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Expanding the Cage of 2D Bromide Perovskites by Large A-site Cations

Two-dimensional (2D) halide perovskites have outstanding optoelectronic properties, and they feature a variety of organic cation spacers and cage A-site cations that can be incorporated into their structures. It has recently been reported that the Goldschmidt tolerance factor can be relaxed and expanded in iodide 2D perovskites. Bromide 2D perovskites, whose multilayer structures and optical properties are much less studied, provide a great platform for studying structure-property relationships for 2D perovskites with large A-site cations. Herein, we report the synthesis and structure of three new 2D bromide perovskites-(BA) 2 (MHy) 2 Pb 3 Br 10 (BA, butylammonium; MHy, methylhydrazinium), (BA) 2 (EA) 2 Pb 3 Br 10 (EA is ethylammonium), and (BA) 2 (DMA)Pb 2 Br 7 (DMA is dimethylammonium). We compared them with other 2D perovskites with different Asite cations but with the same spacer and layer thickness. Single-crystal structures show that the Pb-Br bonds are elongated to accommodate the large A-site cations. Additionally, the octahedra in (BA) 2 (MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 are highly distorted, and their different stacking

patterns of the inner and outer layers lead to the formation of the n = 3 phase. Density functional theory calculations show that 2D perovskites with larger A-site cations (e.g. DMA, MHy and EA) have smaller band dispersions and larger effective masses than those with Cs + and MA.

(BA) 2 (MHy) 2 Pb 3 Br 10 also exhibits one of the largest Rashba splitting in the literature. Structures with large cage cations also exhibit a high bandgap within the same layer number and short photoluminescence (PL) lifetimes. Temperature-and power-dependent PL measurements reveal that the broad shoulder in the PL peak originates from the trap states.

Introduction

Halide perovskites have attracted extensive research interest for applications in optoelectronic devices [1][2][3] owing to their outstanding physical properties. [4][5][6] The most extensively studied threedimensional (3D) halide perovskites have the general formula AMX 3 , where A is a +1 cation, M is a +2 metal, and X is a halide. 7,8 The choice of the A-site cation can be guided by the Goldschmidt tolerance factor, 𝑡 = (𝑟 & + 𝑟 ( ) [ 2 𝑟 , + 𝑟 ( ], where 𝑟 & , 𝑟 , and 𝑟 ( are the effective radii of A + , M 2+ , and X -ions, respectively. 9, 10 When 0.8< 𝑡 <1, the proper perovskite phase can form, but when 𝑡 is outside the range, a non-perovskite phase is formed. For most reported main-group halide perovskites, A is Cs + , CH 3 NH 3 + (MA), or HC(NH 2 ) 2 + (FA), where M is Pb 2+ , Sn 2+ , or Ge 2+ , and X is I -, Br -, or Cl -. 7,8 Extensive research has been devoted to mixing A-site cations of different sizes to preserve the perovskite structure and, in turn, improve the efficiency as well as the stability of perovskite solar cells. 11,[START_REF] Correa-Baena | Homogenized halides and alkali cation segregation in alloyed organic-inorganic perovskites[END_REF] However, these large A-site cations (e.g. dimethylammonium and guanidinium) by themselves cannot stabilize the 3D perovskite structures. Usually, a large cation (𝑡 > 1) is balanced with a small cation (𝑡 < 0.8) or one within the optimal range (0.8< 𝑡 <1). There is crystallographic [START_REF] Gao | Incorporated Guanidinium Expands the CH3NH3PbI3 Lattice and Enhances Photovoltaic Performance[END_REF][START_REF] Anelli | Investigation of Dimethylammonium Solubility in MAPbBr3 Hybrid Perovskite: Synthesis, Crystal Structure, and Optical Properties[END_REF] and solid-state nuclear magnetic resonance (NMR) [START_REF] Kubicki | Formation of Stable Mixed Guanidinium-Methylammonium Phases with Exceptionally Long Carrier Lifetimes for High-Efficiency Lead Iodide-Based Perovskite Photovoltaics[END_REF] evidence that some amount of a large cation can be accommodated within the structure. [START_REF] Anelli | Investigation of Dimethylammonium Solubility in MAPbBr3 Hybrid Perovskite: Synthesis, Crystal Structure, and Optical Properties[END_REF] Recently, large A-site cations have been incorporated into 3D perovskite lattices, and their structures have been characterized by single-crystal X-ray diffraction. For example, in 2019, Huang et al. reported that halogenated-methylammonium may form 3D halide perovskite nanocrystals; they also reported the single-crystal structure of FMAPbBr 3 (FMA = CH 2 FNH 3+ ), which adopts the space group of Im3m at 153 K. 16 In 2020, Zhang et al. reported the structure of (CH 3 PH 3 )SnBr 3 , which adopts the Pc space group at room temperature and goes through two phase transitions at higher temperatures. [START_REF] Zhang | Methylphosphonium Tin Bromide: A 3D Perovskite Molecular Ferroelectric Semiconductor[END_REF] At 333 K, it adopts the orthorhombic space group of Pna2 1 , and at 383 K, it goes to the cubic spacer group of Pm3m. [START_REF] Zhang | Methylphosphonium Tin Bromide: A 3D Perovskite Molecular Ferroelectric Semiconductor[END_REF] Recently, Ma̧czka et al. reported that methylhydrazinium (MHy) can serve as A-site cation in MHyPbBr 3 and MHyPbCl 3 , both of which adopt the P2 1 space group at room temperature and go through phase transitions at higher temperatures. [START_REF] Maçzka | Three-Dimensional Perovskite Methylhydrazinium Lead Chloride with Two Polar Phases and Unusual Second-Harmonic Generation Bistability above Room Temperature[END_REF][START_REF] Maçzka | Methylhydrazinium Lead Bromide: Noncentrosymmetric Three-Dimensional Perovskite with Exceptionally Large Framework Distortion and Green Photoluminescence[END_REF] The room temperature structures of MHyPbBr 3 and MHyPbCl 3 are highly distorted to accommodate the large cation. Interestingly, MHy can also serve as a spacer cation in 2D perovskites (MHy) 2 PbI 4 and (MHy) 2 PbBr 4 , where the octahedra are not tilted (Pb-X-Pb angles close to 180°), and the interlayer distances are small, leading to smaller bandgaps than those of the other n = 1 structures of the same halide. [START_REF] Mączka | Layered Lead Iodide of [Methylhydrazinium]2PbI4 with a Reduced Band Gap: Thermochromic Luminescence and Switchable Dielectric Properties Triggered by Structural Phase Transitions[END_REF][START_REF] Mączka | Methylhydrazinium]2PbBr4, a Ferroelectric Hybrid Organic-Inorganic Perovskite with Multiple Nonlinear Optical Outputs[END_REF] The 2D perovskites are derived from the 3D analogues by cutting along the (100) plane and inserting organic cations between them. The most prominent class is the Ruddlesden-Popper (RP) perovskites with the general formula (A') 2 A n-1 M n X 3n+1 (where A' is the large spacing cation and A is the cage cation, as in AMX 3 above). The value of n refers to the thickness of the layers in units of [MX 6/2 ] -octahedra. In 2D perovskites, it appears that the tolerance factor can be further extended compared to that in 3D structures. For example, isopropylammonium (IPA) [START_REF] Stoumpos | Structure-Band Gap Relationships in Hexagonal Polytypes and Low-Dimensional Structures of Hybrid Tin Iodide Perovskites[END_REF] and ethylammonium (EA) [START_REF] Mao | Tunable White-Light Emission in Single-Cation-Templated Three-Layered 2D Perovskites (CH 3 CH 2 NH 3 ) 4 Pb 3 Br 10-x Cl x[END_REF] can serve as both the A-site cage cation and spacer cation in (IPA) 2 (IPA)Sn 2 I 7 and (EA) 2 (EA) 2 Pb 3 X 10 (X = Br or Cl), respectively. However, there is a growing number of examples where the spacer cations and cage cations are different. Fu et al. reported the relaxation of the tolerance factor in 2D perovskites, where different A-site cations were incorporated into 2D perovskites. [START_REF] Fu | Incorporating Large A Cations into Lead Iodide Perovskite Cages: Relaxed Goldschmidt Tolerance Factor and Impact on Exciton-Phonon Interaction[END_REF] We further studied the structure-property relationships in the n = 2 perovskites (BA) 2 (A)Pb 2 I 7 [START_REF] Li | Negative Pressure Engineering with Large Cage Cations in 2D Halide Perovskites Causes Lattice Softening[END_REF] (BA = butylammonium, A = methylammonium (MA), formamidinium (FA), dimethylammonium (DMA), guanidinium (GA)), and n = 3 phase (BA) 2 (EA) 2 Pb 3 I 10 26 . The latter was studied as an antiferroelectric and X-ray detector. [START_REF] Ji | 2D Hybrid Perovskite Ferroelectric Enables Highly Sensitive X-Ray Detection with Low Driving Voltage[END_REF][START_REF] Han | High-Temperature Antiferroelectric of Lead Iodide Hybrid Perovskites[END_REF] The large A-site cation EA can also improve the ferroelectric performance of the 2D perovskite using 4aminomethyl-1-cyclohexanecarboxylate (t-ACH) as the spacer. [START_REF] Liu | Spacer Cation Alloying of a Homoconformational Carboxylate trans Isomer to Boost in-Plane Ferroelectricity in a 2D Hybrid Perovskite[END_REF] Based on our experience and reported literature, [START_REF] Mao | Structural Diversity in White-Light-Emitting Hybrid Lead Bromide Perovskites[END_REF][START_REF] Umeyama | Expanded Analogs of Three-Dimensional Lead-Halide Hybrid Perovskites[END_REF] the bromide perovskites have the largest structural flexibility. On the one hand, because the Pb-Br bond length is in between Pb-I and Pb-Cl, the bromide structure has moderate cage space. On the other hand, Br has moderate electronegativity between I and Cl, so the bromide structures can form reasonably strong hydrogen bonding with the organic cations that enables various types of interesting structures. However, the structure-property relationships of bromide 2D perovskites are less studied compared with those of iodides. Here, we report three new bromide 2D perovskites with large A-site cations:

