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1. Introduction

Layered 2D hybrid perovskites have 
attracted considerable interest due to 
their unique optoelectronic properties 
and highly modular structure that can be 
tailored by altering both organic and inor-
ganic components.[1–4] These materials are 
composed of organic spacer (S) layers con-
necting adjacent perovskite slabs based 
on the SxAn−1MnX3n+1 formula, where x 
is the number of spacer molecules con-
necting two neighboring perovskite 
layers. This involves a central (A) cation 
(e.g., Cs+, methylammonium (MA+), for-
mamidinium (FA+), etc.) embedded in 
the {MX6} octahedral metal–halide frame-
work based on divalent metal ions (Pb2+ 
or Sn2+) and halide (X−) anions (I−, Br−, 
or Cl−). Their structural characteristics are 
the result of a subtle interplay between 
the organic spacer layer and the inorganic 
slabs and they are often broadly classi-
fied into Ruddlesden–Popper (RP)[4,5] and 
Dion–Jacobson (DJ) phases.[6] In the case 

Layered Dion–Jacobson (DJ) and Ruddlesden–Popper (RP) hybrid perovskites 
are promising materials for optoelectronic applications due to their modular 
structure. To fully exploit their functionality, mechanical stimuli can be used 
to control their properties without changing the composition. However, 
the responsiveness of these systems to pressure compatible with practical 
applications (<1 GPa) remains unexploited. Hydrostatic pressure is used to 
investigate the structure–property relationships in representative iodide and 
bromide DJ and RP 2D perovskites based on 1,4-phenylenedimethylammonium 
(PDMA) and benzylammonium (BzA) spacers in the 0–0.35 GPa pressure 
range. Pressure-dependent X-ray scattering measurements reveal that lattices 
of these compositions monotonically shrink and density functional theory cal-
culations provide insights into the structural changes within the organic spacer 
layer. These structural changes affect the optical properties; the most signifi-
cant shift in the optical absorption is observed in (BzA)2PbBr4 under 0.35 GPa 
pressure, which is attributed to an isostructural phase transition. Surprisingly, 
the RP and DJ perovskites behave similarly under pressure, despite the dif-
ferent binding modes of the spacer molecules. This study provides important 
insights into how the manipulation of the crystal structure affects the optoelec-
tronic properties of such materials, whereas the reversibility of their response 
expands the perspectives for future applications.
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of RP perovskites, the perovskite layers are displaced by half the 
length of the unit cell vectors along the in-plane direction, which 
mostly involves monofunctional spacers (x = 2),[3] whereas DJ 
perovskites attain the alignment in the structure without rela-
tive displacement and are commonly based on bifunctional 
spacer molecules (x  = 1; Figure 1a).[7] The monofunctional 
spacers in RP phases form bilayers with a van der Waals gap,[8] 
whereas bifunctional spacers in DJ layered perovskites directly 
connect the neighboring perovskite slabs.[6] They are further 
classified based on the number of perovskites layers (n) that 
are separated by the organic spacers (e.g., n = 1, 2, 3, etc.).[2,3,6] 
Since the spacers are mostly electronically insulating, the 
charge carriers in these materials are predominantly confined 
to the inorganic slabs, resulting in natural quantum well (QW) 
behavior (Figure 1b), where optical bandgap decreases with the 
increasing width of the QW because of reduced quantum con-
finement.[9,10] This implies that their optical properties can be 
modulated by changing the number of perovskite layers (n). 
Furthermore, quantum confinement can be tuned by the width 
of the potential barrier, which is controlled by the spacer size 
that further affects their optoelectronic properties.[11,12]

It would be of interest to control these effects on the poten-
tial barrier width without changing the perovskite composition, 
which can be achieved by relying on their mechanical properties 
and responsiveness to external stimuli, such as pressure.[13,14] 
Thus, understanding the structure–property relationships 
in such layered perovskites can serve as a guide to design 

materials with specific properties, whereas understanding the 
behavior of n  = 1 layered 2D perovskites provides a limiting 
case for the analysis of n >  1  systems. Moreover, knowing the 
pressure response of these materials might open opportunities 
for sensing applications, where sensitivity to external mechan-
ical stimuli and reversibility are highly desirable. This is also 
relevant in other contexts, such as for flexible solar cells, where 
strain might be induced during operation.

