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Abstract: 

The nature of the organic cation in 2D hybrid lead iodide perovskites tailors the structural and 

technological features of the resultant material. Herein, we present three new homologous series of (100) 

lead iodide perovskites with the organic cations allylammonium (AA) containing an unsaturated C=C 

group and iodopropylammonium (IdPA) containing iodine on the organic chain: (AA)2MAn-1PbnI3n+1 

(n=3-4), [(AA)x(IdPA)1-x]2MAn-1PbnI3n+1 (n=1-4) and (IdPA)2MAn-1PbnI3n+1 (n=1-4), as well as their 

perovskite-related substructures. We report the in-situ transformation of the AA organic layers into IdPA 

and the incorporation of these cations simultaneously into the 2D perovskite structure. Single crystal X-

ray diffraction shows (AA)2MA2Pb3I10 crystallizes in the space group P21/c with a unique inorganic layer 

offset (0, < ½), comprising the first example of n=3 halide perovskite with a monoammonium cation that 

deviates from the Ruddlesden-Popper (RP) halide structure type. (IdPA)2MA2Pb3I10 and the alloyed 

[(AA)x(IdPA)1-x]2MA2Pb3I10 crystallize in the RP structure, both in space group P21/c. The adjacent I···I 

interlayer distance in (AA)2MA2Pb3I10 is ~ 5.6 Å, drawing the [Pb3I10]4- layers closer together among all 

reported n=3 RP lead iodides. (AA)2MA2Pb3I10 presents band-edge absorption and photoluminescence 

(PL) emission at around 2.0 eV that is slightly redshifted in comparison to (IdPA)2MA2Pb3I10. The band 

structure calculations suggest both (AA)2MA2Pb3I10 and (IdPA)2MA2Pb3I10 have in-plane effective 

masses around 0.04.m0 and 0.08.m0, respectively. IdPA cations have a greater dielectric contribution than 

AA. The excited-state dynamics investigated by transient absorption (TA) spectroscopy reveal a long-

lived (~100 ps) trap state ensemble with broadband emission; our evidence suggests that these states 

appear due lattice distortions induced by the incorporation of the IdPA cations.  
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Introduction:  

Hybrid halide perovskites are low-cost semiconductors of broad technological and commercial 

interest as they have proven to be suitable for a wide range of applications including solar cells 1-9, light 

emission 10-12, radiation detection 13-17 and lasing 18-19. The 3D halide perovskite structure: AMX3, consists 

of corner-sharing MX6 octahedra with the A-site cation occupying the center of the cuboctahedral 

cavities. A is one of the monovalent cations: CH3NH3
+ (MA+), HC(NH2)2

+ (FA+), Cs+ or recently 

CH3NH2NH2
+ 20-21, M is a divalent metal (Ge2+, Sn2+, Pb2+)22 and X is a halide (Cl-, Br-, or I-). 23-24 The 

incorporation of organic cations larger than the aforementioned A-site cations, leads to the dimensional 

reduction of the 3D structure, of general formula (A’)m(A)n−1MnX3n+1, where A’ is a monovalent (m=2) 

or divalent (m=1) cation and n is the number of inorganic layers. The resultant arrangement of alternating 

semiconducting inorganic layers with insulating organic layers generates a natural 2D quantum-well 

superlattice in a bulk crystal. This quantum confinement increases the band gap energy (Eg) and the 

exciton binding energy (Eb) in comparison to the 3D structures.25-30 

The quantum-well heterostructure of the 2D perovskite can be fine-tuned by chemical synthetic design 

through the number of the inorganic layers n and the organic “spacer” cation. 31-33  Through the subsequent 

increase of the n-layer thickness in the 2D perovskite structure, the 2D materials’ optical and electronic 

properties (Eb, Eg and photoluminescence PL) consecutively progress towards that of the 3D material.31-

32, 34-37 Elseway, the organic “spacer” cation influences indirectly the structure of the inorganic framework 

through its resultant non-covalent templating, as well as the intrinsic chemical properties inherited to the 

material such as crystallinity, solubility and thermochemical stability.38-40 Recently, the improved 

environmental stability of 2D hybrid lead iodide perovskites coupled with their inherent structural 

flexibility,38, 41 enabled the fabrication of robust optoelectronic devices. 6, 42-48 

The phase space of 2D halide perovskites has been populated by four primary structure subtypes, 

based on the charge of the organic spacer cation and the relative stacking of the inorganic layers: 

Ruddlesden-Popper (RP) structure (A’)2(A)n−1MnX3n+1,31, 49-50 Dion-Jacobson (DJ) structure 

(A’)(A)n−1MnX3n+1,51-52 alternating cations in the interlayer space (ACI) type (A’)(A)n−1MnX3n+1 
53 and 

alkyl diammonium cations (NH3CmHmNH3)(CH3NH3)n−1MnX3n+1.54 Amongst these, the (100) RP layered 

halide perovskites are the most prevalent, as the majority of 2D perovskites published belong to this 

substructure family. 31, 34, 40, 49-52, 55 Less recurrent are layered perovskites of n ≥ 2, incorporating 

functional groups (e.g. unsaturated bonds, heteroatoms) within the organic layers that diversify 
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significantly the explored phase space.40, 56-68 In this context, there are also n = 1 perovskites incorporating 

optical active organic layers that participate in the configuration of the optical properties of the 2D 

perovskite.69-72 Finally, 2D hybrid halide perovskites provide a viable architecture to perform small 

molecule reactivity in the solid-state by utilizing the chemical reactivity of functional organic layers to 

orchestrate covalent and noncovalent interactions for technological use, as in (photo)polymerization, 

chemisorption, electrochemical ion cycling, etc. 73-83, as well as small molecule intercalation that has been 

achieved with the intercalation of neutral or polarizable molecules, affording a final material with distinct 

structural and/or electronic properties.57, 84-88 The inclusion of designer organic molecules with functional 

groups within the organic layers has been demonstrated to influence the optoelectronic and photophysical 

properties of 2D perovskite materials.47, 88 Previously, the Sargent group showed that the organic cation 

influences the quantum well distribution, as 2D perovskite films and devices incorporating AA resulted 

in superior device performance due to the greatly reduced distribution of quantum wells in these materials, 

versus those with organic cations of similar chain length.47 However, the synthetic preparation and 

structure-property relationships of crystallographically characterized thick-layer (n ≥ 2) lead perovskites 

with organic cations consisting of (non-optically active) functional groups has not be investigated 

systematically and is of great potential interest in the community, as well as for device applications. 

In this work, we incorporate the bifunctional organic molecules of allylammonium (AA) and 

iodopropylammonium (IdPA) to produce three new homologous series: (AA)2MAn-1PbnI3n+1 (n=3-4), 

[(AA)x(IdPA)1-x]2MAn-1PbnI3n+1 and (IdPA)2MAn-1PbnI3n+1 (n=1-4). In the strongly acidic conditions of 

hydroiodic acid in the used synthesis, we observe the direct iodination of the allyl group with HI and its 

transformation into the iodopropyl group. The two distinct chemical identities of the functional groups 

AA (terminal alkene group) and IdPA (polarizable iodine atom), allow the drawing of several conclusions 

on the impact of the nature of the organic cation on the structure, optoelectronic properties and charge 

carrier dynamics. Single crystal X-ray diffraction reveals that (AA)2MA2Pb3I10 (n=3) crystallizes in an 

unexpected structure type with a unidirectional offset (0, < ½), while (IdPA)2MA2Pb3I10 and the alloyed 

[(AA)x(IdPA)1-x]2MA2Pb3I10 crystallize in the more conventional RP structure. (IdPA)2MA2Pb3I10 

exhibits higher distortions of the equatorial Pb-I-Pb angles in comparison to (AA)2MA2Pb3I10, which 

leads to a blueshift of its band-edge absorption (2.03 eV versus 2.0 eV respectively) and 

photoluminescence (PL) emission. (AA)2MA2Pb3I10 and (IdPA)2MA2Pb3I10 manifest similarities in their 

electronic properties with in-plane electron and hole effective masses around 0.04.m0 and -0.08.m0, 

respectively. Additionally, the IdPA cations have a greater dielectric contribution from the iodine atom 
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in the organic cation, thus reducing the dielectric mismatch with the well at the origin of the dielectric 

confinement effect, whereas AA and BA (butylammonium: C4H12N) have similar dielectric contributions, 

dependent on the rotations of the AA cation.  Furthermore, studies of the excited-state dynamics using 

transient absorption (TA) spectroscopy for (AA)2MA2Pb3I10, [(AA)0.5(IdPA)0.5]2MA2Pb3I10, 

(IdPA)2MA2Pb3I10 and (BA)2MA2Pb3I10 point to the formation of long-lived trap states which can account 

for the broadband visible-light emission observed in (AA)2MA2Pb3I10, [(AA)0.5(IdPA)0.5]2MA2Pb3I10 and 

(IdPA)2MA2Pb3I10. The trap-state emission can be correlated to the lattice distortion induced by the 

inclusion of the bifunctional organic molecules with their characteristic functional groups. The 

incorporation of the IdPA cation induces the largest lattice distortions that give rise to a new ensemble of 

broadband states deep into the bandgap. Notably, these deep trap states depopulate the bandedge carriers 

and  elongate the lifetime of photoexcited carriers to ~100-ps. Such behaviors indicate the formation of a 

new radiative recombination pathway rooted from these functional organic spacers.   

Experimental Section: 

All starting materials for synthesis were purchased commercially and were used without further 

purification, except for Methylamine hydrochloride and Allylamine hydrochloride which were dried in 

an oven at 70°C. PbO (99.9%), Methylamine hydrochloride ≥ 98% (CH3NH2·HCl = MACl), Hydroiodic 

acid (HI) (57 wt % in H2O, distilled, stabilized, 99.95%) and Hypophosphorous acid solution (50 wt % 

in H2O) were purchased and used as received from Sigma-Aldrich. Allylamine hydrochloride 

(C3H5NH2·HCl = AA+Cl-) (98%) was purchased from TCI America. 

