
 

5. PRESSURE EFFECTS ON 2D PEROVSKITES 

 

 

 

Layered 2D Dion-Jacobson (DJ) and Ruddlesden-Popper (RP) hybrid perovskite are 

promising materials for optoelectronic applications due to their modular structure. To 

fully exploit their functionality, mechanical external stimuli could 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 

underexplored. We use hydrostatic pressure to investigate the structure-property 

relationships in representative iodide and bromide DJ and RP 2D perovskites based on 

1,4-phenylenedimethylammonium (PDMA) and benzylammonium (BN) spacers in the 

0–0.35 GPa pressure range. Pressure-dependent X-ray diffraction measurements reveal 

that lattices of these compositions monotonically shrink and DFT calculations provide 

insights into the structural changes within the organic spacer layer. These structural 

changes significantly affect the optical properties; the most significant shift in the optical 

absorption is observed in (BN)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 different binding mode of the spacer molecules. This study 

provides important insights into understanding how the manipulation of the crystal 

structure affects the optical properties of such materials, whereas the reversibility of their 

response expands the perspectives for future applications. 
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5.1. Introduction 

 Layered two-dimensional (2D) hybrid perovskites have been briefly 

introduced in Chapter 1.1. These materials  have attracted considerable interest 

due to their unique optoelectronic properties and highly modular structure that 

can be tailored by altering both organic and inorganic components.1–4 These 

materials are composed of organic spacer (S) layers connecting adjacent 

perovskite slabs consisting of n layers of 3D perovskite based on the SxAn-

1MnX3n+1 formula that involves a central (A) cation (e.g. Cs+, methylammonium 

(MA+), formamidinium (FA+), etc.) embedded in the {MX6} octahedral metal-

halide framework based on divalent metal ions (Pb2+ or Sn2+) and halide (X–) 

anions (I–, Br–, or Cl–). They are often broadly classified into Ruddlesden-Popper 

(RP)5 and Dion-Jacobson (DJ) phases.6 In the case of RP perovskites, the 

perovskite layers are displaced by half the length of the unit cell vectors along the 

in-plane direction (a,b-axis), which mostly involves monofunctional spacers (x = 

2),3 whereas DJ perovskites attain the alignment in the structure without relative 

displacement and are commonly based on bifunctional spacer molecules (x = 1; 

Figure 5.1a).7 They are further classified based on the number of perovskites 

layers (n) which are separated by the organic spacer layer (e.g., n = 1, 2, 3, 

etc.).2,3,8 Since the organic spacers are mostly electronically insulating, the charge 

carriers in these materials are predominantly confined to the inorganic slabs, 

resulting in natural quantum well (QW) behaviour (Figure 5.1b), where optical 

bandgaps decrease with the width of the QW because of reduced quantum 

confinement.9 This implies that their optical properties can be modulated by 

changing the number of hybrid perovskite layers (n). The QW width and the 

potential barrier properties, which can be controlled by the spacer size, further 

affect the optical properties of layered perovskite materials.10,11 
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Figure 5.1. Layered 2D perovskites and effect of pressure. Schematic 

representation of a) Ruddlesden-Popper and Dion-Jacobson phases and b) their 

quantum well behaviour, 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 sitting mostly in the 

inorganic framework and leaking into the organic layers c) Illustration of the 

different structural changes that control the optoelectronic properties of layered 

hybrid perovskites by external pressure: at low pressures, the main effect is 

reflected in changes in the organic spacer and octahedral tilting, whereas at high 

pressures an additional effect on the bond length and angle is expected. 

 

 

It would be of interest to control these effects on the potential 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.12,13 Thus, understanding the structure-properties relationship in such 
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layered perovskites can serve as a guide to design materials with specific optical 

properties. Simultaneously, knowing the pressure response of these materials 

opens opportunities for sensing applications, and is important for other 

applications such as flexible solar cells where strain might be induced during 

operation.  

The relatively low bulk modulus (K) of hybrid perovskites (of the order 

of 10s of GPa) renders them soft materials that are more easily compressible 

across different pressure ranges,  demonstrating mechanochromic behaviour.14–18 

For comparison, halide perovskites show at least a five times smaller bulk 

modulus than their oxide analogues (> 100 GPa).19,20 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.21,22 Alternatively, 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 material’s ability to deform along a 

given axis when force is applied along the similar axis. 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 perovskites than the 3D analogous,24,25 suggesting a 

lower pressure threshold for tuning their optoelectronic and transport properties. 

The anisotropy of layered hybrid perovskites renders their compression 

predominant in out-of-plane (c-axis) direction under mild pressures.21,22,26 This is 

expected to be mainly determined by the organic spacer layer and it could result 

in different structural changes, including the compression of the organic spacer, 

its tilting, increased penetration depth or octahedral tilting (Figure 5.1c, left). 
21,22,26 These structural distortions are expected to change the QW structure or the  

M and X orbital overlaps and, consequently, optical properties. More specifically, 

the compression of M–X bonds lowers the optical bandgap due to increased 

antibonding atomic overlap between the metal and halide orbitals, whereas the 

deviation from the 180° angle (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 
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contraction (Figure 5.1c, right)7,28 which directly affect the optoelectronic 

properties.12,28   

It is of great importance to study effects in mild pressure regimes  (< 1 GPa), 

since induced levels of strain are comparable with polaron effects,29,30  chemical 

(i.e. conformational) strain31,32 or strain due to lattice mismatches,32,33 especially 

in 2D/3D perovskite composites.34 In that regard, the behaviour under mild 

pressure 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 hybrid perovskites in such mild-pressure 

ranges are underrepresented and the differences in the pressure-dependent 

behaviour of RP and DJ phases remain elusive.  

In this Chapter, we investigated representative DJ and RP 2D perovskites 

based on 1,4-phenylenedimethylammonium (PDMA) and benzylammonium 

(BN) spacers under hydrostatic pressure 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,27,35,36 which makes them appropriate 

models to analyse the differences in compression between RP and DJ type 

perovskites. We further study the halide effect on their structure-property 

relationship by comparing systems based on (BN)2PbX4 and (PDMA)PbX4 

compositions for X = I, Br halide counter ions by pressure-dependent optical 

measurements and X-ray diffraction. One would expect that RP layered 

perovskites are more compressible and more sensitive to external pressure due to 

Van der Waals interactions in organic bilayer as opposed to DJ. However, we 

find that the RP and DJ perovskites behave similarly under pressure, despite the 

different binding mode of the spacer molecules. In addition, we establish no direct 

pressure-dependent difference between the Br- and I-based compositions and the 

differences under pressure are more subtle.  For all the compositions we observe 

that the unit cell monotonically shrinks, which is accompanied by a red shift of 

the optical absorption of the excitonic feature upon increasing the pressure to 0.35 

GPa. (BN)2PbBr4 shows the most significant red shift of absorption of the 

excitonic feature (-54.9 meV) as compared to the other compositions where a 

comparable shift (~ -30 meV) is observed. Density functional theory (DFT) 

calculations reveal that this is due to the increase in Pb–Br–Pb angle which allows 
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BN spacers penetrating deeper into the inorganic lattice, translating into a 

stronger pressure response as compared to its iodide counterpart and the PDMA-

based DJ systems.  