(BA) 2 (MHy) 2 Pb 3 Br 10 , (BA) 2 (EA) 2 Pb 3 Br 10 , and (BA) 2 (DMA)Pb 2 Br 7 . We compared their structures and properties with those of other bromide 2D perovskites with the same layer number. The effective radii of the cations used in this study are listed in Table 1. We found that in addition to cage expansion and negative pressure imposed by the large A cation octahedral distortion, Pb offcentering also occurs. Such a unique stacking pattern of distorted and undistorted layers may be the reason why only one of the layer numbers (n = 2 or n = 3) can be stabilized for each A cation.

Density functional theory (DFT) calculations suggest that as the size of the A-site cation increases, the band dispersion decreases and the effective mass increases. The 2D perovskites with larger Asite cations exhibit higher bandgaps and shorter PL lifetimes than those with small A cations. Lowfrequency Raman spectra suggest that their lattice is very soft and anharmonic, and the phonon modes shift to lower frequencies with the increase in the size of the A cation.

Experimental Section

The starting materials PbBr 2 (98%), methylamine hydrochloride (98%), formamidine acetate (99%), dimethylamine hydrochloride (99%), methylhydrazine (98%), ethylammonium chloride [START_REF] Li | Tailored Engineering of an Unusual (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 ) 2 Pb 3 Br 10 Two-Dimensional Multilayered Perovskite Ferroelectric for a High-Performance Photodetector[END_REF] were synthesized according to methods reported elsewhere. We note that the methods reported here only give rise to small single crystals (< 1mm).

For centimeter size single crystals, please refer to methods reported in the literature. [START_REF] Li | Tailored Engineering of an Unusual (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 ) 2 Pb 3 Br 10 Two-Dimensional Multilayered Perovskite Ferroelectric for a High-Performance Photodetector[END_REF][START_REF] Li | Bilayered Hybrid Perovskite Ferroelectric with Giant Two-Photon Absorption[END_REF][START_REF] Wu | Alloying n-Butylamine into CsPbBr3 To Give a Two-Dimensional Bilayered Perovskite Ferroelectric Material[END_REF] (BA) 2 (Cs)Pb 2 Br 7 . 1.5 mmol PbBr 2 (550.5 mg) and 1 mmol cesium nitrate (194.9 mg) were dissolved in 9 mL of concentrated HBr solution under heating and continuously stirred at 120 °C.

Then, 4 mmol (396 µL) butylamine (BA) was added to 1 mL of concentrated aqueous H 3 PO 2 solution in a separate vial under stirring. The neutralized BA solution was added to the HBr solution under stirring until a clear solution was obtained. Then, the hot plate was turned off, and the solution was cooled to room temperature. The light-yellow crystals settled at the bottom of the vial after 24h and were isolated by suction filtration followed by drying under vacuum for 30 min. More details about the characterizations and physical measurements can be found in the Supporting Information.

Results and Discussion

Synthesis

(BA) 2 (MA)Pb 2 Br 7 and (BA) 2 (MA) 2 Pb 3 Br 10 were synthesized according to previously reported methods. [START_REF] Li | Two-Dimensional Hybrid Perovskite-Type Ferroelectric for Highly Polarization-Sensitive Shortwave Photodetection[END_REF][START_REF] Li | Tailored Engineering of an Unusual (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 ) 2 Pb 3 Br 10 Two-Dimensional Multilayered Perovskite Ferroelectric for a High-Performance Photodetector[END_REF] The other compounds were synthesized using a similar solution method by tuning the ratio between the BA spacer and PbBr ) despite the presence of a large excess of strong acid present. It is likely that both the +1 and +2 species exist in solution in equilibrium and that the layered perovskite is formed by "selecting" the monocation that satisfies the charge balance requirements. Notably, although we tuned the ratio of BA from 1/12 to ½ of the stoichiometric ratio (BA:EA:Pb from 1:12:18 to 1:2:3), we did not obtain a higher layer number than n = 2 for (BA) 2 (DMA)Pb 2 Br 7 . For (BA) 2 (MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 , no evidence for the existence of other layer numbers has been found, which we discuss in detail below. 

Description of the Crystal structures n = 3 phases

The two new n = 3 phases, (BA) 2 (MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 , were refined in the noncentrosymmetric space group of Cc (Figure 1), with crystal and refinement data shown in Table 2 and more detailed crystallographic data shown in Table S1-S6. However, their unit cells were different. (BA) 2 (EA) 2 Pb 3 Br 10 adopts more isotropic in-plane unit cell parameters with similar b and c axes (b ≈ c ≈ 2 ×2×𝑃𝑏 -𝐵𝑟), which is common in most 2D perovskites [START_REF] Li | Two-Dimensional Halide Perovskites Incorporating Straight Chain Symmetric Diammonium Ions, (NH 3 C m H 2m NH 3 )(CH 3 NH 3 ) n-1 Pb n I 3n+1 (m = 4-9; n = 1-4)[END_REF][START_REF] Li | Two-Dimensional Dion-Jacobson Hybrid Lead Iodide Perovskites with Aromatic Diammonium Cations[END_REF] . By contrast, the unit cell parameter of (BA) 2 (MHy) 2 Pb 3 Br 10 is anisotropic, b ≈ 2×𝑃𝑏 -𝐵𝑟 while c ≈ 4×𝑃𝑏 -𝐵𝑟, similar to the (GA)(MA) n Pb n I 3n+1 (GA = guanidinium) phases. [START_REF] Soe | New Type of 2D Perovskites with Alternating Cations in the Interlayer Space, (C(NH 2 ) 3 )(CH 3 NH 3 ) n Pb n I 3n+1 : Structure, Properties, and Photovoltaic Performance[END_REF] For (BA) 2 (MHy) 2 Pb 3 Br 10 , the octahedra lying on the surface of the layers (outer layer) are uniform, while the octahedra in the inner part of the layers are highly distorted. We calculated the distortion index (D) and bond angle variance (𝜎 7 ) using equations ( 1) and ( 2) available in Vesta software (Table 3) [START_REF] Momma | VESTA 3 for three-dimensional visualization of crystal, volumetric and morphology data[END_REF] , which is a measure of the extent to which each Pb-Br bond length (𝑙 9 ) and Br-Pb-Br bond angle (𝜃 9 ) deviate from the average value (𝑙 ;< and 90°) within each individual octahedron. The distortion index increases with increasing size of the A-site cation, as shown in Figure 2, which suggests the individual octahedron is more distorted with larger cage cations. For (BA) 2 (MHy) 2 Pb 3 Br 10 , the inner layer has a larger D and 𝜎 7 than the outer layers, which is more obvious for 𝜎 7 because some of the Br-Pb-Pb angles are far from 90° (e.g., 80° or 100°). Looking at the top view for the inner and outer layers separately (Figure S2), we can see that the inner layer octahedra are highly distorted, and the Pb atoms are clearly off-centered, while the outer layer octahedra are more uniform and their Pb-Br-Pb angles are close to 180°. As shown in Figure S2b, the adjacent four Pb atoms form a square, and the unit cells of most 2D perovskites cross the diagonals of the square, as indicated by the purple lines. However, for the inner layer, the adjacent four Pb atoms form an irregularly shaped void and the four adjacent diagonals have two very different values (Figure S2a).

