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Abstract

Large organic A cations cannot stabilize the 3D perovskite AMX3 structure because they cannot 

be accommodated in the cubo-octhedral cage (do not follow the Goldschmidt tolerance factor rule), 

and they generally template low-dimensional structures.  Here we report that the large di-cation 

aminomethylpyridinium (AMPY), can template novel 3D structures which resemble conventional 

perovskites. They have the formula (xAMPY)M2I6 (x = 3 or 4, M = Sn2+ or Pb2+) which is doubled 

the AMX3 formula. However, because of the steric requirement of the Goldschmidt tolerance 

factor rule, it is impossible for (xAMPY)M2I6 to form proper perovskite structures. Instead, a 

combination of corner-sharing and edge-sharing connectivity is adopted in these compounds 

leading to the new 3D structures. DFT calculations reveal that the compounds are indirect-bandgap 

semiconductors with direct bandgaps presenting at slightly higher energies and dispersive 

electronic bands. The bandgaps of the Sn and Pb compounds are ~ 1.7 eV and 2.0 eV, respectively, 

which is slightly higher than the corresponding AMI3 3D perovskites. The Raman spectra for the 

compounds are diffuse, with a broad rising central peak at very low frequencies around 0 cm-1, a 

feature that is characteristic of dynamical lattices, highly anharmonic, and dissipative vibrations 

very similar to the 3D AMX3 perovskites. Devices of (3AMPY)Pb2I6 crystals exhibit clear 

photoresponse under ambient light without applied bias, reflecting a high carrier mobility (μ) and 

long carrier lifetime (τ). The devices also exhibit sizable X-ray generated photocurrent with a high 

μτ product of ~1.2×10-4 cm2 /V and an X-ray sensitivity of 207 CGy-1cm-2.
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Introduction

Three-dimensional (3D) hybrid halide perovskites have achieved tremendous success in 

photovoltaic devices1-3 owing to their defect tolerance, long carrier lifetime and low trap density.4-6 

These properties also enable photodetector,7 x-ray detection8 and γ-ray detection applications9-11. 

Alternative materials based on double perovskites12-15 and low-dimensional perovskites15-20 are 

also being explored as they enrich the structural diversity and property repertoire of the perovskite 

framework. The 3D perovskite structure which forms by the corner-sharing motif of the MX6 

octahedra of Pb2+ and Sn2+ creates a favorable electronic band structure with very broad valence 

and conduction bands which facilitate photo-excited charge transport.21-22  It is this type of 

electronic band structure, along with the special lattice dynamics, that underpin the very promising 

optoelectronic properties of the perovskites. Theoretical DFT calculations of various metal halide 

structures show that the electronic band dispersions are larger in the corner-sharing motifs than in 

edge-sharing ones, while the face-sharing structures have relatively flat bands and poor charge 

transport.23-25 This raises the interesting question: is it possible to find structure motifs for Pb and 

Sn based hybrids beyond the perovskite paradigm that can still exhibit comparable electronic 

properties for practical applications?  Currently, we cannot fully answer the question because the 

scope of non-perovskite halide hybrids with Pb and Sn is relatively limited.

The 3D perovskite structure has defined cages which are stabilized by the so called Goldschmidt 

tolerance factor,26 a geometrical constraint that must be met by the A cations in the general formula 

AMX3 (M = Ge2+, Sn2+, Pb2+; X= Cl−, Br−, I−).5-6 So far, only three +1 A-site cations can maintain 

the 3D structures: Cs+, CH3NH3
+ (MA), or HC(NH2)2

+ (FA). When the A cation is as big as 

ethylenediammonium (en), it can replace some of the M2+ forming the “hollow” perovskites with 

decreasing mass densities as the amount of en increases,27-28. When it comes to HOC2H4NH3
+ 

(hea) cation29-30, some Pb2+ and I- deficient channels are formed with the Pb2+ and I- ions partially 

replaced by the hea cation, and as a result, the volume of the unit cell is larger than that of the 

MAPbI3. For cations with three or more carbons, two-dimensional (2D)25, 31-32 and one-

dimensional (1D) structures33 are formed to accommodate them. 34 For example, the linear 

diammonium cations NH3CmH2mNH3
2+ (m = 4−9) lead to the 2D 

(NH3CmH2mNH3)(CH3NH3)n−1PbnI3n+1 (m = 4−9, n = 1−4) series.35 The cyclic diammonium cations 

x-(aminomethyl)piperidium (xAMP, x = 3 or 4) template the Dion-Jacobson phases 

(xAMP)(CH3NH3)n−1PbnI3n+1 (n = 1−4).36 As in the case of x-aminomethylpyridium (AMPY) (x = 
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2, 3 or 4) cations, they form 2D, 0D and 1D structures with 2AMPY, 3AMPY and 4AMPY for 

bromide compounds, respectively.37 For iodide compounds, 2AMPY cation can form either 1D 

structure that incorporate crystalline H2O in the lattice or 2D structures that preclude H2O, and 

these structures can be converted below 90 °C.38-39 Recently, our group reported that 3AMPY and 

4AMPY cations can also template multilayered 2D Dion-Jacobson phases (xAMPY)(MA)n-

1PbnI3n+1 (x = 3 or 4, n = 1−4).40  In many lower dimensional structures, however, the connectivity 

mode is not limited to corner-sharing only, edge-sharing and face-sharing31 modes are also 

commonly seen. These materials are no longer proper perovskites and can be referred to as 

“perovskitoids”.41   

Here, we show that the xAMPY cations can stabilize 3D perovskitoid structures with Sn and Pb 

that consist of both corner-sharing and edge-sharing octahedra. The compounds have a double 

AMX3 formula, (xAMPY)M2I6, and theoretical DFT calculations show that their electronic 

structures resemble those of the 3D AMX3 perovskites. The bandgaps of the new compounds are 

~0.5 eV wider than the AMX3 3D perovskites because the polyhedron connectivity is a mixture of 

corner-sharing and edge-sharing motifs. The bandwidths are large along the directions of corner-

sharing, leading to low carrier effective masses and the bandgaps still fall within the range for solar 

cell and X-ray radiation detector applications. Raman spectra reveal a broad response that is 

consistent with the loss of translational symmetry with phonons from across the Brillouin zone 

apparently contributing to scattering of the incident light, suggesting lattice phonon dynamics 

typical of liquids and high anharmonicity. Interestingly, this response is similar to the 3D MAPbX3 

perovskites whose lattices are dynamical and possess dual “crystal-liquid” characteristics, causing 

large polaron formation and good screening of charge carriers. In this context, we show that 

(3AMPY)Pb2I6 exhibit promising optical and electronic properties suitable for radiation detector 

applications. They exhibit high X-ray sensitivity of 207 CGy-1cm-2 and robust photoresponse 

under ambient light even without applied bias, which can be attributed to its large carrier mobility 

and lifetime product. 