5.2. Pressure-dependent Structural Changes 

 To gain insights into the pressure response of RP and DJ perovskites, we 

prepared iodide-based precursor solutions using the monofunctional BN and the 

bifunctional PDMA as organic spacers.27,35–38 These aromatic spacers were 

selected based on their comparable structural features that permit the formation 

of phase-pure RP and DJ perovskites. While iodide-based 2D layered perovskites 

have been previously investigated in the GPa pressure range (1–12 GPa),13,21 

pressure studies of the bromide-based analogues are unprecedented. Although 

less investigated due to their high bandgap energy, a fundamental understanding 

on the dependence of the mechanical response on the halide species is required 

for designing materials for new applications.  

We therefore fabricated thin films based on (PDMA)PbX4 and 

(BN)2PbX4 (X = I, Br) compositions as described in the Experimental Methods 

5.5 section. We focused the analysis on these n =1 2D systems, since they 

represent the most well-defined layered structures.2,3,8 Moreover, understanding 

the behavior of n = 1 layered perovskites provides a limiting case for the analysis 

of n >1 systems in the future. The monofunctional spacers in RP phases form 

bilayers interacting via van der Waals interactions,39 whereas bifunctional spacers 

in DJ layered perovskites directly connect the neighbouring perovskite slabs.40 

Accordingly, one might expect that the additional degrees of freedom in RP 

spacer layers would render them more compressible as compared to their DJ 

analogues. Similarly, the differences in the lattice parameters of iodide and 

bromide systems are expected to become apparent in their different behavior 

under pressure.41  

Layered perovskite structure in the given thin films is confirmed by well-

defined periodic diffraction patterns measured by X-ray diffraction (XRD) at 

ambient pressure, which exhibit the most intense basal plane reflections below 

10° that are followed by higher-order reflections at the higher angles (Figure 5.2).  
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Figure 5.2. Structural differences of layered 2D perovskites with bromide and 

iodide forming the inorganic framework. X-Ray diffraction (Cu Kα 1.5406 Å) 

pattern at ambient pressure of a) (PDMA)PbX4 and b) (BN)2PbX4 showing a 

compression of the unit cell for the PDMA-based systems when the iodide 

counter ion is replaced with the bromide. The opposite is observed for the BN-

systems, where the presence of the bromide in the inorganic framework results in 

the expansion of the unit cell.  

 

A shift towards higher angles is observed when the iodide in the PDMA-based 

system is replaced by the bromide (Figure 5.2a), in accordance with the smaller 

halide radius which in turn lead to smaller unit cell. On the contrary, when the 

iodide is replaced by bromide in the BN-based system, we observe the opposite 

behavior and a shift toward lower angles, indicating a larger unit cell (Figure 

5.2b). This could suggest a difference in the packing of the spacer for different 

halide counter ions. 

To understand this peculiar behaviour 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 diffraction. Diffraction data of powders for each 

composition were acquired using a synchrotron source at several pressure points 

by using a membrane diamond-anvil cell (see Experimental Methods 5.5 and 

Appendix 5.6.3 for details and the attribution of the diffraction peaks). At low 

pressures, the monoclinic P21/c space group is assigned to (PDMA)PbI4 and 

(PDMA)PbBr4, the orthorhombic Pnma to (BN)2PbI4 and the orthorhombic 

Cmc21 to (BN)2PbBr4. Despite a compression along all the axes (Figure 5.3a), 

the largest compression is recorded along the c-axis for all systems, which is in 
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accordance with previous reports21,26. This trend is significantly more pronounced 

for the (BN)2PbBr4 case (Figure 5.3b), which shows a larger compression in the 

out-of-plane c-axis direction (-8% relative change) and an elongation of the in-

plane a and b axis followed by a compression (Figure A5.1 for absolute values 

of the lattice parameters).  

 

 

Figure 5.3. Pressure-dependent X-ray diffraction with synchrotron source reveal 

the changes of the inorganic framework as a function of pressure. a) Relative 

change of the lattice parameters as a function of pressure for (PDMA)PbX4 and 

b) (BN)2PbX4 compositions. c) Schematic representation of (BN)2PbBr4 

alternating inorganic sheet (aba) in comparison with its iodide counterpart (aaa) 

and the corresponding d) inter-octahedral tilting angles in (BN)2PbBr4 and 

(BN)2PbI4. 

 

Further structural analysis reveals that there are two distinct values of Pb–X–Pb 

angles (ϕ1 and ϕ2) in (BN)2PbBr4 as compared to (BN)2PbI4, where only one value 

of the Pb–X–Pb angle (ϕ1) is found (Figure 5.3c). Under pressure the angle 

between two adjacent octahedra hardly changes in the case of (BN)2PbI4, whereas 
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the two Pb–Br–Pb angles in (BN)2PbBr4 both change significantly between 0.15 

– 0.20 GPa, the range where also the compression along the c-axis is strongest 

(Figure 5.3d). Although these changes are remarkable, the Cmc21 space group is 

maintained, meaning that (BN)2PbBr4 undergoes an isostructural phase transition 

in this pressure range.42  Furthermore, to quantify at a first approximation the 

compressibility of the compositions in study,  we calculate the isothermal bulk 

modulus from the pressure-volume relationship assuming mostly isotropic 

response to pressure by relying on the second order Birch-Murnaghan equation 

of state (Appendix 5.6.4).43 Two distinct bulk modulus for (BN)2PbBr4 

composition have been identified, which are attributed to low pressure and 

elevated pressure isostructural phases.44 In addition,  smaller bulk modulus 

obtained for (BN)2PbBr4 supports its higher susceptibility to compression. 