From the side view (Figure 1a), the structure adopts an A-B-A stacking pattern. This stacking pattern cannot exist in an even layer number, which may explain why the n = 2 phase cannot be synthesized, despite systematic synthetic attempts. For (BA) 2 (EA) 2 Pb 3 Br 10 , the outer layer was more distorted than the inner layer, as shown in Table 3. However, it also adopts the A-B-A stacking pattern, and we have only succeeded in synthesizing the n = 3 phase so far. Notably, in the iodide analogue (BA) (1)

𝜎 7 = (𝜃 9 -90) 7 11 >7 9I> (2) 
To accommodate the large A-site cations, the perovskite cages need to be expanded with elongated Pb-Br bond distances. As shown in Figure 2, the average Pb-Br bond length increases with larger

A-site cation. The Pb-Br bond lengths can be further categorized into the equatorial bond length perpendicular to the stacking direction or the axial bond length parallel to the stacking axis. As shown in Table S7 It was recently reported that the compressive strain between the layers can balance the expansion of the perovskite cage and reduce the overall strain in the structure. [START_REF] Fu | Incorporating Large A Cations into Lead Iodide Perovskite Cages: Relaxed Goldschmidt Tolerance Factor and Impact on Exciton-Phonon Interaction[END_REF][START_REF] Li | Negative Pressure Engineering with Large Cage Cations in 2D Halide Perovskites Causes Lattice Softening[END_REF][START_REF] Fu | Cation Engineering in Two-Dimensional Ruddlesden-Popper Lead Iodide Perovskites with Mixed Large A-Site Cations in the Cages[END_REF] 3a), but for (BA) 2 (MA)Pb 2 Br 7 , the octahedra do not tilt out-of-plane (Figure 3b). From the top view (Figure 3c), the (BA) 2 (DMA)Pb 2 Br 7 octahedra are barely tilted in-plane, but for (BA) 2 (MA)Pb 2 Br 7 , they are heavily tilted in-plane. For (BA) 2 (DMA)Pb 2 Br 7 , there is a glide plane crossing the A-site cation, but for (BA) 2 (MA)Pb 2 Br 7 , there is a mirror plane.

We also calculated the average Pb-Br bond length to evaluate cage expansion (Table S9, Figure S3). Both the equatorial and axial Pb-Br bond lengths increase with the size of the A-site cation, but for (BA) 2 (DMA)Pb 2 Br 7 , there is a large increase in the average axial bond length because of the extra-long axial Pb-Br bond, as shown in Figure 3d-g. The average Pb-Br-Pb angles also increased with larger A-site cations (Table S9), similar to the 3D case of CsPbBr 3 , MAPbBr 3 , and FAPbBr 3 . There are mainly two ways to accommodate the large A-site cations: the first is to elongate the Pb-Br bond length and the second is to straighten the equatorial Pb-Br-Pb angle. As shown in Table S9, the axial Pb-Br-Pb angles are close to 180°, while the equatorial angles increase as the size of the A-site cation increases. Since the angle cannot be larger than 180°, above a certain threshold, the bonds are elongated to accommodate the large A-site cation.

DSC and phase transitions

To assess the possibility of structural changes in the compounds with temperature, we measured the differential scanning calorimetry (DSC) for the compounds in the -80-150 ℃ (193-423 K) range (Figure S4). The (BA) shows a broad peak around 100 °C (373 K), which corresponds to an isomorphic phase transition according to the literature. [START_REF] Wu | Alloying n-Butylamine into CsPbBr3 To Give a Two-Dimensional Bilayered Perovskite Ferroelectric Material[END_REF] At high temperatures (139 °C / 412 K), there is another small peak that corresponds to a secondorder phase transition. [START_REF] Wu | Alloying n-Butylamine into CsPbBr3 To Give a Two-Dimensional Bilayered Perovskite Ferroelectric Material[END_REF] All compounds showed little hysteresis during the cycles because the peak positions remained almost unchanged in the first and second cycles. The phase transitions in 2D perovskites are usually attributed to the order-disorder transition of the organic spacer. [START_REF] Barman | Phase Transitions in the Anchored Organic Bilayers of Long-Chain Alkylammonium Lead Iodides (C n H 2n+1 NH 3 ) 2 PbI 4 ; n = 12, 16[END_REF] Since all the compounds reported here use BA as the spacer, they still have significantly different phase transition temperatures, suggesting that the A-site cations can also influence the phase transition temperatures as occurs in 3D AMX 3 perovskites. [START_REF] Chen | Elucidating the phase transitions and temperature-dependent photoluminescence of MAPbBr3 single crystal[END_REF] For the n = 2 phases, they adopt the noncentrosymmetric Ccm2 1 space group at room temperature. It has been reported that they go through a noncentrosymmetric to centrosymmetric phase transition above room temperature for (BA) 2 (Cs)Pb 2 Br 7 , (BA) 2 (MA)Pb 2 Br 7 , and (BA) 2 (FA)Pb 2 Br 7 . [START_REF] Li | Two-Dimensional Hybrid Perovskite-Type Ferroelectric for Highly Polarization-Sensitive Shortwave Photodetection[END_REF][START_REF] Li | Bilayered Hybrid Perovskite Ferroelectric with Giant Two-Photon Absorption[END_REF][START_REF] Wu | Alloying n-Butylamine into CsPbBr3 To Give a Two-Dimensional Bilayered Perovskite Ferroelectric Material[END_REF] For (BA) 2 (DMA)Pb 2 Br 7 , this transition likely occurs at a higher temperature than our measurement range, and the lowtemperature (-36 ℃) phase transition may correspond to the change from orthorhombic to monoclinic space groups. The phase transitions of (BA) 2 (MHy) 2 Pb 3 Br 10 occur at high temperatures, which is consistent with the trend that its 3D analogue, (MHy)PbBr 3 , exhibits a phase transition at a relatively high temperature (145 °C), [START_REF] Maçzka | Methylhydrazinium Lead Bromide: Noncentrosymmetric Three-Dimensional Perovskite with Exceptionally Large Framework Distortion and Green Photoluminescence[END_REF] likely because of the large distortion of the structure caused by strong hydrogen bonding.

Electronic Band Structures

DFT was used to calculate the electronic band structures of (BA) groups along with sizable spin-orbit coupling, a direct consequence of the heavy lead atom [START_REF] Even | Electronic model for selfassembled hybrid organic/perovskite semiconductors: Reverse band edge electronic states ordering and spin-orbit coupling[END_REF] , and has also been predicted in other noncentrosymmetric 2D [START_REF] Kepenekian | Rashba and Dresselhaus Effects in Hybrid Organic-Inorganic Perovskites: From Basics to Devices[END_REF] and 3D perovskite phases [START_REF] Even | DFT and k • p modelling of the phase transitions of lead and tin halide perovskites for photovoltaic cells[END_REF] . This significant Rashba splitting most likely stems from the off-centering of Pb atoms in (BA) 2 (MHy) 2 Pb 3 Br 10 , which leads to a break of symmetry and the splitting of the bands. This is among the largest Rashba splitting reported, which provides a new design strategy to induce Rashba splitting.

The band structures of all n = 3 compounds exhibit a clear 2D nature, where the bands are dispersive in the layer direction but flat in the stacking direction (Figure 4). 4) matched the experimental trend (see below and Figure S5). When the Pb-Br-Pb angles were similar, compounds with larger organic A-site cations exhibited higher bandgaps. As the size of the A-site cation increases, the Pb-Br bonds are elongated, and in turn, the overlap between Pb s-and Br p-orbitals in the valence band decreases. [START_REF] Li | Negative Pressure Engineering with Large Cage Cations in 2D Halide Perovskites Causes Lattice Softening[END_REF] This leads to a shift of the valence band toward lower energies, thus opening the bandgap. This stabilization of the valence band is accompanied by a reduction in the valence band dispersion and an increase in the in-plane effective masses (Table 4). (BA) 2 (Cs) 2 Pb 3 Br 10 had an intermediate bandgap and the smallest A cation. The larger bandgap compared to (BA) 2 (MA) 2 Pb 3 Br 10 can be traced back to the significantly large in-plane tilting of the octahedra [START_REF] Mao | Tunable White-Light Emission in Single-Cation-Templated Three-Layered 2D Perovskites (CH 3 CH 2 NH 3 ) 4 Pb 3 Br 10-x Cl x[END_REF] . Similar trends were observed for the n = 2 phases (Table 4, Figure S6). As the size of the A-site cation increased from Cs to MA and from FA to DMA, the band dispersion decreased, especially for the valence bands (Figure S6) leading to increased bandgaps ( which has the longest Pb-Br bond length and smallest band dispersion among the n = 2 phases.