 

Experimental Section

Starting Materials PbI2 (99.999%), SnCl2∙2H2O (99%), hydroiodic acid (57 wt % in H2O, 

distilled, stabilized, 99.95%), hypophosphorous acid solution (50 wt % in H2O), 3-
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(aminomethyl)pyridine (99%) and 4-(aminomethyl)pyridine (98%) were purchased from Sigma-

Aldrich and used as received. 

Synthesis. 

(3AMPY)Pb2I6 An amount of 2 mmol (446.4 mg) PbO was dissolved in 2.5 mL concentrated HI 

solution under heating to boiling and vigorous stirring until a clear yellow solution was obtained. 

0.5 mmol (50.8 µL) 3-(aminomethyl)pyridine (3AMPY) was added to 0.5 mL hypophosphorous 

acid in a separate vial under stirring.  The protonated 3AMPY solution was added to the previous 

solution under continuous heating at 240 °C and stirred for 5 min. Then the temperature was 

lowered to 125 °C until red crystals precipitated out. After one hour most crystals had precipitated 

out, the product was isolated by suction filtration from the hot solution and dried on the filtration 

funnel for a further 30 min. Yield: 375 mg, 22.7% based on total Pb.

(4AMPY)Pb2I6 An amount of 2 mmol (446.4 mg) PbO was dissolved in 2.5 mL concentrated HI 

solution under heating to boiling and vigorous stirring until a clear yellow solution was obtained. 

0.4 mmol (40.6 µL) 4-(aminomethyl)pyridine (4AMPY) was added to 0.5 mL hypophosphorous 

acid in a separate vial under stirring.  The protonated 4AMPY solution was added to the previous 

solution under continuous heating at 240 °C and stirred for 5 min. Then the temperature was 

lowered to 125 °C until orange crystals precipitated out. After one hour most crystals had 

precipitated out, the product was isolated by suction filtration from the hot solution and dried on 

the filtration funnel for a further 30 min. Yield: 281.3 mg, 17.1% based on total Pb.

(3AMPY)Sn2I6 An amount of 2 mmol (451.3 mg) SnCl2∙2H2O was dissolved in 2.5 mL 

concentrated HI solution under heating to boiling and vigorous stirring until a clear yellow solution 

was obtained. 0.5 mmol (50.8 µL) 3AMPY was added to 0.5 mL hypophosphorous acid in a 

separate vial under stirring.  The protonated 3AMPY solution was added to the previous solution 

under continuous heating at 240 °C and stirred for 5 min. Then the temperature was lowered to 

125 °C until black crystals precipitated out. After one hour most crystals had precipitated out, the 

product was isolated by suction filtration from the hot solution and dried on the filtration funnel 

for a further 30 min. Yield: 268.1 mg, 24.2% based on total Sn.

(4AMPY)Sn2I6 An amount of 2 mmol (451.3 mg) SnCl2∙2H2O was dissolved in 2.5 mL 

concentrated HI solution under heating to boiling and vigorous stirring until a clear yellow solution 

was obtained. 0.5 mmol (50.8 µL) 4AMPY was added to 0.5 mL hypophosphorous acid in a 

separate vial under stirring.  The protonated 3AMPY solution was added to the previous solution 
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under continuous heating at 240 °C and stirred for 5 min. Then the temperature was lowered to 

125 °C until dark red crystals precipitated out. After one hour most crystals precipitated out, the 

product was isolated by suction filtration from the hot solution and dried on the filtration funnel 

for a further 30 min. Yield: 231.2 mg, 20.8% based on total Sn.

(3AMPY)1-x(4AMPY)xSn2I6 An amount of 2 mmol (451.3 mg) SnCl2∙2H2O was dissolved in 2.5 

mL concentrated HI solution under heating to boiling and vigorous stirring until a clear yellow 

solution was obtained. 0.5(1-x) mmol 3AMPY and 0.5x mmol 4AMPY (x = 0.25, 0.5, 0.75) were 

added to 0.5 mL hypophosphorous acid in a separate vial under stirring.  The protonated solution 

was added to the previous solution under continuous heating at 240 °C and stirred for 5 min. Then 

the temperature was lowered to 125 °C until black crystals precipitated out. After one hour most 

crystals precipitated out, the product was isolated by suction filtration from the hot solution and 

dried on the filtration funnel for a further 30 min. 

(3AMPY)(Pb1-xSnx)2I6 An amount of 2x mmol SnCl2∙2H2O and 2(1-x) mmol PbO (x = 0.25, 0.5, 

0.75)  were dissolved in 2.5 mL concentrated HI solution under heating to boiling and vigorous 

stirring until a clear yellow solution was obtained. 0.5 mmol (50.8 µL) 3AMPY was added to 0.5 

mL hypophosphorous acid in a separate vial under stirring.  The protonated 3AMPY solution was 

added to the previous solution under continuous heating at 240 °C and stirred for 5 min. Then the 

temperature was lowered to 125 °C until black crystals precipitated out. After one hour most 

crystals had precipitated out, the product was isolated by suction filtration from the hot solution 

and dried on the filtration funnel for a further 30 min.

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 F2 using the Jana 2006 package.42 The PLATON43 software 

was used to identify the twinning domains and validate the space groups of the compounds.

