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ABSTRACT 

 

Hybrid halide perovskites consisting of corner-sharing metal halide octahedra 

and small cuboctahedral cages filled with counter cations have proven to be prominent 

candidates for many high-performance optoelectronic devices. The stability limits of 

their three-dimensional perovskite framework are defined by the size range of the 

cations present in the cages of the structure. In some cases, the stability of the 

perovskite-type structure can be extended even when the counter ions violate the size 

and shape requirements, as is the case in the so-called “hollow” perovskites. In this 

work, we engineered a new family of 3D highly defective yet crystalline “hollow” 

bromide perovskites with general formula (FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x (FA = 

formamidinium (FA+), en = ethylenediammonium (en2+), x = 0-0.44). Pair distribution 

function analysis shed light on the local structural coherence, revealing a wide 

distribution of Pb-Pb distances in the crystal structure as a consequence of the Pb/Br-

deficient nature and en inclusion in the lattice. By manipulating the number of Pb/Br 

vacancies, we finely tune the optical properties of the pristine FAPbBr3, by blue shifting 

the band gap from 2.20 eV to 2.60 eV for the 0.42 en sample. A most unexpected 

outcome was that at x> 0.33 en incorporation the material exhibits strong broad light 
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emission (1% PLQY) that is maintained after exposure to air for more than a year. This 

is the first example of strong broad light emission from a 3D hybrid halide perovskite, 

demonstrating that meticulous defect engineering is an excellent tool for customizing 

the optical properties of these semiconductors.  

 

INTRODUCTION 

 Halide perovskites have the potential to be next-generation semiconductors1-3 

with exquisitely tunable optoelectronic properties4-5 directly derived from their unique 

structural configuration and chemical versatility.6-7 Currently, the most investigated 3D 

perovskite materials have the general  formula AMX3 (A = CH3NH3
+ (MA), HC(NH2)2

+ 

(FA), Cs+; M = Ge2+, Sn2+, Pb2+; X = Cl-, Br-, I-).8,9 The aristotype 3D perovskite 

structure consists of MX6 corner sharing metal halide octahedra that span to three 

orthogonal directions, while A+ cations reside in the formed cuboctahedral cavities 

charge balancing the structure.10 Among the attractive features of this perovskite family 

are solution processability,11 long carrier lifetimes12 and diffusion lengths,13-14 as well 

promising high tolerance for radiation damage.15-17 Interestingly, many of these traits 

derive from the defect tolerant character of these materials.18-21 Apparently, the majority 

of formed point defects are shallow, close to the band edges and do not act as significant 

traps for generated carriers.22-23  

 Defect engineering in perovskites could add extra handles in tailoring their 

optoelectronic properties and long-term environmental stability.24 High defect content 

crystals have been recently reported such as the d-MAPI class of materials with general 

formula (A)1-2.48x(B)3.48x[M1-xI3-x] (A = MA, FA; B = hydroxyethylammonium (HEA+), 

thioethylammonium (TEA+), 1,2,4-triazolium (TzH+); M = Pb2+, Sn2+)25-28 and the 

“hollow” halide perovskites with general formula (A)1-x(B)x(M)1-0.7x(I)3-0.4x  (A = MA, 

FA; B = ethylenediammonium (en), propylenediammonium (PN) and 

trimethylenediammonium (TN); M = Pb2+, Sn2+).29-32 In both of these families, the 

introduction of A site cations longer than MA and FA, such as en, HEA, and TEA, cause 

the removal of metal halide moieties from the crystal lattice generating vacancy defects 

in the 3D framework. In the case of d-MAPI materials, the structure consists of a 3D 

corner sharing perovskite Pb1-xI3-x (x = 0 to 0.20) with a lead-deficient and iodide-

deficient 3D network of periodically localized defects. In contrast, in the case of 

“hollow” perovskites, the lead and iodide defects are randomly dispersed in the crystal 

structure, preserving the archetypal cubic 3D perovskite network.  
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A striking attribute of these defective materials is the systematic alteration of 

optical properties (in terms of absorption and emission spectra) by changing the number 

of defects in the crystal structure. For example, in the “hollow” (MA)1-x(en)x(Pb)1-