Synthesis: 

2-Iodopropylammonium iodide (IdPA+I-) 

AA+Cl- (10 mmol; 1 g) is dissolved in a mixture of 8 mL HI and 0.5 mL hypophosphorous acid (H3PO2) 

by heating to boiling for four hours, under constant magnetic stirring where a clear solution was obtained. 

Afterwards, the solution mixture is lowered to 130°C (as stated on hotplate) until the solvent has fully 

evaporated and a white solid is yielded. Yield  1.53 g, (45.7%).  

2D Perovskite Series with Allylamine Spacer Cation 

(AA)2MA2Pb3I10 (n=3): PbO (2 mmol; 446 mg) and MACl (1.3 mmol; 88 mg) powders were dissolved 

in a mixture of 4.5 mL HI and 0.5 mL hypophosphorous acid (H3PO2) by heating to boiling under constant 

magnetic stirring, until a clear yellow solution was obtained. The reaction solution was left on the hotplate 
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to cool to room temperature, under continuing stirring. Next, AA+Cl- salt (2 mmol; 187 mg) was added 

to the reaction solution at room temperature (R.T.), under continuous stirring. The stirring was 

discontinued after 10  min, and the reaction solution was transferred to a petri dish for slow evaporation. 

Dark red crystals precipitated from the petri dish within 1-2 days. The crystals were isolated by vacuum 

filtration and dried under vacuum overnight. Yield : 189 mg, 13.7 % based on total Pb.   

(AA)2MA3Pb4I13 (n=4): PbO (2 mmol; 446 mg) and MACl (1.5 mmol; 101 mg) powders were dissolved 

in a mixture of 4.5 mL HI and 0.5 mL hypophosphorous acid (H3PO2) by heating to boiling under constant 

magnetic stirring, until a clear yellow solution was obtained. The reaction solution was left on the hotplate 

to cool to room temperature, under continuing stirring. Next, AA+Cl- salt (1 mmol; 93 mg) was added to 

the reaction solution at room temperature (R.T.), under continuous stirring. The stirring was discontinued 

after 10  min and the reaction solution was transferred to a petri dish for slow evaporation. Black crystals 

precipitated from the petri dish within 1-2 days. The crystals were isolated by vacuum filtration and dried 

under vacuum overnight. Yield : 123 mg, 9.14 % based on total Pb.   

2D Perovskite Series with Iodopropylamine Spacer Cation 

(IdPA)2PbI4 (n=1): PbO (1 mmol; 223 mg) powder was dissolved in a mixture of 1.5 mL HI and 0.25 

mL hypophosphorous acid (H3PO2) by heating to boiling under constant magnetic stirring, until a clear 

yellow solution was obtained. Next, IdPA+I- salt (0.5 mmol; 93 mg) was added to the reaction solution, 

under continuous stirring and heating. The stirring was discontinued after 15 min and the reaction solution 

was left on the hotplate to cool to room temperature. Orange plate-like crystals co-precipitated from the 

reaction solution, along with yellow needle-like crystals of (IdPA)6Pb3I12. The crystals were carefully 

isolated from the second-phase crystals, removed from the HI mother liquid by vacuum filtration and 

dried under vacuum overnight. Yield : 34 mg, 3.13 % based on total Pb.   

(IdPA)2MAPb2I7 (n=2): PbO (2 mmol; 446 mg) and MACl (1 mmol; 70 mg) powders were dissolved in 

a mixture of 4.5 mL HI and 0.5 mL hypophosphorous acid (H3PO2) by heating to boiling under constant 

magnetic stirring, until a clear yellow solution was obtained. Next, IdPA+I- salt (2 mmol; 372 mg) was 

added to the reaction solution, under continuous stirring and heating. The stirring was discontinued after 

15 min and the reaction solution was left on the hotplate to cool to room temperature. Bright red crystals 

precipitated from the reaction solution. The crystals were isolated by vacuum filtration and dried under 

vacuum overnight. Yield : 132 mg, 15.47 % based on total Pb.   
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(IdPA)2MA2Pb3I10 (n=3): PbO (2 mmol; 446 mg) and MACl (1.3 mmol; 88 mg) powders were dissolved 

in a mixture of 4.5 mL HI and 0.5 mL hypophosphorous acid (H3PO2) by heating to boiling under constant 

magnetic stirring, until a clear yellow solution was obtained. Next, IdPA+I- salt (2 mmol; 372 mg) was 

added to the reaction solution, under continuous stirring and heating. The stirring was discontinued after 

15 min and the reaction solution was left on the hotplate to cool to room temperature. Dark red crystals 

precipitated from the reaction solution. The crystals were isolated by vacuum filtration and dried under 

vacuum overnight. Yield : 243 mg, 15.66 % based on total Pb.   

(IdPA)2MA3Pb4I13 (n=4): PbO (4 mmol; 892 mg) and MACl (3 mmol; 202 mg) powders were dissolved 

in a mixture of 8 mL HI and 0.5 mL hypophosphorous acid (H3PO2) by heating to boiling under constant 

magnetic stirring, until a clear yellow solution was obtained. Next, IdPA+I- salt (2 mmol; 372 mg) was 

added to the reaction solution, under continuous stirring and heating. The stirring was discontinued after 

15 min and the reaction solution was left on the hotplate to cool to room temperature. Black crystals 

precipitated from the reaction solution. The crystals were isolated by vacuum filtration and dried under 

vacuum overnight. Yield : 356 mg, 12.08 % based on total Pb.   

2D Perovskite Series with Mixed Spacer Cations (Allylamine + Iodopropylamine) 

[(AA)x(IdPA)1-x]2PbI4 (n=1): PbO (1 mmol; 223 mg) powder was dissolved in a mixture of 1.5 mL HI 

and 0.25 mL hypophosphorous acid (H3PO2) by heating to boiling under constant magnetic stirring, until 

a clear yellow solution was obtained. Next, AA+Cl- salt (2 mmol; 187 mg) was added to the reaction 

solution, under continuous stirring and heating. The stirring was discontinued after 5 min and the reaction 

solution was left on the hotplate to cool to room temperature. Yellow plate-like crystals co-precipitated 

from the reaction solution, along with yellow needle-like crystals.  

[(AA)x(IdPA)1-x]2MAPb2I7  (n=2): PbO (2 mmol; 446 mg) and MACl (1 mmol; 70 mg) powders were 

dissolved in a mixture of 3.5 mL HI and 0.5 mL hypophosphorous acid (H3PO2) by heating to boiling 

under constant magnetic stirring, until a clear yellow solution was obtained. Next, AA+Cl- salt (2 mmol; 

187 mg) was added to the reaction solution, under continuous stirring and heating. The stirring was 

discontinued after 5 min and the reaction solution was left on the hotplate to cool to room temperature. 

Red crystals precipitated from the reaction solution. The crystals were isolated by vacuum filtration and 

dried under vacuum overnight.  

[(AA)x(IdPA)1-x]2MA2Pb3I10  (n=3): PbO (3 mmol; 669 mg) and MACl (2 mmol; 135 mg) powders were 

dissolved in a mixture of 5 mL HI and 0.5 mL hypophosphorous acid (H3PO2) by heating to boiling under 
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constant magnetic stirring, until a clear yellow solution was obtained. Next, AA+I- salt (2 mmol; 187 mg) 

was added to the reaction solution, under continuous stirring and heating. The stirring was discontinued 

after 5 min and the reaction solution was left on the hotplate to cool to room temperature. Dark red crystals 

precipitated from the reaction solution. They were isolated by vacuum filtration and dried under vacuum 

overnight.  

[(AA)x(IdPA)1-x]2MA3Pb4I13  (n=4): PbO (1 mmol; 223 mg) and MACl (0.75 mmol; 55 mg) powders 

were dissolved in a mixture of 1.5 mL HI and 0.25 mL hypophosphorous acid (H3PO2) by heating to 

boiling under constant magnetic stirring, until a clear yellow solution was obtained. Next, AA+I- salt (1 

mmol; 93 mg) was added to the reaction solution, under continuous stirring and heating. The stirring was 

discontinued after 5 min and the reaction solution was left on the hotplate to cool to room temperature. 

Black crystals precipitated from the reaction solution. They were isolated by vacuum filtration and dried 

under vacuum overnight.  

Characterization:  

The experimental techniques and methods used for the characterization of the structure and properties of 

the studied materials are found in detail in the Supporting Information (S.I.). 