Computational details.  First-principles calculations are based on density functional theory (DFT) 

as implemented in the SIESTA package.44-45 Calculations have been carried out on experimental 

structures with the GGA functional in the revPBE form.46 Core electrons are described with 

Troullier-Martins pseudopotentials,47 while valence wavefunctions are developed over double-ζ 

polarized basis set of finite-range numerical pseudoatomic orbitals.48 In our calculations, spin-orbit 
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coupling is taken into account through the on-site approximation as proposed by Fernández-

Seivane et al.49 In all cases, an energy cutoff of 150 Ry for real-space mesh size has been used.

Detector Fabrication and Performance Measurements. The (3AMPY)Pb2I6 crystal was used to 

fabricate the detector with the structure of Ga/(3AMPY)Pb2I6/Au. Au electrodes were prepared by 

conductive adhesive paint. Ga electrode was prepared by spreading liquid Ga metal on the surface.  

The I−V curves were measured using a Keithley 6517B electrometer. The photoconductivity 

measurement was done under ambient light under AM1.5 G simulated irradiation with a standard 

solar simulator (Abet Technologies) with a flux of 10 mW/cm2. The X-ray response was measured 

using an uncollimated X-ray source, generated by Amptek Ag Mini X-ray tube with the operation 

tube voltage of 50 kV. During measurement, the X-ray beam was filtered by Al pad for reducing 

the dose rate. The dose rate was tuned by changing the tube current from 10 to 60 A.

Results and Discussion

Synthesis. To avoid the previously reported 2D perovskite (xAMPY)PbI4 structures, which 

formed when the ratio of Pb and AMPY starting materials is 1:1,40 we used a 4:1 ratio which led 

to the new compounds. After all reactants dissolved under stirring and boiling, if the solution was 

cooled directly to the room temperature, the compounds could not form, and instead light-yellow 

phases precipitated out. These are hydrated phases formed, which were also observed as 

intermediates in the synthesis of the 2D (xAMPY)PbI4 structures.40 Similar orange hydrated phases 

were also observed for the Sn analogues. Therefore, to avoid these light-yellow phases, the hot 

plate temperature needs to be lowered from 240°C to 125°C (right below the boiling point of HI) 

to keep the solution hot and prevent their precipitation. It is worth mentioning that the solution 

temperature cannot exceed the boiling point of concentrated HI (~127 °C) which is a “physical 

constant” for the given concentration of solutes. The excess heat produced by the 240 °C 

temperature on the hot plate is only relevant in assessing the rate of the solvent evaporation rather 

than the actual temperature of the reaction and was chosen to accelerate the synthetic process. The 

solutions need to be very concentrated so that the desired phase can still precipitate out at 125°C. 

Plate-like crystals started to form from the hot 125°C solution within one hour, and the crystal 

growth process was completed within one more hour. The formed crystals were filtered by suction 

filtration directly from the hot solution to avoid the formation of the hydrated phases. The color of 
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the (3AMPY)Pb2I6 crystal is red while that of (4AMPY)Pb2I6 is orange. The colors of 

(3AMPY)Sn2I6 and (4AMPY)Sn2I6, are black and dark red, respectively, and all the crystals are 

plate-like in shape. The pictures of the crystals are shown as insets in Figure S1, and the 

experimental power X-ray diffraction (PXRD) patterns match the calculated ones, showing that 

pure phases are obtained during the synthesis. Both Sn compounds have the same crystal structure 

as (3AMPY)Pb2I6, which makes mixing both A+ and M2+ cations to form isostructural alloys 

possible. The mixed A+ cation compounds exhibit a continuous color change between 

(3AMPY)Sn2I6 and (4AMPY)Sn2I6. For the mixed Pb/Sn compounds, all crystals are black as their 

optical bandgaps are smaller than both parent compounds (see below). 

Crystal structures. The general formula of the new materials is (xAMPY)M2I6, (x = 3 or 4, M = 

Pb2+ or Sn2+), which is equivalent to a doubled 3D perovskite AMI3 formula where two A+ cations 

are substituted by a single +2 xAMPY cation. However, the large xAMPY cations template 

different structures with a combination of corner-sharing and edge-sharing octahedra, giving rise 

to two unique metal-halide frameworks. All compounds crystallize in the polar monoclinic space 

groups Ia/Im, with the results of structural refinement shown in Table 1, and detailed 

crystallographic data provided in Tables S1−S5. It is worth mentioning that the inorganic 

structures are noncentrosymmetric locally (i.e. in a single unit cell), but in the long-range bulk they 

tend to be centrosymmetric as the dipoles cancel out on average. This picture is in line with the 

dynamic crystal structure of the halide perovskites (especially at room temperature) which makes 

such an equivocal structural interpretation possible (see detailed discussion of the Raman spectra 

below). We chose the noncentrosymmetric space groups to avoid the disorder in the model as we 

have explained in detail for 2D structure refinements previously.50 (3AMPY)Sn2I6 and 

(4AMPY)Sn2I6 adopt the same space group as (3AMPY)Pb2I6 (Im), whereas the (4AMPY)Pb2I6 

compound exhibits a different space group (Ia). Therefore, the two types of structures will be 

discussed separately. The unit cells in both cases consist of four layers of octahedra, summing up 

to a lattice parameter of ~25 Å, which represents a 4-fold supercell of the basic octahedral motif 

(4×~6.3 Å). 

