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Fig. S1. Pawley refinement of the PXRD for crystalline (S-NEA)2PbBr4, along with 
patterns simulated from the published Crystallographic Information File (cif) (CCDC 
2015618).1 Experimental data (blue), calculated diffraction pattern (orange), 
difference (light grey) and symmetry-allowed reflections (grey ticks). X-ray wavelength 
= 1.5418 Å. 

Table S1. Crystallographic data from 
Pawley refinement of the PXRD for crystalline (S-NEA)2PbBr4.
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Fig. S2. Pawley refinement of the PXRD for crystalline (rac-NEA)2PbBr4, along with 
patterns simulated from the published cif files (CCDC 2015614)1. Experimental data 
(red), calculated diffraction pattern (orange), difference function (light grey) and 
symmetry-allowed reflections (grey ticks). X-ray wavelength = 1.5418 Å. 

Table S2. Crystallographic data from 
Pawley refinement of the PXRD for crystalline (rac-NEA)2PbBr4.
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Fig. S3. Simultaneous DSC-TGA experiment in argon: (a) the as-synthesised crystalline 
(S-NEA)2PbBr4, showing a decomposition temperature of ca. 222°C and a melting 
temperature of ca. 180°C; (b) the as-synthesised crystalline (rac-NEA)2PbBr4, showing 
a decomposition temperature of ca. 220°C and a melting point of ca. 225°C. All heating 
rates were 10 °C min-1. 
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Fig. S4. TGA profiles of (a) (S-NEA)2PbBr4 and (b) (rac-NEA)2PbBr4 in argon before and 
after ball-milling. All heating rates were 10 oC min-1. 
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Fig. S5. Full DSC scan of am(S-NEA)2PbBr4, where the sample was heated to 190oC at 
10 oC min-1, cooled to 30oC at 10 oC min-1, then heated again to 190oC at 10oC min-1. In 
the first heating upscan, the glass transition temperature of am(S-NEA)2PbBr4 was 
recorded as 51oC and the crystallisation temperature was recorded as 94oC. In the 
second heating upscan, the glass transition temperature of ag(S-NEA)2PbBr4 (ag: melt-
quenched glass) was recorded as 70oC, coincident with the literature value.2 



9

Fig. S6. PXRD pattern of the as-synthesised crystalline (S-NEA)2PbBr4 and annealed 
am(S-NEA)2PbBr4 after heating at 120oC for 5 minutes, showing complete 
crystallisation. X-ray wavelength = 1.5418 Å. 
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Fig. S7. Pawley refinement of the PXRD for annealed (S-NEA)2PbBr4 sample in Fig. S6, 
along with patterns simulated from the published Crystallographic Information File 
(cif) (CCDC 2015618).1 Experimental data (purple), calculated diffraction pattern 
(green), difference (light grey) and symmetry-allowed reflections (grey ticks). X-ray 
wavelength = 1.5418 Å. 

Table S3. Crystallographic data from 
Pawley refinement of the PXRD for annealed (S-NEA)2PbBr4.
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Fig. S8. PXRD pattern of the as-synthesised crystalline (S-NEA)2PbBr4, the freshly 
prepared am(S-NEA)2PbBr4 and the am(S-NEA)2PbBr4 products stored in an ambient 
environment over a period of time, showing that am(S-NEA)2PbBr4 crystallised within 
9 hours when stored in air. X-ray wavelength = 1.5418 Å. 
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Fig. S9. Pawley refinement of the PXRD for recrystallised am(S-NEA)2PbBr4 product 
after 9 hours stored in an ambient environment in Fig. S8, along with patterns 
simulated from the published Crystallographic Information File (cif) (CCDC 2015618).1 
Experimental data (green), calculated diffraction pattern (red), difference (light grey) 
and symmetry-allowed reflections (grey ticks). X-ray wavelength = 1.5418 Å.