Optical Properties

Absorption spectra were measured by diffuse reflectance of the grinded single crystals and converted to absorption by the Kubelka-Munk equation (Figure S7) and their Tauc plots are shown in Figure 5a,b. [START_REF] Gate | Comparison of the Photon Diffusion Model and Kubelka-Munk Equation with the Exact Solution of the Radiative Transport Equation[END_REF] In the absorption spectra (Figure 5a,b), there is a high-energy absorption edge and a low-energy exciton peak. In the case of (BA) 2 (MA) 2 Pb 3 Br 10 (Figure S7a), a low-energy tail is observed that may originate from the high layer numbers. Even though we used the ratio of reagents as reported in the literature, [START_REF] Li | Tailored Engineering of an Unusual (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 ) 2 Pb 3 Br 10 Two-Dimensional Multilayered Perovskite Ferroelectric for a High-Performance Photodetector[END_REF] that report used a slow cooling method at a rate of 0.5 °C/day. This slow cooling rate cannot be achieved with our furnace; therefore, we used a direct cooling method instead (the hot plate was turned off and the solution was cooled to room temperature after a clear solution was obtained). This procedure may cause the higher layer number or 3D impurities to be present in small amounts (below the detection limit of PXRD), however, the low-energy tail is not observable in the Tauc plot, as shown in Figure 5a. The position of the absorption edge matches that reported in the literature, so the impurity does not influence the extraction of the correct bandgap. [START_REF] Li | Tailored Engineering of an Unusual (C 4 H 9 NH 3 ) 2 (CH 3 NH 3 ) 2 Pb 3 Br 10 Two-Dimensional Multilayered Perovskite Ferroelectric for a High-Performance Photodetector[END_REF] The bandgaps have been extracted either from the high-energy absorption edge or the low-energy slope as described previously. [START_REF] Li | Two-Dimensional Hybrid Perovskite-Type Ferroelectric for Highly Polarization-Sensitive Shortwave Photodetection[END_REF][START_REF] Stoumpos | Ruddlesden-Popper Hybrid Lead Iodide Perovskite 2D Homologous Semiconductors[END_REF] In either case, the bandgaps follow the trend E g, EA > ≈ E g,MHy > E g,MA for n = 3 phases and E g, DMA > E g, FA > ≈ E g, MA > ≈ E g,Cs for the n = 2 phases. It is worth pointing out that the change in the bandgaps (0.1-0.2 eV) for the bromide system is larger than that in the iodide system (BA) 2 (A)Pb 2 I 7 (0.06 eV), [START_REF] Li | Negative Pressure Engineering with Large Cage Cations in 2D Halide Perovskites Causes Lattice Softening[END_REF] showing the power of tuning the optical properties by changing the A-site cations.

Generally, 2D perovskites with larger A-site cations exhibit larger bandgaps, except for (BA) 2 (Cs) 2 Pb 3 Br 10 . This is because they have the smallest Pb-Br-Pb angle, which reduces the overlap of the Pb s-and Br p-orbitals and increases the bandgap. 7 The larger bandgaps of which can also reduce orbital overlap and increase the bandgap. [START_REF] Li | Negative Pressure Engineering with Large Cage Cations in 2D Halide Perovskites Causes Lattice Softening[END_REF] Second, (BA) 2 (MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 also have a larger distortion index, which is reported to increase the bandgap. [START_REF] Li | Three-dimensional Lead Iodide Perovskitoid Hybrids with High X-ray Photoresponse[END_REF] For the n = 2 phase, both the Pb-Br-Pb bond angle (primarily the equatorial one) and the Pb-Br bond length increase with the increase in the size of the A-site cation. In S9), which is consistent with the fact that it has the highest bandgap among the n = 2 series. Collectively, these results suggest that both the Pb-Br-Pb angle and Pb-Br can influence the bandgap and may sometimes compensate each other until one of the factors dominates.

The PL spectra of some of the compounds are shown in Figure 5c. The PL spectra of (BA) 2 (EA) 2 Pb 3 Br 10 and (BA) 2 (DMA)Pb 2 Br 7 were relatively broad. The other three compounds exhibit a narrow PL peak and a broad shoulder, and their origins will be discussed below. As seen in the PL decay curves (Figure 5d), the compounds exhibit a fast decay for the first nanosecond, followed by a slow decay. Therefore, the curves are fitted to a two-exponential decay, τ = 𝑎 > ×𝑒 L M + 𝑎 7 ×𝑒 L N + 𝑏 , where τ 1 and τ 2 correspond to the lifetimes of the fast and slow components, respectively. The ratio of the number of photons emitted in each decay can be calculated using 𝑃ℎ Q = (𝑎 Q ×τ Q ) (𝑎 > ×τ > + 𝑎 7 ×τ 7 ), (x = 1, 2). Then, the average lifetime can be defined by τ ;<R = 𝑃ℎ > ×τ > + 𝑃ℎ 7 ×τ 7 , and the fitted values produced in this manner are listed in Table 5. The PL lifetimes follow the trend τ ave, Cs > τ ave, FA > τ ave, EA > τ ave, DMA > τ ave, MHy. Generally, the PL lifetimes of the 2D perovskites with larger A-site cations are shorter than those with smaller A cations. This is consistent with previous reports that 2D perovskites with larger A-site cations show shorter PL lifetimes [START_REF] Li | Negative Pressure Engineering with Large Cage Cations in 2D Halide Perovskites Causes Lattice Softening[END_REF] because they have softer and more anharmonic lattices (see below), which makes the compounds subject to defect states that induce exciton trapping.

To explore the origin of the broad (shoulder) PL, we chose to measure the temperature-dependent PL of (BA) 2 (EA) 2 Pb 3 Br 10 for the reported compounds (Figure 6). As the temperature decreased, the broad peak evolved into a narrow peak and a shoulder at longer wavelengths. At 78 K, the main peak (free exciton peak) became much narrower, and the shoulder almost completely disappeared. Meanwhile, a new broad peak appeared at approximately 610 nm, which was redshifted with respect to the shoulder peak. This temperature-activated effect was also observed by other researchers, who attributed the broad emission to trap states. [48][START_REF] Paritmongkol | Two Origins of Broadband Emission in Multilayered 2D Lead Iodide Perovskites[END_REF][START_REF] Booker | Formation of Long-Lived Color Centers for Broadband Visible Light Emission in Low-Dimensional Layered Perovskites[END_REF][START_REF] Stranks | Recombination Kinetics in Organic-Inorganic Perovskites: Excitons, Free Charge, and Subgap States[END_REF] The PL lifetimes were fitted as discussed above. The fitting parameters are summarized in Table S10 and the average lifetimes are shown in Figure 6b. The fast decay can be attributed to the radiative excitonic decay and the slower one is believed to be related to trapping. The PL lifetime first increased with decreasing temperature, reached its maximum at 135 K, and then decreased again at 78 K when the shoulder peak disappeared. To confirm this, we measured the power-dependent PL at room temperature (Figure 6c). The PL intensity saturates at high power density. For an excitonic emission, we would expect it to follow a linear relationship. The saturation of PL at high power suggests that part of the emission (the shoulder) originates from the trap states, since we assume there is only a limited number of traps. [START_REF] Chen | Elucidating the phase transitions and temperature-dependent photoluminescence of MAPbBr3 single crystal[END_REF] We also explored the lattice softness and phonon modes using low-frequency Raman spectroscopy.

The room temperature spectra are shown in Figure 7a. They consist of a broad, diffuse central peak around 0 cm -1 , as well as distinct peaks, with the main peaks shift from 47 to 73 cm -1 , which can be attributed to the bending modes of the octahedra. [START_REF] Guo | Direct Observation of Bandgap Oscillations Induced by Optical Phonons in Hybrid Lead Iodide Perovskites[END_REF] The frequency of the main peak shifts to a lower wavenumber as the size of the A-site cation increases, which corresponds to lower frequency phonons because of the weaker, longer-length Pb-Br bond. The temperature-dependent Raman spectra for (BA) 2 (EA) 2 Pb 3 Br 10 appear similar across the measured temperature range (Figure 7b), which is consistent with the DSC result that there is no phase transition in the temperature range.

The temperature-dependent Raman spectra of the other compounds are shown in Figure S8. For (BA) 2 (Cs)Pb 2 Br 7 and (BA) 2 (FA)Pb 2 Br 7 , the peaks become slightly more distinct at low temperatures, while for (BA) 2 (DMA)Pb 2 Br 7 , they are still diffuse. This suggests that the perovskite lattice with larger A-site cations is even softer and more anharmonic, possibly making it easier to interact with the charge carriers, resulting in a shorter PL lifetime. It was shown that lattice softness can influence the trapping of carriers by shallow traps and, in turn, the quantum yield. [START_REF] Gong | Electronphonon interaction in efficient perovskite blue emitters[END_REF] Although the dynamic lattice is responsible for many favorable physical properties of halide perovskites, once passing a certain range (e.g., with the large A cations discussed here), the softer lattice may be detrimental to certain properties.

