changes are fully reversible in both the
temperature and the pressure experiment. For the pressure experiment, this is shown in Figure S17
and, as already mentioned above, is in contrast to (PEA),Pbl,. We have shown in a previous study that
benzotriazole perovskites are also thermally stable at elevated temperatures up to 440 K.** We also
note that no phase transition occurs in (BTa),Pbl, nor in (F,BTa),Pbl, upon lowering the temperature
from room temperature (293 K) to 100 K (Figure S18, Table S7 and Table S8).

The pressure-dependent properties of the benzotriazole perovskites have also been explored
theoretically. The structures obtained from in situ single-crystal X-ray diffraction during compression
were relaxed with respect to atomic positions and, from these models, the electronic band gap was
determined at PBE level, including spin-orbit coupling. Including spin-orbit coupling is a crucial
consideration for the accurate determination of optical and electronic properties in layered hybrid
perovskites.®® 82 8 For (BTa),Pbl,, the experimentally observed trend of decreasing band gap with
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increasing pressure is well-replicated by our calculations and is strongly correlated to the \/_era%g@wqde Online

DOI: 10.7
bond length in the crystal structure (Figure 5b), which is consistent with more effective hybridization

of the atomic orbitals and, therefore, with the broadening of the valence and conduction bands.%¢
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Figure 5. (a) PL emission shift of a (BTa),Pbl, single crystal with temperature and with pressure, causing
the crystal to change color. (b) Theoretically predicted band gap and average Pb—I bond length of
(BTa),Pbl, as a function of pressure, calculated at the PBE+SOC level of theory. Pressure-dependent
structural models were obtained from atomic position optimization of crystal structures determined
via single-crystal X-ray diffraction.

Conclusions

In this work, we revealed the impact of strong intermolecular interactions in the organic sublattice on
the rigidity and optical properties of layered hybrid perovskites. We reported two benzotriazole-based
perovskites with rigid organic layers, which we characterized with in situ single-crystal XRD under
compression between 0 and 5 GPa and with an analysis of the isotropic displacement (U,,) parameters.
At the same time, we found that the substantial increase in organic sublattice rigidity does not transfer
to the inorganic sublattice. This results in an unprecedented combination of a rigid organic sublattice
with a readily deformable inorganic sublattice. With PL emission spectroscopy and theoretical
calculations, we exposed energetic and crystallographic differences between the crystal bulk and
surface, leading to energy transfer processes. Additionally, with in situ PL spectroscopy while cooling,
we found that inhomogeneous broadening dominates the emission profile for the benzotriazole
perovskites while the profile of the reference perovskite (PEA),Pbl, is dominated by homogeneous
broadening. Further research is needed to fully elucidate the mechanism that is responsible for this
atypical emission profile. Finally, we observed that the combination of the rigid benzotriazole organic
sublattice with the deformable inorganic sublattice results in phase-stable perovskites with marked
thermochromism and piezochromism, changing the crystal color between green, yellow, and orange
with varying temperature and between orange, red, brown, and black with varying pressure, which
opens up prospects for possible applications in temperature and/or pressure sensors.
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