Table S4. Crystallographic data from Pawley refinement of the PXRD for 
recrystallised am(S-NEA)2PbBr4 product after 9 hours stored in an ambient 

environment.
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Fig. S10. Pawley refinement of the recrystallised am(S-NEA)2PbBr4 product after 27 
hours stored in an ambient environment in Fig. S8, along with patterns simulated from 
the published Crystallographic Information File (cif) (CCDC 2015618).1 Experimental 
data (blue), calculated diffraction pattern (red), difference (light grey) and symmetry-
allowed reflections (grey ticks). X-ray wavelength = 1.5418 Å.

Table S5. Crystallographic data from Pawley refinement of the PXRD for 
recrystallised am(S-NEA)2PbBr4 product after 27 hours stored in an ambient 

environment.
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Fig. S11. PXRD pattern of the as-synthesised crystalline (S-NEA)2PbBr4, the freshly 
prepared am(S-NEA)2PbBr4 and am(S-NEA)2PbBr4 products when stored (a) in a freezer 
at ca. 0°C or (b) under vacuum over a period of time. The dashed lines show the 
position of the strongest Bragg peak in the as-synthesised crystalline (S-NEA)2PbBr4. 
X-ray wavelength = 1.5418 Å. 
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Fig. S12. (a) TGA and (b) DSC profiles of the recrystallised am(S-NEA)2PbBr4 sample 
after two days stored in an ambient environment and the same batch of sample that 
was then vacuum dried at 90°C for 2 hours. The recrystallised sample without further 
vacuum drying showed a minor mass loss of 0.53% at around 70°C in TGA and its DSC 
profile had an endothermic peak at around the same temperature region. After being 
vacuum dried at 90°C for 2 hours, these features almost disappear, indicating that the 
sample recrystallised in an ambient environment might have absorbed moisture from 
air.
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Table S6. CHN microanalysis of crystalline (S-NEA)2PbBr4 and am(S-NEA)2PbBr4.

Substance Weight taken 
(mg)

C (%) H (%) N (%)

Theoretical - 33.08 3.24 3.22

crystalline (S-NEA)2PbBr4 (1)* 2.1766 33.80 3.27 3.29

crystalline (S-NEA)2PbBr4 (2)* 1.7610 33.79 3.25 3.26

Mean (ESD) - 33.80
(0.01)

3.26
(0.01)

3.28
(0.02)

am (S-NEA)2PbBr4 (1) 2.6184 33.72 3.28 3.34

am (S-NEA)2PbBr4 (2) 2.5119 33.66 3.29 3.33

Mean (ESD) - 33.69
(0.04)

3.29
(0.01)

3.34
(0.01)

*(1) and (2) indicate that two measurements were collected per sample. 
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Fig. S13. 1H nuclear magnetic resonance spectrum of am(S-NEA)2PbBr4.
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Fig. S14. Full DSC scan of am(rac-NEA)2PbBr4, where the sample was heated to 190oC 
at 10 oC min-1 in argon. The glass transition temperature of am(rac-NEA)2PbBr4 was 
recorded as 49oC and the crystallisation temperature was recorded as 84oC. 
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Fig. S15. Full DSC scan of (a) am(S-NEA)2PbBr4-10 (green), (b) am(S-NEA)2PbBr4-30 
(blue) and (c) am(S-NEA)2PbBr4-60 (brown), where the sample was heated to 190oC at 
10 oC min-1. Their glass transition temperatures were recorded as 56oC, 51oC and 48oC, 
respectively. The crystallisation temperature and the enthalpy of crystallisation are 
97°C and -22 ± 1 J g-1 (am(S-NEA)2PbBr4-10), 94°C and -20 ± 1 J g-1 (am(S-NEA)2PbBr4-
30), 92°C and -19 ± 1 J g-1 (am(S-NEA)2PbBr4-60), respectively. The melting temperature 
and the enthalpy of the recrystallised products are recorded as 176°C and 41 ± 1 J g-1 

(am(S-NEA)2PbBr4-10), 174°C and 43 ± 1 J g-1 (am(S-NEA)2PbBr4-30), 176°C and 41 ± 1 J 
g-1 (am(S-NEA)2PbBr4-60), respectively. 
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Fig. S16. FT-IR of the as-synthesised crystalline (S-NEA)2PbBr4 and am(S-NEA)2PbBr4 
with different milling times. The regions exhibiting peaks of interest are shaded grey. 
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Quantitative Phase Analyses (QPA) and microstructural evolution analysis details