Results and Discussion: 

Synthetic Aspects and Reactivity of Allylammonium Cation in Hydroiodic Acid (57% w/w): 

The ability of two different organic spacer cations to stabilize the 2D RP structures was 

investigated in this work. The first cation, AA, resulting from the dissolution of allylamine in concentrated 

HI underwent iodination across the unsaturated C=C bond with heating to yield the second cation 

iodopropylamine, IdPA. This reaction is being discussed in detail later. Figure 1 and Table 1 shows a 

structural and compositional overview the fourteen new 2D perovskites incorporating organic spacer 

cations with functional groups, synthesized in this work. The spacer cations employed here, 

allylammonium (H2C=CH-CH2-NH3
+ or C3H8N) and 2-iodopropylammonium (H3C-CH(I)-CH2-NH3

+ or 

C3H9NI), consist of a core alkylammonium skeleton of three carbons, where AA inheres a terminal alkene 

group and IdPA contains an iodine heteroatom on the alkylammonium chain. The targeted synthesis of 

the studied thick-layer perovskites was developed on the solution method based on aqueous hydroiodic 

acid. In brief, stoichiometric concentration of the starting reagents PbO, MACl and organic spacer is used 

to obtain uniform phase product of desired n value. As a result of the highly soluble nature of the organic 
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cations employed here, stoichiometric amount of the organic spacer is used. This is also the case for the 

saturated version of the AA cation in the Ruddlesden-Popper series with propylammonium (PrpA: 

C3H10N) as the organic spacer cation, as well as in the series of alternating cation in the interlayer space 

with guanidinium (GA: CH6N3).49, 53 In contrast, the synthesis of other series of 2D lead iodide perovskites 

that incorporate longer alkylammonium cations as the organic layers, require the off-stoichiometry 

method developed by our group.31, 50-52, 54  

The synthetic exploration and incorporation of functional groups into the organic layers of the 2D 

hybrid halide perovskite structure needs to be carefully considered before progressing to the targeted 

synthesis of the thick-layer (n>2) perovskite series. The established synthetic protocol based on the 

solution method with boiling, aqueous hydroiodic acid has been systematically used for the bulk synthesis 

of the majority of thick-layer lead iodide perovskites reported to date, as a universal method. 31, 50-54 In 

our case, the terminal alkene group in the allylammonium cation is prone to electrophilic addition. To our 

knowledge, literature review upon the exact reaction conditions of the terminal alkene-ammonium 

molecules in aqueous hydroiodic acid (without additive reagents) and its products, are not well studied.89-

94 Aqueous hydroiodic acid has not been reported on extensively in the synthesis of organic aminoiodides. 

For context, the direct addition of anhydrous HI (hydroiodination) to alkenes and alkynes for the synthesis 

of organic iodides is avoided due to difficulty of controlling iodine liberation, which leads to side 

reactions and poor yields.90 Instead, alternative materials and metals are used that generate HI in situ, 

although these reagents in majority, are expensive.89-94  

To understand the reactive behavior of the allylammonium cation (also known as propenyl-

ammonium) in hydroiodic acid as in our synthetic protocol (which employs a solution mixture of 

HI/H2PO3), NMR experiments were carried out on AA solely with HI, mimicking the conditions of the 

different steps of the perovskite synthesis (Figure S19). Firstly, AA+Cl- salt was dissolved in aqueous HI 

at room temperature (R.T.). The characteristic protons peaks corresponding to the unsaturated carbons of 

AA at 5.3 - 5.8 ppm are present in the 1H NMR spectra, with no peaks corresponding to the addition 

product of IdPA. Additionally, the 13C NMR spectrum displays two peaks present in the 100 ppm region, 

indicating clearly that the unsaturated carbon bond did not react in aqueous HI at R.T. for up to three 

weeks (Figure S20). These results agree with previous studies, which do not report reactivity for simple 

addition reactions of alkenes in aqueous hydrobromic acid at low temperature.79, 83 Next, AA+Cl- salt was 

dissolved in boiling, aqueous hydroiodic acid under stirring for 5 min, as done in our established 
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perovskite synthetic protocol. Here, the 1H NMR shows the characteristic proton peaks of AA in the 5.3 

- 5.8 ppm range, as well as peaks corresponding to IdPA in 1.8 - 4.2 ppm range.  Interestingly, after one 

month, the aforementioned solution’s NMR shows a larger amount of IdPA, as it seems that the heat 

catalyzes the production of IdPA within a month-time period (Figure S21). Lastly, we dissolved the 

AA+Cl- salt in boiling hydroiodic acid under stirring for 30 min. In this case, both organic cations exist, 

with IdPA present in roughly over 90% of the product mixture. Consequently, AA fully reacts with 

aqueous HI, under constant heating. NMR confirms the almost full conversion of AA to 2-

iodopropylammonium, with a small byproduct of the 1-iodopropylammonium salt corresponding to the 

remaining peaks (Figure S22). 2-iodopropylammonium (IdPA) is the Markovnikov product of the 

electrophilic addition of aqueous HI.  

The above experiments demonstrate that the unsaturated bond of the AA cation can be preserved 

in aqueous HI solution at R.T. but will react upon heating. This requires modification of the conditions 

of the established synthetic protocol, with the reaction solution being left at R.T. and then, proceeding to 

add the AA organic spacer cation to the reaction solution. In our previously established synthetic protocol, 

the reaction solution is heated to boiling in order to create a reflux system, which is followed by the 

cooling of the reaction solution by returning to R.T. The temperature difference facilitates the immediate 

precipitation of the layered perovskite crystals. Based on the targeted 2D perovskite material, adjusting 

appropriately the cooling rate of the reaction solution assists the growth of higher quality crystals. In the 

solution synthesis of the series (AA)2MAn-1PbnI3n+1 (n=3 and 4) with aqueous hydroiodic acid, heating 

cannot be introduced to the system. As such, in order to expedite the growth of 2D perovskite crystals, 

the reaction solution is transferred to a large surface petri-dish to assist the quick evaporation of solvent. 

As a result, the growth of high-quality crystals of the (AA)2MAn-1PbnI3n+1 (n=3 and 4) series is difficult 

to control based on this solution synthesis with aqueous hydroiodic acid. Surprisingly, targeted synthesis 

of n=1 and n=2 did not yield the expected 2D perovskites. Instead 2D structures of alternating corner- 

and face-sharing [PbI6]4-
 octahedra were formed, similarly to the behavior of the saturated analogue with 

the PrpA cation49 (Figure 1). Detailed analysis of these structures is in the Crystal Structures section 

below. 

Capitalizing on the chemistry accessible through the terminal unsaturated bond of the 

allylammonium cation, the targeted synthesis of the (IdPA)2MAn-1PbnI3n+1 (n=1-4) series was achieved, 

to further investigate the role of a heteroatom functional groups in the organic layers. Since, the IdPA salt 

is not commercially available and coupled with our NMR studies, the synthesis of the salt was realized 
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by prolong heating of allylammonium in aqueous HI/H3PO2. Based on the circular dichroism (CD) spectra 

(Figure S18), the (IdPA)2MAn-1PbnI3n+1 (n=1-4) homologous series contain a racemic mixture of the IdPA 

cation. This is expected as the starting alkene-amine, allylammonium, has no chiral center. The addition 

reactions of alkenes with no stereogenic center produces a racemic mixture of two enantiomers.95 Thus, 

the synthesis of amino organoiodides can be accomplished simply, practically and without expensive 

additional reagents. A general study on this hydroiodination method and its regioselectivity could be of 

benefit for the synthesis of a wide range of amino-alkyl and amino-alkenyl iodides, which are important 

building blocks in organic synthesis.  

The synthesis of 2D perovskites with IdPA serving as the organic spacers gives the full thick-

layer perovskite series (n= 1-4). However, (IdPA)2PbI4 (n=1) is the kinetic product, as its targeted 

synthesis instead yields a 0D perovskitoid with the formula (IdPA)6Pb3I12 = (IdPA)2PbI4 (Figure 1). 

Stoichiometrically, (IdPA)6Pb3I12 composition is equivalent to the n=1 layered perovskite but the structure 

differs drastically, which consists of a trimer of face-sharing [PbI6]4-
  octahedra partitioned by the IdPA 

cations (Figure 1). In the targeted synthesis of (IdPA)2PbI4 (n=1), crystals of the layered (IdPA)2PbI4 

perovskite precipitate, but within hours convert to crystals of 0D (IdPA)6Pb3I12. Therefore, 0D 

(IdPA)6Pb3I12 is the thermodynamically favored product, corroborated by the fact it is more dense 

(Volume/Density = 865.1) than (IdPA)2PbI4 (Volume/Density = 326.8). Recently, a similar crystal-to 

crystal transformation was reported in a n=1 perovskite with cysteamine.96 Furthermore, a second 

byproduct forms, that of a 1D perovskitoid with the formula (IdPA)PbI3. It belongs to the NH4CdCl3 

structure-type, consisting of a 1D double ribbon of face- and edge-sharing [PbI6]4-
 octahedra (Figure 1). 

This 1D structure was observed as well with (GA)PbI3.53 It is interesting how the AA and IdPA cations 

yield non-perovskite structures similar with GA and PrpΑ, as a result of the short size, steric and hydrogen 

bonding (HB) interactions. The greater HB capabilities of the organic layers unlock a rich structural 

diversity of perovskite-related compounds, providing synthetic clues for chemical exploration of new 

structural motifs. 

Availing from the reactivity accessible from the terminal unsaturated bond of the AA cation, it is 

possible to create in-situ, a solid solution incorporating two chemically distinct cations in the A’ position 

of the 2D perovskite structure, which has not been reported before in bulk, thick-layer perovskites (n >2), 

to our knowledge. With monitored heating, the AA cation reacts in the perovskite synthesis and slowly 

converts to IdPA, bestowing the 2D perovskite series of [(AA)x(IdPA)1-x]2(MA)n-1PbnI3n+1 (n=1-4), which 

consists of both AA and IdPA cations in the organic layers. The combination of PXRD (Figure S1-S11) 
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and NMR (Figure S14-S24) data are necessary to probe the products of the in-situ reactions of the organic 

layers, to avoid inaccurate characterization of the organic and/or inorganic components.97 Progressively 

incorporating the IdPA cations into the organic layers affords a final A’ site mixed-cation perovskite 

product with an increase in the stacking axis length and interlayer distance of the [(AA)x(IdPA)1-x]2(MA)n-

1PbnI3n+1 (n=3-4) series versus the (AA)2MAn-1PbnI3n+1 (n=3 and 4) series (Figure 2C-D). Withal, NMR 

helps identify the organic cations present in the 2D material, which are assigned based on the 

characteristic peaks of the functional groups of the organic chains. This strategy of in-situ reaction of the 

organic layers appends an additional structural parameter to tune in the structure-property relationship of 

2D perovskites.  