5.3. Local Orientation of The Organic Spacer 

Since elucidating the local orientation of the organic spacer molecules 

remains challenging based on the diffraction experiments, we further investigate 

the effect of pressure on the organic spacer layer by density functional theory 

(DFT) calculations. To better account for the thermal expansion of the lattice 

parameters at the measured temperature, the initial structures obtained from the 

XRD were relaxed while keeping the cell fixed at the experimentally measured 

values. The results suggest that the compression along the c-axis is due to reduced 

distance between the two neighboring spacers and their closer packing (Figure 

5.4a). The initial vertical distance between the two BN spacers, d(BN-BN), 

defined from the center of the benzyl ring, is significantly larger in the case of 

(BN)2PbBr4 (4.43 Å) as compared to (BN)2PbI4 (2.97 Å; Figure 5.4a).  This 

distance decreases by 0.4 Å for (BN)2PbBr4, whereas for the I-based analogue the 

decrease accounts to only 0.08 Å within the same pressure range, resulting in a 

larger compression for (BN)2PbBr4 (Figure 5.4a). In accordance with the 

experimental analysis, DFT calculations reveal the presence of two distinct 

octahedra tilting angles (calculated to be 141.5° and 154.5°) in (BN)2PbBr4 

(Figure 5.4b). These angles are significantly lower than the one in (BN)2PbI4 (by 

4° and 16°, respectively), which leads to higher distortion of the octahedra, 
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thereby leaving less space for the BN spacers to penetrate. The Pb–X–Pb angles 

in (BN)2PbBr4 were found to increase with pressure (Figure 5.4b), leading to 

higher penetration depth of the spacers in the inorganic framework (Figure 5.4c). 

This is in contrast with the comparable octahedral tilting in (BN)2PbI4 and in 

PDMA-based systems (Figure A5.2a). In addition, the penetration depth of the 

spacer in the inorganic framework for the other compositions changes 

continuously upon increasing pressure (Figure A5.2b). The difference in the BN-

based systems could thus primarily originate from the changes in the orientation 

of the spacers and the penetration depth41 into the inorganic framework, which is 

defined by the distance between the nitrogen atom of the ammonium group of the 

spacer moiety and the axial halide plane. In addition to the penetration of the 

spacer layer one might expect also the Pb-X bond length to change under 

pressure. The equatorial Pb–Br bond lengths in (BN)2PbBr4 at low pressure 

(2.98 Å and 3.02 Å; Figure A5.2c) are smaller than the ones in (BN)2PbI4 (3.21 Å 

and 3.25 Å; Figure A5.2c), 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 structures also translate into different 

responses to external pressure. However, the axial Pb–X bond lengths (Figure 

A5.2c) remain constant over the entire pressure range. This implies that the 

measured compressions are not caused by changes in the bond lengths of Pb–X. 

Instead, the response to mild pressure is the result to changes in the packing in 

the organic spacer layer (Figure A5.3). While (BN)2PbI4 and (PDMA)PbX4 show 

no significant change, the two BN spacers in (BN)2PbBr4 move closer together 

(Table 5.2, Table 5.3, Table 5.4, Table 5.5). Our calculations reveal that in the 

pressure range between 0.164 GPa to 0.213 GPa the BN spacers penetrate deeper 

into the inorganic lattice of PbBr4 (Figure 5.4c). 
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Figure 5.4. Calculated location of the organic spacer and inteoctahedral angles 

as a function of pressure. Calculated a) average distances of the (vertically) 

neighboring BN rings d(BN…BN) in the RP layer; b) average Pb–X–Pb angles in 

the Pb–X planes ϕ(Pb–X–Pb) as a measure of the equatorial tilting of the 

octahedra; and c) nitrogen penetration depth in the halide plane d(N…nX) as a 

measure of the penetration depth from DFT optimized structures (PBEsol). 

 

It is important to note that the zero is set at the halide planes and larger 

penetration corresponds to more negative values. This process is accompanied by 
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a decrease in the BN tilting angle, ϕ(BN…nPbX), defined as the angle between the 

c-axis and the benzyl plane (Figure A5.2d). Such a change corresponds to a 

rearrangement of the BN spacers into a more parallel orientation with respect to 

the c-axis (Figure A5.2d). Consequently, the significant change in the distance 

between the neighbouring BN groups is in accordance with the experimental 

observation of a larger compression for (BN)2PbBr4. Such changes in the 

assembly of the spacer layer in response to pressure are further reflected in their 

optical properties. 

5.4. Pressure-dependent Mechanocromism 

 To assess the mechanochromic properties, we monitored the optical 

absorption energy of the excitonic feature as a function of applied external stress 

by measuring pressure-dependent absorption spectra of (PDMA)PbX4 and 

(BN)2PbX4 (X = Br, I). The samples were placed inside a hydrostatic pressure 

cell filled with an inert liquid (tetradecafluorohexane, FC-72, Experimental 

Methods 5.5 and schematically depicted in Figure 5.5a). We applied pressure 

from 0 to 0.350 GPa in steps of 0.050 GPa through a manual pump. Quantum and 

dielectric confinement effects give rise to an intense and narrow excitonic feature 

(Figure A5.4), typical of layered 2D perovskites.45,46 We observe a continuous 

shift of the excitonic peak toward lower energies for all analysed layered 

perovskite compositions (Figure 5.5b-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 photoluminescence measurements show 

a red-shift toward smaller energy upon increasing pressure (Figure A5.5). We 

obtained the excitonic peak energy of the (PDMA)PbI4 and (BN)2PbI4 as a 

function of pressure fitting a skewed Gaussian function to optical spectra 

measured. At ambient pressure, the excitonic peak energy of (PDMA)PbI4 and 

(BN)2PbI4 is 2.41 eV 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 (BN)2PbI4 (Figure 5.5f). We observed a similar linear trend for 

both RP and DJ perovskites until 0.30 GPa, where the response to external 
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pressure causes a comparable energy shift. From 0.30 GPa onward, the (BN)2PbI4 

appears to shift to a larger extent in comparison with the (PDMA)PbI4, showing 

an energy shift of (-33 ± 1) meV and (-27 ± 0.5) meV, respectively. 

 

 

Figure 5.5. Optical measurements reveal a red-shift of the excitonic feature. 

Schematic of the a) experimental setup for pressure-dependent absorption 

measurements and b) pressure-dependent absorbance collected (PDMA)PbI4, c) 

(BN)2PbI4, d) (PDMA)PbBr4 and e) (BN)2PbI4 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. 

 

Further investigations at pressures above 0.35 GPa are not possible with the same 

experimental setup because of the limitations of the windows of the hydrostatic 

pressure cell. Moreover, monitoring the shift of the excitonic peak by its 

maximum intensity reveals the same slope as fitting the skewed Gaussian with a 
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larger error given by the resolution of the measurement (Figure A5.6 and Table 

5.6, Table 5.7, Table 5.8, Table 5.9). Considering the bromide analogues, the 

excitonic peak energy is 3.06 eV and 3.07 eV for (PDMA)PbBr4 and (BN)2PbBr4, 

respectively. Upon increasing the pressure from ambient to 0.35 GPa, the energy 

shifts for both (PDMA)PbBr4 and (BN)2PbBr4 by (-31 ± 1) meV and (-55 ± 0.2) 

meV, respectively. The (BN)2PbBr4 perovskite, despite showing a red-shift as a 

function pressure, has a notably larger energy shift than its iodide counterpart and 

the PDMA-based systems (Figure 5.5f and  Table 5.6, Table 5.7, Table 5.8 and 

Table 5.9).  To sum up, the energy shifts in iodide-based samples are closely 

corresponding to each other, which suggest that pressure-dependent properties 

are comparable for RP and DJ phases. However, bromide-based systems show 

contrasting differences, with (BN)2PbBr4 having remarkably larger shifts than 

(PDMA)PbBr4 and the I-based systems.  