0.7x(I)3-0.4x compounds, the bandgap can be adjusted from 1.52 eV for pristine MAPbI3 

(x = 0) to 2.1 eV for the (MA)0.56(en)0.44(Pb)0.692(I)2.824 (x = 0.44) analog. Additional 

prominent characteristics involve their exceptional environmental stability and the 

stabilization of the high symmetry cubic α perovskite phase (SrTiO3)
33-34 at RT. For 

instance, the (MA)1-x(en)x(Sn)1-0.7x(I)3-0.4x family of perovskites (in single crystal form) 

is stable to chemical degradation for 16 days in air (for the 40% en based sample), while 

pristine MASnI3 (x = 0) degrades within ten minutes. The Pb “hollow” analogs are 

stable for nearly a year compared to hours and weeks for pristine α-FAPbI3 and β-

MAPbI3 respectively.30 The excellent air stability of the “hollow” perovskites may be 

ascribed to suppressed ion migration, by the presence of a large amount of en dications 

in the lattice. This is supported by our recent work, examining the electronic and ionic 

conductivity in the “hollow” MAPbI3 system. The suppression of ion migration is 

reflected by the significant increase of the activation energies for iodide ion migration 

with higher en content derived from both experimental data and ab initio simulations.35 

Intrigued by the notable environmental stability and optoelectronic properties 

of the “hollow” iodide perovskites, we investigated whether the Pb bromide compounds 

could also form “hollow” structures. Given the smaller size of the 3D cage in the 

bromine analogs compared to the iodine analogs, we wanted to determine if such 

structures can form at all and how they would compare to the iodides. Here, we report 

a new family of defective materials with general formula (FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x 

(FA = formamidinium, en = ethylenediammonium, x = 0-0.44). This is the first 

demonstration of engineering bromide perovskites with tunable defects in single crystal 

form, whereas recently Worku et al. reported “hollow” CsPbBr3 nanoparticles36 and 

Yakunin et al. demonstrated the synthesis of “hollow” FAPbBr3 nanoparticles.37 Using 

single crystal X-ray diffraction and PDF analysis, we demonstrate that the defective 

nature of the materials originates from the replacement of Pb and Br atoms by en 

dications. In particular, we employed solid state NMR spectroscopy to shed light on the 

local structural environment of en molecules; these studies revealed the presence of two 

types of defects in the crystal lattice. The optical properties can be fine-tuned by 

controlling the degree of en molecule incorporation. Usually structural defects act as 

non-radiative recombination centers (traps) and quench PL emission.38 Surprisingly, we 
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observed that, above 33% en inclusion, a strong broad emission band centered at 590 

nm emerges that is tunable in intensity by controlling the content of en in the lattice. 

Although broad light emission is common for low-dimensional perovskites and metal 

halides,39-41 the strong and broad emission of the “hollow” bromide compounds is 

unique among 3D hybrid halide perovskites.42-44  

  

RESULTS AND DISCUSSION 

 

Synthetic aspects and structural characterization 

 High quality single crystals of (FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x (x = 0, 0.07, 0.18, 

0.29, 0.33, 0.37, 0.40, 0.42, 0.44) were synthesized by dissolving lead (II) acetate, 

formamidinium acetate, and various amounts of ethylenediamine (maximum nominal 

ratio of en:FA:Pb: = 1.1:1:1) in a hot acidic H3PO2/HBr solvent mixture (Figure S1). 

Due to the excess of A site cations present in the solution at en:Pb ratios (0.5-1.1:1), 

the corresponding crystals must be isolated from the mother solution shortly after 

formation to avoid the coprecipitation of the non-perovskite phase (en)2PbBr6 upon 

cooling. The existence of (en)2PbBr6 was confirmed by single crystal X-ray diffraction 

(XRD) analysis (Tables S1-5). The structure was reported previously by Lemmerer et 

al. and consists of  1D ribbons of corner-sharing [PbBr6]
4- octahedra separated by 

ethylenediammonium cations and free bromide anions, that charge balance the structure 

(more precisely [(H3NC2H4NH3)4Pb2Br9·3Br]).45  

 Powder X-ray diffraction (PXRD) measurements verified the phase purity of 

the as-synthesized single crystals, and confirmed that they are all isostructural to the 

pristine cubic α-FAPbBr3 (Figures 1, S2-3). Notably, with increasing amount of en in 

the structure, there is a gradual unit cell expansion that is clear from the shift of the 

PXRD patterns to lower 2θ values. The pristine and “hollow” samples (0, 0.18, 0.29, 

0.42 content of en) crystallize in the same cubic Pm-3m space group (Table 1). 