The relatively low bulk modulus (K) of hybrid 3D perovskites 
(of the order of tens  of GPa) renders them soft materials that 
are more easily compressible across different pressure ranges, 
demonstrating mechanochromic behavior.[15–19] For compar-
ison, halide perovskites show at least a five times smaller bulk 
modulus than their oxide analogs (with K > 100 GPa).[20,21] For 
2D hybrid halide perovskites, the bulk modulus might not be 
an appropriate descriptor of their mechanical properties since 
compression in these materials is mostly anisotropic.[14,22] Alter-
natively, their mechanical properties can be better described by 
in-plane or out-of-plane Young’s modulus (E),[23] which is more 
commonly used for layered perovskites as it defines the mate-
rial’s ability to deform along a given axis when force is applied. 
In-plane E is typically determined by the M–X bond strength, 
whereas out-of-plane E depends on the organic spacer.[3,24,25] 
An appropriate choice of organic spacers can lead to a much 
smaller E in the 2D layered hybrid perovskites than the 3D 
analogous,[24,25] suggesting a higher pressure sensitivity for 
tuning their optoelectronic and transport properties. The 
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Figure 1. a) Schematic representation of Dion–Jacobson (DJ) and Ruddlesden–Popper (RP) phases and b) their quantum well structure, with the 
energy bandgap (Eg) defined by conduction band (CB) and valence band (VB) edges of the inorganic slabs and the highest occupied (HOMO) and 
lowest unoccupied (LUMO) molecular orbitals of the organic spacer layer. In blue, the electronic wavefunction is shown, located mostly in the inorganic 
framework. c) Illustration of the different possible structural changes that control the optoelectronic properties of layered (2D) perovskites by external 
pressure: at low pressure, the main effect is reflected in the changes in the organic spacer and octahedral tilting, whereas at high pressure an additional 
effect on the bond length and angle is expected. A representative RP perovskite is used in the illustration. P = pressure.
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anisotropy of layered hybrid perovskites renders their compres-
sion predominant in out-of-plane (a-axis) direction under pres-
sure.[14,22,26] This is expected to be mainly determined by the 
organic spacer layer and it could result in different structural 
changes, including the compression and tilting of the organic 
spacer, and increased penetration depth, also inducing pos-
sible changes in the octahedral tilting of the inorganic layer 
(Figure  1c, left). These structural distortions are expected to 
change the QW structure or the M and X orbital overlaps and, 
consequently, optical properties. More specifically, the com-
pression of spacer molecules or M–X bonds lowers the optical 
bandgap due to increased overlap of wave functions between 
adjacent perovskite layers or increased antibonding atomic 
overlap between the metal and halide orbitals, respectively. 
The deviation of M–X–M angle from the 180° (i.e., octahedral 
tilting) leads to an opposite effect.[27] Under higher pressures, 
the compressed inorganic perovskite lattice relaxes through two 
competing processes, namely M–X bond tilting or M–X bond 
contraction (Figure  1c, right),[7,28,29] which directly affect the 
optoelectronic properties.[13,28]

While previous work primarily involved the behavior of 
hybrid perovskites under high pressure,[13,28] it is of great 
importance to study effects in mild pressure regimes (<1 GPa), 
since induced levels of strain are comparable with polaron 
effects,[30,31] chemical (i.e., conformational) strain,[32,33] or strain 
due to lattice mismatches,[33,34] especially in 2D/3D perovskite 
composites.[35] In that regard, the behavior under mild pres-
sures may serve as a powerful tool for controlling the properties 
of these materials in a manner comparable to other processes 
inducing internal strain. However, the investigations of layered 
2D perovskites in such mild-pressure ranges are underrepre-
sented and the differences in the pressure-dependent behavior 
of RP and DJ phases remain elusive.