The expected change in the bandgap was calculated for all the compositions 

by DFT (Figure A5.7, Table 5.10, Table 5.11,  

Table 5.12, Table 5.13) to observe qualitative variations of the bandgaps as 

a function of pressure, which corroborate with the experimental results. The 

larger red shift in (BN)2PbBr4 is in accordance with the significantly larger 

compressibility of (BN)2PbBr4 as compared to its iodide-based analogue and the 

PDMA-based systems (Figure A5.10). Furthermore, the isostructural phase 

transition induced by the reduction of octahedral tilting (i.e. the Pb–Br–Pb tilting 

is closer to 180° at the highest pressure measured) is associated with the change 

of penetration depth of the BN spacers into the perovskite lattice, which in turn 

favours a larger red shift of the optical absorption. Finally, we can directly 

correlate the experimental structural parameters obtained by pressure-dependent 

XRD measurements with the change in the optical absorption.  

The relationship between the shift in the exciton absorption peak and the 

length of the c-axis is linear for both PDMA-based and BN-based samples 

(Figure 5.6a,b), with the exception in (BN)2PbBr4, where we observe two 

different regimes which attributed to the isostructural phase transition. 
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Figure 5.6. Optical properties dependency on the compression of the c-axis and 

interoctahedral angles. Optical absorption shift in meV as a function of a) the c-

axis length for PDMA-systems and b) BN-systems, and as a function of the Pb–

X–Pb angles for c) for PDMA-systems and d) BN-systems based on the 

experimental data. 

 

A linear fit of the energy shift as a function of the c-axis length results in a 

slope of 0.227 eV/Å, 0.223 eV/Å for (PDMA) and PbBr4 (PDMA)PbI4, 

respectively. We obtain a slope of 0.156 eV/Å for (BN)2PbI4, 0.104 eV/Å and 

0.074 eV/Å for (BN)2PbBr4 below and above the isostructural phase transition, 

respectively (Figure 5.6a,b). This finding suggests a larger dependency of the 

PDMA systems on the change of the c-axis compared to the BN systems. No 

correlation is observed between Pb–X–Pb angle and the optical properties 

(Figure 5.6c,d), except in the case of isostructural phase transition regime in 

(BN)2PbBr4 (Figure 5.6d). Thus, we find that in the representative DJ and RP 

layered 2D perovskites presented in this study, the bandgap change is largely 

caused by the compression of the c-axis which is expected because of the reduced 

quantum confinement but no correlation is found with the Pb–X–Pb angles within 

the same structural phase.  
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Figure 5.7. Fully reversible mechanocromism. Pressure-dependent absorption 

recorded at three characteristic pressures in the upward and downward direction 

for a) (PDMA)PbI4 and b) (BN)2PbI4, c) (PDMA)PbBr4 and d) (BN)2PbBr4.  

 

The shift of the excitonic peak is fully recovered for both I- and Br- based RP 

and DJ perovskite samples upon decompression from 0.35 GPa to ambient 

pressure, implying that the process is reversible in this pressure range. The 

corresponding absorption spectra of both materials almost perfectly overlap in 

shape and intensity after decompression (Figure 5.7). 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 pressures.47–49 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, 

provides promise for the long-term stability of flexible perovskite devices, but 

also points towards the use of mechanophores in the development of various 

smart materials and pressure sensors.50–52   
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5.4. Conclusion 

 In summary, we reported 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 benzylammonium (BN) and 1,4-

phenylenedimethylammonium (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. Whereas PDMA-based DJ 

perovskites were not found to be susceptible to changes associated with the halide 

ion, BN-based perovskite results in a larger shift of the optical absorption 

associated with the excitonic feature in bromide-based compositions that is in 

contrast with their higher expected level of rigidity. Furthermore, X-ray 

diffraction experiments in conjunction with DFT calculations under pressure 

suggest that this effect is related to the structural properties of the 2D perovskite 

phases. Specifically, X-ray diffraction experiments reveal the presence of an 

isostructural phase transition in (BN)2PbBr4 that maintain the orthorhombic 

Cmc21 space group, 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 octahedra tilting which leads 

to an increased penetration depth of the BN spacers into the Pb–Br lattice. These 

changes explain the large compression of (BN)2PbBr4 under mild pressures up to 

0.350 GPa. This study thereby provides important insights into the 

mechanochromic properties of layered hybrid perovskites. Finally, the unique 

reversibility of their mechanochromic response in this mild pressure range opens 

new perspective towards the utility of layered hybrid perovskites as platforms for 

amphidynamic materials53,54 and mechanophores,50–52 which expands the 

perspectives for their future applications.  
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5.5. Experimental Methods 

Sample Preparation 

Iodide-based solutions were obtained mixing PbI2 and (PDMA)I2 powders in 1:1 

stoichiometric ratio for (PDMA)PbI4, whereas 1:2 ratio of PbI2:(BN)I for 

(BN)2PbI4. Subsequently, solid mixtures were dissolved in the N,N-

dimethylformamide (DMF)  and dimethyl sulfoxide (DMSO) solvent mixture 

(4:1, v/v) to obtain 0.2 M solution. Bromide-based solutions were made mixing 

PbBr2:(PDMA)Br2 in 1:1 ratio for (PDMA)PbBr4 and in 1:2 PbBr2:(BN)Br for 

(BN)2PbBr4. The mixtures were then dissolved in (DMF:DMSO) (1:1, v/v) 

solvent to obtain 0.2 M solution. All the films were solution-processed by spin-

coating. Before deposition, the glass substrates were ultrasonically cleaned with 

acetone and ethanol sequentially for 5 min, followed by UV-Ozone 

cleaning/treatment for 15 min. Precursor solution was dropped on the glass 

substrate (Assitent 50), which was afterwards spun at 1000 rpm and 4000 rpm for 

10 s and 20 s, respectively. Spin-coated films were annealed on a hot plate at 150 

°C for 10 min. Solution preparation was carried out in an argon atmosphere 

glovebox (0.5 ppm < O2 and 0.5 ppm < H2O), whereas sample deposition in the 

dry air glovebox ( 𝑅𝐻 ≈ 5%).  Perovskite powders were prepared using 

mechanosynthesis by grinding in a ball mill (Retsch Ball Mill MM-200) using a 

grinding jar (10 ml) and a ball (⌀10 mm) for 30 min at 25 Hz. The molar ratios 

of all the precursors were stoichiometric and the resulting powders were annealed 

at 150 °C for 30 min. 