Crystal structure of (4AMPY)Pb2I6. There are four crystallographically independent Pb atoms 

forming four distinct octahedra in the (4AMPY)Pb2I6 structure (Figure 1a), and two of them are 

connected by edge-sharing to form dimers, which then further connect through corner-sharing to 
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other dimers to form continuous layers extending along the bc crystallographic plane. Four edge-

sharing dimers connect through corners across the individual layers to form triangular-shaped 

voids (Figure 2a, 2b). The layers then stack by corner-connect along the a-axis (stacking axis) to 

complete the anionic inorganic 3D framework (Figure 2c). The characteristic size and shape of the 

4AMPY act as a template, forming a large isosceles triangle-shaped cavity around which the 

network structure is built. The 4AMPY cation lies in the plane of the layers and perpendicular to 

the stacking direction in the channels, a configuration that is imposed by the charge density 

distribution of the organic atoms. Although all layers are the same, they stack in pairs. This is 

shown by the yellow and purple layers in Figure 2a-c. Within a pair the layers stack in an eclipsed 

manner. Between pairs the stacking is accomplished by a 1/2x1/2 shift along the b and c axes, 

Figure 2d. The two adjacent bilayers between pairs are symmetry-related by glide planes. Viewed 

along the a-axis, the lattice contains rhombus-shaped channels (Figure 2d). 

Crystal structure of (3AMPY)M2I6 (M = Pb2+ or Sn2+). The structure of (3AMPY)Pb2I6 consists 

of six distinct Pb atoms (Figure 1b), and the basic motif is also dimers formed by two edge-sharing 

octahedra of adjacent Pb atoms. Its structure is different from that of (4AMPY)Pb2I6 in the 

interconnectivity of the edge-sharing dimers. In this case there are two chemically distinct types 

of layers. The first kind consists of corner-sharing merging from four dimer to form rectangular 

cavities instead of triangles (Figure 3a, c), and they are symmetry-related by a mirror plane. The 

second kind is the same as the one described above in the (4AMPY)Pb2I6 structure with triangular 

cavities (Figure 3b, d). The structure of (3AMPY)Pb2I6 can be thought as stacking of these layers 

in an alternating fashion along the b direction, Figures 3e. The triangular and rectangular voids 

containing the organic cations interchange across the stacking b axis every other layer, Figure 3f. 

The Sn analogues crystallize in the (3AMPY)Pb2I6 structure type. Similar to the (3AMPY)Pb2I6 

structure, each of the four layers in the unit cell adopt a different connection motif, as shown in 

Figure 3a-d. Figure 4 shows the structures from a side view and the connection motif for the bottom 

layer. The difference in distortion between (3AMPY)Sn2I6 and (4AMPY)Sn2I6 can be seen from 

the close inspection of the bottom layer of the two structures. Specifically, the shape of the cage is 

a regular rectangle for (3AMPY)Sn2I6, Figure 4b, whereas for  (4AMPY)Sn2I6  the rectangle is 

significantly deformed, Figure 4d. 
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Because of the strong links to the electronic properties, it is important to analyze the connectivity 

types of the metal iodide octahedra in these structures as well as the M-I-M angles and bonding 

distortions. To simplify the discussion, we only consider the M-I-M angles of corner-sharing 

connectivity, since they are the special feature in perovskites and most relevant to the charge 

transport and electronic band dispersion. The M-I-M angles can be divided into the “equatorial” 

M-I-M angles which are perpendicular to the stacking axis and the “axial” M-I-M angles that align 

parallel to the stacking axis, Table 2. For the Pb compounds, the (4AMPY)Pb2I6 structure has 

smaller equatorial angles than (3AMPY)Pb2I6 because the Pb-I-Pb acute angles of the triangular 

cavity are much smaller than 180°. The (3AMPY)Pb2I6 structure has half the number of triangular 

cavity and half rectangular cavity, where the Pb-I-Pb angles for the rectangular cavity are almost 

180°. Therefore, the (3AMPY)Pb2I6 structure has on average larger equatorial Pb-I-Pb angles than 

the (4AMPY)Pb2I6 structure. For the Sn compounds, even though the connection motif is the same, 

the Sn-I-Sn angles are different, as seen from the large deformation of the rectangular cavity 

(Figure 4d). The (3AMPY)Sn2I6 structure has larger equatorial and axial Sn-I-Sn angles, so the 

average Sn-I-Sn angles are also larger than the (4AMPY)Sn2I6 structure, Table 2.

We can also compare the average distortion levels of individual octahedra. This structural 

distortion can be quantified by defining the distortion index (D) and bond angle variance (σ2) of 

the octahedra by the variance of the M-I bond-length and M-I-M bond-angle from the average 

value calculated by the Vesta software,51-52 as shown in equation (1) and (2), where lav is the 

average M-I bond distance, li are the individual bond-length and  is the individual bond-angle. 𝜙𝑖

For the structures with multiple independent octahedra, the average values are used. The distortion 

index and bond angle variance are significantly higher in the (4AMPY)Sn2I6 than those in the 

(3AMPY)Sn2I6 (Table 2), and the values for (3AMPY)0.5(4AMPY)0.5Sn2I6 are between the two parent 

compounds. The structures of the Pb compounds are less distorted and the corresponding the D 

and σ2 values are shown in Table 2. 

                     (1)𝐷 =
1
6 ∑6

𝑖

|𝑙𝑖 ― 𝑙𝑎𝑣|
𝑙𝑎𝑣

             (2)𝜎2 =  ∑12
𝑖 = 1(𝜙𝑖 ― 90)2 11 

The similarity of structures between (3AMPY)Pb2I6 and (3AMPY)Sn2I6 makes it possible to mix 

the M2+ cations to form  the (3AMPY)(Pb1-xSnx)2I6  series with x = 0.25, 0.5 and 0.75. The structure 

Page 10 of 33

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



11

of (3AMPY)PbSnI6  (x = 0.5) adopts the same space group as the two parent compounds, and the 

unit cell dimensions lie in between (3AMPY)Pb2I6 and (3AMPY)Sn2I6 (as shown Table 1). For x 

= 0.5, the actual ratio of Sn and Pb is obtained by refining the occupancy of the M2+ site, with 1.09 

Sn: 0.91Pb close to the stoichiometric reaction ratio (1:1).

Electronic structure calculations. We calculated the electronic band structures using DFT with 

the experimentally obtained structures. Note that in the case of 3AMPY and 4AMPY organic 

cations, the well-known bandgap underestimation of GGA functionals causes the artificial 

appearance of molecular states from the organic cation within the band of the inorganic lattice. 