Rietveld QPA of experimental diffraction patterns was performed using the TOPAS-
Academic V7 software.3 The structural model of (S-NEA)2PbBr4 was refined on PXRD 
data obtained from a laboratory X-ray diffraction instrument (see following section). 
The scattering signal out of am(S-NEA)2PbBr4 was modelled with a single Gaussian 
peak. The structural models of tetragonal and orthorhombic lead oxide minimum, 
which were found as minor impurities in the powder mix, were retrieved from the 
Inorganic Crystal Structure Database.4 The in-situ PXRD dataset under milling 
conditions was fit sequentially, with a convergence criterion of 0.001 and a maximum 
number of iterations of 10000. An experimental, fixed background profile measured 
on an empty section of the jar before milling, was subtracted by fitting a background 
scale parameter together with a 2 terms polynomial function. As described 
elsewhere,5,6 the sample powders inside the milling jar are distributed across different 
locations, e.g. some powders float randomly inside the jar, while some are more 
attached to the walls of the jar, which accordingly leads to a range of distances from 
the sample to the detector. As such, diffraction with the ball-milling setup results in 
splitting of each Bragg reflection into a convolution of 2θ positions. The difference in 
2θ angle can be minimised when the jar is accurately aligned, with negligible scattering 
contribution from the sample distributed within the jar. Therefore, in our work, the 
crystal structure model of each compound was introduced twice (“top phase” and 
“bottom phase” from here on) with two modified Thompson-Cox-Hastings pseudo-
Voigt functions (TCHZ) peak shape functions (with fixed parameters as refined on the 
Si standard) and independent scale parameters. 
As described by Lampronti et al.,5,6 the dependence of the profile full-width-at-half-
max (FWHM) on 2θ was described with a modified TCHZ function where U, V, W 
(Gaussian) and X (Lorenzian) are the parameters that have been refined in the current 
case.

                 Equation S1𝑇𝐶𝐻𝑍 = 𝜂Γ𝐿 + (1 ‒ 𝜂)Γ𝐺

        Equation S2Γ𝐺 = (𝑈𝑡𝑎𝑛2𝜃 + 𝑉𝑡𝑎𝑛𝜃 + 𝑊 + 𝑍/𝑐𝑜𝑠2𝜃)

                 Equation S3
Γ𝐿 =

𝑋
𝑐𝑜𝑠𝜃

+ 𝑌𝑡𝑎𝑛𝜃
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        Equation S4𝜂 = 1.336603 𝑞 ‒ 0.47719 𝑞2 + 0.1116 𝑞3

                    Equation S5𝑞 = Γ𝐿/ Γ

  Equation S6Γ = Γ5
𝐺 + 𝐴Γ4

𝐺Γ𝐿 + 𝐵Γ3
𝐺Γ2

𝐿 + 𝐶Γ2
𝐺Γ3

𝐿 + 𝐷Γ𝐺Γ4
𝐿 + Γ5

𝐿 = 𝐹𝑊𝐻𝑀

   Equation S7𝐴 = 2.69269; 𝐵 = 2.42843;𝐶 = 4.47163;𝐷 = 0.07842

Where  is the Pseudo-Voigt mixing parameter, and  and are the Gaussian and 𝜂 Γ𝐺 Γ𝐿

Lorentzian full width half maxima, respectively. Additionally, to model the evident 
peak asymmetry, the TCHZ was further split to differentiate the contribution at the 
left-hand side and at the right-hand site to the overall peak profile for the inner and 

outer scattering vectors  and . The final TCHZsplit function is applied to describe the 𝑠1 𝑠3

overall dependence of the FWHM according to Equation S7, 

  Equation S7𝑇𝐶𝐻𝑍𝑠𝑝𝑙𝑖𝑡 = (𝜂Γ𝐿 + (1 ‒ 𝜂)Γ𝐺)𝐿𝑒𝑓𝑡 + (𝜂Γ𝐿 + (1 ‒ 𝜂)Γ𝐺)𝑅𝑖𝑔ℎ𝑡

Microstructural investigations were performed assuming that the sample contribution 
to peak broadening was related to size only. A Lorentzian function was convoluted for 

each phase, with a single isotropic Crystal Size (CS) parameter related to  as in the Γ𝐿

