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Experimental Section

Chemicals. N-methylpropane-1,3-diamine (3-MAPA, Picasso, 99.79%), lead (Ⅱ) acetate 

trihydrate (Pb(Ac)2·3H2O, Aladdin, 99.5%), hydriodic acid (HI, Adamas, 55-57%), 

hypophoaphoeous acid (H4O4P2, Rhawn, 50%). All the chemicals were bought and used 

without further purification.

 

Synthesis and Crystal Growth. To synthesise high quality (3-MAPA)Pb2I6 single crystals, the 

composition and temperature of the solution must be precisely controlled. 3-MAPA (5 mmol; 

0.44 g), and Pb(Ac)2·3H2O (10 mmol; 3.793g) were dissolved in hydriodic acid solution (55%, 

15 mL) to which the hypophoaphoeous acid solution (50%, 1 mL) was added, heated at 80°C 

and stirred until a yellow and transparent solution formed, until well mixed. The solution was 

then gradually cooled at an initial temperature of 80°C at a rate of 1°C per day until 30°C. This 

slow cooling promotes controlled nucleation and growth, resulting in the formation of high-

quality, centimetre-sized (3-MAPA)Pb2I6 red single crystals.

Powder X-ray diffractions (PXRD) determination. PXRD was performed on the MiniFlex 600 

X-ray diffractometer equipped with Cu Kα radiation. The diffraction patterns were collected in 

the 2θ range of 5°-50° with a step size of 0.02°.

Single Crystal X-ray Diffraction. Crystallographic data for (3-MAPA)Pb2I6 at 273K were 

collected using a Synergy-R single crystal diffractometer with Mo-K𝛼 radiation (𝜆 = 0.71073 

Å). Crystal structures were determined using direct methods and refined using the full-matrix 

least-squares method based on F2 with the SHELXLTL 2018 package. Hydrogen atoms in 

organic cations were refined geometrically, while non-hydrogen atoms were refined 

isotropically. Detailed crystallographic data and refinement parameters at room temperature are 

provided in Table S1.

Molecular Interaction Analysis. The interlayer interactions in MPI structure are analyzed using 

the CrystalExplorer program.

 

Morphology Characterization. Atomic force microscopy (AFM) and scanning electron 

microscopy (SEM) images of the surface of MPI single crystals were obtained using a Bruker 

Dimension Icon AFM and a JEOL JSM-6700F field emission SEM, respectively.  
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Density Functional Theory (DFT) Calculation. First-principles density function theory (DFT) 

calculations were performed with the Cambridge Sequential Total Energy Package (CASTEP). 

The exchange-correlation functional was described by a generalized gradient approximation 

(GGA) with the revised Perdew-Burke-Ernzerhof functional for solids (PBEsol) scheme. The 

interactions between the ionic cores and the electrons were described by the norm-conserving 

pseudopotential. The numbers of plane waves included in the basis sets were determined by a 

cutoff energy 820 eV. To achieve the accurate density of the electronic states, the k-space 

integrations were done with Monkhorst-Pack grids with a 6 × 6 × 3 k-point. In the optical 

property calculations, the dense grid of 3 × 6 × 6 k-points and more than 100 empty bands are 

adopted to guarantee the accuracy. The other parameters and convergent criteria were the 

default values of CASTEP code. The calculations of band structure, density of states, frontier 

orbitals diagrams were performed using ab initio first-principles density functional theory 

method within the total-energy code CASTEP program. The effective mass (m*) of carriers 

existing around the bottom of the conduction band or the top of the valence band was calculated 

as a result of the fitting of the dispersion relation using the formula of
1

𝑚 ∗
=  

1
ℏ

 
∂𝐸(𝑘)

∂𝑘2

where ℏ is the reduced Planck constant, E(k) is the electron energy at the wave vector k in the 

energy band.

 

Optical property and photoconductivity measurements. At room temperature, the solid-state 

ultraviolet absorption spectrum of MPI was measured using a PerkinElmer Lambda 950 UV-

Visible spectrophotometer. Photovoltaic measurements were conducted on a two-terminal 

device fabricated from MPI under 377 nm laser illumination. 