Conclusions

Large A-site cations in 2D perovskites can lead not only to cage expansion but also to large octahedral Starting Materials PbBr 2 (98%), methylamine hydrochloride (98%), formamidine acetate (99%), dimethylamine hydrochloride (99%), methylhydrazine (98%), ethylammonium chloride (98%), hydrobromic acid (48 wt % in H 2 O, distilled, stabilized, 99.95%), and hypophosphorous acid solution (50 wt % in H 2 O) were purchased from Sigma-Aldrich and used as received.

Synthesis of (BA) 2 (MA) 2 Pb 3 Br 10 . We used the ingredients ratio reported in the literature, 1 where a slow cooling method with a rate of 0.5 °C/day was used. But this cannot be achieved with our furnace, so we used a direct cooling method instead, which might be the origin of the higher layernumber. But the position of the absorption edge matches with that reported in the literature.

Powder X-ray Diffraction. Powder X-ray diffraction analysis was performed using a Rigaku Differential Scanning Calorimetry (DSC). DSC measurements were performed with a TA Q200 instrument. 10 mg of each sample was placed in an aluminum crucible that was cold sealed with a press. Sample was measured under ultra-high purity nitrogen gas (50 ml/min) and an empty aluminum was used as a reference. Baseline signal, collected with no crucibles loaded in the cell, was subtracted automatically from the raw data. Temperature was increased at a rate of 5 ℃ /min from -80 ℃ to 150 ℃.

Optical Absorption Spectroscopy. Optical diffuse reflectance measurements were performed using a Shimadzu UV-3600 UV-vis NIR spectrometer operating in the 200-2500 nm region at room temperature. BaSO 4 was used as the reference of 100% reflectance for all measurements.

The reflectance versus wavelength data generated were used to estimate the bandgap of the material by converting reflectance to absorption data according to the Kubelka-Munk equation:

α/S = (1-R) 2 (2R) -1
, where R is the reflectance and α and S are the absorption and scattering coefficients, respectively. For temperature dependent Raman measurements, the samples were mounted in a liquid-nitrogen cryostat (Janis VPF-100) at a pressure below 10 

  The powder X-ray diffraction (PXRD) patterns for the n = 3 and n = 2 phases are shown in FigureS1. The PXRD patterns of the new structures ((BA) 2 (DMA)Pb 2 Br 7 , (BA) 2 (MHy) 2 Pb 3 Br 10 , and (BA) 2 (EA) 2 Pb 3 Br 10 ) are similar to those reported for the same layer number (e.g., (BA) 2 (MA)Pb 2 Br 7 and (BA) 2 (MA) 2 Pb 3 Br 10 ). However, the peaks shift to lower angles because of the larger d-spacing caused by the large A-site cations (see below). For the n = 2 phases, there are two low-angle peaks below 2θ ~ 14°. For the n = 3 phase, there are three equally spaced peaks, which are characteristic of 2D perovskites, and the absence of other peaks suggests that there is no second phase.

(BA) 2 (

 2 Cs) 2 Pb 3 Br 10 exhibited the most uniform Pb-Br bond lengths, where the equatorial and axial bond lengths are similar. For the compounds incorporating an organic cation on the A-site, the internal axial Pb-Br bond length is longer than the external axial and equatorial Pb-Br bond lengths.

2 (

 2 MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 and compare them with those of (BA) 2 (Cs) 2 Pb 3 Br 10 and (BA) 2 (MA) 2 Pb 3 Br 10 based on the published structures (Figure 4). All n = 3 compounds are direct bandgap semiconductors, but they exhibit a sizable impact of the lattice distortion, including a Rashba splitting around the Г (Y) or Y/2 points. The most striking example is (BA) 2 (MHy) 2 Pb 3 Br 10 , where k-dependent band splitting can be clearly observed at the Y/2 point. Notably, despite exhibiting the same space group (Cc), (BA) 2 (MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 have different in-plane cell shapes, which explains why the location of the bandgap occurs at different high-symmetry points in the reciprocal space. The Rashba splitting originates from the noncentrosymmetric space

(BA) 2 (

 2 MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 compared to (BA) 2 (MA) 2 Pb 3 Br 10 can be rationalized based on two independent structural features. First, although all three compounds have similar Pb-Br-Pb angles, (BA) 2 (MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 have longer Pb-Br bonds,

(BA) 2 (

 2 Cs)Pb 2 Br 7 , (BA) 2 (MA)Pb 2 Br 7 , and (BA) 2 (FA)Pb 2 Br 7 , these two factors compensate for each other; therefore, they exhibit similar bandgaps. Considering the 2D color map reported in the literature, 25 the internal axial Pb-Br bond length has been shown to have a larger influence on the bandgap than the equatorial one. The (BA) 2 (DMA)Pb 2 Br 7 compound has an extra-long internal axial Pb-Br bond (Table

  distortion and Pb off-centering. The A-B-A distorted and undistorted stacking pattern explains why only the n = 3 phase can be stabilized for MHy and EA. The Pb off-centering in (BA) 2 (MHy) 2 Pb 3 Br 10 causes a large Rashba splitting in the calculated electronic band structure. Both the Pb-Br bond length and the Pb-Br-Pb angle can influence the optical properties of 2D perovskites. For similar tilting of the octahedra, as the size of the A-site cation increases, the band dispersion becomes smaller, resulting in a larger carrier effective mass and larger bandgap. The Pb off-centering in (BA) 2 (MHy) 2 Pb 3 Br 10 leads to one of the largest Rashba splitting in the literature. The PL spectra of EA exhibited a shoulder at room temperature and an additional broad peak at low temperatures. Low-frequency Raman spectra suggest that the lattice also becomes softer and more anharmonic with the increasing size of the A-site cation. The oversoft lattice may be subject to trap formation, which is responsible for the shorter PL lifetime for structures with larger A cations. These new structures expand the platform of 2D perovskites to study the structure-property relationships with large A-site cations.ASSOCIATED CONTENTsupport from the Soft and Hybrid Nanotechnology Experimental (SHyNE) Resource (NSF ECCS-2025633), and Northwestern University.

Figure 1 .

 1 Figure 1. Views of crystal structures of (a),(b) (BA) 2 (MHy) 2 Pb 3 Br 10 and (c),(d) (BA) 2 (EA) 2 Pb 3 Br 10 .

Figure 2 .

 2 Figure 2. The relationships between the cation, tolerance factor, Pb-Br bond length and distortion index for n = 3 (BA) 2 (A) 2 Pb 3 Br 10 phases.

Figure 3 .

 3 Figure 3. Comparison of crystal structures for (a) (BA) 2 (DMA)Pb 2 Br 7 and (b) (BA) 2 (MA)Pb 2 Br 7 from the side view, (c) from the top view. Crystal structures of (d) (BA) 2 (Cs)Pb 2 Br 7 , (e) (BA) 2 (MA)Pb 2 Br 7 , (f) (BA) 2 (FA)Pb 2 Br 7 and (g) (BA) 2 (DMA)Pb 2 Br 7 emphasizing the perovskite cage.

Figure 4 .

 4 Figure 4. Electronic band structures of (a) (BA) 2 (Cs) 2 Pb 3 Br 10 , (b) (BA) 2 (MA) 2 Pb 3 Br 10 , (c) (BA) 2 (MHy) 2 Pb 3 Br 10 and (d) (BA) 2 (EA) 2 Pb 3 Br 10 .

Figure 5 .

 5 Figure 5. Tauc plots of the absorption spectra for the (a) n = 3 compounds and (b) n = 2 compounds. (c) PL spectra of the compounds. (d) PL decay curves.

Figure 6 .

 6 Figure 6. (a) Temperature-dependent PL spectra, (b) PL lifetimes of (BA) 2 (EA) 2 Pb 3 Br 10 at different temperatures. (c) PL intensity versus excitation power for (BA) 2 (EA) 2 Pb 3 Br 10 at room temperature.

Figure 7 .

 7 Figure 7. (a) Room-temperature low-frequency Raman spectra for the compounds. (b) Temperature-dependent Raman spectra of (BA) 2 (EA) 2 Pb 3 Br 10 .The numbers in Figure 7(a) indicate the frequencies of the main peaks in cm -1 .

  Miniflex600 powder X-ray diffractometer (Cu Kα graphite, λ = 1.5406 Å) operating at 40 kV/15 mA with a Kβ foil filter.Single Crystal Structure. Single-crystal X-ray diffraction experiments were performed using a STOE IPDS II or IPDS 2T diffractometer with Mo Kα radiation (λ = 0.71073 Å) and operating at 50 kV and 40 mA. Integration and numerical absorption corrections were performed using the X-AREA, X-RED, and XSHAPE programs. The structures were solved by charge flipping and refined by full-matrix least-squares on F 2 using the Jana 2006 package.2 

Figure

  Figure S4. DSC curves of (a) (BA) 2 (Cs)Pb 2 Br 7 , (b) (BA) 2 (FA)Pb 2 Br 7 , (c) (BA) 2 (DMA)Pb 2 Br 7 , (d) (BA) 2 (MHy) 2 Pb 3 Br 10 and (e) (BA) 2 (EA) 2 Pb 3 Br 10 .