Scherrer equation (equations S8 and S9),7 

                 Equation S8
𝐿(𝑛𝑚) =

𝐾𝑠𝜆

(𝑐𝑜𝑠𝜃) ∗ 10 ∗ 𝜏

                    Equation S9
Γ𝐿 =

57.32 ∗ 𝜆
𝑐𝑜𝑠𝜃 ∗ 𝐶𝑆

in which, L is the mean size of the ordered (crystalline) domains, Ks is a shape factor 
constant in the range (typically 0.9), λ is the X-ray wavelength, τ is the peak width in 
radians at FWHM. The top and bottom phases of the same compound were 
constrained to have the same CS parameter. We here remind that the estimated 
standard deviation (ESD) from the Rietveld calculation has no bearing on the precision 
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or accuracy, but is merely related to the mathematical fit of the model.8 In other 
words, absolute numbers have a degree of uncertainty that cannot really be 
measured. On the other hand, so long as the same approach is used for all scans within 
a dataset, trends are reliable. For what concerns the accuracy of the size 
determination, it is known that for a typical laboratory X-ray diffraction instrument 
the Scherrer analysis provides sensitivity to crystallite size in the 1-100 nm range, the 
upper limit being set by the instrumental broadening.9 This also means that the 
smaller the crystal size, the less the Scherrer size value is affected by how the 
instrumental broadening is defined. For example, modeling the instrumental 
contribution for the analyzed datasets with a single conventional TCHZ function, 
instead of two split TCHZ functions, has a more significant effect on the estimated CS 
for larger CSs. To summarize, the smaller the crystal size, the more reliable the 
number. It is also important to note that the peak shape tends to be dominated by the 
larger crystallites rather than the smaller ones, so the calculated size tends to be 
overestimated.9 The scale factors of the crystalline and amorphous phases were 
normalized using their respective maximum scale factor, i.e. the scale factor from the 
refinement of the first pattern for the crystalline phase, and the scale factor from the 
refinement of the last pattern for the amorphous phase. For each refinement the 
weight percentage of each of the two phases was calculated as the ratio between its 
normalized scale factor and the sum of the two normalized scale factors times 100. 
Error propagation rules were applied accordingly to calculate the estimated standard 
deviation. 
While the visual inspection of a Rietveld plot is the most reliable way to determine the 
quality of a fit, this is not practical for large datasets, such as those presented here. A 
global check of a sequential refinement can be efficiently performed by comparing a 
number of “goodness of fit” indices. One is the weighted profile R-factor (Rwp),

                Equation S10

𝑅 2
𝑤𝑝 =  

∑
𝑖

𝑤𝑖(𝑦𝑐,𝑖 ‒ 𝑦𝑜,𝑖)2

∑
𝑖

𝑤𝑖(𝑦𝑜,𝑖)2

Where yc and yo represent the calculated and observed intensity respectively for each 

point i. and the weight wi is equal to . The second index is “chi squared”:1/𝜎2[𝑦𝑜,𝑖]
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                    Equation S11
𝜒2 =  (𝑅𝑤𝑝

𝑅𝑒𝑥𝑝
)2

where (Rexp), the “expected R factor”, is:

                  Equation S12

𝑅 2
𝑒𝑥𝑝 =  

𝑁

∑
𝑖

𝑤𝑖(𝑦𝑜,𝑖)2

with N as the number of data points. 
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Initial structural Rietveld refinement of PXRD