The powder X-ray diffraction (PXRD) patterns of crystals (AA)2MAn-1PbnI3n+1, (IdPA)2MAn-

1PbnI3n+1 and [(AA)x(IdPA)1-x]2MAn-1PbnI3n+1 (n=3 and 4) is shown in Figure 2A-B, with negligible 

reflections from secondary phases to confirm the successful synthesis of the studied compounds (Figure 

2A-B and Figure S3-S6,S9-S11). The d-spacing for the low angle peaks (below the characteristic 3D 

MAPbI3 reflections ∼2θ=13°) corresponds to the distance from the center of each layer, allowing us to 

easily estimate the expected peak positions for specific n-layer thickness, as well as the identity of the 

organic spacer cation (Table 1). For (AA)2MA2Pb3I10 (n=3) - (AA)2MA3Pb4I13 (n=4), the d100 spacing of 

the first reflections are at ∼24.2 Å and ∼30.5 Å respectively, whereas for (IdPA)2MA2Pb3I10 (n=3) - 

(IdPA)2MA3Pb4I13 (n=4) the d100 spacing is ∼26.9 Å and ∼32.1 Å respectively. The d100 spacing of the 

first reflection for the solid solution [(AA)x(IdPA)1-x]2MAn-1PbnI3n+1 (n=3 and 4) is between the range of 

24.2 - 26.9 Å for n=3 members, and between 30.5 – 32.1 Å for n=4 members. 

 All three series of the novel 2D perovskites studied here, demonstrate a similar characteristic in 

crystal morphology of naturally forming clumps of crystals, composed of smaller single crystals with 

plate-like shape. The crystal clumps have overall irregular shapes and easily fracture during the task of 

isolation of the single crystals. SEM studies illustrate the plate-like morphology of the single crystals as 

well as the stacking-layered morphology for all studied materials (Figure S30-S32), which is a distinctive 

characteristic for the 2D layered perovskite structure. In comparison, although the structural parameters 

(stacking axis and interlayer distance) of (IdPA)2MAn-1PbnI3n+1 (n=1-4) are similar to (BA)2MAn-1PbnI3n+1 

(n=1-4), the crystal morphology of the IdPA series is drastically different from BA and resembles closely 

to AA, based on qualitative observation. We employed nanoindentation of (AA)2MA2Pb3I10 single 

crystals (i.e., n = 3) along the stacking axis and compared the obtained elastic modulus and hardness to 
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those from BA- and alkyl diammonium-based 2D lead iodide layered perovskites with the same n number 

(Table S1). We found that although both containing non-covalent interfaces between adjacent organic 

spacer molecular layers inside the crystals, (AA)2MA2Pb3I10 is stiffer (elastic modulus 𝐸 = 5.74 ± 0.48 

GPa) than their BA counterpart, (BA)2MA2Pb3I10 (𝐸 = 4.40 ± 0.57 GPa),98 but softer than the 

diammonium 2D perovskite (NH3C8H16NH3)MA2Pb3I10 (𝐸 = 11.65 ± 1.76 GPa).99 This is probably due 

to the additional hydrogen-bonding interaction between the terminal group C=C in the spacer molecules, 

which is stronger than the pure van der Waals bonding between the terminal methane group CH3 in 

(BA)2MA2Pb3I10, but weaker than the covalent bonding in (NH3C8H16NH3)MA2Pb3I10. This further 

confirms that tuning the interactions between the 2D perovskite layers can be an effective approach to 

tailor the mechanical behavior of 2D perovskites, as suggested by some of us in earlier publications.99-101 

The obtained hardness values (i.e., the resistance to plastic deformation) generally follow the same trend 

of elastic modulus, though the difference between (AA)2MA2Pb3I10 and (BA)2MA2Pb3I10 is less dramatic. 

The rich compositional parameter space and associated interesting new structures (details in the following 

section) of the three series of novel 2D perovskites reported here calls for a thorough investigation of 

their mechanical properties to study the structure-mechanical property relationship of 2D RP perovskites 

as a function of the organic component 98, 100, 102-104 and establish guidelines for materials design to 

improve the mechanical stability issues of 2D perovskites.101 

Description of Crystal Structures:   

The structures of all three series: (AA)2MA2Pb3I10 (n=3), [(AA)x(IdPA)1-x]2(MA)n-1PbnI3n+1 (n=1-3) 

and (IdPA)2MAn-1PbnI3n+1 (n=1-3) were solved from single crystal X-ray diffraction (SCXRD) data 

collected at room temperature (Table 2, Table 3 and Table S2-S3). These phases consist of corner sharing 

[PbI6]4- octahedra, separated by the organic spacer cations in the [100] direction (Figure 1). The chemical 

identity of the organic layers is distinctive in the 2D perovskite series under study, by virtue of the 

characteristic functional groups embodied onto the identical, core alkylammonium chain. The 

incorporation of functional groups into the organic layers affords significant structural variances between 

the crystal structures with the same n-layer thickness. On the account for the consistent comparison 

amongst all three series, we will focus the discussion on the structural analysis of the n=3 members: 

(AA)2MA2Pb3I10, (IdPA)2MA2Pb3I10 and [(AA)x(IdPA)1-x]2MA2Pb3I10.  

The crystal structure of (AA)2MA2Pb3I10 (n=3) consists of [Pb3I10]4- inorganic layers that are 

alternated with AA organic layers. The electrostatic interactions between the organic-inorganic layers 
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yields a three-layer perovskite structure in which the inorganic layers stack on top of each other, along 

the stacking axis a (Figure 3A). Hence, there is no offset of the consecutive inorganic layers, along the a 

stacking axis with respect to the bc plane (Figure 3A). Along the b stacking axis with respect to the ac 

plane, there is an offset < ½. Therefore, (AA)2MA2Pb3I10 (n=3) is a new, unique structure type, different 

from the Ruddlesden-Popper (RP) type with offset (½,½) and the Dion-Jacobson (DJ) type with offset 

(0,0), (0,½). This is the first report of a monoammonium cation affording a non-RP hybrid halide structure 

type, which is evidently due to the additional hydrogen-bonding (HB) interactions induced from the 

terminal C=C, alkene group in the allylammonium cation. A comparison of the crystal structures 

(AA)2MA2Pb3I10 and (PrpA)2MA2Pb3I10 (n=3), which consists of organic layers with the saturated cation 

propylammonium,49 evinces the definite effect of the terminal alkene group on the resultant 2D perovskite 

structure (Figure 3).  (PrpA)2MA2Pb3I10 (n=3) adopts the RP structure with the staggered arrangement of 

the successive [Pb3I10]4- inorganic layers (Figure 3A).49 Furthermore, the stacking axis of 

(AA)2MA2Pb3I10 is 0.97Å ≈ 1Å smaller than that of (PrpA)2MA2Pb3I10 (Figure 4A), while the interlayer 

distance (between the successive inorganic layers) and adjacent I···I distance of (AA)2MA2Pb3I10 is 0.76Å 

and 1.18 Å smaller respectively than that of (PrpA)2MA2Pb3I10 (Figure 4B).  

The systematically smaller values in the structural parameters of (AA)2MA2Pb3I10 versus 

(PrpA)2MA2Pb3I10 is surprising, as the only difference in the composition of the two materials is the 

terminal unsaturated bond in AA cation  (C=C bond length ~ 1.34 Å) versus the saturated PrpA cation 

(C-C bond length ~ 1.54 Å). This is likely the result of the terminal alkene bond’s: (i) greater HB 

interactions between the organic-organic and organic-inorganic layers due to the C=C group in the organic 

layers, (ii) small steric interactions and (iii) short size of AA cation, which is the smallest known 

monoammonium cation to template the 2D halide perovskite structure. The collective effect of the 

described electrostatic interactions brings the successive inorganic layers significantly closer together due 

to the AA layers and the 2D structure is sustained through the more rigid stacking of the inorganic layers 

with unidirectional offset (0,<1/2), deviating substantially from the RP structure. Thus, a synthetic 

exemplar is corroborated for the targeted synthesis of RP and DJ hybrid halide perovskites: an organic 

spacer cation with high HB capabilities, negligible steric hinderance and small cation size, leads to 

reduced spacing of the organic layers and a tendency to align of the successive inorganic layers to produce 

a 2D structure close to that of DJ or ACI perovskites. Only cyclic and aromatic diammonium cations have 

templated the 2D DJ halide perovskite structure, thus far based on structural characterization, confirming 

the synthetic criterion discussed. Lastly, the AA and PrpA cations behave similarly for members n<2, by 
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producing the same “step-like” homologous series of non-perovskites (B)2m+4(MA)m−2Pb2m+1I7m+4 (m = 

1-4), where the [PbI6]4- octahedra connect in 2D through a corner- and face-sharing motif (Figure 1).49 

The crystal structure of (IdPA)2MA2Pb3I10 (n=3) consists of [Pb3I10]4- inorganic layers that are 

alternated with IdPA organic layers, where there is an iodine atom on the second carbon of the 

propylammonium skeleton (Figure 3). The presence and position of the iodine atom on the 

alkylammonium cation induces greater steric interactions and bulkiness within the organic layers. 

Consequently, the RP structure is templated with two offset layers per unit cell, verifying again the 

proposed synthetic exemplar. Lastly, single crystal X-ray diffraction of (IdPA)2MAPb2I7 (n=2) and 

(IdPA)2PbI4 (n=1) reveals that these members of the (IdPA)2MAn-1PbnI3n+1 series, also belong to the RP 

structure family (Figure 1). 