Figure S5 .

 S5 Figure S5. Experimental vs computed bandgaps for the n = 3 phases. The experimental bandgaps were extracted from the low-energy slope in Figure S4. The bandgap of Cs compound was extracted the same way from the literature.11 However, the trend is the same as the numbers extracted from the high-energy slope: E g, EA > ≈ E g,MHy ≈ E g,Cs > E g,MA

Figure S7 .

 S7 Figure S7. Absorption spectra of the (a) n = 3 and (b) n = 2 phases using Kubelka-Munk conversion from the diffuse-reflectance measurements of the grinded powders.

Figure S8 .

 S8 Figure S8. Temperature-dependent Raman spectra of (a) (BA) 2 (Cs)Pb 2 Br 7 , (b) (BA) 2 (FA)Pb 2 Br 7 and (c) (BA) 2 (DMA)Pb 2 Br 7 .

  

  

(

  98%), hydrobromic acid (48 wt % in H 2 O, distilled, stabilized, 99.95%), and hypophosphorous acid solution (50 wt % in H 2 O) were purchased from Sigma-Aldrich and used as received.

	Synthesis	
	(BA) 2 (MA)Pb 2 Br 7	32 and (BA) 2 (MA) 2 Pb 3 Br 10

BA) 2 (FA)Pb 2 Br 7 . 3

  

	mmol PbBr 2 (1101 mg) and 2 mmol formamidine (FA) acetate (208.2 mg)
	were dissolved in 6 mL of concentrated HBr solution under heating and stirring at 120 °C. Then,
	2 mmol (198 µL) butylamine (BA) was added to 1 mL of concentrated aqueous H 3 PO 2 solution in
	a separate vial under stirring. The neutralized BA solution was added to the HBr solution under
	stirring until a clear solution was obtained. Then, the hot plate was turned off, and the solution was
	cooled to room temperature. The light-yellow crystals settled at the bottom of the vial after 24h
	and were isolated by suction filtration followed by drying under vacuum for 30 min. Yield: 488.6
	mg, 41.6% based on the total Pb.

Yield: 389.6 mg, 31.0% based on total Pb.

(

(BA) 2 (DMA)Pb 2 Br 7 . 4

  

	mmol PbBr 2 (1468 mg) and 2 mmol dimethylamine (DMA) hydrochloride
	(163.2 mg) were dissolved in 5 mL of concentrated HBr solution under heating and stirring at
	120 °C. First, 1 mmol (99 µL) butylamine (BA) was added to 1 mL of concentrated aqueous H 3 PO 2
	solution in a separate vial under stirring. The neutralized BA solution was added to the HBr
	solution under stirring until a clear solution was obtained. Then, the hot plate was turned off, and
	the solution was cooled to room temperature. The light-yellow crystals settled at the bottom of the
	vial after 24h and were isolated by suction filtration followed by drying under vacuum for 30 min.
	Yield: 214.7 mg, 18.4% based on total Pb.

(BA) 2 (EA) 2 Pb 3 Br 10 . A

  

	total of 6 mmol of PbBr 2 (2202 mg) and 4 mmol ethylamine (EA)
	hydrochloride (326.2 mg) was dissolved in 6 mL of concentrated HBr solution under heating and
	stirring at 120 °C. Then, 2 mmol (198 µL) butylamine (BA) was added to 1 mL of concentrated
	aqueous H 3 PO 2 solution in a separate vial under stirring. The neutralized BA solution was added
	to the HBr solution under stirring until a clear solution was obtained. Then, the hot plate was turned
	off, and the solution was cooled to room temperature. The light-yellow crystals settled at the
	bottom of the vial after a day and were isolated by suction filtration followed by drying under
	vacuum for 30 min. Yield: 1152 mg, 34.7% based on total Pb.

(BA) 2 (MHy) 2 Pb 3 Br 10 . 6

  

	bottom of the vial after 24h and were isolated by suction filtration followed by drying under
	vacuum for 30 min. Yield: 701.2 mg, 21.1% based on total Pb.
	mmol PbBr 2 (2202 mg) was dissolved in 5 mL of concentrated HBr
	solution under stirring. Methylhydrazine (MHy, 4 mmol, 210 µL) was added to the solution. First,
	1 mmol (99 µL) butylamine (BA) was added to 1 mL of concentrated aqueous H 3 PO 2 solution in
	a separate vial under stirring. The neutralized BA solution was added to the HBr solution under
	heating and stirring at 120 °C until a clear solution was obtained. Then, the hot plate was turned
	off, and the solution was cooled to room temperature. The light-yellow crystals settled at the

  Pb 3 Br 10 and (EA) 2 (EA) 2 Pb 3 Br 10 (see below), the lone pairs are spatially expressed. They can distort the octahedral coordination geometry as the Pb atoms move off-centered dynamically. The stereochemical activity can be shown by the large bond angle variance and distortion index.

	𝐷 =	> ?	? 9	|A B CA DE | A DE
				2 (EA) 2 Pb 3 I 10	26 and the bromide structure with just EA, (EA) 2 (EA) 2 Pb 3 Br 10	23 , there
	are no other members with n≠3 observed thus far. The Pb atom off-centering can be well explained
	by the stereo-active 6s 2 lone pairs, which are crystallographically more hidden in 3D perovskites.

But in 2D perovskites with elongated bond lengths, as in the case of (EA) 2 (MHy) 2

  , (BA) 2 (MHy) 2 Pb 3 Br 10 and (BA) 2 (EA) 2 Pb 3 Br 10 have longer Pb-Br bond lengths than (BA) 2 (MA) 2 Pb 3 Br 10 and (BA) 2 (Cs) 2 Pb 3 Br 10 , except for the external axial bond length.

Table 2

 2 For (BA) 2 (MHy) 2 Pb 3 Br 10 , the (internal) axial and equatorial Pb-Br bond lengths are both elongated, whereas for (BA) 2 (EA) 2 Pb 3 Br 10 , the axial bond length is elongated more than the equatorial one. As shown in Figure1d, the longest Pb-Br bond length in (BA) 2 (EA) 2 Pb 3 Br 10 is 3.3 Å, which is much longer than the normal Pb-Br bond length (~3.0 Å). A similar phenomenon was observed in (EA) 2 (EA) 2 Pb 3 Br 10 , where the axial Pb-Br bond length was much longer than the equatorial one. BA) 2 (Cs) 2 Pb 3 Br 10 has the smallest equatorial and average Pb-Br-Pb angles because the size of Cs + is at the lower limit of the tolerance factor; therefore, the octahedra are tilted to accommodate the small A-site cation. (BA) 2 (MHy) 2 Pb 3 Br 10 has larger equatorial Pb-Br-Pb angles than the other three compounds, but the average Pb-Br-Pb angles are quite similar to those of (BA) 2 (EA) 2 Pb 3 Br 10 and (BA) 2 (MA) 2 Pb 3 Br 10 (TableS8). The new structure (BA) 2 (DMA)Pb 2 Br 7 adopts the same Cmc2 1 space group as previously reported in (BA) 2 (Cs)Pb 2 Br 7 , 35 (BA) 2 (MA)Pb 2 Br 7 , 32 and (BA) 2 (FA)Pb 2 Br 7 34 (

	n = 2 phases

The Pb-Br-Pb angle is also known to significantly influence the properties of 2D perovskites. The angles can also be categorized into axial and equatorial angles using the same criteria as the bond length. (), but its structure is slightly different. From the side view, (BA) 2 (DMA)Pb 2 Br 7 octahedra are clearly tilted out-of-plane (Figure

  2 (DMA)Pb 2 Br 7 compound shows a phase transition at approximately -36 ℃ (237 K), while the (BA) 2 (FA)Pb 2 Br 7 , (BA) 2 (MHy) 2 Pb 3 Br 10 , and (BA) 2 (EA) 2 Pb 3 Br 10 compounds do not exhibit phase transitions below room temperature. (BA) 2 (FA)Pb 2 Br 7 and (BA) 2 (EA) 2 Pb 3 Br 10 compounds exhibited one phase transition above room temperature at 49 °C (322 K) and 108 °C (381 K), respectively. (BA) 2 (MHy) 2 Pb 3 Br 10 has two phase transitions above room temperature: 98 °C (371 K) and 142 °C (415 K). (BA) 2 (Cs)Pb 2 Br 7

Table 4

 4 

). Meanwhile, because of the more pronounced in-plane octahedral tilting in (BA) 2 (Cs)Pb 2 Br 7 and (BA) 2 (MA)Pb 2 Br 7 , as compared to (BA) 2 (FA)Pb 2 Br 7 and (BA) 2 (DMA)Pb 2 Br 7 , their computed bandgaps are slightly larger. This suggests that both the Pb -Br-Pb and Pb-Br bond lengths can influence the bandgap of 2D perovskites. Notably, among the compounds in Table

4

, the effective mass for holes is significantly larger in (BA) 2 (DMA)Pb 2 Br 7

Table 1 .

