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Table S1. The obtained thermal parameters from the DSC measurements of MA ; MHy,Pbl;.?

T) (T2
(K)

AH

(kJmol)

AS

(Jmol'K-1)

N, by AS=R InN

0.005

0.021

0.057

0.115

0.207

0.249

330.9v, 328.54

(163.8v, 157.19)
322.8¢, 320.14
(164.6v, 157.29)
313.6 310.9¢
(164.8v, 158.29)
292.5¢, 289.24
(168.6v, 161.39)
259.3¢, 255.6¢
(177.6v, 172.49)
336.4, 292.0¢
(286.8Y, 207.49)
337.6%, 292.1¢
(286.7¢, 201.0¢)

0.58v,0.434, 0.50%

2.45v,2.424, 2 43
0.51%, 0.63¢, 0.57>
2.47%,2.524, 2,49
0.59v, 0.414, 0.502"
2.23u,2.25¢ 2. 24av
0.42v, 0.46¢, 0,442
2.09%, 2.02¢, 2,05
0.16% 0.15%, 0.15+
1.34v, 1.344, 1.34%
0.84%, 0.494, 0.67>
2.67% 2.11¢, 2,39
0.69v, 0.614, 0.65*

3.49v,2.714, 3.1

1.79v, 1.3594, 1.57

15.21v, 15.414, 15.312
1.64v, 2.114, 1.87%
15.45%, 16.31¢, 15.88*
2.17%, 1.324, 1.74%
13.80%, 14.35¢, 14.07
1.48v, 1,794, 1.63%
12.78, 12.449, 12,61+
0.61v, 0.58¢, 0.59+
7.70v, 7.93¢4, 7.81av
2.51v, 1.784, 2.15%
9.19%, 10.834, 10.01%
2.05¢,2.294, 2,172
12.11°, 14.08¢, 1312

1.24% 1.184, 1.21%

6.234, 6.384, 6.31%
1.22¢,1.299, 1.25%
6.41v,7.11¢, 6.75%
1.30v, 1.174, 1.23%
5.26Y,5.624, 5.43%
1.194, 1.244, 1.22%
4.65", 4.464, 4.56%
1.08¢, 1.07¢4, 1.072
2.524,2.609, 2.560
1.35v, 1.244, 1.30%
3.02v, 3.68¢, 3.37
1.284 1.324, 1.30%

4.29¢, 5.444, 4,83

2 Superscripts u, d and av denote heating, cooling and average, respectively.
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Table S2. The calculated lifetimes of LE1 emission band of the investigated MA | \MHy,Pbl;

(x=0-0.249) samples registered at 80 K and excitation of 450 nm.

MA ;. .MHy,Pbl; 75 )

x=0 3.79 | 28.66
x=0.005 10.48 | 45.04
x=0.021 8.33 | 37.34
x=0.057 9.76 | 46.04
x=0.115 15.85 | 55.04
x=0.207 36.82 | 150.18
x=0.249 36.00 | 202.00

S3



| 1 1 | ] 1 I ]
MHy*
NH, MHy+ a
'[ NH,
/\ﬁAHyQPbBQ x10 ‘_’-_—_\_\— ) - g
MHy" DMSO
MHy,PbBr, CH, | 1
> MA*, NH MA" |
= ? G ¥ CH,
w x=0.249 * B s
C — .
-9 =0.207
x=0.115
——— — H—_—-LJ
x=0.057 A y ]
x=0.021 —
x=0.005 1
e A =
x=0 ]
¥ I . 1 4 1 > | 2 I L 1 L I d I
10 9 8 7 6 D 4 3 2

Chemical Shift (ppm)

Fig. S1. Room temperature '"H NMR spectra of MA.,MHy,Pbl; (x=0-0.249) and MHy,PbBr, in