Furthermore, to institute a directory of synthetic criterion for the predictive synthesis and rational 

design of halide perovskite semiconductors, it is essential to collate insightfully the structural information 

of (i) RP lead iodide perovskites with the smallest monoammonium cations [PrpA and 

BA=butylammonium] and the other known structure types that are (ii) DJ based on dications such as 

(3AMP)MA2Pb3I10, (4AMP)MA2Pb3I10, (3AMPY)MA2Pb3I10 and (4AMPY)MA2Pb3I10 where AMP = a-

(aminomethyl)piperidinium, AMPY = a-(aminomethyl)pyridinium], and (iii) the ACI materials such as 

(GA)MA3Pb3I10 with two different monocations in the interlayer and a DJ-like (0,1/2) offset and finally 

(iv) the primary diammonium cations [(NH3C8H16NH3)(MA)2Pb3I10 and (NH3C9H18NH3)(MA)2Pb3I10, 

close to the RP class in terms of offset.51-54 

Amongst the RP lead iodide perovskites with the smallest monoammonium cations, 

(AA)2MA2Pb3I10, [(AA)x(IdPA)1-x]2MA2Pb3I10, (IdPA)2MA2Pb3I10, (PrpA)2MA2Pb3I10 and 

(BA)2MA2Pb3I10 are examined comparatively. In Figure 4A, (AA)2MA2Pb3I10 has the smallest stacking 

axis and interlayer distance among the n=3 compounds under study, followed by (PrpA)2MA2Pb3I10 < 

(BA)2MA2Pb3I10 < [(AA)x(IdPA)1-x]2MA2Pb3I10 < (IdPA)2MA2Pb3I10. The significantly smaller values of 

the structural parameters of (AA)2MA2Pb3I10 shows that AA brings the inorganic [PbI6]4- layers closer 

together, which reflects the strong impact of the electrostatic influences from the terminal alkene group, 

as discussed above. In comparison, (PrpA)2MA2Pb3I10 and (BA)2MA2Pb3I10 have an expected evolution 

of their structural parameters. [(AA)x(IdPA)1-x]2MA2Pb3I10 operates as a median compound, to affirm the 

smooth evolution of the structural parameters from  (AA)2MA2Pb3I10 to (IdPA)2MA2Pb3I10, proving to 

have a higher composition of IdPA cations and thus, resembling more (IdPA)2MA2Pb3I10. 
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(IdPA)2MA2Pb3I10 has the largest interlayer distance among the examined n=3 compounds, even 

compared to (BA)2MA2Pb3I10, owning to the steric interaction and bulkiness of the C-I bond (~ 2 Å) 

(Figure 4A).   

Figure 4C-D demonstrates the comparison of the main structural parameters of (AA)2MA2Pb3I10 

individually, along with the above RP structures with small monoammonium cations, as well as with DJ, 

ACI and diamine structure types. The ACI and DJ structures have significantly the smallest interlayer and 

adjacent I···I distances amongst all the structure types collated here, with (AA)2MA2Pb3I10 following 

behind. The RP and diamine structure types have similar values of their interlayer and adjacent I···I 

distances. Hence, the HB capabilities and steric interactions of the organic layers produce profound 

variance in the structural parameters, such as the offset type, and especially on the interlayer and adjacent 

I···I distances. 

Regarding the Pb-I-Pb angles, there are two sorts classified: the equatorial angle (parallel to the 

inorganic plane) and the axial angle (in the stacking direction). The distortion level of the Pb-I-Pb angles 

of the inorganic octahedra is correlated with the bandgap of the material, as it is an important parameter 

in the calculation of the electronic structure of the material.105-107 As seen in Figure 5A, the distortion 

levels of the Pb-I-Pb angles are similar for (AA)2MA2Pb3I10, (PrpA)2MA2Pb3I10 and (BA)2MA2Pb3I10. In 

contrast, [(AA)x(IdPA)1-x]2MA2Pb3I10 and (IdPA)2MA2Pb3I10 have significantly greater deviation of their 

Pb-I-Pb angles comparatively (Figure 5A). The iodine atom of the IdPA cation has a preference to 

instigate greater distortion of the equatorial Pb-I-Pb angle versus the axial angle, which exhibits the 

smallest amount of distortion among the examined n=3 RP compounds. Moreover, the equatorial (eq.) 

angles can be split into eq. angles of the outer inorganic layers and eq. angles of the inner inorganic layer 

(Figure 5B). Comparatively among both groups, the sequence of angle distortion is (IdPA)2MA2Pb3I10 ≈ 

[(AA)x(IdPA)1-x]2MA2Pb3I10 > (AA)2MA2Pb3I10 ≈ (PrpA)2MA2Pb3I10 > (BA)2MA2Pb3I10. Again, 

[(AA)x(IdPA)1-x]2MA2Pb3I10 and (IdPA)2MA2Pb3I10 exhibit the greatest distortions due to the steric 

interaction of the iodine atom within the organic layers. (AA)2MA2Pb3I10 and (PrpA)2MA2Pb3I10 have 

comparable values of inner and outer eq. angles, although on average (AA)2MA2Pb3I10 has slightly larger 

distortion. Lastly, (BA)2MA2Pb3I10 has the smallest level of distortion in general, for both inner and outer 

eq. angles. Therefore, the greater HB and smaller steric interactions of the AA cation govern the stacking 

geometry of the inorganic layers but does not induce profound variance in the distortion levels of the 

equatorial Pb-I-Pb, in comparison with PrpA and BA. This implies that the strength of the electrostatic 
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interactions of the spacer cation is balanced between its control on the stacking geometry of the inorganic 

layers and the distortion level within the inorganic layers.   

Figure 5C displays the equatorial and axial Pb-I-Pb angles among the n=3 compounds across the 

different structure types RP, DJ, ACI and diamine-based lead iodide perovskites. For the crucial eq. Pb-

I-Pb angles, the sequence of greater distortion is as following: DJ > RP > AA > Diamine >ACI. This 

result coupled with the structural information on the interlayer distances and the observed band gap 

values, leads to a fundamental conclusion. The close proximity of the [PbI6]4- layers in hybrid halide 

perovskites suggests a greater contribution on the band gap value than the distortion level of the eq. Pb-

I-Pb angles, as is verified by the observed band gaps. ACI has the smallest interlayer distance and smallest 

distortions of the eq. Pb-I-Pb angles, which logically aligns with the observed lowest Eg value. Although, 

the DJ perovskites have the highest distortions in the eq. Pb-I-Pb angles, their average Eg value are lower 

than those of RP and diamines, which have smaller distortions. As mentioned above, the average value 

of the interlayer distance in DJ perovksites is amongst the smallest in comparison. Hence, this indicates 

that the adjacent [PbI6]4- layers interact electronically and must have an electronic contribution to the 

bandgap value, when in significantly close proximity, where the trend in bandgap established thus far 

shows that bandgap of ACI < DJ < RP ≈ Diamine. 51-54, 108 The proximity is regulated by the choice of 

the organic spacer cation, providing new insight for targeted design synthesis criterion.   

Optical Properties: 

The absorption spectra are typical of layered perovskites, with an absorption edge and an excitonic 

peak above the bandgap due to quantum confinement. The bandgaps are estimated by extrapolating from 

the absorption edge, a slope perpendicular to the x axis. Figure 6A depicts the absorption spectra of the 

n=3 and n=4 members of the AA, IdPA and AA/IdPA mixed-cation series. It is noteworthy that exciton 

signatures do not clearly appear in these spectra, which can be either qualitatively be attributed to a small 

exciton binding energy or to the crystalline powder morphology leading to a very large inhomogeneous 

broadening of the exciton resonances (Figure 6A and Figure 6C). The bandgap of (AA)2MA2Pb3I10 (n=3) 

and (AA)2MA3Pb4I13 (n=4) are 2.00 eV and 1.91 eV, respectively;  both compounds exhibit slightly lower 

Eg values respectively than their analogues: (IdPA)2MA2Pb3I10 (2.03 eV) and (IdPA)2MA3Pb4I13 (1.99 

eV) respectively (Figure 6B). This trend is also apparent in the PL spectra: the band-edge emission of 

has energy 1.99 eV for (AA)2MA2Pb3I10 and 1.90 eV for (AA)2MA3Pb4I13, both of which are red-shifted 

from that of their analogs (IdPA)2MA2Pb3I10 (2.02 eV) and (IdPA)2MA3Pb4I13 (1.92 eV) (Figure 6D). 
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The emission of (AA)2MA2Pb3I10 is lower energy than the emission of (IdPA)2MA2Pb3I10 due to the 

coupled effects of smaller distortions of the eq. Pb-I-Pb angles and smaller interlayer distance, as 

discussed above (Figure 2 and Figure 4). The bandgap evolution for the series of multilayer perovskite 

compounds under study, along with the PropA and BA series, is shown Figure 6B, where the increase of 

n leads to lower bandgaps, ranging from 2.22 eV – 1.90 eV for n=2-4 respectively. The PL spectra of the 

studied crystals include an additional, broad emission peak at lower energy, as seen in Figure 6E. The 

coexistence of narrow- and broadband emission has been studied in n=1 lead halide perovskites109-110 but 

to our knowledge, there has not been thorough investigation on the study of broadband emission in in 

bulk, thick-layer (n ≥ 2) lead iodide perovskites. This broadband emission in the visible region is 

thoroughly studied in the Charge Carrier Dynamics section below. 