This is caused by the incorrect positions of the conduction and valence band extrema with respect 

to the lowest unoccupied molecular orbital (LUMO) of the organic cations. In order to circumvent 

this artifact, we performed calculations by substituting the organic cations with an estimated 

background charge. This way, the misplaced molecular cation states no longer appear in the band 

structure, while the band structure arising from the inorganic lattice is not dramatically affected 

(Figure S2a, b). All four compounds (xAMPY)M2I6 (x = 3 or 4, M = Sn2+ or Pb2+) are indirect 

bandgap semiconductors. For the Sn compounds, the valence band maxima (VBM) show up at the 

A point while the conduction band minima (CBM) are at the Γ point (Figure 5a, b). The calculated 

bandgaps of the indirect transition are 0.81 eV and 0.80 eV for the (3AMPY)Sn2I6 and 

(4AMPY)Sn2I6, respectively.

Despite the indirect bandgap, which may account for the weak photoluminescence (PL) at room 

temperature (see below), there is a closely lying, slightly larger direct bandgap at the Γ point which 

can account for the significant optical absorption exhibited by these materials. As shown in Figure 

S2c, the CB and VB wavefunctions display linear combinations of orbitals both at the A and  

points, which are favorable for direct dipolar electric transitions. The CB edge wavefunctions are 

indeed based on empty p-orbitals located on the Pb atoms and the VB edge wavefunctions on 

combinations of filled p-orbitals located on the iodine atoms and on filled s-orbitals located on the 

Pb atoms. These linear combinations of orbitals are typical of halide perovskites and stand at the 

origin of their remarkable optoelectronic properties. These strong direct optical transitions are in 

principle competing with indirect optical transitions between the A and , i.e. from the VB (A) to 

the CB () and from the VB () to the CB (A), which is in sharp contrast to the conventional 

indirect semiconductors such as Si, where the direct transition is very weak.53
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The octahedra in the b direction (for the Sn compound) are connected in corner-sharing mode, 

while in the other two directions there is a combination of corner-sharing and edge-sharing. 

Therefore, the ΓY (MA) direction in the Brillouin zone, which corresponds to the b direction in 

the real space, is the most energy dispersive direction for both VB and CB. This is in marked 

contrast to the other crystallographic directions where the octahedra share edges and the associated 

electronic bands are much less dispersive. This is consistent with our understanding that the corner-

sharing motif results in larger band dispersions than the edge-sharing one, followed by the face-

sharing motif. 23-25

The Pb compounds have relatively flat valence bands and dispersive conduction bands. The VBM 

show up at the Y point while the CBM at the Γ point. The (3AMPY)Pb2I6 and (4AMPY)Pb2I6 

compounds exhibit larger calculated bandgaps than the Sn analogs at 1.41 eV and 1.44 eV (Figure 

5c, d),  which match the experimental trend. The (4AMPY)Pb2I6 shows strong differences from 

the other three compounds, with the VBM and CBM showing up in different positions in the 

Brillouin zone, which reflects its different crystallographic structure.

It is notable that the VBM and CBM of the Pb compounds are much less dispersive than the Sn 

analogs and this is also reflected in the computed carrier effective masses that are at least two times 

higher for Pb (Table 3). The strong spin-orbit coupling (SOC) pushes the filled 6s based bands of 

the Pb perovskites lower in energy compared to the 5s bands of the Sn perovskites, decreasing 

their contribution to the VBM.54 The significant energy stabilization of the 6s based bands of the 

Pb perovskites result in narrowing of the valence bands. This trend, also observed in the 3D 

perovskites, suggests that the Sn compounds should have overall better hole and electron 

mobilities.21  In the case of Sn perovskites, however, a strong anisotropy appears when looking 

closely at hole and electron effective masses. Indeed, the carrier effective masses in the corner-

sharing direction (mh
∥ and me

∥) are significantly smaller than the masses taken perpendicular to 

that direction (mh
⊥ and me

⊥, see Table 3). The contrast is greater for electrons with a ratio me
∥/me

⊥ 

larger than 20 for 3AMPY and 4AMPY, but is also strong for holes with a ration mh
∥/mh

⊥ greater 

than 10 and 3.5 for 3AMPY and 4AMPY, respectively. This indicates that the Sn compounds are 

considerably more anisotropic in an electronic transport sense despite the 3D structure of the 

framework. The anisotropy also exists for Pb compounds but is less pronounced, in particular for 

holes with mh
∥/mh

⊥ ratios lesser than 2. These results call for a careful orientation of the 
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compounds within a device for full utilization of the charge mobilities. Given the energy dispersive 

nature of the conduction bands of the Pb compounds, the me is favorably small and suggests good 

electron transport properties.

Raman Spectra. The room-temperature Raman spectra of the compounds, shown in Figure 6, 

consist of very broad, low intensity peaks. displaying similar behavior to the conventional 3D 

AMX3 structures. The spectra are diffuse, composed of a central peak with a notable spectral 

continuum from very broad Raman transitions. For the Pb compounds, the peaks at lower 

frequencies (<70 cm-1) correspond to the bending modes of [PbI6]4- octahedra while the peak at 

~100 cm-1 corresponds to the [PbI6]4- stretching modes.55 The Raman spectra for the Sn compounds 

are even more diffuse, with one broad peak expanding the measurement range. The broad central 

peak located around 0 cm-1 betrays loss of translational symmetry and is characteristic of dynamic 

atomic disorder, highly anharmonic, and dissipative vibrations.56-57 This type of room temperature 

Raman spectrum has been observed in crystalline MAPbI3, MAPbBr3 and CsPbBr3 perovskites 

which are known to have soft distortive lattices and interestingly similar to those of fluids.55, 58 In 

essence the broad central peaks suggests one can view these anharmonic crystalline structures as 

vibrating in almost all frequencies.  This behavior is attributed to local polar fluctuations and high 

anharmonicity that derive from the 6s2 (5s2) lone pair activity of Pb2+ (Sn2+) and halide motion.  