 

Pressure-dependent absorption  

We measured pressure-dependent absorption using a LAMBDA 750 

UV/Vis/NIR Spectrophotometer (Perkin Elmer). The samples are placed inside a 

pressure cell (ISS Inc.) filled with inert liquid (perfluorohexane, FC-72, 3M). The 

increase in the volume of the liquid inside the pressure cell upon pumping 

generates high pressure. Measurements are performed from ambient pressure to 

0.350 GPa, in steps of 0.050 GPa, and we waited 7 min before measuring at each 

pressure to ensure equilibration under pressure. Prior to use, the liquid is degassed 

in a Schlenk line to remove oxygen, responsible for scattering of light above 0.3 
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GPa and consequent reduction of the transmitted signal. We estimate an error of 

the reading of 0.020 GPa. 

 

X-Ray Diffraction 

 Measurements of perovskite thin films were carried out using 

PANalytical Empyrean Series 2 instrument in Bragg-Brentano configuration with 

Cu Kα radiation at 40 kV voltage and 40 mA current. A nickel filter was used to 

reduce K contribution. X-rays were detected using a PIXcel3d detector. 

 

Steady-State Photoluminescence  

 We measured photoluminescence (PL) with a home-built setup equipped 

with a 405 nm CW laser source (S1FC405, Thorlabs) for the iodide-based 

perovskite composition (PDMA-I and BN-I). The PL was coupled into a fiber 

connected to an OceanOptics USB4000 spectrometer. To remove the excitation 

laser from the acquired signal, a long-pass filter LP500 was mounted before the 

spectrometer. An integration time of 1 second was used for each measurement. 

To measure the PL of bromide-based perovskite composition (PDMA-Br and 

BN-Br), a 375 nm laser was used. 

 

Density Functional Theory 

 All computations were done on the DFT level of theory with the software 

package Quantum ESPRESSO v6.6 using ultrasoft pseudopotentials from the 

pslibrary 1.0.0, a wavefunction cutoff of 60 Ry, a charge density cutoff of 480 

Ry, Gaussian spreading of 0.005 Ry and the semiempirical Grimme‘s DFT-D3 

vdW correction.55–57 Relaxations were performed using the PBEsol functional in 

which the energies and forces are converged up to 10-7 Ry and 10-6 Ry/Bohr, 

respectively, with the system specific converged at Γ-point centered k-point 

Monkhorst-Pack grid (Table 5.1). For the computations of the bandgap, single 

point energy computations were done on the relaxed structures using the Perdew-

Burke-Ernzerhof (PBE) functional with a wavefunction convergence up to 10-8 

Ry and (apart from (BN)2PbBr4) at higher k-point Monkhorst-Pack grid (Table 

5.1). For each pressure, the experimentally obtained structure files are taken and 
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used for relaxation while keeping the cell fixed. For the PDMA based systems, a 

2×2×1 supercell was created prior to relaxation.  

 

Table 5.1. k-point Monkhorst-Pack grid used for the relaxation and SPE of the 

systems. 

 

System Relaxation SPE 

(BN)2PbBr4 8×8×2 8×8×2 

(BN)2PbI4 6×6×2 9×10×3 

(PDMA)PbX4 (X=Br,I) 4×4×6 6×6×9 

  

High-pressure powder X-Ray diffraction 

High-pressure powder X-ray diffraction measurements were performed with 

synchrotron radiation in the Swiss Light Source (λ= 0.49217Å and Pilatus 6M 

detector).58 The samples were compressed in a membrane diamond-anvil cell 

using DAPHNA oil as medium. Prior to the measurement, the cell is pre-

pressurized applying a pressure of 3-4 bars on the membrane to avoid leaks and 

ensure a good sealing of the cell. This results in a slightly higher value for the 

first datapoint with respect to ambient pressure. We note that the response of the 

membrane used to measure the (PDMA)PbBr4 is higher than for the other 

compositions, resulting in higher starting pressure. We used α-quartz as a 

pressure calibrant, blended with a sample, and diffraction patterns of the mixture 

were collected. The equation of state of quartz was used to determine pressure 

with accuracy of approximately 0.005 GPa.59 Raw data was processed in 

Dioptas60 extracting patterns of the mixtures after masking diffraction spots from 

the diamonds. PXRD patterns were treated with TOPAS software and unit-cell 

parameters were determined using Rietveld refinement.61,62  
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5.6. Appendix 

5.6.1. ADDITIONAL FIGURES 
 

 

Figure A5.1. Lattice parameters as a function of pressure obtained from Rietveld 

refinements of diffraction patterns for a) (PDMA)PbI4, b) (BN)2PbI4, c) 

(PDMA)PbBr4, d) (BN)2PbBr4. The right axis refers to the c-axis (in purple). 
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Figure A5.2. Computed a) ϕ(Pb–X–Pb) tilting angle and b) nitrogen penetration 

depth in the plane formed by the halide atoms d(N…nX). The penetration depths 

of the two nitrogen in the PDMA spacer are not equivalent. Computed c) average 

equatorial (triangle) and axial (disk) Pb–X bond lengths d(Pb–X). The octahedra 

has two inequivalent equatorial bonds and one axial bond and d) average tilting 

angles of the benzyl ring relative to the c-axis ϕ(BN…nPbX). 
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Figure A5.3. Relaxed structures of a) (BN)2PbBr4 at 0.014 GPa and at 0.673 GPa, 

b) (BN)2PbI4 at 0.0186 GPa and at 0.8229 GPa. c) (PDMA)PbBr4 at 0.0042 GPa 

and at 0.3011 GPa, d) (PDMA)PbI4 at 0.1598 GPa and 0.7881 GPa. The rectangle 

in grey highlights the change in the spacers’ distance for all the systems at a 

representative low and high pressure. 
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Figure A5.4. Normalized absorbance collected at ambient pressure for a) 

(PDMA)PbI4 and (PDMA)PbBr4, b) (BN)2PbI4 and (BN)2PbBr4 highlighting the 

presence of the typical excitonic feature observed in layered 2D perovskites. 