Since the bulk perovskites in this study are candidates as light absorbing layers in solar cell 

devices, photoemission yield spectroscopy in air (PYSA) was utilized to measure the work function of 

the materials.111-113 The position of the valence band maxima (VBM) was determined through the PYSA 

measurements, while the conduction band minimum (CBM) was determined by subtracting the 

corresponding band gap values (based on the absorption edge) from the measured VBM energies. The 

PYSA of the n=3 and n=4 novel 2D perovskite materials were collected: (AA)2(MA)2Pb3I10, 

(IdPA)2(MA)2Pb3I10, (AA)2(MA)3Pb4I13 and (IdPA)2(MA)3Pb4I13, alongside the reference 2D perovskites 

(BA)2(MA)2Pb3I10 and (BA)2(MA)3Pb4I13, and 3D MAPbI3 (Figure 7). In the comparison of the n=3 

analogues, the VBM of (IdPA)2(MA)2Pb3I10 (5.55 eV) and (AA)2(MA)2Pb3I10 (5.56 eV) are close in value, 

while (BA)2(MA)2Pb3I10 (5.37 eV) is smaller (Figure 7). In the comparison of the n=4 analogues, the 

VBM is similar in value for all three compounds: (AA)2(MA)3Pb4I13 (5.41 eV), (IdPA)2(MA)3Pb4I13 (5.42 

eV), and (BA)2(MA)3Pb4I13 (5.43 eV) (Figure 7). Crystalline powder of MAPbI3 was measured with a 

VBM of 5.44 eV, matching to reported VBM value of 5.43−5.46 eV.114-115 

Electronic Structure Calculations and Dielectric Properties: 

We use density functional theory (DFT) based calculations to inspect the electronic structure of 

the layered perovskite (AA)2(MA)2Pb3I10 and the series (IdPA)2(MA)n-1PbnI3n+1. All compounds exhibit 

typical band structures (Figure S12) with direct bandgaps either at Γ  ((IdPA)2(MA)n-1PbnI3n+1 for n=1,2 

and (AA)2(MA)2Pb3I10) or Y for (IdPA)2(MA)2Pb3I10, as well as great dispersions in the directions 

corresponding to the plane of the perovskite layers and nearly no dispersion in the stacking direction. 

When going from n=1 to n=3 in the IdPA series, one can observe the expected electronic band gap 
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reduction (from 1.55 to 1.14 eV at the chosen level of theory, Figure S13) as well the apparition of sub-

bands that mark the decrease of quantum confinement for increasing values of n. As observed 

experimentally, the bandgap of the (AA)2(MA)2Pb3I10 structure is slightly smaller than the one of the 

(IdPA)2(MA)2Pb3I10 compound. The band structures of (AA)2(MA)2Pb3I10 and (IdPA)2(MA)2Pb3I10 are 

very similar (Figure 8A and 8B), underlying the small electronic influence of spacer cation near the band 

gap. The similarities extend to other electronic properties, since both layered perovskites also present very 

close low in-plane electron and hole effective masses (Figure S14) around 0.04.m0 and -0.08.m0, 

respectively. Following the n=1-3 IdPA series, we observe that the computed in-plane effective masses 

tend to decrease with increasing values of n, which can be traced back to the bandgap reduction. 

Layered halide perovskites are not only solution-processed natural quantum wells, they are also 

dielectric quantum wells, due to the contrast between the dielectric constant of the perovskite layers and 

that of the organic cation layers. This cannot be described when computing the standard bulk high-

frequency dielectric response (𝜀∞) for the unit cell that provides an average of both moieties’ 

contributions. Instead, we propose to discuss the evolution of 𝜀∞ along z following a recipe designed for 

nanoscale slabs and composite systems. 28, 116 Profiles of the high-frequency dielectric constant along the 

stacking axis of the n=1-3 for the IdPA series and AA structures are shown in Figure 9 and Figure S15. 

In addition, the profile of the (BA)2(MA)2Pb3I10 structure with BA as a spacer is given for comparison 

(Figure 9).117 Figure 9 shows the expected shape of such a profile for layered halide perovskites with 

low values for the region occupied by the organic cations with 𝜀∞ ~1.9, while the n=3 inorganic perovskite 

slab reaches 𝜀∞ ~ 5.3. The same value is found for the n=3 structures with AA or IdPA as spacers. This 

value indicates an already reduced dielectric confinement for the perovskite layer. Indeed, the profiles 

𝜀∞(𝑧) of the n=1-3 IdPA series (Figure S15) display an increase from the contribution of the perovskite 

layer, ranging from 𝜀∞(𝑧) = 4.4 for n=1, 𝜀∞(𝑧) =  4.8 for n=2 to 𝜀∞(𝑧) = 5.3 for n=3, a contribution that 

would eventually reaches the dielectric constant of bulk MAPbI3.107 The comparison between the n=3 

structures: (IdPA)2(MA)2Pb3I10, (AA)2(MA)2Pb3I10 and  (BA)2(MA)2Pb3I10 show the much greater 

contribution in the barrier for IdPA-based 2D series due to the iodine atom found in the organic cation 

(Figure 9A). The large contributions of iodine atoms to 𝜀∞(𝑧) in the barrier was also reported in a n=1 

compound to be at the origin of an experimental strong reduction of the exciton binding energy and 

oscillator strength.88 AA and BA have closer constants. The one computed for AA depends on the 

orientation of the double bound with respect to the stacking direction (Figure S16). In our static picture, 
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the contribution of the unsaturated bound is negligible. Rotations of the AA cations probably delivers an 

average constant closer to the optimal value obtained leading to a greater screening for AA than for BA. 

Charge Carrier Dynamics: 

Transient absorption (TA) spectra were measured on the newly synthesized AA/IdPA crystal 

series to study how the nature of the organic spacer affect the excited-state dynamics of thick-layer lead 

halide perovskites. In the Description of Crystal Structures section above, we show that the inclusion of 

the unsaturated C=C bond and iodine atoms in the organic layers have different impact on the overall 

lattice structure. The double bond, due to its shorter length greatly reduces the interlayer distance and 

induces the zero-offset stacking geometry. The iodine atom, because of its polarizable nature and the large 

steric hinderance it imposes, induces larger distortion within the Pb-I-Pb angles of the inorganic layer. 

We acquired TA spectra on exfoliated single crystals after pumping the sample at 2.41 eV (0.36 eV above 

the bandgap) with a broadband probe from 1.5 to 2.4 eV. These spectra contain both positive excited state 

absorption (ESA, blue) and negative ground state bleaches (red). The ESA features are similar among all 

four compounds studied [(AA)2(MA)2Pb3I10), [(AA)x(IdPA)1-x]2MA2Pb3I10, (IdPA)2(MA)2Pb3I10 and 

(BA)2(MA)2Pb3I10)], which have been attributed previously to intraband absorptions of carriers at and 

above band-edge carriers. 118-121 Here we focus on the energies and dynamics of the negative bleaching 

signals, which reflect the changing populations of states with energies at and below the bandgap. 

Figure 10 (left two columns) shows that the bandgap bleach features peak at 2.05 eV for all four 

samples, consistent with the previously reported value for n=3 perovskites122 and the ground state 

absorption spectra in Figure 10. The most distinct difference between (IdPA)2(MA)2Pb3I10 (Figure 10A) 

and (AA)2(MA)2Pb3I10 (Figure 10C) with energies lower than the bandgap. TA spectra on [(AA)x(IdPA)1-

x]2MA2Pb3I10 (Figure 10 B) and (BA)2(MA)2Pb3I10 (Figure 10D) crystals are taken under the same 

condition. The relative intensity of the sub-bandgap peak at 1.94 eV (0.11 eV below Eg, marked using 

orange lines, referred to as ‘ladder state’ below) compared to the bandgap peak is 45% of the intensity of 

the bandgap peak for (IdPA)2(MA)2Pb3I10, 37% for [(AA)x(IdPA)1-x]2MA2Pb3I10, 16% for 

(AA)2(MA)2Pb3I10 and 5% for (BA)2(MA)2Pb3I10. The relative intensity of the peak at 1.73 eV (0.32 eV 

below Eg, marked using yellow line, referred to as ‘sink state’ below) is 36% of the intensity of the 

bandgap peak for (IdPA)2(MA)2Pb3I10, 15% for [(AA)x(IdPA)1-x]2MA2Pb3I10 and 0% for both 

(AA)2(MA)2Pb3I10 and (BA)2(MA)2Pb3I10. These relative intensities indicate that the formation of the 
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sink state at 1.73 eV is clearly related to the IdPA spacer added into the perovskite lattice, while the 

formation of the ladder state is a combined effort of both the AA and IdPA cations. 

Figure 10 (right column) shows the normalized intensity of the bleaching signals as a function of 

delay time at the three key energy levels (bandgap, ladder, and sink, notions explained above). Multi-

exponential fits are applied to extract the recombination lifetime, which are 17.5 ps for 

(IdPA)2(MA)2Pb3I10, 20.4 ps for [(AA)x(IdPA)1-x]2MA2Pb3I10, 75.4 ps for (AA)2(MA)2Pb3I10 and 77.5 ps 

for (BA)2(MA)2Pb3I10 (also marked near the curves in Figure 10). The dynamics for the crystal samples 

containing the IdPA cation are similar in terms of the recombination lifetimes ( (IdPA)2(MA)2Pb3I10: 

17.5 ps vs. [(AA)x(IdPA)1-x]2MA2Pb3I10: 20.4 ps) and the direction of energy flow among states (bandgap 

→ ladder → sink). It is worth noting that the sink states have a lifetime of ~100-ps, which is even longer 

than the bandgap recombination lifetime of (BA)2(MA)2Pb3I10 crystals (77.5 ps) with no below-bandgap 

trap. This result indicates the decoupling of electron and hole within the sink states.  