These fluctuations are intrinsic to the general metal-halide perovskite structure and the presence 

of corner-sharing octahedra and less so to any dipolar organic cation.54 This fluid-like behavior in 

the inorganic lattice is believed to cause the beneficial defect tolerant properties of 3D perovskites 

and implies that the title (3AMPY)(Pb1-xSnx)2I6 and (4AMPY)(Pb1-xSnx)2I6 compounds also 

possess similar characteristics considering the large fraction of corner-sharing octahedra. 

Optoelectronic properties. The absorption spectra of the four parent compounds are shown in 

Figure S3, and the absorption spectra of the (3AMPY)(Pb1-xSnx)2I6  series are presented in Figure 

7a. An optical feature near the optical band gap similar to an excitonic resonance is prominent only 

for the pure Pb compound. We may infer that an excitonic resonance can be barely seen in the Sn 

or the mixed Sn/Pb compounds, indicating lower excitonic binding energies for the Sn-based 

perovskites.59-60 The bandgap values (Figure 7b, d) were extracted from the low-energy slope of 

the Tauc plot (Figure S4). As suggested above by the electronic structure calculations, the 

compounds are technically indirect bandgap semiconductors but practically seem to behave as 
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direct bandgap materials. This can explain the experimental results that some of the absorption 

spectra (especially those of mixed AMPY cations, shown in Figure 7c) have a low energy tail 

(likely indicative of structural disorder) and the PL intensities are low (compared to perovskite 

compounds) at room temperature (Figure S3b, d). Though the estimated bandgaps are slightly 

different when the Tauc plots are drawn based on the indirect (Figure S4) and direct bandgap 

models (Figure S5), the trend is the same among the compounds. 

As it is typical in halide perovskites, the Sn compounds exhibit smaller bandgap than the Pb ones. 

The intermediate mixed Pb/Sn compounds, however, show anomalous trend and exhibit smaller 

bandgaps than the parent Sn and Pb compounds. This trend, called the bowing effect, defies the 

so-called Vegard’s law and comes from the fact that the Sn compound has deeper conduction band 

minimum (CBM) and the Pb compound has shallower valence band maximum (VBM) with respect 

to each other.61-62 Because of this trend, most alloy combinations of Sn and Pb will generate lower 

bandgaps than the Sn compounds.63-64 As for the mixed cation (3AMPY)1-x(4AMPY)xSn2I6 series, 

the bandgaps of the intermediate compounds do fall between the two parent ones following 

Vegard’s law. The bandgaps enlarge as the fraction of 4AMPY increases, even though the trend is 

not perfectly linear. 

In 2D perovskites, the bandgaps are related to the distortion level defined by the M-I-M angles.65 

As discussed previously, we simplify the structure by only looking at the corner-sharing M-I-M 

angles (Table 2). In the present case, the average Pb-I-Pb angles for the (3AMPY)Pb2I6 structure 

are larger because of the coexistence of the triangular and rectangular cavities, while for the 

(4AMPY)Pb2I6 structure, there are only triangular cavities with acute Pb-I-Pb angles (Table 2). 

Therefore, for the (3AMPY)Pb2I6 structure the Pb s- and I p-orbitals have better overlap in the 

direction of charge transport, resulting in a smaller bandgaps. For both the Sn compounds, even 

though the connection motif is the same, the (4AMPY)Sn2I6 structure has deformed rectangular 

cavities (because of more distorted SnI6 octahedra) and smaller Sn-I-Sn angles, and thus a larger 

bandgap than the (3AMPY)Sn2I6 structure. 

Even though the M-I-M angles play a major role in determining the bandgap, we can also compare 

the local distortion of individual octahedra by looking at the distortion index (D), as defined above, 

to gain further insight on structure-property relationships. The structures with higher bandgaps 

tend to have larger local distortions. For example, D is larger for (4AMPY)Sn2I6, so 

Page 14 of 33

ACS Paragon Plus Environment

Journal of the American Chemical Society

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



15

(4AMPY)Sn2I6 has a higher bandgap than (3AMPY)Sn2I6 (Table 2). The D of the mixed 

3AMPY/4AMPY compound falls between the two parent ones and so does the bandgap. But for 

structures with different connection motif, such as (3AMPY)Pb2I6 and (4AMPY)Pb2I6, it is still 

the Pb-I-Pb angles that mainly determine the bandgap. 

Photoresponse 

Based on the promising optical and electronic properties of these materials, we carried out a 

preliminary assessment of the photoresponse by selecting crystals of the (3AMPY)Pb2I6 compound.  

Gallium and gold electrodes were applied on the ab plane with the electric field along the b 

direction, where all the octahedra are connected by corner-sharing. The (3AMPY)Pb2I6 exhibits a 

high electrical resistivity of 6×108 Ω cm (Figure S6a), similar to MAPbI3.11, 66 When exposed to 

ambient light, the device based on the Ga/(3AMPY)Pb2I6/Au structure showed a clear 

photoresponse (Figure S6a). Because of the Schottky barrier formed by the work function 

difference of Ga and Au, the device exhibits reversible on-off switching property under ambient 

light even without an external field (Figure S6b). The on-off photoresponse was also measured 

under 2V bias resulting in higher photocurrent (Figure 8a). Photoconductivity measurements on 

the device carried out under a 10 mW/cm2 lamp indicate a pronounced photoresponse with a 10 

times higher photocurrent than the dark current (Figure 8b). These results suggest great potential 

for photo detection applications at room temperature.

Because of the high density (4.06 g/cm3) and the presence of heavy Pb element, the (3AMPY)Pb2I6 

has a high X-ray absorption coefficient and a prominent X-ray detection response. Figure 8c shows 

the X-ray photocurrent of the (3AMPY)Pb2I6 device using the uncollimated Ag X-ray tube with a 

dose rate of 259.1 μGy/s and a peak voltage of 50 kV. The product of charge carrier mobility ( ) µ

and carrier lifetime ( ) is a figure of merit used to evaluate the effectiveness of X-ray radiation 𝜏

detectors and can be obtained from the I-V data using the Many equation67-68 (eq (3)), where I0 is 

the saturated photocurrent, V is the applied bias and L is the thickness.