DMSO-dg.
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Fig. S2. Dependence of real x in the crystals on x in the solution.
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Fig. S3. Room temperature Raman spectra of for MA | ;MHy,Pbl; (x=0-0.249). For the comparson
sake, Raman spectra of 3D MHyPbBr; and 1D MHyPbl; are also shown. Asterisks and vertical

lines correspond to bands that appears due to presence of MHy™".
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Fig. S4. (a) Powder XRD patterns at room temperature for MA | ;MHy,Pbl; in the 11-60 degree

range; (b) details in the 22.8-25.2 degree, which shows dispapperance of the (211) diffraction peak

corresponding to the tetragonal phase for x> 0.057.
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Fig. S6. Temperature dependence of entropy for MA, (\MHy,Pbl; in (a) cooling and (b) heating

mode.
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Fig. S7. Reciprocal space reconstructions for x=0.249. The Miller indices refer to the HT cubic
prototype phase (a=6.32A at 300K).
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Fig. S8. Thermal evolution of the cubic lattice parameter, calculated over mean positions of Bragg
peaks in twinned phases II and III with linear fits in subsequent phases. The lines have been
extrapolated to visualize better the changes in lattice contraction. The lattice parameters were
calculated from single-crystal x-ray diffraction patterns using 3D profile analysis, integration and

fitting (with cubic constrains) performed in CrysAlisPRO (Rigaku Oxford Diffraction).
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Fig. S9. Raman spectra of the x=0.249 sample in the 1650-150 cm™! range recorded on cooling.
Red, green and blue colors correspond to the cubic, tetragonal and orthorhombic phase,

respectively.

S12



Raman Intensity

200 150 100 50
Wavenumber (cm™)

Fig. S10. Raman spectra of the x=0.249 sample in the 200-10 cm™! range recorded on cooling.
Red, green and blue colors correspond to the cubic, tetragonal and orthorhombic phase,

respectively.
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Fig. S11. Photograph of the crystal measured under Raman microscope at 170 K (left panel) and

after reheating to 280 K (right panel). Left panel show parallel stripes (domains) that appear at the

phase II to phase III phase transition.
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Fig. S12. Comparison of the dielectric permittivity measured at 1 MHz for all studied

compositions.
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Fig. S13. Dielectric curves as a function of the frequency for selected compounds MA;.

«MHy,Pbls. The solid lines represent the Cole-Cole fit after conductivity subtraction.

S16



4+
_ E. (0.005)=0.304+0.002
5L E, (0.021)=0.320+0.004
. E, (0.057)=0.302+0.003
P -6 i .
/'(;;s L
N— _7 |
X
< L
£
O r O x=0.005
- O x=0.021
10+ © x=0.057
| O x=0.115
1L Arrhenius Fit
1 | 1 | 1 | 1
3.0 S0 4.0 4.5 5.0

1000/Temperature (1/K)

Fig. S14. Inverse temperature dependence of the average relaxation time of the occurring process.

Curves indicate fits to the Arrhenius equation.
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Fig. S15. The diffuse reflectance spectra of MA \MHy,Pbl; samples.

S18



a) MAPbI,
8
(]
< 6
>
i en
X
x 4
=
E,=1.531eV
2
0% ; ; ; ; ’ '
12 13 14 15 16 17 18 19 20
hv (eV)
x=0.021 eV
C) 81
o~
<. 6
>
A e
Eg
X 4
W
E,=1532eV
2,
0
12 13 14 15 16 17 18 19 20
hv (eV)
x=0.115
e)
51

(F(Ry*hv)A2

E,= 1.531 eV

(F(R)*hv)r2

24 E = 1.547 eV

12 13 14 15 16 17 18 18 20
hv (V)

(F(R)*hv)"2

(F(R)y*hv)*2

(F(RY*hv)*2

x=0.005

E,= 1.529 eV

12 13 14 15 16 17 18 19 20
hv (eV)

x=0.057

E,=1.538 eV

12 13 14 15 16 17 18
hv (eV)

19 20

x=0.207

E,=1.552 eV

12 13 14 15 16 17 18 19 20
hv (eV)

Fig. S16. Kubelka-Munk functions for MA; (MHy,Pbl; samples and the energy band gaps (E,)

estimated from the Tauc plots.
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Fig. S17. Normalized PL of MA | ,MHy,Pbl; samples measured at 80 K.
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Fig. S18. Temperature dependence of band positions of MAPbI;.
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Fig. S19. Temperature-dependent normalized PL spectra of the x=0.249 sample in the cooling

run measured every 10 K.
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Fig. S20. The exciton binding energy of the MA | \MHy,Pbl; (x= 0-0.249) hybrid lead perovskites
derived from plots of In(Ip/I-1) as a function of 1/kgT, where I, Iy and kg correspond to LE1
emission intensity at a given temperature, LE1 emission intensity at 80 K and the Boltzmann

constant, respectively.
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Fig. S21. PL decay curves of LE1 emission of the investigated MA | \MHy,Pbl; (x= 0-0.249)

samples registered at 80 K and excitation of 450 nm.
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