 

 

Figure A5.5. Pressure-dependent photoluminescence for a) (PDMA)PbI4, b) 

(BN)2PbI4, c) (PDMA)PbBr4, d) (BN)2PbBr4. The photoluminescence peak shifts 

towards smaller energy as a function of pressure for all the compositions studied. 
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Figure A5.6. Excitonic peak estimated using a skewed gaussian fit (blue) and the 

maximum intensity position of the excitonic feature (in orange) for a) 

(PDMA)PbI4, b) (BN)2PbI4, c) (PDMA)PbBr4, d) (BN)2PbBr4. The two methods 

result in comparable results. The larger error in the second method is given by 

the resolution of the measurement. 
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Figure A5.7. DFT calculation of the change of bandgap Egap relative to the 

corresponding structure at low pressure for all the compositions in study. 
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5.6.2. ADDITIONAL TABLES 

 

Table 5.2. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) for (PDMA)PbI4 as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–Pb 

(°) 

d(Pb–X)ax 

(Å) 

d(Pb–X)eq 

(Å) 

d(N… nX) 

(Å) 

d(N…nX) 

(Å) 

ϕ(N…Pb–X) 

(°) 

0.1598 149.5329 3.1885 3.18315 -0.5933 -0.55825 5.64388 

0.1621 149.5348 3.18812 3.18276 -0.5949 -0.5592 5.65079 

0.1636 149.5361 3.18749 3.1823 -0.5965 -0.56033 5.66000 

0.1711 149.5376 3.18683 3.18167 -0.5979 -0.56151 5.67174 

0.1797 149.5426 3.18606 3.18105 -0.5992 -0.56259 5.68260 

0.1887 149.5367 3.1853 3.1803 -0.6007 -0.56374 5.69450 

0.1973    -0.6025 -0.56506 5.71414 

0.2106 149.5398 3.18369 3.17889 -0.6040 -0.56638 5.71800 

0.2168 149.5377 3.18267 3.17802 -0.6056 -0.56783 5.731925 

0.2292 149.5198 3.18119 3.17658 -0.6059 -0.56793 5.755073 

0.2299 149.5434 3.18185 3.17718 -0.6095 -0.57081 5.746575 

0.2459 149.5398 3.17971 3.17529 -0.6113 -0.57254 5.778501 

0.2605    -0.6135 -0.5744 5.794679 

0.2751 149.5377 3.17726 3.17303 -0.6159 -0.57671 5.816089 

0.2975 149.5439 3.17588 3.17175 -0.6185 -0.57908 5.836809 

0.3142 149.5448 3.17432 3.1703 -0.6209 -0.58163 5.861448 

0.3351 149.547 3.17257 3.16869 -0.6244 -0.58475 5.883516 

0.3597 149.5609 3.16817 3.16462 -0.6282 -0.5886 5.916929 

0.3934 149.5703 3.16518 3.16196 -0.6327 -0.59339 5.953579 

0.4299    -0.6344 -0.59578 5.999345 

0.4576    -0.6398 -0.6000 6.021744 

0.4838    -0.6428 -0.60357 6.066036 

0.5085 149.6319 3.15907 3.15646 -0.6475 -0.60857 6.100086 

0.5515 149.638 3.15629 3.15385 -0.6539 -0.61504 6.142101 

0.5994 149.6621 3.15251 3.1504 -0.6614 -0.62352 6.207654 

0.6734    -0.6716 -0.6336 6.295497 

0.7881     -0.5582 6.378513 
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Table 5.3. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) for (PDMA)PbBr4 as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–Pb 

(°) 

d(Pb–X)ax 

(Å) 

d(Pb–X)eq 

(Å) 

d(N… nX) 

(Å) 

d(N… 

nX)(Å) 

ϕ(N…Pb–X) 

(°) 

0.0042 148.2977 3.0086 3.00124    

0.0756 148.2827 3.002715 2.99565 -0.50629 -0.45516 7.024311 

0.1146 148.266 2.99997 2.99308 -0.51182 -0.45921 7.146059 

0.1427 148.2715 2.997863 2.99308 -0.51397 -0.4620 7.203226 

0.1686 148.2562 2.996003 2.98911 -0.51635 -0.46520 7.248788 

0.1873 148.248 2.994741 2.98797 -0.51803 -0.46714 7.28877 

0.2044 148.2498 2.993764 2.98711 -0.5197 -0.46877 7.306107 

0.2184 148.2777 2.992746 2.98585 -0.5211 -0.47095 7.33093 

0.2335 148.2772 2.992309 2.98547 -0.52171 -0.47203 7.372813 

0.2404 148.2706 2.991744 2.98496 -0.52207 -0.47298 7.36974 

0.2504 148.2782 2.991343 2.98463 -0.52297 -0.47393 7.373831 

0.2566 148.2928 2.990668 2.98457 -0.52350 -0.47460 7.379919 

0.2623 148.2872 2.990378 2.98352 -0.52395 -0.47559 7.398313 

0.269 148.2957 2.990151 2.9834 -0.52520 -0.47630 7.405101 

0.2704 148.2907 2.98981 2.98306 -0.52573 -0.47670 7.410301 

0.2758 148.3007 2.989559 2.98281 -0.52556 -0.47733 7.417375 

0.2819 148.2979 2.989176 2.98245 -0.52646 -0.47822 7.421604 

0.2933 148.2951 2.988621 2.98193 -0.52733 -0.47895 7.430358 

0.2955 148.3059 2.988262 2.9815 -0.52748 -0.47934 7.437077 

0.2979 148.2996 3.0086 2.98137 -0.52728 -0.4798 7.445589 
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Table 5.4. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) and the distance between the spacer d(BN…BN) for (BN)2PbI4 

as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–Pb 

(°) 

d(Pb–

X)ax (Å) 

d(Pb–

X)eq (Å) 

d(Pb–

X)eq (Å) 

d(BN-

BN) (Å) 

d(N…nX)  

(Å) 

ϕ(N…Pb–X)  

(°) 

0.0186 158.226 3.188795 3.205568 3.225182 2.95517 -0.77249 16.26021 

0.0259 158.171 3.188876 3.205345 3.224699 2.949492 -0.77237 16.30191 

0.0368 158.161 3.188793 3.204526 3.224062 2.942536 -0.77207 16.35031 

0.0525 158.0914 3.188814 3.203614 3.222925 2.931349 -0.77186 16.42522 

0.0746 158.0189 3.188839 3.202264 3.22139 2.916536 -0.77203 16.52653 

0.0928 157.9442 3.188883 3.201589 3.220359 2.907326 -0.77192 16.58269 

0.1053 157.946 3.188861 3.200642 3.219423 2.900458 -0.77165 16.62962 

0.1234 157.8722 3.188865 3.199676 3.218584 2.890662 -0.77131 16.70087 

0.1414 157.8064 3.18887 3.198585 3.217279 2.879254 -0.77107 16.77728 

0.1659 157.7161 3.188866 3.197197 3.21537 2.864104 -0.77016 16.88414 

0.236 157.4868 3.188785 3.19345 3.210936 2.827205 -0.76990 17.15686 

0.2977 157.2632 3.188675 3.19038 3.20701 2.797149 -0.77086 17.38496 

0.3934 156.9954 3.188082 3.185162 3.200705 2.755883 -0.77248 17.72018 

0.4831 156.7842 3.187391 3.180165 3.19515 2.721692 -0.77495 18.02232 

0.5888 156.5197 3.186379 3.174538 3.188543 2.686233 -0.7783 18.34094 

0.7054 156.0185 3.185185 3.16887 3.181604 2.654936 -0.78188 18.64073 
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Table 5.5. Absolute values of the DFT calculated equatorial and axial bond 

length d(Pb–X), bond angle Pb–X–Pb, distance from the nitrogen of each organic 

spacer to the X plane d(N…nX), titing angle between the organic spacer the Pb–X 

plane ϕ(N…Pb–X) and the distance between the spacer d(BN…BN) for (BN)2PbBr4 

as a function of pressure. 