To better compare the bandgap recombination dynamics of the four studied crystals and the impact 

of the different spacer cations on the crystal structure, we plot all of the kinetic traces acquired at the 

bandgap energy in Figure 11A. The two traces for the crystals containing IdPA (blue) decay quickly after 

the initial rise. The trace for (BA)2(MA)2Pb3I10 (black) plateaus at 1 ps. The grey trace belonging to 

(AA)2(MA)2Pb3I10 crystals shows two-stage dynamics. It largely resembles the (IdPA)2(MA)2Pb3I10 

dynamics at early time (<2 ps), but the decay slows down and starts to resemble the (BA)2(MA)2Pb3I10 

trace after 20 ps. We hypothesize that the different behaviors are related to the different energetic depths 

of the trap states within the bandgap (ladder: shallow, 0.11 eV below Eg; sink: deep, 0.32 eV below Eg). 

When the sink state is present, which is the case of (IdPA)2(MA)2Pb3I10 and [(AA)x(IdPA)1-x]2MA2Pb3I10 

crystals, carriers were quickly drained by the ladder state and then fed to the sink state to recombine. For 

(AA)2(MA)2Pb3I10, the carriers at bandgap were drained quickly as well by the ladder state, and that is 

why its bandgap signal does not plateau like that of (BA)2(MA)2Pb3I10, but without the sink state, the 

shallow ladder states quickly saturated so the long-term dynamics still resemble those of 

(BA)2(MA)2Pb3I10. The implication of these results is that these defect states could contribute to 

photovoltage losses on the picosecond timescale in solar cell devices.  

The origin of the deep sink state can be further related to lattice distortions caused by the IdPA 

cation as is shown in Figure 11B. The recombination speed of the band-edge carriers, and the degree of 

lattice distortion, represented by the bond angle of the average equatorial Pb-I-Pb angle, are plotted as 
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functions of IdPA concentration. A negative correlation between the recombination speed and the bond 

angle can be easily observed. The biggest change of the two parameters both show up when the amount 

of IdPA change from 0% for (AA)2(MA)2Pb3I10 to 50% [(AA)x(IdPA)1-x]2MA2Pb3I10. The inclusion of 

the AA spacer, which causes a great change in the stacking geometry, does not seem to have much 

influence on the recombination process. We may now draw the conclusion that there exist positive 

correlations between the increased amount of the of IdPA spacer, length of the band-edge recombination 

lifetime, and the severity of lattice distortion (represented by decreased Pb-I-Pb angle). 

The nature of the trap states created by AA and IdPA cations is worth further exploration. The 

impact of the addition of iodine atoms between the organic layers cannot be neglected. The shallow ladder 

state could be explained by either a defect state like iodine interstitials 123-125 or a new phonon-assisted 

recombination pathway.126 The formation mechanism of the deep sink state may be quite unique, 

considering its unusual behavior of retaining the carriers longer compared to the band-edge states. One 

possible explanation is that a “new bandgap” was created by the defect states like Pb vacancies, and then 

the photogenerated electrons and holes were delocalized and spatially separated in the presence of Pb 

vacancies, leading to a suppressed radiative charge recombination, as was hypothesized for the BA-based 

perovskites127 . The related defect might not be a lead vacancy, since the IdPA spacer with an additional 

iodine atom was involved, but the recombination suppression mechanism should be similar. A better 

hypothesis could be developed if the actual form of the charged species were known, but this is far beyond 

the scope of the current paper. Further research conducted with half-cell and mid-bandgap excitation 

could pursuit to achieve a more thorough answer.  

Conclusions: 

Understanding how to engineer the organic layers, which regulate the synthesis, structural character, 

electronic and photophysical properties of the resultant structure is pivotal for establishing specific 

synthetic criterion for the rational design and predictive synthesis of hybrid semiconductors. We 

demonstrate that the inclusion of (non-optically active) functional groups onto the organic cation chain 

governs the synthetic preparation, crystal chemistry and recombination dynamics of the resultant thick-

layer lead iodide perovskite. The bulk synthesis and crystallographic characterization of three new 

homologous series of (AA)2MAn-1PbnI3n+1 (n=3-4), [(AA)x(IdPA)1-x]2MAn-1PbnI3n+1 and (IdPA)2MAn-

1PbnI3n+1 (n=1-4) of layered perovskites and perovskite-related compounds is reported. For the first time, 

thick-layered perovskites (n≥3) consisting of organic molecules with heteroatom-functional groups have 
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been synthesized in bulk. Developing reactions that leverage the inherent reactivity of functional groups 

within the organic layers, affords the solid solution of [(AA)x(IdPA)1-x]2MAn-1PbnI3n+1, through in-situ 

formation. Additionally, the synthetic understanding obtained from this work encourages the 

development of a universal solution method of layered halide perovskites with non-hydrohalic solvents, 

while emphasizing the imperative necessity of precise structural characterization of bulk and films of 

hybrid layered perovskites.  

The (AA)2MAn-1PbnI3n+1 (n=3-4) series adopts the 2D perovskite structure, where the crystal structure 

of (AA)2MA2Pb3I10 is a unique thick-layer structure type close to the DJ type, with an offset (0, < ½). 

This is a rare example of a thick-layer (n>1), lead halide perovskite with monoammonium spacer cation 

that affords a non-RP structure type. Instead of the layered perovskite structure, the targeted synthesis of 

n<2 in the (AA)2MAn-1PbnI3n+1 series, yielded the 2D step-like homologous series of non-perovskites 

(AA)2m+4(MA)m−2Pb2m+1I7m+4. (IdPA)2MA2Pb3I10 manifests significantly distorted equatorial Pb-I-Pb 

angles among known n=3 RP perovskites, due to the greater steric interactions from the iodine atom on 

the IdPA cation. The strength of the electrostatic interactions induced from the spacer cation demonstrates 

a competing control between the stacking geometry of the consecutive inorganic layers and the distortion 

level within the Pb-I-Pb inorganic layers. The band-edge absorption and PL emission of (AA)2MA2Pb3I10 

is around 2.0 eV, redshifted in comparison to (IdPA)2MA2Pb3I10 with band-edge absorption 2.03 eV. The 

band structures of (AA)2(MA)2Pb3I10 and (IdPA)2(MA)2Pb3I10 resemble, underlying the small electronic 

influence of the spacer cation near the band gap. Furthermore, the calculated high-frequency dielectric 

constant profiles of (AA)2MA2Pb3I10, (IdPA)2MA2Pb3I10 and (BA)2MA2Pb3I10 show a greater dielectric 

contribution from the IdPA cations, owing to the iodine atom in the organic chain. The AA and BA cations 

have similar dielectric contributions, dependent on the rotations of the AA cation.  

The ultrafast study provides new insight on broad emission in 2D halide perovskite materials. The 

formation of long-lived trap states with broadband emission in the visible region, can be directly related 

to nature of the organic cation with different functional groups. The crystal compounds containing the 

IdPA cation manifest shorter recombination lifetimes (~20 ps) than their analogues (AA)2MA2Pb3I10 and 

(BA)2MA2Pb3I10 (~ 75 ps). The longer recombination lifetimes of the (AA)2MA2Pb3I10 are consistent with 

those reported previously for AA perovskite films and devices (~90 ps).47 The inclusion of the IdPA 

cation, with a heavy and sterically large iodine atom into the 2D perovskite interlayer space instigates 

significant lattice distortions and leads to the creation of new, broadband ensembles of states deep into 
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the bandgap. These deep trap states quickly depopulate the band-edge excitons but overall elongate the 

lifetimes of photoexcited carriers to up to 100 ps.  
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Table 1. Summary of Structural and Optical Properties of All Novel Reported Compounds 
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Table 2. Crystal Data and Structure Refinement for (AA)3Pb2I7, (AA)12(MA)2Pb2I7  and 

(AA)2(MA)2Pb3I10  (n=3). 

 

 

 

 (AA)3Pb2I7    (AA)12(MA)2Pb9I32    
(AA)2(MA)2Pb3I10  

(n=3) 

Empirical formula C9H24N3Pb2I7 C38H108N14Pb9I32 C8H28N4Pb3I10 

Crystal system orthorhombic triclinic monoclinic 

Space group P212121 P1̅ P21/c 

Crystal Shape and Color Yellow Needle Orange Needle Dark Red Plate 

Unit cell dimensions (Å) a = 8.758 (11) a = 8.7900(18) a = 24.1169(9) 
 b = 15.172 (2) b = 18.750(4) b = 8.9698(2) 
 c = 22.349 (3) c = 22.950(5)  c = 8.8406(2) 

 α = β= γ=90° 

α = 113.67(3)° 

β = 94.65(3)° 

γ = 96.70(3)° 

β = 93.109(2)° 

Volume (Å3) 2969.8 (7) 3406.3(14) 1909.62(9) 

Z 4 1 2 

Density 

(calculated, g/cm3) 
3.303 3.244 3.6017 

Independent reflections 
5828 

[Rint = 0.0636] 

127081 

[Rint = 0.1950] 

3450 

[Rint = 0.0942] 

Completeness to 

θ = 25.242°/25.242°/32.24° 
99.9% 100% 98% 

Data k/ restraints / parameters 5829 / 11 / 130 18434 / 37 / 285 3450 / 6 / 82 

Goodness-of-fit 1.017 0.795 3.96 

Final R indices [I>2σ(I )] 
Robs = 0.0397, 

wRobs = 0.0939 

Robs = 0.0531, 

wRobs = 0.1281 

Robs = 0.0839, 

wRobs = 0.2054 

R indices [all data] 
Rall = 0.0539, 

wRall = 0.1006 

Rall = 0.1767, 

wRall = 0.1540 

Rall = 0.0977, 

wRall = 0.2073 
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Table 3. Crystal Data and Structure Refinement for (IdPA)2MAn-1PbnI3n+1 (n=1-3). 