 1 The Effective Radii of the Cations.9,[START_REF] Mączka | Layered Lead Iodide of [Methylhydrazinium]2PbI4 with a Reduced Band Gap: Thermochromic Luminescence and Switchable Dielectric Properties Triggered by Structural Phase Transitions[END_REF] 

		Structural		Effective	Tolerance
	Cation	Formula			Radius (pm)	Factor
	Cesium (Cs)	Cs +				181	0.81
	Methylammonium (MA)	CH 3 NH 3	+		217	0.89
	Formamidinium (FA)	HC(NH 2 ) 2	+		253	0.98
	Methylhydrazinium (MHy)	CH 3 NH 2 NH 2	+	264	1.01
	Dimethylammonium (DMA)	CH 3 NH 2 CH 3	+	272	1.02
	Ethylammonium (EA)	CH 3 CH 2 NH 3	+	274	1.03

Table 2 .

 2 Crystal and Refinement Data for Three New Structures Reported Here.

	Compound	(BA)

2 (MHy) 2 Pb 3 Br 10 (BA) 2 (EA) 2 Pb 3 Br 10 (BA) 2 (DMA)Pb 2 Br 7

  

	Crystal system	monoclinic	monoclinic	orthorhombic
	Space group	Cc	Cc	Ccm2 1
	Unit cell dimensions	a = 51.406(10) Å b = 5.9636(12) Å c = 11.855(2) Å β = 96.66(3)°	a = 50.952(10) Å b = 8.4690(17) Å c = 8.4547(17) Å β = 90.026°	a = 39.637(8) Å b = 8.3784(11) Å c = 8.5023(14) Å
	Volume	3609.8(12) Å 3	3648.3(13) Å 3	2823.6(8) Å 3
	Z	4	4	4
	Density (calculated)	3.0601 g/cm 3	3.0242 g/cm 3	2.7478 g/cm 3
		-70<=h<=70	-66<=h<=69	-53<=h<=54
	Index ranges	-8<=k<=8	-11<=k<=11	-11<=k<=11
		-16<=l<=16	-11<=l<=11	-11<=l<=11
	Reflections collected	29833	17182	13535
	Independent reflections	6435 [R int = 0.1523]	6313 [R int = 0.0594]	2722 [R int = 0.0447]
	Completeness to θ = 25°	100%	100%	99%
	Data / restraints / parameters	6435 / 20 / 171	6313 / 20 / 171	2722 / 17 / 79
	Goodness-of-fit	3.23	1.44	2.60
	Final R indices			
	[I>2σ(I)]			

Table 3 .

 3 Comparison of the Distortion Index and Bond Angle Variance for the n = 3 Phases.

			Distortion Index			Bond Angle Variance
		Cs	MA	MHy	EA	Cs	MA	MHy	EA
	Layer 1 0.002 0.015 0.018 0.032	8.3	11.6	6.7	36.0
	Layer 2 0.001 0.008 0.024 0.016	0.4	5.4	274.0	21.2
	Layer 3 0.002 0.015 0.018 0.034	8.3	11.6	6.5	34.2
	Ave	0.002 0.013 0.020 0.028	5.7	9.6	95.7	30.6

Table 4 .

 4 Comparison of Calculated Bandgaps and Effective Masses as extracted at the extrema of the valence and conduction bands

	Compound	m h (m 0 ) m e (m 0 ) µ (m 0 ) Eg (eV)
	(BA) 2 (Cs)Pb 2 Br 7	0.22	0.22	0.11	1.38
	(BA) 2 (MA)Pb 2 Br 7	0.26	0.21	0.12	1.46
	(BA) 2 (FA)Pb 2 Br 7	0.26	0.22	0.12	1.33
	(BA) 2 (DMA)Pb 2 Br 7	0.45	0.19	0.13	1.40
	(BA) 2 (Cs) 2 Pb 3 Br 10	0.22	0.2	0.10	1.17
	(BA) 2 (MA) 2 Pb 3 Br 10	0.22	0.19	0.10	0.96
	(BA) 2 (MHy) 2 Pb 3 Br 10	0.25	0.34	0.14	1.21
	(BA) 2 (EA) 2 Pb 3 Br 10	0.28	0.23	0.13	1.38

Table 5 .

 5 Summary of PL Lifetimes and Fitting Parameters.

		a 1	τ 1 (ns)	a 2	τ 2 (ns)	τ ave (ns)
	(BA) 2 (Cs)Pb 2 Br 7	0.990	0.103	0.010	1.461	0.277
	(BA) 2 (FA)Pb 2 Br 7	0.992	0.106	0.008	1.399	0.236
	(BA) 2 (DMA)Pb 2 Br 7	0.992	0.110	0.008	0.793	0.149
	(BA) 2 (MHy) 2 Pb 3 Br 10 0.996	0.099	0.004	0.954	0.127
	(BA) 2 (EA) 2 Pb 3 Br 10	0.987	0.126	0.013	0.964	0.204

Table S3 .

 S3 -4 Torr. Atomic coordinates (x10 4 ) and equivalent isotropic displacement parameters (Å 2 x10 3 ) for (BA) 2 (EA) 2 Pb 3 Br 10 at 293 K with estimated standard deviations in parentheses.

	Br(6)	194(7)	102(4)	30(2)	5(4)	31(3)	7(2)
	Br(7)	187(6)	26(2)	114(3)	4(4)	90(3)	-1(3)
	Br(8)	181(7)	24(2)	80(3)	-5(4)	-28(3)	-1(2)
	Br(9)	66(6)	231(15)	296(12)	19(7)	2(7)	11(9)
	Br(10)	46(5)	227(14)	292(11)	-14(6)	-3(6)	-6(8)
	Label	x	y	z		Occupancy	U eq	*
	Pb(1)	-7865(1)	-2511(2)	-6421(1)	1	48(1)
	Pb(2)	-6627(1)	-2615(1)	-6665(1)	1	42(1)
	Pb(3)	-5389(1)	-2509(2)	-6423(1)	1	48(1)
	Br(1)	-6043(1)	-2289(4)	-6415(1)	1	74(2)
	Br(2)	-7812(1)	38(3)	-8883(1)	1	76(2)
	Br(3)	-7214(1)	-2274(3)	-6410(1)	1	73(2)
	Br(4)	-7956(1)	-5055(3)	-8873(1)	1	79(2)
	Br(5)	-8398(1)	-1893(5)	-6435(1)	1	115(2)
	Br(6)	-5439(1)	37(3)	-8888(1)	1	81(2)
	Br(7)	-5297(1)	-4952(3)	-3879(1)	1	80(2)
	Br(8)	-4850(1)	-1896(5)	-6446(1)	1	112(2)
	Br(9)	-6627(1)	-5644(3)	-8637(1)	1	69(1)
	Br(10)	-6626(1)	-376(2)	-9640(1)	1	61(1)

Table S4 .

 S4 Anisotropic displacement parameters (Å 2 x10 3 ) for (BA) 2 (EA) 2 Pb 3 Br 10 at 293 K with estimated standard deviations in parentheses.

	Br(6)	133(3)	54(2)	55(2)	5(2)	5(2)	19(2)
	Br(7)	131(3)	56(2)	54(2)	-12(2)	-6(2)	15(2)
	Br(8)	51(3)	77(2)	207(3)	-5(2)	-4(2)	-3(2)
	Br(9)	88(2)	58(2)	60(2)	-1(2)	0(2)	-23(1)
	Br(10)	78(2)	50(2)	54(1)	-2(2)	2(2)	11(1)
	Label	U 11	U 22	U 33	U 12	U 13	U 23
	Pb(1)	66(1)	36(1)	42(1)	3(1)	-1(1)	-1(1)
	Pb(2)	53(1)	36(1)	37(1)	-1(1)	0(1)	0(1)
	Pb(3)	63(1)	37(1)	42(1)	-1(1)	1(1)	-1(1)
	Br(1)	49(2)	90(2)	84(2)	7(2)	0(2)	7(2)
	Br(2)	115(3)	56(2)	56(2)	-2(2)	-5(2)	21(2)
	Br(3)	69(2)	70(2)	79(2)	3(2)	3(2)	2(2)
	Br(4)	131(3)	55(2)	53(2)	-11(2)	6(2)	-16(2)
	Br(5)	68(3)	72(2)	206(3)	-2(3)	2(2)	2(2)

Table S5 .

 S5 Atomic coordinates (x10 4 ) and equivalent isotropic displacement parameters (Å 2 x10 3 ) for (BA) 2 (DMA)Pb 2 Br 7 at 293 K with estimated standard deviations in parentheses.