 

Pressure 

(GPa) 

Pb–X–

Pb (°) 

Pb–X–Pb 

(°) 

d(Pb–

X)ax 

(Å) 

d(Pb–

X)eq 

(Å) 

d(Pb–

X)eq (Å) 

d(BN-

BN) 

(Å) 

d(N…nX) 

(Å) 

ϕ(N…Pb–

X) 

(°) 

0.0143 141.305 154.31 3.001 2.976 3.018 4.4130  11.88 

0.0425 141.251 154.288 3.0011 2.974 3.017 4.3856 -0.4730 12.00 

0.07 141.157 154.256 3.0013 2.9724 3.0159 4.3545 -0.4741 12.169 

0.086 141.111 154.252 3.0012 2.9712 3.0152 4.3334 -0.4751 12.274 

0.1075 141.053 154.250 3.0012 2.9697 3.0143 4.3105 -0.4764 12.375 

0.131 141.025 154.231 3.0012 2.9681 3.0134 4.2842 -0.4783 12.499 

0.1461 141.068 154.27 3.0007 2.9671 3.0133 4.2598 -0.4814 12.596 

0.1639 141.163 154.300 3.0002 2.9659 3.0131 4.2268 -0.4857 12.710 

0.1712 141.426 154.414 2.9989 2.9643 3.0135 4.1682 -0.4954 12.887 

0.1978 141.414 154.424 2.9962 2.9604 3.0129 4.0554 -0.5185 13.188 

0.2128 142.933 154.782 2.9956 2.9582 3.0091 3.9898 -0.5317 12.310 

0.2419 144.009 154.701 2.9971 2.9574 2.9993 3.9142 -0.5355 10.327 

0.2772 144.538 154.704 2.9972 2.9567 2.9955 3.8591 -0.5392 9.8109 

0.311 144.794 154.688 2.9972 2.9547 2.9923 3.8235 -0.5426 9.5804 

0.3666 144.994 154.662 2.9971 2.9515 2.9888 3.7783 -0.5474 9.5743 

0.4202 145.140 154.619 2.9971 2.9481 2.9853 3.7400 -0.5517 9.5202 

0.5322 145.244 154.575 2.9969 2.9410 2.9791 3.6656 -0.560 9.9320 
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Table 5.6. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (PDMA)PbI4 by tracking the maximum 

position of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure (GPa) Peak energy (eV) Energy shift (meV) Peak energy (eV) Energy shift (meV) 

0 2.424±0.002 0 2.4126±0.0002 0 

0.10 2.417±0.002 -7.08±3.44 2.406±0.0002 -6.64±0.37 

0.15 2.414±0.002 -9.44±3.44 2.401±0.0002 -10.94±0.38 

0.20 2.411±0.002 -14.13±3.44 2.397±0.0004 -14.78±0.41 

0.25 2.403±0.002 -21.14±3.44 2.391±0.0004 -20.66±0.54 

0.30 2.401±0.002 -23.46±3.44 2.388±0.0003 -24.61±0.56 

0.35 2.396±0.002 -28.10±3.44 2.385±0.0003 -26.82±0.51 

 

Table 5.7. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (PDMA)PbBr4 by tracking the maximum 

position of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure 

(GPa) 

Peak energy 

(eV) 

Energy shift 

(meV) 

Peak energy 

(eV) 

Energy shift 

(meV) 

0 3.092±0.002 0 3.0673±0.0006 0 

0.10 3.084±0.002 -7.69±3.44 3.0599±0.0006 -7.38±1.24 

0.15 3.081±0.002 -11.52±3.44 3.0551±0.0005 -12.20±1.17 

0.20 3.077±0.002 -15.34±3.44 3.0504±0.0005 -16.89±1.17 

0.25 3.069±0.002 -22.96±3.44 3.0463±0.0006 -20.94±1.24 

0.30 3.069±0.002 -22.96±3.44 3.0420±0.0005 -25.30±1.15 

0.35 3.065±0.002 -26.75±3.44 3.0363±0.0003 -31.02±1.03 

 

Table 5.8. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (BN)2PbI4 by tracking the maximum position 

of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure (GPa) Peak energy (eV) Energy shift (meV) Peak energy (eV) Energy shift (meV) 

0 2.373±0.002 0 2.3668±0.0007 0 

0.10 2.364±0.002 -9.04±3.44 2.3596±0.0005 -7.17±1.25 

0.15 2.359±0.002 -13.54±3.44 2.3556±0.0004 -11.16±1.16 

0.20 2.355±0.002 -18.03±3.44 2.3511±0.0004 -15.66±1.07 

0.25 2.348±0.002 -24.72±3.44 2.3455±0.0001 -21.28±0.82 

0.30 2.344±0.002 -29.16±3.44 2.3402±0.0003 -26.63±1.01 

0.35 2.337±0.002 -35.78±3.44 2.3335±0.0003 -33.29±1.05 
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Table 5.9. Excitonic peak position and shift obtained from the pressure-

dependent optical measurements of (BN)2PbBr4 by tracking the maximum 

position of the excitonic peak and by fitting the curve to a skewed Gaussian. 

 Max position Fit 

Pressure (GPa) Peak energy (eV) Energy shift (meV) Peak energy (eV) Energy shift (meV) 

0 3.103±0.002 0 3.0734±0.0001 0 

0.10 3.092±0.002 -11.61±3.44 3.0623±0.0001 -11.15±0.19 

0.15 3.084±0.002 -19.30±3.44 3.0535±0.0001 -19.91±0.18 

0.20 3.076±0.002 -26.95±3.44 3.0436±0.0001 -29.83±0.17 

0.25 3.065±0.002 -38.36±3.44 3.0334±0.0001 -40.03±0.16 

0.30 3.057±0.002 -45.92±3.44 3.0355±0.0001 -47.94±0.16 

0.35 3.050±0.002 -53.44±3.44 3.0186±0.0001 -54.88±0.17 

 

 

Table 5.10. Computed Egap for (PDMA)PbI4 

 

Pressure (GPa) Bandgap (eV) 