Apparently, even at high en loading (44%), the structure retains its 3D nature (Figure 

S4). All structures were solved and refined using single crystal XRD measurements. 

However, en cations could not be crystallographically resolved because of the lack of 

periodicity and non-uniform distribution in the crystal lattice, displacing FA+, Pb2+, and 

Br- ions, thus creating a large number of randomly dispersed defects (Figure 2). The 

only pronounced difference among the solved crystal structures is the elongation of the 

Pb-Br bonds, from 2.9963(3) Å to 3.0320(10) Å giving rise to a unit cell volume 
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expansion from 215.202(19) Å3 to 222.986(6) Å3 for the pristine and 42% en sample, 

respectively (Figure 3 and Tables 2, S6-S21). Imposed by the cubic Pm-3m space group 

symmetry, all Pb-Br-Pb angles are 180 deg. 

Occupancy refinement of the Pb and Br atom sites revealed that by increasing 

the content of en in the structure, there is a rising number of Pb and Br atom vacancies, 

which is significantly more pronounced for the heavy Pb atoms (up to 20% for 42% en 

loading) (Table S22). This was further supported by energy dispersive spectroscopy 

(EDS) measurements where for the 42% en sample the ratio of Pb:Br is 1:3.9 instead 

of 1:3 (Figure S5). Thermogravimetric (TGA) analysis corroborates the above results. 

By increasing the amount of incorporated en, there is a gradual weight loss increase in 

the first step of the graph, which corresponds to FABr and enBr2 loss at around 300 °C. 

This weight loss ranges from 25.1% to 36.2% for the pristine and 42% en based 

materials, respectively (Figures S6-S9). At the same time, the mass loss at the second 

step at around 430 °C corresponds to the removal of the PbBr2 inorganic part, which 

decreases gradually from 73.4% to 60.5% for the pristine and 42% en based materials, 

respectively. These results confirm the reduction in the amount of Pb with increasing 

amount of en in the structure (Table S23). 

Solution 1H-NMR spectroscopy measurements verified the presence of en in the 

crystal structure and the ratio among en and FA cations (Figures S10-17). The 

quantification was based on both the methine (=CH-, δ = 7.87 ppm) and the ammonium 

(-NH2
+, δ = 8.69 ppm, 9.03 ppm) protons of the FA cation versus the methylene (-CH2-

, δ = 3.07 ppm) and the ammonium (-NH3
+, δ = 7.89 ppm) protons of the en cations. In 

FA, the integration of those peaks reveals a ratio of 2:2:1, since there is one proton from 

the methine group (=CH-) and four protons from the two amine cations (-NH2
+). In en, 

the ratio of the two peaks is 4:6, arising from four -CH2- protons and six ammonium (-

NH3
+) protons, suggesting that en is doubly protonated.  

Experimental crystal densities determined from a commercially available 

pycnometer indicated that the density of the samples decreases proportionally to en 

incorporation in the structure from 3.8116(2) cm3 g−1 to 3.4657(2) cm3 g−1 for the 

pristine and 42% en sample accordingly (Table S24). This trend is further supported by 

the observed expansion of the unit cell dimensions with increasing en content, coupled 

with reduced site occupancies of the heavy atoms that further lowers crystal density.  
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Considering the disordered nature of the corresponding “hollow” materials, 

which do not allow direct structure determination as in the case of ordered defective d-

MAPbI3 analogs,26 an indirect method was designed for the assembly of a 

representative chemical formula that can describe the hollow compounds. In order to 

examine whether the formula of the hollow iodide samples (A)1-x(en)x(M)1-0.7x(I)3-0.4x, 

can be applied in the bromide analogs as well, we followed a previously established 

analysis protocol,30 combining the data from four different characterization techniques, 