Structural and optoelectronic analysis.

The distortion index (∆d) of inorganic skeleton is calculated from the formula , 
∆𝑑 =

1
6

∑[𝑑𝑛 ‒ 𝑑

𝑑 ]2

where dn reference Pb-I bond length and d refer to the average value of the Pb-I bond length. 

The bond angle variance is calculated from the formula , where refer to 𝜎2 
𝜎2 = ∑ 12

𝑖 = 1

(𝜃𝑖 ‒ 90)2

11 𝜃𝑖 

the I-Pb-I bond angle. Responsivity (R) and detectivity (D*) can be calculated from the formula 

and , where Jin, Pin, e, and Jdark represent current density, incident light 
𝑅 =

𝐽𝑖𝑛

𝑃𝑖𝑛
 𝐷 ∗  =

𝐽𝑖𝑛

𝑃𝑖𝑛 × 2𝑒𝐽𝑑𝑎𝑟𝑘

power density, elementary charge, and dark current density, respectively.
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Figure S1. Schematic representation of the growth process of MPI.

Figure S2. The photograph of high-quality MPI bulk single crystal.

Figure S3. SEM image of the (0k0) crystallographic planes of MPI.
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Figure S4. AFM image of the (0k0) crystallographic planes of MPI.

Figure S5. The simulated, experimental powder and bulk single crystal XRD patterns of MPI.

Figure S6. The corresponding image of high-resolution XRD rocking curves of the (080) 

diffraction peaks.



6

Figure S7. Expanded inorganic skeleton of MPI and Pb2I10
6- dimer.

Figure S8. Distances between the halogen iodine and the H atoms on the 3-MAPA2+ cation.
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Figure S9.The photoluminescence (PL) spectrum of the MPI

Figure S10. The calculated partial charge density of the VBM and CBM for the two molecular 

conformations of MPI along the ab-plane.

Figure S11.The crystal structure shows detailed bond length (a) and bond angles (b) in MPI.
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Figure S12. The direction-dependent carrier mobility-lifetime (μτ) product of MPI.

Figure S13. Comparison of the dark current, photocurrent (4.965 mW cm⁻2), and switching 

ratio of MPI along the crystallographic a, b, and c-axes under 377 nm illumination.

Figure S14. The resistivity of MPI SC.
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Table S1. Crystal data and structure refinement for (3-MAPA)Pb2I6.

Identification code (3-MAPA)Pb2I6

Empirical formula C4H14I6N2Pb2

Formula weight 1265.95
Temperature/K 273.15
Crystal system orthorhombic
Space group Pbam

a/Å 8.9786(7)
b/Å 17.5359(13)
c/Å 6.4660(5)
α/° 90
β/° 90
γ/° 90

Volume/Å3 1018.06(13)
Z 2

ρcalc g/cm3 4.130
μ/mm-1 25.593
F(000) 1068.0

Radiation MoKα (λ = 0.71073)
2Θ range for data collection/° 4.646 to 62.094

Index ranges -10 ≤ h ≤ 13, -19 ≤ k ≤ 25, -9 ≤ l 
≤ 8

Reflections collected 8887

Independent reflections 1755 [Rint = 0.0686, Rsigma = 
0.0486]

Data/restraints/parameters 1755/78/81
Goodness-of-fit on F2 1.065

Final R indexes [I>=2σ (I)] R1 = 0.0692, wR2 = 0.1802
Final R indexes [all data] R1 = 0.0799, wR2 = 0.1976

Largest diff. peak/hole / e Å-3 1.98/-2.222

Table S2. Comparison of some (A)Pb2I6-type 3D perovskite with H∙∙∙I interaction force.

Materials Space group H∙∙∙I ref

(3-MAPA)Pb2I6 (MPI) Pbam 95.0% This work

(H2pda)Pb2I6 (2) P21/c 93.7%

(M2pda)Pb2I6 (3) Pba2 86.7%

[1]

(4AMPY)Pb2I6 Ia 82.9%

(3AMPY)Pb2I6 Im 81.9%

[2]

(R/S-3AEP)Pb2I6 C2221 82.2% [3]

(R/S-2AEP)Pb2I6 C2221 78.1%
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Table S3. The bond lengths and calculate distortion of the inorganic framework for MPI, 2 and 

3.