0.1598 2.1277 

0.1621 2.1272 

0.1636 2.1264 

0.1711 2.1254 

0.1797 2.1243 

0.1887 2.1235 

0.2106 2.1223 

0.2168 2.1213 

0.2292 2.1202 

0.2299 2.1185 

0.2459 2.1187 

0.2772 2.116 

0.2751 2.1143 

0.2975 2.1121 

0.3142 2.1096 

0.3351 2.1068 

0.3934 2.1038 

0.4299 2.1003 

0.5085 2.0957 

0.5511 2.0902 

0.5994 2.0874 

0.6734 2.0824 

0.7881 2.078 
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Table 5.11. Computed Egap for (PDMA)PbBr4 

 

Pressure (GPa) Bandgap (eV) 

0.0042 2.5925 

0.0756 2.5828 

0.1146 2.5784 

0.1427 2.575 

0.1686 2.5713 

0.1873 2.5696 

0.2044 2.5676 

0.2184 2.563 

0.2335 2.563 

0.2404 2.5623 

0.2504 2.5613 

0.2566 2.5601 

0.2623 2.5591 

0.269 2.5586 

0.2704 2.5577 

0.2758 2.5569 

0.2819 2.5561 

0.2933 2.5553 

0.2955 2.555 

0.2979 2.5543 

 

Table 5.12. Computed Egap for (BN)2PbBr4 

 

Pressure (GPa) Bandgap (eV) 

0.0143 2.7044 

0.0425 2.7034 

0.07 2.7028 

0.086 2.7023 

0.1075 2.701 

0.131 2.6998 

0.1461 2.6969 

0.1639 2.6931 

0.1712 2.6837 

0.1978 2.6576 

0.2128 2.6401 

0.2419 2.6203 

0.2772 2.6091 

0.311 2.6008 

0.3666 2.5913 

0.4202 2.582 

0.5322 2.5681 

0.6733 2.5547 
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Table 5.13. Computed Egap for (BN)2PbI4 

 

Pressure (GPa) Bandgap (eV) 

0 1.9504 

0.0259 1.9506 

0.0368 1.9501 

0.0525 1.9501 

0.0746 1.9495 

0.0928 1.9497 

0.1053 1.9488 

0.1234 1.9486 

0.1414 1.9483 

0.1659 1.9481 

0.2128 1.9469 

0.3934 1.9462 

0.4831 1.9434 

0.5888 1.9399 

0.7054 1.9359 

0.8229 1.9316 
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5.6.3. DETAILED ANALYSIS OF PRESSURE-DEPENDENT XRD 

The refinement revealed presence of unreacted substrates in all four 

mechanosynthesized samples (Figure A5.8). 

 

 

Figure A5.8. The samples inside a diamond anvil cell with a visible radiation 

damage after the experiments. 

 

A detailed description of the XRD patterns for all the four samples 

(Figure A5.9) is reported below. The mechanosynthesis of (BN)2PbI4 resulted in 

almost a full conversion of the precursors into the desired product. The fitting of 

SiO2 (green) and (BN)2PbI4 (red) patterns left just a few unidentified Bragg peaks 

(grey plot), which were not assigned neither to PbI2 nor BN-I. The reaction 

leading to (BN)2PbBr4 is slower and apart from the product identified (35.9%), 

the sample contains unreacted precursor BN-Br and PbBr2 (18.4 and 11.5%, 

respectively) and the remaining 34.2% is quartz. All significant reflections were 

fitted during the refinement (grey). The scattering of (PDMA)PbI4 sample was 

weaker, thus no strong high-angle reflections appeared for 2θ > 26°. Only the 

product and quartz were identified, but some remaining Bragg peaks (grey) could 

come from the phases. Although the fitting of full substrate’s patterns was 

unsuccessful, some of the reflections matched, which shows partial 

amorphization and/or preferential orientation of the substrate crystals after 

mechanosynthesis. The reaction yield of (PDMA)PbBr4 within the given 
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conversion time is not full as PbBr2 (28.8%) and PDMA-Br (18.6%) were 

identified in the mixture together with the product (21.7%) and the pressure 

sensor (30.9%). As indicated before, lack of some reflection (e.g. 001 2θ~3.7°) 

may suggest preferential orientation of PDMA-Br crystals. On the other hand, no 

distinguishable Bragg peaks for 2θ > 12° and broad reflections below may 

indicate partial amorphisation of the organic precursor. The crystal structure of 

(PDMA)PbBr4 is unknown and for the research purposes it was assumed 

isostructural to the I-analogue, which gave good agreement with collected data. 

Attempts to obtain a single crystal confirming the crystal structure were 

unsuccessful. 

 

Figure A5.9. XRD patterns of a) (BN)2PbI4, b) (BN)2PbBr4, c) (PDMA)PbBr4 

and d) (PDMA)PbBr4 showing the mixtures (orange) and separated patterns of 

the components, quartz (red), products (green) and unreacted substrates (if 

present, gray and magenta). 
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5.6.4. BULK MODULUS CALCULATION 

 Given the mostly isotropic response to the exertion of pressure, 

we calculate the isothermal bulk modulus from the pressure-volume (P-V) 

relationship (Figure A5.10) using the second order Birch-Murnaghan equation 

of state43  

𝑃 =
3

2
𝐾𝑇0 [(

𝑉0

𝑉
)

7
3

− (
𝑉0

𝑉
)

5
3

] (5.1) 

where 𝐾𝑇0  is the isothermal bulk modulus at standard temperature, 𝑉0  is the 

initial volume, V is the volume at pressure P. To account for the isostructural 

phase transition in (BN)2PbBr4, the two-phase transition regimes are fitted 

separately and two 𝐾𝑇0 are obtained for this composition (Table 5.14). 

 

 

Figure A5.10. Pressure-Volume (P-V) relationship as a function of pressure fitted 

with second order Birch-Murnaghan equation of state fit (solid black line) for a) 

(PDMA)PbX4 and b) (BN)2PbX4. Here, c-axis is the out-of-plane direction and a 

and b axis are the in-plane ones. 

 

Table 5.14. Isothermal bulk moduli for the layered 2D perovskites studied. 

 

Composition 𝑲𝑻𝟎 (GPa) 

(PDMA)PbI4 10.65 ± 0.06 

(PDMA)PbBr4 12.6 ± 0.1 

(BN)2PbI4 10.88 ± 0.03 

(BN)2PbBr4 (< 0.14 GPa)  6.9 ± 0.1 

(BN)2PbBr4  (> 0.14 GPa) 7.4 ± 0.2 
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A larger bulk modulus suggests a greater stiffness of the material. While one 

might expect that RP-type layered perovskites should be less rigid and more 

compressible due to van der Waals interactions in the spacer bilayers, the bulk 

modulus of (BN)PbI4 is comparable to (PDMA)PbI4. However, the behaviour of 

the bromide analogues is different; (BN)2PbBr4 shows a significantly smaller bulk 

modulus indicating higher compressibility and pressure responsiveness. 

According to the obtained bulk modulus, we expect a more pronounced effect of 

the pressure to the optoelectronic properties in the case of (BN)2PbBr4.  
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