1H-NMR, PXRD, XRD, and crystal density measurements. In particular, we compared 

the theoretical crystal density derived from the examined formula with the experimental 

crystal density obtained from single-crystal XRD and pycnometry measurements 

(Table S24). The determined (experimental) crystal density from the single crystal 

XRD studies is very close to the calculated ones based on PXRD and 1H-NMR studies 

(0.4-4% difference in crystal density values). The derived values from the pycnometry 

studies showed somewhat higher variation than the theoretical ones in the range from 

0.07% for the pristine material to 8% for the 42% en sample. In addition, EDS 

measurements for the highly hollow sample, (FA)0.58(en)0.42(Pb)0.706(Br)2.832 gave a 

Pb:Br ratio of 1:3.9 which is close to the 1:4 ratio deriving from the formula. Based on 

these results, we propose the formula (FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x to describe the 

chemical composition of the “hollow” bromide analogs as well. For simplicity purposes 

the notation % en/FAPbBr3 will be used throughout this work.  

Notably, the unit cell volume expansion, the reduction in the crystal density and 

the blue shift of the absorption and emission spectra (see below) proportionally to en 

inclusion, constitute signature characteristics of the “hollow” perovskites. Another trait 

of the “hollow” bromide perovskites (similar to the iodides) is the change in the crystal 

morphology, from rhombic dodecahedral shape for the pristine FAPbBr3 to regular 

octahedral for the “hollow” bromide crystals, as attained from scanning electron 

microscopy (SEM) measurements (Figure 4) and analysis. 

 Structural phase transitions. A well-known characteristic of all perovskite 

structures is the phase transitions associated with the behaviour of the metal octahedra 

tilting as a function of temperature. Using high resolution variable temperature 

synchrotron PXRD studies, we explored the phase transitions occurring in both 

“hollow” iodide and bromide perovskites. We find that en incorporation can suppress 

the temperature dependent phase transitions.46 The “hollow” bromide samples are 

stable in the cubic α-phase between 94 K and 493 K (Figures 5, S18). On the contrary, 
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pristine FAPbBr3 exhibits two distinct phase transitions in this temperature range. One 

between 275 and 250 K, giving rise to a tetragonal P4/mbm phase, while upon further 

cooling, the structure distorts more giving rise to an orthorhombic Pnma phase between 

150 and 125 K.47 The thermal stability and robustness of the hollow perovskite structure 

up to 493 K is accompanied by a gradual increase of the unit cell dimensions due to 

thermal expansion (from 6.02082(1) Å at 94K to 6.13381(2) Å at 493K for the 42% en 

material), which is a norm for hybrid perovskites and metal halide materials.39, 48  

The same behavior is observed for the corresponding “hollow” MAPbI3 and 

FAPbI3 samples. Both 33% en/MAPbI3 and 40% en/FAPbI3 crystallize at the cubic Pm-

3m space group over the entire examined temperature range as the “hollow” FAPbBr3 

compounds (Figures S19-20). Contrarily, pristine MAPbI3 crystals exhibit two phase 

transitions, one at ~330 K, from cubic α (Pm-3m) to tetragonal β (I4/mcm) and one at 

~160 K, from tetragonal to orthorhombic (Pnma).49-50 The material’s temperature 

profile is governed by two distinct structural phase transitions, one at ~ 285 K, from 

cubic α (Pm-3m) to tetragonal β (P4/mbm) and one at ~ 140 K, from tetragonal β 

(P4/mbm) to tetragonal γ (P4/mbm).51-52 Simenas et al. reported a similar trend in the 

case of MA1-xDMAxPbBr3 single crystals and observed significant suppression of the 

structural phase transitions, including stabilization of the cubic phase and disorder even 

for a small amount of dimethylammonium cations.53 The stabilization of a cubic high 

temperature phase at lower temperatures due to the presence of defects and increased 

structural disorder is a well-known phenomenon in metal oxides as well.54-55  

 

Local structure through pair distribution function analysis. Pair distribution 

function (PDF) analysis was utilized to shed light on the local non-periodic crystal 

structure of the materials. This method is specifically adopted for the characterization 

of disordered compounds with limited structural coherence.56-58 The goal was to 

identify significant deviations from the average crystal structure that may be present 

and caused by the FA/en disorder and Pb/Br vacancies in the lattice. The PDF data 

confirm the increase in unit cell volume from 216 Å3 in FAPbBr3 to 222 Å3 in the 

hollow FAPbBr3 samples found by the conventional XRD studies mentioned above. 