(3-MAPA)Pb2I6 

(MPI)

(H2pda)Pb2I6 

(2)

(M2pda)Pb2I6 

(3)

CCDC 2486626 2183780 2183781

3.233 3.190 3.221

3.183 3.122 3.180

3.207 3.182 3.346

3.204 3.236 3.090

3.189 3.309 3.275

Bond length (Å)

Pb-I

3.233 3.201 3.242

Distortion index (D) 0.00516 0.01369 0.01922

Table S4. The bond angles and calculate bond angles variance of the inorganic framework for 

MPI, 2 and 3.

MPI  2  3

87.80 87.66 92.33

89.90 87.10 89.32

89.69 89.52 85.63

89.69 96.44 93.18

89.90 90.12 93.27

87.72 90.46 86.72

91.65 87.19 90.53

90.31 95.82 86.00

90.31 85.04 91.39

90.07 91.37 90.08

90.07 90.67 92.20

Bond anle(°)

I-Pb-I

92.82 88.94 88.85

The bond angles 

variance (σ2)/(deg2)

1.92167 11.42371 7.35572
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Table S5. The carrier mobility-lifetime (μτ) product and dark-current drift comparison of MPI 

with other perovskite SC detectors.

Material μτ (cm2V-1) Dark current drift

(nA cm-1 s-1 V-1)

Applied electric

(V)

Ref.

(3-MAPA)Pb2I6 2.61 × 10-3 8.184×10-8 10 This work

CsPbI3 3.63 × 10-3 --- 200 [4]

CsPbBr3 5.14×10-3 --- 5 [5]

MhyPbBr3 1.1×10-3 5.77 × 10-5 100 [6]

(S-BPEA)EA6Pb4Cl15 1.0×10-4 --- 100 [7]

(NPA)2(EA)2Pb3Br10 2.04×10-3 --- 0 [8]

FA0.5MA0.5PbI3  4.7×10-4 5.77 × 10-4 10 [9]

FA0.55MA0.45PbI3 2.91 × 10-3 --- 5 [10]

(2IPA)2FAPb2I7 1.20×10-3 7.76× 10-6 10 [11]

(F-PEA)2PbI4 5.1×10-4 4.9×10-8 133 Vmm-1 [12]

BDAPbI4 4.43×10-4 6.06× 10-9 10 [13]

MAPbBr3 --- 1.2 × 10-3 20 [14]

CsPbBr3 8.77 × 10⁻4 1.9 × 10-4 --- [15]

(3-MNPA)PbBr4 3.43× 10-3 --- 0 [16]

(3AP)PbI4 2.38×10-3 --- 10

(3AP)PbCl4 2.74×10-3 --- 10

[17]

MAPbI3 --- 1.4 × 10-4 100 [18]

Cs3Bi2I9 7.97×10-4 --- 10 [19]

 (R-MPz)6Bi3I21·6H2O 3.24×10-4 --- 0 [20]

MA3Bi2I9 SC 1.2 × 10-3 --- 20 [21]

(R-PPA)2BiI5 5.6×10-5 1.40 × 10-4 10 [22]

FA3Bi2I9 2.4×10-5 --- 180 [23]

Table S6. Responsivity and detectivity of representative perovskite single-crystal 

photodetector.

Materials Dimensio
nality

Wavelength
(nm)

Responsivity
(R)

Detectivity
(D*/Jones)

Condition
(V) Ref.

(3-MAPA)Pb2I6 3D 377 464.42 
mA/W 4.051 × 1012 10 This 

work
KNb3O8 1D 254 30 A W-1 5.9 × 1011 5 [24]

(C8H11FN)2PbBr4 2D 254 288 mA W-1 1.6 × 1011 10 [25]

(BDA)CdBr4 2D 254  2.452 μAW-1 10 [26]

NdNb2O7 2D 260 62 AW-1 6.7 × 1012 3 [27]

CsmSbnClm+3n 3D 266 39.5 μAW-1 30 [28]

(i-BA)₂(MA)Pb₂Cl₇ 2D 266 67.8 µA W-1 2.02 × 109 Self-
powered

[29]
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Materials Dimensio
nality

Wavelength
(nm)

Responsivity
(R)

Detectivity
(D*/Jones)

Condition
(V) Ref.