Herein, we investigated representative DJ and RP 2D perov-
skites based on 1,4-phenylenedimethylammonium (PDMA) 
and benzylammonium (BzA) spacers under hydrostatic pres-
sure up to 0.35 GPa. These aromatic spacer moieties are closely 
comparable, and they have already demonstrated the capacity 
to form well-defined 2D perovskite phases,[27,36,37] which makes 
them appropriate models to analyze the differences in compres-
sion between RP and DJ type perovskites. We further study the 
effect of the halide counter ion comparing systems based on 
(BzA)2PbX4 and (PDMA)PbX4 compositions for X = I, Br ions by 
means of pressure-dependent UV–vis absorption, photolumi-
nescence spectroscopy, and X-ray scattering measurements, as 
well as density functional theory (DFT) calculations. One might 
expect that the additional degrees of freedom in RP spacer 
layers would render them more compressible as compared to 
their DJ analogs. Similarly, the differences in the lattice com-
pression of I- and Br-based systems are expected.[27] Instead, 
we find that the bulk moduli of RP and DJ are comparable 
under mild pressure despite the different binding mode of the 
spacers. The compression is predominant along the stacking 
direction (a-axis). In addition, we establish no direct pressure-
dependent difference between the I- and Br-based composi-
tions as their differences under pressure are more subtle. For 
all compositions, we observe that the unit cell monotonically 
shrinks with the applied pressure, which is accompanied by a 
red shift of the optical absorption upon increasing the pressure 

to 0.35 GPa. Moreover, (BzA)2PbBr4 shows the most significant 
red shift of the optical absorption (−54.9 meV) as compared to 
the other compositions where a comparable shift (≈30 meV) is 
observed. Synchrotron diffraction measurements and DFT cal-
culations suggest that this is due to the smaller lattice spacing 
of the Br-based perovskite planes that initially enables only a 
shallow penetration of the BzA cations into the inorganic layer, 
but leads to a stronger pressure response with larger structural 
rearrangements as compared to I- and PDMA-based DJ ana-
logs. The pressure responses are found to be reversible, stimu-
lating future applications.

2. Results and Discussion

To gain insights into the pressure response of RP and DJ 
perovskites, we prepared I- and Br-based precursor solutions 
using the monofunctional BzA and the bifunctional PDMA as 
organic spacers.[8,27,36–38] These aromatic spacers were selected 
based on their comparable structural features that permit the 
formation of phase-pure 2D RP and DJ perovskites. We fab-
ricated thin films based on (PDMA)PbX4 and (BzA)2PbX4  
(X = I, Br) compositions, as described in the Methods Section 
of the Supporting Information. We focused the analysis on the 
2D systems of n = 1 composition, since they represent the most 
well-defined layered structures that are typically oriented par-
allel with respect to the substrate.[2,3,9]

Layered perovskite structure in the given thin films is con-
firmed by well-defined periodic diffraction patterns measured 
by X-ray diffraction (XRD) at ambient pressure, which exhibit 
the (h00) reflections that confirm parallel orientation of the 
perovskite slabs with respect to the substrate (Figure 2). A 
shift toward higher angles is observed when the iodide in the 
PDMA-based system is replaced by the bromide counter ion 
(Figure 2a), in accordance with the smaller halide radius, which 
in turn led to a smaller unit cell. On the contrary, when the 
iodide is replaced by bromide in the BzA-based systems, we 
observe the opposite behavior and a shift toward lower angles, 
indicating a larger lattice parameter (Figure  2b). This finding 
could suggest a difference in the packing of the spacer for dif-
ferent halide counter ions, implying a larger distance between 
the perovskites slabs in (BzA)2PbBr4 as compared to the iodide 
counterpart.