The structural model of (S-NEA)2PbBr4 was refined on PXRD data obtained from a 
laboratory X-ray diffraction instrument using TOPAS-Academic V7.3 A Chebyshev 
polynomial function with ten parameter was used to fit the background. The position 
and orientation of the organic molecules were optimized as rigid bodies. The position 
of the inorganic ions was refined with no constraints. One thermal parameter was 
applied for each atomic species. The Pseudo-Voigt function used to model the peak 
shape and the parameters describing the diffractometer geometry were first 
optimized using an LaB6 standard with a fundamental parameter approach.10 These 
were fixed for the structural refinements, while one further isotropic parameter was 
used to take into account the sample Lorentzian contribution to peak broadening (see 
previous section). The March-Dollase model for preferred orientation was applied on 
the (0 0 1) crystallographic direction. The refinement converged with χ2 and Rwp values 
of 16.72% and 3.56 respectively. The Rietveld refinement plot is shown in Figure S21.
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Fig. S17. Full time-resolved in situ X-ray diffractogram for the mechanically-induced 
amorphisation of (S-NEA)2PbBr4. The simulated PXRD pattern of crystalline (S-
NEA)2PbBr4 is shown above the time-solved diffractogram. The broad band at around 
2𝜃 = 0.75° can be attributed to the noise from the PMMA jar. Synchrotron 
radiation wavelength λ = 0.207351 Å. 
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Fig. S18. PXRD pattern of the PMMA milling jar using the diffractogram collected at 
PETRA-III, showing two broad peaks at approximately 1.8° and 4.1°, respectively. 
Synchrotron radiation wavelength λ = 0.207351 Å. Synchrotron radiation wavelength 
λ = 0.207351 Å. 
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Fig. S19. An example Rietveld fit using the X-ray diffractograms collected at PETRA-III, 
showing experimental (blue line), calculated (red line), and difference (grey line) 
patterns of (S-NEA)2PbBr4 under milling conditions at time 0. Peak marks are indicated 
for (S-NEA)2PbBr4 (top), tetragonal minimum, Pb3O4, (middle) and orthorhombic 
minimum (bottom). Each symmetry-allowed reflections are marked twice, as 
diffraction with this setup results in splitting of each Bragg reflection into a 
convolution of 2θ positions. Synchrotron radiation wavelength λ = 0.207351 Å. As 
shown in Fig. S18, the broad peaks at approximately 1.8° and 4.1° originate from the 
PMMA milling jar.
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Fig. S20. An example Rietveld fit using the X-ray diffractograms collected at PETRA-III, 
showing experimental (purple line), calculated (red line), and difference (grey line) 
patterns of (S-NEA)2PbBr4 under milling conditions after 8 minutes. Peak marks are 
indicated for (S-NEA)2PbBr4 (top), tetragonal minimum, Pb3O4, (middle) and 
orthorhombic minimum (bottom). Each symmetry-allowed reflections are marked 
twice, as diffraction with this setup results in splitting of each Bragg reflection into a 
convolution of 2θ positions. Synchrotron radiation wavelength λ = 0.207351 Å. As 
shown in Fig. S18, the broad peaks at approximately 1.8° and 4.1° originate from the 
PMMA milling jar. The small broad peak at approximately 0.8° is attributed to diffuse 
scattering of the amorphous product. 
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Fig. S21. The initial structural Rietveld refinement of (S-NEA)2PbBr4 using the PXRD 
data obtained from a laboratory X-ray diffraction instrument. Experimental data 
(blue), calculated diffraction pattern (red), difference (light grey) and symmetry-
allowed reflections (blue ticks). X-ray wavelength = 1.5418 Å. 
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Fig. S22. Rwp-values and chi-square obtained from Rietveld analysis of the TRIS PXRD 
for (S-NEA)2PbBr4.
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Fig. S23. Full time-resolved in situ X-ray diffractogram of am(S-NEA)2PbBr4 upon 
heating towards 80 °C. The simulated PXRD pattern of crystalline (S-NEA)2PbBr4 is 
shown above the time-solved diffractogram. Synchrotron radiation wavelength λ = 
0.207351 Å. It showed complete crystallisation within 5 minutes, when the 
temperature reached ca. 50 °C. 
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Fig. S24. Structure factor S(Q) of crystalline (S-NEA)2PbBr4 (red) and am(S-NEA)2PbBr4 
(blue). 
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Fig. S25. Selected partial PDFs for (S-NEA)2PbBr4 calculated by PDFgui.11
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Fig. S26. Steady-state photoluminescence spectra of crystalline (S-NEA)2PbBr4 (red) 
and am(S-NEA)2PbBr4 (blue) obtained at ambient temperature using a 300 nm light 
source. 
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