Ca2Nb3O10 2D 280 14.94 A W-1 8.7 × 1013 3 [30]

MAPbI3 nanoribbon 
arrays 1D 300 38.90mA W-1 8.21 × 1011 2 [31]

(BA)2Pb(Cl0.1Br0.9)4 2D 340 3.19 mA W-1 3.87 ×1011 20 [32]

(PEA)2PbBr4 2D 360 1.67 A W-1 2.11× 108 18 [33]

MAPbCl3/GaN 3D 360  86 mA W-1 3.1 × 1011 10 [34]

CsSnX3 (X = Cl, 
Cl/Br, Br) QDs

3D  365 1.27 × 1011 3 [35]

MAPbCl3 3D  365 46.9 mA W-1 1.2 × 1010 15 [36]

MAPbCl₃ 3D 365 3.37 A W-1 9.97 × 1014 30 [37]

(BA)₂PbBr₄ 2D 377 16.9 mA W-1 2.06 × 1012 10 [38]

MHyPbBr₃ 3D 377 198 mA W-1 1.42 × 1013 Self-
powered

[39]

(BPA)2PbBr4 2D 377 0.1 mA W-1 107 Self-
powered

[40]

(PA)₂PbBr₄ 2D 405 91.2 mA W-1 6.02 × 1012 10 [41]

(BA)₂(MA)Pb₂Br₇ 2D 405 --- 1.1 × 109 Self-
powered

[42]

BA2CsPb2Br7 2D 405 39.5 mA W-1 1.2 × 1012 Self-
powered

[43]

(i-PA)2CsAgBiBr7 2D 405 --- 10 [44]

(AA)2(EA)2Pb3Br10 2D 405 2.5 × 109 Self-
powered

[45]

(BA)₂(MA)₂Pb₃Br₁₀ 2D 405 --- 3.6 × 1010 Self-
powered

[46]

(BA)₂(FA)Pb₂Br₇ 2D 405 0.51 mA W-1 1.47 × 1012 Self-
powered

[47]

CsPbBr3 NWs 1D 442 5.49 A W-1 --- 0.4 [48]

[CH(NH2)2][C(NH2)
3]PbI4

2D 515 ≈1010 -3 [49]

(PA)₂(FA)Pb₂I₇ 2D 520 --- 1.73 × 1014 10 [50]

(FPEA)2PbI4 2D 520 ≈1011 10 [51]

MAPbI3 NWs 3D 530 4.94 A W-1 2 × 1013 1 [52]

CsPbI3 NWs 3D 530 0.754 A W-1 3.46 × 1010 1 [53]

MAPbBr3 3D 532 0.008 A W-1 1.08 × 1010 1.11 [54]

iBAPbI4 2D 560 1.23 × 1010 -5 [55]

(EMA)₂(MA)Pb₂I₇ 2D 600 3.87 mA W-1 2.92 × 1010 9.5 [56]

(PEA)₂(MA)n-

1PbnI3n+1
2D 633 89.8 A W-1 1.58 × 1012 5 [57]

(iBA)2(MA)Pb2I7 2D 637 ≈1011 10 [58]

MAPbICl2/TiO₂/Si 1D 800 870 mA W-1 6 × 1012 4 [59]

(BDA)(EA)2Pb3Br10 2D 808 5.9 × 108 Self-
powered

[60]

PdSe2 2D 4600 6.7 × 106 Self-
powered

[61]
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Materials Dimensio
nality

Wavelength
(nm)

Responsivity
(R)

Detectivity
(D*/Jones)

Condition
(V) Ref.

(HDA)2CsPb2Br7 2D 405 0.21 mA W-1 1.5 × 109 10 [62]
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