To understand this behavior as a function of halide counter 
ion and to elucidate the role of the physical pressure on the 
structural properties of these compositions, we investigated 
pressure-induced changes in the lattice parameters by pressure-
dependent X-ray scattering (Figure S1,S2, Supporting Informa-
tion). Diffraction data of perovskite powders for each composi-
tion were acquired using a synchrotron source at several pres-
sure points in a membrane diamond-anvil cell (experimental 
details and the attribution of the diffraction peaks are provided 
in the Experimental Methods and Note 1, Supporting Informa-
tion). At low pressures, the monoclinic P21/c space group is 
assigned to (PDMA)PbI4 and (PDMA)PbBr4, the orthorhombic 
Pcab with non-standard settings of Pbca in order to keep con-
sistency the organic spacers along [100] direction to (BzA)2PbI4, 
and the orthorhombic Cmc21 to (BzA)2PbBr4. Despite compres-
sion along all the axes (Figure 3a,b), the largest compression is 
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found to be along the a-axis (i.e., stacking direction) for all sys-
tems, which is in accordance with previous reports.[22,26] This 
trend is significantly more pronounced for the (BzA)2PbBr4 
(Figure 3b), which is the only one among the studied composi-
tions that features a non-centrosymmetric structure. It shows 
a larger compression in the stacking direction (−6% relative 
change) and an elongation of the in-plane lattice parameters 
(b-  and c-axes) followed by a compression (Figure S3, Sup-
porting Information)—a rare structural feature known as nega-
tive area compressibility. Furthermore, non-centrosymmetric 
(BzA)2PbBr4 crystal structure reveals two distinct values of 
Pb–X–Pb angles (φ1 and φ2 in the b−c plane), whereas the octa-
hedral tilting in the other three compositions is defined by 
single Pb–X–Pb angle (φ1; as shown in (BzA)2PbI4, Figure 3c). 
Perovskite layers are more distorted in (BzA)2PbBr4 composi-
tion since the deviation of φ1 and φ2 from 180° is larger as com-
pared to its iodide analog (Figure  3d). Therefore, the cavities 

between the octahedra are smaller, which in turn hinders the 
penetration of organic spacer into the perovskite layers leading 
to the higher interlayer spacing in (BzA)2PbBr4 (Figure  2b). 
The angle between two adjacent octahedra hardly changes 
under pressure in the case of (BzA)2PbI4, whereas both Pb–
Br–Pb angles in (BzA)2PbBr4 change significantly between 0.15 
and 0.25  GPa, the range where the compression along the a-
axis is the strongest (Figure  3d). Although these changes are 
remarkable, the Cmc21 space group is preserved, implying that 
(BzA)2PbBr4 undergoes an isostructural phase transition in this 
pressure range.[39]

To quantify at a first approximation the compressibility of 
the compositions in study, we calculate the isothermal bulk 
modulus, which is the inverse of compressibility, from the pres-
sure–volume relationship assuming mostly isotropic response 
to pressure by relying on the second-order Birch–Murnaghan 
equation of state (Note 2, Supporting Information).[40] As a 

Adv. Mater. 2022, 2108720

Figure 3. a,b) Relative change of the lattice parameters as a function of pressure for (PDMA)PbX4 (a) and (BzA)2PbX4 (b) compositions (X = I, Br). 
c) Schematic representation of (BzA)2PbBr4 alternating inorganic sheet (ABA) in comparison with its iodide counterpart (AAA) and d) the corresponding 
inter-octahedral tilting angles in the (BzA)2PbBr4 and (BzA)2PbI4 systems, as extracted from the refinement of X-ray powder diffraction measurements.