Qualitative comparison of the PDF for pristine FAPbBr3 and 40% en substituted 

FAPbBr3 (Figure 6a) demonstrates a decrease in the number of several pair correlations 

with en substitution, suggesting a smaller concentration of strong scatterers. Several 

pair correlations also show tailing on the high r side of the peak indicating an 
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asymmetric increase in the distribution of Pb-Br bond distances. Fitting of the PDF to 

the average cubic perovskite structure (Pm-3m) indicates that the reduction in intensity 

and tailing originates primarily from changes at the Pb site. This is most clearly 

observed by comparing the partial PDFs calculated for Br-Br pair correlations and Pb-

Pb pair correlations (Figure 6b). The Br-Br correlations are visually quite similar 

between the pristine and “hollow” samples. In contrast, Pb-Pb pair correlations exhibit 

marked decreases in intensity and increase in peak tailing between the pristine and 

“hollow” perovskite similar to that observed in the total PDF. These features are 

accompanied by a reduction in the refined Pb site occupancy from 1.02 in pristine 

FAPbBr3 to 0.85 for 40% en substituted FAPbBr3, which is consistent with the results 

from the single crystal XRD studies. The PDF data therefore demonstrate that en 

substitution leads to decreased Pb atom occupancy, increased disorder, and increased 

Pb-Br bond distances.  

 

Elucidation of short-range structures and interactions through solid-state NMR 

spectroscopy. Local chemical environments of en cations in the FAPbBr3 perovskite 

framework are best consolidated by 1D and 2D solid-state NMR spectroscopy (ssNMR) 

measurements and analysis. Specially, ssNMR spectroscopy has recently been applied 

to characterize local structures and intermolecular interactions at sub-nm to nm length 

scale in optoelectronic materials.59-62 Figure 7 compares the 1D and 2D 1H ssNMR 

spectra of pristine FAPbBr3 and en substituted FAPbBr3 at different stoichiometric 

concentrations, whereby signals correspond to distinct 1H sites, 4.1 (-CH2-, en), ~7.5 (-

NH3
+, en and FA+) and 8.1 ppm (=CH-, FA+) are color coded as depicted in the 

schematic structures. Of particular interest is the broad line shape associated with the 

1H signal at ~4.1 ppm in the 1D spectra of 33% en and 44% en as compared to the 

narrow feature in 12% en, indicating that the en cations exhibit different local chemical 

environments in FAPbBr3 framework. Deconvolution of 1H NMR signals (4.1 ppm, -

CH2-) in 33% en and 44% en suggest that the en dispersion in FAPbBr3 reaches a 

saturation point at ~29%, while at higher en loadings there is a formation of an 

additional type of en defect in the crystal structure. Apparently for 33% en and 41% en 

inclusion in FAPbBr3, there is ~5% and ~12% aggregation of the total en cations giving 

rise to a structurally different local environment around them, as depicted by the broad 

signals in the corresponding 1H NMR spectra (Figure 7a, inset). This finding may be 

correlated to the unit cell expansion and Pb-Br bond elongation (Figure 3) that increase 
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linearly with increasing en amount in the lattice, while above 30% en these effects are 

supressed. 