	Label	x	y	z	Occupancy	U eq	*
	Pb(1)	6693(1)	0	2602(1)	1	49(1)
	Pb(2)	8308(1)	0	2600(1)	1	51(1)
	Br(1)	5982(2)	0	2049(2)	1	137(5)
	Br(2)	8417(1)	-2593(7)	118(2)	1	103(1)
	Br(3)	9015(2)	0	3165(2)	1	112(3)
	Br(4)	6746(1)	-2570(10)	96(2)	1	99(1)
	Br(5)	7533(2)	0	2595(2)	1	135(2)

Table S6 .

 S6 Anisotropic displacement parameters (Å 2 x10 3 ) for (BA) 2 (DMA)Pb 2 Br 7 at 293 K with estimated standard deviations in parentheses.

	Label	U 11	U 22	U 33	U 12	U 13	U 23
	Pb(1)	76(1)	35(1)	35(1)	0	-7(1)	0
	Pb(2)	74(1)	44(1)	36(1)	0	4(1)	0
	Br(1)	53(3)	240(13)	119(4)	0	-18(3)	0
	Br(2)	185(2)	59(2)	63(1)	35(3)	-37(2)	-28(1)
	Br(3)	82(4)	196(9)	56(2)	0	16(2)	0
	Br(4)	168(2)	64(2)	65(1)	-9(4)	10(3)	-34(1)
	Br(5)	48(2)	195(4)	164(3)	0	-12(2)	0

Table S8 .

 S8 Comparison of Pb-Br-Pb bond angles for the n = 3 phases.

	Compound	(BA)

2 (Cs) 2 Pb 3 Br 10 (BA) 2 (MA) 2 Pb 3 Br 10 (BA) 2 (MHy) 2 Pb 3 Br 10 (BA) 2 (EA) 2 Pb 3 Br 10

  

		154.79	161.68	175.23	169.54
		152.85	163.59	175.11	162.20
	Equatorial	152.69	167.53	175.66	152.95
	Pb-Br-Pb (°)	155.46	155.13	175.52	161.07
				152.94	170.22
				144.54	162.11
	Axial Pb-Br-Pb	179.16	176.37	165.94	170.05
	(°)			165.76	170.54
	Ave eq Pb-Br-Pb				
	(°)	153.94	161.98	166.50	163.02
	Ave ax Pb-Br-Pb				
	(°)	179.16	176.37	165.85	170.30
	Ave Pb-Br-Pb (°)	158.99	164.86	166.34	164.84

Table S9 .

 S9 Comparison of Pb-Br bond lengths and Pb-Br-Pb bond angles for the n = 2 phases.

	Compound (BA)

2 (Cs)Pb 2 Br 7 (BA) 2 (MA)Pb 2 Br 7 (BA) 2 (FA)Pb 2 Br 7 (BA) 2 (DMA)Pb 2 Br 7

  

		2.958(2)	2.9354(19)	2.979(6)	2.969(5)
		2.9741(14)	2.9914(14)	2.993(5)	3.052(6)
	Equatorial				
	Pb-Br (Å)	2.9990(14)	2.9998(14)	3.016(5)	3.063(5)
		3.0016(18)	3.0324(17)	3.022(6)	2.932(6)
	Axial Pb-Br (internal) (Å)	3.0052(3)	3.0472(3)	3.1005(8)	3.340(7) 3.063(7)
	Axial Pb-Br (external) (Å)	2.9758(10)	2.9604(11)	2.905(3)	2.865(6) 2.837(6)
	Ave eq Pb-Br (Å)	2.983(2)	2.990(2)	3.003(5)	3.004(6)
	Ave ax Pb-Br (Å)	2.991(1)	3.004(1)	3.003(2)	3.026(7)
	Ave Pb-Br (Å)	2.986(1)	2.994(1)	3.003(4)	3.011(6)
			Bond Angles		
	Ave eq Pb-Br-Pb (°)	156.2	155.7	162.6	167.4
	Ave ax Pb-Br-Pb (°)	175.9	169.7	177.8	179.1
	Ave Pb-Br-Pb (°)	162.8	160.4	167.7	171.3

Table S10 .

 S10 Summary of PL lifetimes and fitting parameters for (BA) 2 (EA) 2 Pb 3 Br 10 at different temperatures.

	Temperature 78 K 135 K 175 K 215 K 255 K 295 K Intensity (a.u.)	a 1 0.85 0.55 0.96 0.92 0.98 0.99	τ 1 (ns) 0.24 0.61 0.17 0.21 0.13 0.13 (BA) 2 (MA) 2 Pb 3 Br 10 (BA) 2 (MHy) 2 Pb 3 Br 10 (BA) 2 (EA) 2 Pb 3 Br 10	a 2 0.15 0.45 0.04 0.08 0.02 0.01	τ 2 (ns) 1.26 2.34 0.92 1.19 0.87 0.96	τ ave (ns) 0.72 1.93 0.32 0.54 0.23 0.20
		10 20 30 40 50 60			
		2q (degree)			
	Intensity (a.u.)		(BA) 2 (DMA)Pb 2 Br 7 (BA) 2 (FA)Pb 2 Br 7 (BA) 2 (MA)Pb 2 Br 7 (BA) 2 (Cs)Pb 2 Br 7			
		10 20 30 40 50 60			
		2q (degree)			
	Figure S1. PXRD patterns of the (a) n = 3 phases and (b) n = 2 phases.	
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Expanding the Cage of 2D Bromide Perovskites by Large A-site Cations

Xiaotong Li, † Shelby A. Cuthriell, † Ashanti Bergonzoni, ∥ Hao Dong, ‡ Boubacar Traoré, § Constantinos C. Stoumpos, ▽ Peijun Guo, ‡ Jacky Even, ∥ Claudine Katan, § Richard D. Schaller, †, à and Mercouri G. Kanatzidis *, † Computational details: First-principles calculations were based on density functional theory (DFT) 3,4 as implemented in the SIESTA package 5 with a basis set of finite-range of numerical atomic orbitals 6 . The calculations were performed experimental structures, after transformation into their primitive cells whenever relevant. The positions of hydrogen atoms were optimized for all compounds using the van der Waals density functional of Dion et al. corrected by Cooper (C09) 7,8 . For the electronic structure computations, single-point calculations were conducted within the Generalized Gradient Approximation (GGA) using Perdew-Burke-Ernzerhof (PBE) functional 9 as the exchange-correlation term. Norm-conserving Troullier-Martins pseudopotentials 10 were used to account for the core electrons while 1s 1 , 2s 2 2p 2 , 2s 2 2p 3 , 5p 6 6s 1 , 4s 2 4p 5 , and 6s 2 6p 2 5d 10 were considered as valence electrons for H, C, N, Cs, Br and Pb, respectively. Double-Zeta Polarized (DZP) basis sets with an energy shift of 200 meV were used for the valence atomic orbitals. A mesh cutoff of 300 Rydberg was adopted for the real space grid.

The different Brillouin zones were sampled with a 3*3*6 and 4*4*4 Monckhorst-Pack grids for the 2D compounds and 3D compounds respectively. Spin-orbit coupling (SOC), when used, was considered in its fully relativistic spin-DFT formalism. The effective masses were extracted under the parabolic approximation of the bands near the band extrema.

Photoluminescence. Photoluminescence spectra, PXRD and absorption spectra were measured using the same polycrystalline samples. A 375 nm ps laser (Picoquant LDH-D-C-375) was used as the excitation source running at a 10 MHz repetition rate. A long-working-distance objective (Mitutoyo, 10X, NA=0.28) was used to focus the laser onto the samples and collect the PL signal.

The samples were mounted in a liquid-nitrogen cryostat (Janis VPF-100) at a pressure below 10 -4 Torr. A dichroic mirror was placed on the path to block the reflected laser light, and a 400 nm long-pass filter was placed near the entrance slit of the spectrograph (Andor Kymera 328i) to further reject any residual laser light. Time-integrated PL spectra was captured by a Si EMCCD (Andor iXon Life 888), and time-resolved PL was collected by a streak camera (Hamamatsu C10910 with the Slow sweep unit; M10913). Raman Spectra. Low-frequency Raman spectra were measured using a frequency-stabilized 785 nm laser (Toptica) as the excitation source with an incident power of 40 mW onto the sample. A set of 5 narrow-linewidth notch filters (OptiGrate) was used to reject the laser line and enable measurements of Raman signatures down to 5 cm -1 . A super-long-working-distance objective lens (10X, NA=0.28) was used to focus the excitation light and to collect the Raman signal. The Raman signal was spatially filtered by a pair of 75-mm achromatic lens and a 50-µm pinhole, before sent into the spectrograph (Andor Kymera 328i). The Raman signal was finally captured by a Si EMCCD (Andor iXon Life 888).