 (IdPA)2PbI4 

   (n =1) 

(IdPA)2(MA)Pb2I7   

(n =2) 

(IdPA)2(MA)2Pb3I10  

(n=3) 

Empirical formula C6H18N2PbI6 C7H24N3Pb2I9 C8H30N4Pb3I12 

Crystal system monoclinic monoclinic monoclinic 

Space group P21/c C2/c P21/c 

Crystal Shape and Color Orange Plate Red plate Dark Red Plate 

Unit cell dimensions (Å) a = 14.6130(12) a = 40.690(2) a = 26.9377(14) 
 b = 8.810(8) b = 8.8397(3) b = 8.8439(4) 
 c = 8.790(3) c = 8.8425(4)) c = 8.8540(4) 

 β = 106.320(12)° β = 91.656(4)° β = 98.113(5)° 

Volume (Å3) 1086.0(3) 3179.2(3) 2088.22(17) 

Z 4 4 2 

Density  

(calculated, g/cm3) 
3.323 3.578 3.700 

Independent reflections 
1515  

[Rint = 0.0706] 

3623  

[Rint = 0.0750] 

4101  

[Rint = 0.0840] 

Completeness to  

θ = 29.51°/27.5°/25.242° 
100% 100% 99.9% 

Data / restraints / 

parameters 
1515 / 6 / 48 3615 / 0 / 97 4101 / 7 / 95 

Goodness-of-fit 1.054 1.062 1.029 

Final R indices [I>2σ(I)] 
Robs = 0.1063, 

wRobs = 0.3049 

Robs = = 0.0788,  

wRobs = 0.2310 

Robs = 0.1052, 

wRobs = 0.2961 

R indices [all data] 
Rall = 0.1879,  

wRall = 0.3520 

Rall = 0.0924,  

wRall = 0.2420 

Rall = 0.1130,  

wRall = 0.3033 
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Figures: 

 

Figure 1. Structural overview of newly reported series of (100) lead iodide perovskites: (AA)2MAn-1PbnI3n+1 

(n=3-4), [(AA)x(IdPA)1-x]2MAn-1PbnI3n+1 and (IdPA)2MAn-1PbnI3n+1 (n=1-4), as well as their perovskite-related 

substructures: (AA)2Pb2I7, (AA)12(MA)2Pb9I32, (IdPA)PbI3 and (IdPA)6Pb3I12. 

 

 

 

 

 



36 
 

 

 

 



37 
 

 

Figure 2. (A) PXRD pattern for n=3 compounds (AA)2(MA)2Pb3I10, [(AA)x(IdPA)1-x]2(MA)2Pb3I10 and 

(IdPA)2(MA)2Pb3I10 along with the expanded view of the (100) reflections. (B) PXRD pattern for n=4 compounds 

(AA)2(MA)3Pb4I13, [(AA)x(IdPA)1-x]2(MA)3Pb4I13 and (IdPA)2(MA)3Pb4I13 along with the expanded view of the 

(100) reflections. (C) Stacking axis as a function of perovskite layer thickness (n), (D) Interlayer distance as a 

function of perovskite layer thickness (n), and (E) Adjacent I···I distances as a function of perovskite layer 

thickness (n) for the series: (AA)2(MA)n-1PbnI3n+1, [(AA)x(IdPA)1-x]2(MA)n-1PbnI3n+1, (IdPA)2(MA)n-1PbnI3n+1, 

(PrpA)2(MA)n-1PbnI3n+1 and (BA)(MA)n-1PbnI3n+1. 
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Figure 3. (A)  Comparative view of the offset geometry in the consecutive [PbI6]4- layers,  (B) Comparative view 

of the parallel plane to the stacking axis, and (C) Comparative view along the stacking axis between the (n=3) 

compounds (AA)2(MA)2Pb3I10, (IdPA)2(MA)2Pb3I10, (PrpA)2(MA)2Pb3I10 and (BA)2(MA)2Pb3I10. 
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Figure 4. (A) Comparison of the stacking axis and interlayer distance in Å, and (B) Comparison of adjacent I···I 

distances between the (n=3) compounds (AA)2(MA)2Pb3I10, [(AA)x(IdPA)1-x]2(MA)2Pb3I10, (IdPA)2(MA)2Pb3I10, 

(PrpA)2(MA)2Pb3I10 and (BA)2(MA)2Pb3I10.  (C) Comparison of the stacking axis and interlayer distance in Å, 

and (D) Comparison of adjacent I···I distances between the (n=3) analogues of the 2D perovskite families of RP, 

DJ (consisting of the average adjacent I···I distance from the compounds: (3AMP)MA2Pb3I10, 

(4AMP)MA2Pb3I10, (3AMPY)MA2Pb3I10 and (4AMPY)MA2Pb3I10), AC  (consisting of the compound 
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(GA)MA3Pb3I10), DiAm (consisting of the average adjacent I···I distance from the compounds: 

(NH3C8H16NH3)(MA)2Pb3I10 and (NH3C9H18NH3)(MA)2Pb3I10), RP -including (AA)2(MA)2Pb3I10 - and the 

(AA)2(MA)2Pb3I10 representative compound. 
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Figure 5. (A) Average axial and equatorial Pb−I−Pb angles of (n=3) compounds (AA)2(MA)2Pb3I10, 

[(AA)x(IdPA)1-x]2(MA)2Pb3I10, (IdPA)2(MA)2Pb3I10, (PrpA)2(MA)2Pb3I10 and (BA)2(MA)2Pb3I10. (B) Average 

equatorial Pb−I−Pb angles from the individual inner and outer [PbI6] layers of the (n=3) compounds 

(AA)2(MA)2Pb3I10, [(AA)x(IdPA)1-x]2(MA)2Pb3I10, (IdPA)2(MA)2Pb3I10, (PrpA)2(MA)2Pb3I10 and 
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(BA)2(MA)2Pb3I10. (C) Average axial and equatorial Pb−I−Pb angles of the (n=3) analogues of the 2D perovskite 

families of RP(without AA), DJ (consisting of the compounds: (3AMP)MA2Pb3I10, (4AMP)MA2Pb3I10, 

(3AMPY)MA2Pb3I10 and (4AMPY)MA2Pb3I10), AC (consisting of the compound (GA)MA3Pb3I10), DiAm 

(consisting of the compounds: (NH3C8H16NH3)(MA)2Pb3I10 and (NH3C9H18NH3)(MA)2Pb3I10), and 

(AA)2(MA)2Pb3I10 representative compound. 
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Figure 6. (A)  Optical absorption spectra of n=3 compounds (AA)2(MA)2Pb3I10, [(AA)x(IdPA)1-x]2(MA)2Pb3I10, 

and (IdPA)2(MA)2Pb3I10 and n=4 compounds (AA)2(MA)3Pb4I13, [(AA)x(IdPA)1-x]2(MA)3Pb4I13 and 

(IdPA)2(MA)3Pb4I13. (B)  Bandgap and (C) exciton peak as a function of perovskite layer thickness (n) for the 

series: (AA)2(MA)n-1PbnI3n+1, [(AA)x(IdPA)1-x]2(MA)n-1PbnI3n+1, (IdPA)2(MA)n-1PbnI3n+1, (PrpA)2(MA)n-

1PbnI3n+1 and (BA)(MA)n-1PbnI3n+1 (n=2-4). (D) Band-edge emission of (AA)2(MA)2Pb3I10, (IdPA)2(MA)2Pb3I10, 

(AA)2(MA)3Pb4I13, and (IdPA)2(MA)3Pb4I13. (E) Observation of broad emission in (AA)2(MA)2Pb3I10 crystal. 
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Figure 7. Photoemission Yield Spectroscopy in Air (PYSA) of (BA)2(MA)2Pb3I10, (AA)2(MA)2Pb3I10, 

(IdPA)2(MA)2Pb3I10, (BA)2(MA)3Pb4I13, (AA)2(MA)3Pb4I13, (IdPA)2(MA)3Pb4I13 and MAPbI3. 

 

 

Figure 8. Computed band structures for (A) (AA)2MA2Pb3I10 and (B) (IdPA)2MA2Pb3I10. 
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Figure 9. A) Computed high-frequency dielectric constant profile along the stacking axis for (BA)2(MA)2Pb3I10 

(black solid line), (AA)2(MA)2Pb3I10 (red solid line) and (IdPA)2(MA)2Pb3I10 (blue solid line). For each 

compound, the contribution of the organic cations alone is given in black, red and blue dashed lines, respectively. 

(B) Zoom-in on the organic cations AA, IdPA and BA contribution. The red dotted line marks the contribution 

from a AA cation with a the unsaturated bond oriented perpendicular to the stacking axis which enhances the 

dielectric response (See Figure S16). 
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Figure 10. Excited state dynamics of the n=3 allylamine 2D perovskite series with varying IdPA concentration. 

(Left) Transient absorption surface of IdPA, (AA)(IdPA), AA and BA n=3 crystals.  Different levels of signal 

intensity are plotted as a function of probing energy (x-axis) and delay time after excitation at 2.41 eV (y-axis). 

Red represents the negative bleaching signal and blue represents the positive absorption signal. (Middle) 

Transient absorption spectra at different time delays from 0 (red) to 1 ns (blue). (Right) Normalized TA signal 

intensity at representative energy (each probing energy is marked using a colored line in the left and middle 

column with the corresponding color). The longest decay lifetimes in picosecond (assigned to be the carrier 

recombination lifetimes) were extracted using multi-exponential fits and marked near the cuts. 
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Figure 11. (A) The normalized TA signal intensity extracted at the bandgaps showing the recombination 

dynamics at the bandgaps of crystals containing different cations. (B) The correlation between the lattice 

distortion and recombination lifetimes. The left axis shows the speed of the recombination and the right 

axis shows the average equatorial Pb-I-Pb bond angle solved by x-ray crystallography indicating the level 

of distortion inside the inorganic structures. A clear negative correlation can be observed between the 

level of distortion and the speed of recombination, suggesting the direct effect of lattice distortion on 

excited-state dynamics.  
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