The different distributions of en and FA+ cations in the perovskite framework is 

further corroborated by the analysis of 2D 1H-1H double-quantum (DQ) and 1H-1H spin-

diffusion spectra of 41% en/FAPbBr3. The DQ signals can be excited for inter- and 

intramolecular dipolar coupled 1H···1H pairs at sub-nanometer distances < 5 Å (Figure 

7b): the on-diagonal DQ signals at 8.2 ppm correspond to 1H···1H proximities in the -

CH2- groups of en and a broad feature at ~15 ppm corresponds to overlapped 

contributions from the -NH3
+ groups in en and FA+. The off-diagonal DQ signal at 11.6 

ppm corresponds to 1H···1H proximities between chemically distinct -CH2- and -NH3
+ 

groups of en, and at ~15.6 ppm is due to through-space proximities between =CH- and 

-NH2
+ groups of FA+.  Notably, 1H DQ peaks between =CH- groups of FA+ and -CH2- 

groups of en (red arrow) indicate the through-space close proximity (<0.5 nm) between 

=CH- (FA+) and -CH2- (en), confirming the presence of en cations in the perovskite 

framework. In addition, 2D 1H-1H spin-diffusion NMR spectra of 41% en/FAPbBr3 

were analyzed and compared in order to confirm the through-space proximities between 

the en and FA+ cations. In a 2D spin-diffusion experiment, magnetization is allowed to 

exchange between chemically distinct 1H sites as a function of mixing time, which 

manifests into off-diagonal signals. In the case of 41% en/FAPbBr3, no off-diagonal 

signals were observed at a shorter mixing time of 20 ms, meaning that the mixing times 

of ≤20 ms were insufficient to allow the magnetization between en and FA+ 1H sites to 

be exchanged. At longer mixing times (>50 ms), the 1H magnetization exchange 

between en and FA+ cations leads to the off-diagonal signals (red arrows) as depicted 

in Figure 7c and Figure S21 (Supporting Information), indicating the sub-nano to 

nanoscale proximities between en and FA+ cations. Overall, 2D ssNMR experiments 

corroborate the XRD and PDF results and analysis, and provide an atomic-level picture 

of the local chemical environments of en in the FAPbBr3 perovskite.  

 

Optical absorption, photoluminescence and work functions 

All compounds exhibit sharp optical absorption edges in their diffuse 

reflectance spectra.  The band gap shifts from 2.20 eV for the pristine FAPbBr3 to 2.60 

(and the color of the crystal changes from orange to yellow) for the 42% en compound 

(Figure 8a and Table 2). The removal of Pb-Br fragments from the crystal structure 

leads to discontinuities in the infinite Pb-Br-Pb connectivity in the 3D lattice, which 
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reduces the degree of orbital overlap among these atoms and prevents the development 

of the full possible electronic bandwidth.30  This change, in turn, results in widening of 

the bandgap with increasing amount of en. Bandgap widening in perovskites was only 

possible previously through dimensional reduction, which gives rise to the various 

classes of two-dimensional compounds such as the Ruddlesden-Popper (RP),63-64 the 

Dion-Jacobson (DJ),65-66 and the alternating cation in the interlayer space (ACI) types.67 

The achievement of “hollow” structures presents a second mode of widening the 

bandgap while keeping the overall dimensionality 3D. This phenomenon can be 

exploited to precisely tune the band gap of the 3D structure by controlling the 

incorporation of en cations. 

The “hollow” bromide perovskite materials exhibit strong, narrow band-edge 

PL with an energy that is correlated to the amount of en incorporated in the crystal, 

spanning from 543 nm for pristine FAPbBr3 to 480 nm for the 29% en sample (Figure 

8b). Surprisingly, above 29% en loading, the PL peak broadens significantly (Figure 

S22), and for the 40% en sample, there is a very strong and broad emission band 

centered at 590 nm (Figures 10d, e, f). The intensity is enhanced further by increasing 

the amount of en to up to 44% en loading, where it saturates (Figure S23). This finding 

appears to be related to the additional type of en defect that forms in the crystal above 

29% en loading according to ssNMR (see above). The percentage of the second type of 

defect increases proportionally to the inserted amount of en in the lattice. Structurally 

this is the only difference between the samples with lower and higher than 29% en 

loading. Therefore, we ascribe the broad emission to the presence of self-trapped 

excitons (STEs) (see below) generated by the formation of this type of defect. This 

result is a clear and rare example of the manipulation of the PL emission of halide 

perovskites by defect engineering.68-70   

We examined the optical properties of the 42% en sample in detail. Under 380-

nm excitation, the 42% en sample exhibits a broad emission centered at 590 nm with a 

large full width at half maximum (FWHM) of 195 nm (0.67 eV) accompanied by a 

large energy shift of 110 nm (0.48 eV) relative to the absorption onset (Figure 9a). The 

corresponding photoluminescence quantum yield (PLQY) is 1%, while the PL peak 

position and FWHM are the same regardless of excitation power (Figure S24). This 

broad emission at RT is unique among 3D hybrid halide perovskites. The only reports 

of stronger PL emission from 3D halide perovskites are the narrow band-edge emission 