     (3)𝐼 =
𝐼0µ𝜏𝑉

𝐿2

1 ― exp ( ―
𝐿2

µ𝜏𝑉)

1 +
𝐿
𝑉 

𝑠
µ

The fitting in Figure 8c for the (3AMPY)Pb2I6 device yields a  product of 1.2×10-4 cm2 /V, which µ𝜏

is similar to the value reported for MAPbI3.11 This is an impressive  value and shows a promising µ𝜏
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charge collection performance for X-ray detection applications. The X-ray sensitivity was also 

determined by measuring the X-ray response under different radiation dose rates (Figure S7). The 

X-ray dose was controlled by varying the Ag X-ray tube current from 10 μA to 60 μA and was 

measured by a dosimeter. The photocurrent density of the (3AMPY)Pb2I6 device increases with 

X-ray dose rate and follows a linear relationship which is consistent with a well behaved 

semiconductor (Figure 8d). The extracted X-ray sensitivity of the device is high at 207 CGy-

1cm-2. This value is comparable to the state-of-art commercialized materials Cd1-xZnxTe (CZT) 

(318 CGy-1cm-2) and α-Se (20 CGy-1cm-2).69 Here, we only report preliminary results of X-

ray detection as we believe the material can achieve better performance after optimization of 

crystal quality, size, device structure and controlled orientation within a device for full utilization 

of the charge mobilities. 

Conclusions 

The organic di-cations xAMPY (x=3, 4) template two new types of 3D halide networks in 

(xAMPY)Sn2I6 and (xAMPY)Pb2I6. Their structures feature a combination of corner-sharing and 

edge-sharing octahedra. Because of the multiple modes of linking of the MI6 octahedra, these 

compounds are not proper perovskites and belong to the broader class of so-called perovskitoids. 

The bandgaps of the Sn and Pb compounds are ~ 1.7 eV and ~2.0 eV, respectively. DFT 

calculations indicate that these compounds are indirect bandgap semiconductors but with 

additional direct bandgaps at slightly higher energies and band structures that resemble those of 

the AMI3 perovskites. The band structures are anisotropic and exhibit large electronic band 

dispersions and low effective electron masses, especially along the direction in which all octahedra 

are corner-shared, with the Sn analogs having broader bands. The lattices seem to undergo local 

polar fluctuations with crystal-liquid lattice dynamics as suggested by the Raman scattering 

experiments. This is expected to result in large polaron formation in these materials and good 

screening of charge carriers, leading to defect tolerance, similar to 3D perovskites. Indeed, these 

special characteristics and the favorable electronic structure of the compounds lead to large 

photoresponse under ambient light even without an applied bias. (3AMPY)Pb2I6 crystals also show 

excellent response under Ag X-ray irradiation, with a high carrier mobility and lifetime product 

(μτ) of 1.2×10-4 cm2 /V and an X-ray sensitivity of 207 CGy-1cm-2. 
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Table 1. Crystal and Refinement Data for Compounds Reported Here

Compound (3AMPY)Pb2I6 (3AMPY)PbSnI6 (4AMPY)Pb2I6

Empirical formula C6 H10 I6 N2 Pb2 C6 H10 I6 N2 
Pb0.91 Sn1.09 C6 H10 I6 N2 Pb2

Crystal system monoclinic monoclinic monoclinic
Space group Im Im Ia

Unit cell dimensions

a = 16.3698(12) Å
b = 25.6376(16) Å
c = 10.0435(6) Å
β = 93.198(6)°

a = 16.3397(12) Å
b = 25.5520(16) Å
c = 10.0204(6) Å
β = 93.130(6)°

a = 25.696(5) Å
b = 10.153(2) Å
c = 16.283(3) Å
β = 90.036°

Volume 4208.5(5) Å3 4177.4(5) Å3 4248.0(14) Å3

Density (calculated) 4.0592 g/cm3 3.7827 g/cm3 4.0215 g/cm3

Index ranges
-19<=h<=22
-35<=k<=35,
-13<=l<=13

-22<=h<=22
-34<=k<=34
-13<=l<=13

-34<=h<=35 
-13<=k<=13 
-22<=l<=22

Independent reflections 7376 [Rint = 0.0559] 7371 [Rint = 0.0639] 7292 [Rint = 0.0481]
Completeness to 25° 99% 99% 99%
Data / restraints / 
parameters 7376 / 16 / 213 7371 / 16 / 216 7292 / 34 / 196

Goodness-of-fit 3.35 2.87 2.12

Final R indices [I>2σ(I)] Robs = 0.0542
wRobs = 0.0595

Robs = 0.0523
wRobs = 0.0710

Robs = 0.0393
wRobs = 0.0401

Largest diff. peak and hole 2.89 and -5.19 e·Å-3 2.05 and -3.78 e·Å-3 1.57 and -1.07 e·Å-3

Compound (3AMPY)Sn2I6 (3AMPY)0.5(4AMPY)0.5Sn2I6 (4AMPY)Sn2I6

Empirical formula C6 H10 I6 N2 Sn2 C6 H10 I6 N2 Sn2 C6 H10 I6 N2 Sn2
Crystal system monoclinic monoclinic monoclinic
Space group Im Im Im

Unit cell dimensions

a = 16.2885(12) Å
b = 25.4252(16) Å
c = 9.9795(6) Å
β = 92.951(6)°

a = 16.3185(12) Å
b = 25.4637(16) Å
c = 10.0068(6) Å
β = 92.490(6)°

a = 16.2208(12) Å
b = 25.4537(16) Å
c = 10.0307(6)
β = 91.466(6)°

Volume 4127.4(5) Å3 4154.2(5) Å3 4140.1(5) Å3

Density (calculated) 3.5694 g/cm3 3.5464 g/cm3 3.5585 g/cm3

Index ranges
-22<=h<=19
-34<=k<=34
-13<=l<=13

-22<=h<=22
-34<=k<=34
-13<=l<=13

-19<=h<=22
 -34<=k<=34
-13<=l<=13

Independent reflections 7289 [Rint = 0.0384] 7314 [Rint = 0.0565] 7285 [Rint = 0.0406]
Completeness to 25° 100% 99% 99%
Data / restraints / 
parameters 7289 / 18 / 214 7314 / 16 / 214 7285 / 18 / 213