Figure 2. a,b) X-ray diffraction pattern (Cu Kα 1.5406 Å) of thin films based on (PDMA)PbX4 (a) and (BzA)2PbX4 (b) (X = I, Br) compositions on 
microscope glass slides at ambient pressure.
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result, there was no effect of the halide ion in PDMA-based 
systems since both (PDMA)PbI4 and (PDMA)PbBr4 show com-
parable bulk moduli (Figure S4a, Supporting Information). 
Furthermore, van der Waals gap renders both (BzA)2PbI4 and 
(BzA)2PbBr4 slightly more compressible (i.e., having lower bulk 
moduli) as compared to PDMA-based systems (Figure S4b, Sup-
porting Information). In addition, two distinct bulk moduli for 
(BzA)2PbBr4 composition have been identified, which are attrib-
uted to isostructural phases at low and elevated pressure.[41] 
These results (Table S2, Supporting Information) suggest the 
important role of the spacer cation in the resulting behavior. 
Since elucidating the local orientation of the organic spacer 
molecules remains challenging based on the X-ray powder dif-
fraction data, we further investigate the effect of pressure on 
the organic spacer layer by DFT calculations.

For DFT calculations, the data obtained from the synchro-
tron scattering measurements was used as initial starting point. 
For each pressure the coordination of the atoms were relaxed 
without any constraints while fixing the lattice parameters at the 
experimentally measured values in order to better account for 
the thermal expansion of the lattice parameters at the measured 
temperature. The results suggest that the compression along the 
a-axis is due to reduced distance between the two neighboring 
spacers and their closer packing (Figure 4). The initial vertical 
distance between the two BzA spacers, d(BzA−BzA), defined 
from the center of the benzyl ring, is significantly larger in the 
case of (BzA)2PbBr4 (4.43 Å) as compared to (BzA)2PbI4 (2.97 Å). 
This distance decreases by 0.4 Å for (BzA)2PbBr4, whereas for 
the I-based analog the decrease accounts to only 0.08 Å within 
the same pressure range, resulting in a larger compression for 
(BzA)2PbBr4 (Figure 4a). Calculations further suggest the pres-
ence of two distinct octahedra tilting angles (141.5° and 154.5°) 
in (BzA)2PbBr4 (Figure  S5a, Supporting Information). These 
angles are lower than the one in (BzA)2PbI4 (by 4° and 16°, 
respectively), which represents a higher distortion of the octa-
hedra, thereby leaving less room for the BzA spacers to pen-
etrate than the already shorter Pb–Br distances would allow. 
The penetration depth of the spacer into the inorganic frame-
work is the result of an interplay of interactions between the 
organic and inorganic components and it changes continu-
ously upon increasing pressure for the PDMA-based compo-
sitions and (BzA)2PbI4 (Figure S5b, Supporting Information),  
whereas in (BzA)2PbBr4 there is an abrupt change leading to 