11 
 

of 3D perovskite films, e.g. MASnI3 and CsSnI3
42-43 and the broad emission of the 3D 

fully inorganic double perovskite Cs2(Ag0.60Na0.40)InCl6.
71  

Furthermore, the intensity and line-shape of the PL emission of the 42% en 

compound is constant after exposure of the perovskite to ambient conditions for a year, 

demonstrating the excellent structural stability and integrity of the emission of this 

defective material (Figure S25). We point out that such robust emission is among the 

highest reported for halide perovskite materials.72  

The corresponding CIE (International Commission on Illumination) 

chromaticity coordinates for the 42% en compound are (0.47, 0.49), with a much larger 

contribution from the red region of the spectrum than pure white light, which has 

chromaticity coordinates of (0.33, 0.33). This broad emission can be described by a 

correlated color temperature (CCT) of 3144 K (warm yellow light), and a color-

rendering index (CRI) value of 67, which indicates that this light is suitable for outdoor 

lighting (Figures 10a, b, c and Table 3). CIE coordinates and CCT values were 

calculated using the ColorCalculator by OSRAM Sylvania, Inc. The CRI index 

quantifies how accurately illuminated colors are reproduced; for indoor lighting, values 

above 80 are required.73 

Interestingly, the emission of the “hollow” bromide materials is very different 

from that of the iodide analogs, where with increasing amount of en above 35% in the 

latter the PL is increasingly quenched.30 The difference in PL exhibited by “hollow” 

bromide and iodide perovskites (i.e., PL from bromide is stronger) qualitatively 

resembles the difference between layered bromide and iodide perovskites. In layered 

perovskites, bromides tend to exhibit stronger white-light emission.74-75 Since layered 

structure and “hollow” structure both add “softness” to the crystal,76,77-78 we believe 

that enhanced broadband PL from bromide perovskites observed for both types of 

structures likely share the same origin, which warrants further investigation. 

We determined the energies of the valence band maxima (VBM) of the 

corresponding “hollow” bromide compounds with photoemission yield spectroscopy in 

air (PYSA) measurements,79 and calculated the conduction band minima (CBM) by 

adding the corresponding optical band gaps from the measured VBM energies (Figure 

S26). The incorporation of en in the structure lowers the VBM from 5.62 eV in pristine 

FAPbBr3 to 5.78 eV for the 42% en sample. Notably, the latter value is very close to 

that for the 2D and 1D lead bromide compounds, such as (2,6-dmpz)3Pb2Br10 with 
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strong broad light emission (12% PLQY).80 This finding, coupled with the blue-shift of 

the optical bandgaps, supports the view that the electronic character of the “hollow” 3D 

materials is less than 3D and closer to low-dimensional compounds. 

 

Origin of PL  

In order to learn more about the mechanism of the broad emission, we 

performed variable-temperature PL measurements from 80 to 300 K (Figure 9b). 

Decreasing temperature correlates with a gradual increase in the broad emission 

intensity up to 180 K with no change in the PL lineshape. At 160 K a new narrow PL 

peak (FWHM 10.4 nm) appears centered at 498 nm (2.49 eV) accompanied by an 

increase of the PL intensity by one order of magnitude for both the narrow and the 

broad PL peaks. The narrow emission is significantly more intense than the below-

bandgap broad emission when the temperature is lowered down to 80 K, (FWHM 12.2 

nm), but there is no change in energy of the emission for either peak over this 

temperature range (Figure S27). This behavior is typical for broad-spectrum emitters 

where there is an energy barrier between the free exciton (FE) and the STE states.81-82 