Goodness-of-fit 1.34 4.34 3.14

Final R indices [I>2σ(I)] Robs = 0.0339
wRobs = 0.0306

Robs = 0.0557
wRobs = 0.0939

Robs = 0.0705
wRobs = 0.0688

Largest diff. peak and hole 1.30 and -0.97 e·Å-3 2.46 and -3.69 e·Å-3 3.60 and -3.58 e·Å-3
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Table 2. Average Equatorial M-I-M Angle, Average Axial M-I-M Angle, Average M-I-M Angle, Distortion Index 
(D), Bond Angle Variance (σ2) and Bandgap for Compounds Reported Here. (Angles are only associated with the 
corner-sharing octahedra, and those of the edge-sharing octahedra are not listed)

(3AMPY)Sn2I6
(3AMPY)0.5

(4AMPY)0.5Sn2I6
(4AMPY)Sn2I6 (3AMPY)Pb2I6 (4AMPY)Pb2I6

Average equatorial
M-I-M angle (°) 168.09 168.90 165.26 167.27 158.47

Average axial
M-I-M angle (°) 172.72 172.25 167.66 171.70 173.40

Average
M-I-M angle (°) 169.94 170.24 167.90 169.04 165.93

D 0.0113 0.0114 0.0172 0.0103 0.0096
σ2 16.7 18.3 35.5 16.5 9.5

Bandgap (eV) 1.72 1.77 1.79 2.05 2.12

Table 3. Calculated Hole (mh) and Electron (me) Effective Mass for Compounds Reported Here. (mh
∥ and me

∥ represent 
the hole and electron effective masses parallel to the corner-sharing direction. mh

⊥ and me
⊥ represent the hole and 

electron effective masses perpendicular to that direction. m
h

⊥
/m

h

∥
 and m

e

⊥
/m

e

∥
 represent the ratio between the two 

directions.)

Sn Pb

3AMPY 4AMPY 3AMPY 4AMPY
m

h
 (m

0
) -0.163 -0.154 -0.372 -0.787

m
e
 (m

0
) 0.119 0.126 0.251 0.276

m
h

∥
 (m

0
) -0.035 -0.067 -0.194 -0.535

m
h

⊥
 (m

0
) -0.352 -0.234 -0.270 -0.956

m
h

⊥
/m

h

∥
10.1 3.49 1.39 1.79

m
e

∥
 (m

0
) 0.016 0.017 0.027 0.066

m
e

⊥
 (m

0
) 0.332 0.344 0.762 0.564

m
e

⊥
/m

e

∥
20.8 20.2 28.2 8.55
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a b

Figure 1. (a) Fragment of (4AMPY)Pb2I6 structure. (b) Fragment of (3AMPY)Pb2I6 structure 
showing coordination environment and connectivity of octahedra. The structures feature a 
combination of linear corner-sharing linkages and bent edge-sharing ones.  
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a b

c d

Figure 2. Crystal structures for (4AMPY)Pb2I6. (a) Connection motif of the octahedra for the 
bottom two layers. (b) Connection motif for the top two layers. They are symmetry-related by 
glide planes (organic cations omitted for clarity). (c) Crystal structure from side view. (d) Crystal 
structure from top view. The colors indicate the layers shown in (a) and (b). 
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a b

c d

fe

Figure 3. Crystal structure of (3AMPY)Pb2I6. (a) Connection motif of the octahedra for the bottom 
layer. (b) Connection motif for the second layer. (c) Connection motif for the third layer. (d) 
Connection motif for the top layer. The first and third layers are symmetry-related by a mirror 
plane, and the second and fourth layers are symmetry-related by a glide plane (organic cations 
omitted for clarity). (e) Crystal structure from side view. (f) Crystal structure from top view. The 
colors indicate the layers shown in (a)-(d).
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b
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Figure 4. (a) Crystal structure of (3AMPY)Sn2I6. (b) Connection motif of the octahedra for the 
bottom layer (organic cations omitted for clarity). (c) Crystal structure of (4AMPY)Sn2I6. (d) 
Connection motif of the octahedra for the bottom layer (organic cations omitted for clarity).
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Figure 5. DFT calculations of band structures for (a) (3AMPY)Sn2I6 , (b) (4AMPY)Sn2I6, (c) 
(3AMPY)Pb2I6 and (d) (4AMPY)Pb2I6. The red circles indicate the VBM and CBM. The red 
arrows indicate the indirect bandgaps while the blue arrows indicate the direct bandgaps. 
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Figure 6. (a) Raman spectra of (3AMPY)Pb2I6  and (4AMPY)Pb2I6. (b) Raman spectra of 
(3AMPY)Sn2I6  and (4AMPY)Sn2I6 (room temperature).
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Figure 7. (a) The electronic absorption spectra for the (3AMPY)(Pb1-xSnx)2I6 series. (b) Bandgaps 
values extracted from Tauc plots assuming indirect bandgaps (Figure S4a). (c) Electronic 
absorption spectra for the (3AMPY)1-x(4AMPY)xSn2I6 series.  (d) Bandgaps values extracted from 
Tauc plots assuming indirect bandgaps (Figure S4b). Slightly different band gap values assuming 
direct electronic band gaps are provided in supporting information (Figure S5).
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Figure 8. Optoelectronic response of the (3AMPY)Pb2I6 device. (a) On−off switching under 
ambient light with 2V bias. (b) Current−voltage curve measured from -10 V to 10 V under 10 
mW/cm2 illumination and in the dark. (c) Bias dependent X-ray photocurrent of the (3AMPY)Pb2I6 
device under an uncollimated Ag X-ray tube source with a tube voltage of 50 kV. The Many 
equation was used for fitting. (d) X-ray sensitivity measurement of the (3AMPY)Pb2I6 device 
under a bias of 200 V. The Ag X-ray tube voltage was 50 kV. 
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