higher penetration depth (Figure  4b). This difference in the 
(BzA)2PbBr4 system could primarily originate from the changes 
in the octahedral tilting angles, the spacer packing and orien-
tation, and the penetration depth into the inorganic frame-
work.[27] In addition to the penetration of the spacer, the Pb–X 
bond length could potentially also change under pressure. The 
equatorial Pb–Br bond lengths in (BzA)2PbBr4 at low pres-
sure (2.98 and 3.02 Å) are smaller than the ones in (BzA)2PbI4  
(3.21 and 3.25 Å; Figure S5c, Supporting Information), leading 
to a denser octahedral packing and, in turn, a significantly lower 
penetration into the Pb–Br lattice at ambient pressure. These 
structural differences in the low-pressure regime also translate 
into different responses to external pressure. However, the axial 
Pb–X bond lengths remain constant over the entire pressure 
range (Figure S5c, Supporting Information). DFT calculations 
suggest a very small compression of Pb–X bonds with pres-
sure that can affect the Pb–X antibonding overlap and thereby 
the bandgap, which has not been detected experimentally. This 
implies that the measured compressions are not caused by 
the changes in the Pb–X bond lengths. Instead, the response 
to mild pressure is the result of changes in the packing within 
the organic spacer layer (Figure S6, Supporting Information). 
This packing within the organic spacer layer has been previ-
ously associated with the non-centrosymmetric structure of the 
(BzA)2PbBr4 composition,[27] which is unique for this compo-
sition as compared to others. The calculations for (BzA)2PbI4 
and (PDMA)PbX4 show comparable change under pressure, 
whereas the two BzA spacers in (BzA)2PbBr4 were found to 
move closer together (Tables S3–S6, Supporting Information). 
In the pressure range between 0.164 to 0.213  GPa, the BzA 
spacers were found to penetrate deeper into the inorganic lat-
tice, hence affecting the resulting properties (Figure  4b). This 
process is accompanied by a decrease in the BzA tilting angle, 
defined as the angle between the a-axis and the benzyl plane 
(Figure S5d, Supporting Information). Such a change cor-
responds to a rearrangement of the BzA spacers into a more 
parallel orientation with respect to the a-axis. Moreover, this 
is reflected in the changes in the horizontal direction that are 
uniquely observed for the (BzA)2PbBr4 composition (Figure S5e, 
Supporting Information). Consequently, the significant change 
in the distance between the neighboring BzA groups is quali-
tatively in accordance with the experimental observation of 
a larger compression for (BzA)2PbBr4. Such changes in the 
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Figure 4. a) Calculated average distances of the (vertically) neighboring BzA rings d(BzA···BzA) in the RP layer and b) nitrogen penetration depth in 
the halide plane d(N···Xax) as a measure of the penetration depth based on the DFT-optimized structures (PBEsol). The zero is set at the halide planes 
and larger penetration corresponds to more negative values.
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assembly of the spacer layer in response to pressure are further 
reflected in their optoelectronic properties.

To assess the mechanochromic properties, we monitored 
the optical absorption as a function of applied external stress 
of (PDMA)PbX4 and (BzA)2PbX4 (X = Br, I). The samples were 
placed inside a hydrostatic pressure cell filled with an inert 
liquid (tetradecafluorohexane, FC-72, as detailed in the Methods 
Section of the Supporting Information and schematically 
depicted in Figure 5a), which exposes the material to isotropic 
pressure excluding the effects of its orientation with respect to 
the surface. We applied pressure from 0 to 0.35  GPa in steps 
of 0.05 GPa through a manual pump. Quantum and dielectric 
confinement effects give rise to an intense and narrow excitonic 
absorption feature (Figure S7, Supporting Information), typical 
of layered 2D perovskites.[42,43] We observe a continuous shift 
of the excitonic peak toward lower energies for all analyzed  

perovskite compositions (Figure  5b–e). In addition, the red 
shift confirms that a mild external pressure can be sufficient 
to tune the optical properties in these materials. Similarly, 
pressure-dependent PL measurements show a redshift upon 
increasing pressure (Figure S8, Supporting Information). We 
obtained the excitonic peak energy of the (PDMA)PbI4 and 
(BzA)2PbI4 as a function of pressure fitting a skewed Gaussian  
function to the absorption spectra. At ambient pressure, the 
excitonic peak energy of (PDMA)PbI4 and (BzA)2PbI4 is 2.41 
and 2.36  eV, respectively. Upon increasing the pressure, the 
excitonic-peak shift at 0.30  GPa as compared to ambient 
pressure is about (−25  ± 0.6) meV for (PDMA)PbI4 and 
(−27 ± 1) meV for (BzA)2PbI4 (Figure 5f). We observed a similar 
linear trend for both RP and DJ perovskites until the pressure 
of 0.30 GPa, where the response to external pressure causes a 
comparable energy shift. For pressures higher than 0.3  GPa,  

Adv. Mater. 2022, 2108720

Figure 5. a) Schematic of the experimental setup for pressure-dependent absorbance measurements and b–e) pressure-dependent absorbance for 
(PDMA)PbI4 (b), (BzA)2PbI4 (c), (PDMA)PbBr4 (d), and (BzA)2PbI4 (e) in the pressure range from ambient to 0.35 GPa. The inset shows a schematic 
representation of the layered structures. f) Energy difference of the excitonic peak energy as a function of applied pressure.
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the (BzA)2PbI4 appears to shift to a larger extent in comparison 
with the (PDMA)PbI4, showing an energy shift of (−33 ± 1) and 
(−27 ± 0.5) meV, respectively. A more pronounced difference in 
the response for higher pressures (above 0.3 GPa) is likely to be 
associated with the structural differences of the corresponding 
RP and DJ phases, in accordance with the previous reports.[22–26] 
Further investigations at pressures above 0.35  GPa are not 
possible with the same experimental setup because of the 
limitations of the hydrostatic pressure cell. Nevertheless, moni-
toring the shift of the excitonic peak by its maximum intensity 
reveals the same slope as fitting the skewed Gaussian with a 
larger error given by the resolution of the absorbance measure-
ment (Figure S9 and Tables S7–S10, Supporting Information). 
For Br-based analogues, the excitonic peak energy is 3.06 and 
3.07 eV for (PDMA)PbBr4 and (BzA)2PbBr4, respectively. Upon 
increasing the pressure to 0.35 GPa, the energy shifts for both 
(PDMA)PbBr4 and (BzA)2PbBr4 by (−31  ± 1) and (−55  ±  0.2) 
meV, respectively. The (BzA)2PbBr4 has a notably larger energy 
shift than its I- and PDMA-based systems (Figure  5f and  
Tables S11–S14, Supporting Information).

To sum up, the energy shifts in I-based samples closely cor-
respond to each other, which suggests that pressure-dependent 
properties are comparable for RP and DJ phases in this pres-
sure range. However, Br-based systems show contrasting dif-
ferences, with (BzA)2PbBr4 having substantially larger shifts 
as compared to (PDMA)PbBr4 and I-based systems. Such shift 
in (BzA)2PbBr4 is in accordance with the more significant 
compressibility as compared to its I-based and PDMA-based 
systems (Figure S4, Supporting Information). Furthermore, 
the isostructural phase transition induced by the reduction of 
octahedral tilting (i.e., the Pb–Br–Pb angle is closer to 180°) 

is associated with the change of penetration depth of the BzA 
spacers into the perovskite lattice and the distance between 
the neighboring spacers. This is related to the quantum con-
finement, which is reduced by the change in potential barrier 
width. The qualitative variations of the bandgaps as a function 
of pressure are well reproduced theoretically (Figure S10, Sup-
porting Information).

We can directly correlate the experimental structural param-
eters obtained by pressure-dependent XRD measurements 
with the changes in the optical absorption. The relationship 
between the shift in the exciton absorption peak and the length 
of the a-axis is linear for both PDMA-based and BzA-based 
samples (Figure 6), with the exception in (BzA)2PbBr4, where 
we observe two different regimes that are attributed to the iso-
structural phase transition. A linear fit of the energy shift as a 
function of the a-axis length results in a comparable slope of 
0.223 ± 0.009 and 0.228 ± 0.005 eV Å−1 for (PDMA)PbBr4 and 
(PDMA)PbI4, respectively. The slope of 0.078  ±  0.003  eV  Å−1 
was obtained for (BzA)2PbI4, whereas 0.052  ±  0.01 and 
0.036 ± 0.001 eV Å−1 for (BzA)2PbBr4 below and above the iso-
structural phase transition, respectively (Figure 6a,b). This sug-
gests a stronger dependency of the optical properties of PDMA 
systems on the change of the a-axis compared to the BzA sys-
tems. No correlation was observed between Pb–X–Pb angle and 
the optical absorption (Figure  6c,d), except in the case of iso-
structural phase transition regime in (BzA)2PbBr4 (Figure 6d). 
Thus, we find that the bandgap change is largely caused by the 
compression of the a-axis in the representative DJ and RP lay-
ered 2D perovskites, which is expected based on the reduced 
quantum confinement, whereas the changes do not correlate 
with the Pb–X–Pb angles within the same structural phase. 

Adv. Mater. 2022, 2108720

Figure 6. a,b) Optical absorption shift as a function of the a-axis length for the PDMA-system (a) and the BzA-system (b), and c,d) as a function of 
the Pb–X–Pb angles for the PDMA-system (c) and the BzA-system (d) based on the experimental data.
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This further implies that the differences in the mechano-
chromic response for different organic moieties are associated 
with the interactions within the spacer layer and their contacts 
with the perovskite slabs.

Finally, the shifts of the excitonic peaks are fully recovered 
for both I- and Br-based RP and DJ perovskites upon decom-
pression from 0.35  GPa to ambient pressure, implying that 
the process is reversible in this pressure range. The corre-
sponding absorption spectra of both materials almost perfectly 
overlap after decompression (Figure 7a–d). The reversibility of 
the optical features strongly suggests structural reversibility, 
which is in agreement with the DFT predictions and in contrast 
with the amorphization commonly reported at higher pres-
sures.[44–46] This reversibility of the mechanochromic response 
of layered hybrid perovskites is of interest to their use as model 
systems for elucidating structure–property relationships in 
hybrid layered materials. It is further relevant for the long-term 
stability of flexible perovskite devices and it points toward the 
use of mechanophores in the development of smart materials 
and pressure sensors.[47–49]

3. Conclusion

We report a direct comparison of the response of iodide and 
bromide-based RP and DJ 2D perovskites to pressure by using 
comparable aromatic spacer moieties, namely BzA and PDMA, 
respectively. We applied a mild pressure up to 0.35  GPa to 
all the compositions and detected a red shift of the excitonic 
peak upon increasing the pressure. Despite different binding 
mode of the spacers, we find that the RP and DJ perovskites 
behave similarly in this pressure range, with an anisotropic 

response predominantly in the out-of-plane (a-axis) direction. 
Moreover, while PDMA-based perovskites were not found to 
be susceptible to changes associated with the halide ion, pre-
sumably due to higher geometric constraints in DJ phases, 
BzA-based perovskite results in a larger excitonic peak shift 
in bromide-based compositions that is in contrast with their 
higher expected level of rigidity as compared to iodide-based 
phases. Furthermore, X-ray scattering experiments in conjunc-
tion with DFT calculations under pressure suggest that this 
effect is related to the structural properties of the 2D perov-
skite phases. Specifically, X-ray scattering experiments reveal 
significant relaxation of Pb–X–Pb angle in (BzA)2PbBr4, which 
is evidenced by the isostructural phase transition, whereas 
no phase transition is detected for the other compositions. 
DFT computations further indicate that this isostructural 
space group transition is associated with a decrease in the 
distance between BzA spacers and with an increased penetra-
tion depth of the spacers into the Pb–Br lattice. Moreover, this 
phase is the only one among the studied compositions that 
features a non-centrosymmetric lattice, which is likely to fur-
ther amplify its mechanochromic response. These differences 
explain the large compression of (BzA)2PbBr4 under mild 
pressures. This study thereby provides important insights into 
the mechanochromic properties of layered hybrid perovskites 
while highlighting the importance of an interplay between the 
organic and the inorganic layers in the resulting structure. 
Moreover, the unique reversibility of their mechanochromic 
response in this mild pressure range opens a new perspective 
toward the utility of layered hybrid perovskites as potential 
platforms for amphidynamic materials[50,51] and mechano-
phores,[47–49] which expands the perspectives for their future 
applications.

Figure 7. a−d) Pressure-dependent absorbance recorded using UV–vis at three characteristic pressures in the forward and reverse direction, for 
(PDMA)PbI4 (a) (BzA)2PbI4 (b), (PDMA)PbBr4 (c), and (BzA)2PbBr4 (d).
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