At room temperature, the thermal energy is large compared to this barrier, and the broad 

emission from STEs is dominant. At lower temperature, some FEs cannot cross the 

energy barrier and hence a narrow, higher-energy FE emission appears and increases in 

intensity with decreasing temperature.80, 82-83  

There is no detectable change in the PL line shape and emission wavelength at 

higher temperatures (200 K to 460 K, Figure S28). However, above 300 K, the PL 

intensity decreases gradually up to 460 K, consistent with increased nonradiative 

recombination of thermally delocalized carriers in disordered semiconductors.84-85  

The measured average PL decay lifetime at RT was 15 ns, determined using 

multi-exponential fitting of the emission decay curve (Figure 9c). This decay includes 

three exponential components with time constants of 1.6, 10.2, and 22.2 ns. At 80 K, 

the STE lifetime (measured at 575 nm) shows a fast component followed by a slow 

single exponential decay with lifetime of 130 ns. Notably, at RT, the recorded lifetime 

is comparable to those of semiconductor quantum dot materials, with values on the 

order of a few ns,86 “hollow’ CsPbBr3 nanocrystals,36 1D strong light emitting metal 

halide materials, such as C4N2H14PbBr4 (a few tens of ns),87 and 2D white light emitters 

such as [(C6H5C2H4NH3)2PbCl4] (a few ns).88 Comparing the lifetimes for the FE and 

STE at RT and 80K, time-resolved photoluminescence (TRPL) studies revealed that 
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there is an equilibrium between FE and STE at RT (Figure S29). However, at 80K there 

is a clear difference between the faster decay of the FE in comparison to the STE, 

demonstrating the better separation between FE and STE (Figure S30), as indicated also 

by the appearance of the two separate PL peaks (Figure 9b).   

Power-dependent PL studies (up to 900 mW cm-2) indicate a linear correlation 

between the PL intensity and the excitation power density. This suggests that the 

emission stems from STEs (Figure 9d)89-91 and not permanent defects, where the PL 

emission saturates at higher excitation power.18, 39, 92  

 

CONCLUSIONS 

 Significant amounts of en can be incorporated in the crystal structure of 

FAPbBr3 without causing a structural transformation to a two-dimensional or other low-

dimensional material. The en cation is considered too large and outside the scope of the 

so-called Goldschmidt tolerance factor to be incorporated in a perovskite cage. 

However, because of the creation of vacancies by Pb and Br atoms, adjacent cages can 

fuse to become larger cages effectively making the Goldschmidt tolerance factor 

irrelevant. Taking advantage of the chemical versatility of hybrid perovskites, we 

created a new family of environmentally stable “hollow” 3D hybrid halide perovskites 

with general formula (FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x, x = 0-0.44.  The en cations induce 

randomly dispersed vacancy defects in the lattice by replacing Pb, Br, and FA moieties. 

Solid state NMR studies suggest that en cations are well dispersed into the perovskite 

framework at en loadings less than 30%, whereas two types of local chemical 

environments of en molecules are observed at en loadings greater than 30%. By 

manipulating the amount of incorporated en, the optical properties of the corresponding 

crystals can be fine-tuned over a wide energy range both in terms of emission and 

absorption spectra. Above 33% en inclusion, the “hollow” bromide perovskite emits 

strong broad light at room temperature that is directly correlated to the number of 

defects, increasing gradually in intensity for 42%, and reaching a plateau at 44% en, 

with 1% PLQY coupled with a lifetime of 15 ns. Considering that the only structural 

difference between the compounds with narrow and broad emission is the presence of 

another type of defect above 29% en loading, we ascribe the formation of STEs at RT 

to its presence. The corresponding material maintains its strong PL emission for at least 

one year in air exposure. This is the first time that strong broad light emission from a 

3D hybrid halide perovskite has been observed, while its PL robustness under ambient 
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conditions is among the highest reported for halide perovskites. Our work demonstrates 

in a most concrete manner the highly defect tolerant nature of hybrid halide perovskites 

which is considered to be the cornerstone of many of their prominent traits, such as the 

hard radiation damage resilience. 
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Figure 1. A) Comparison of experimental PXRD patterns of the (FA)1-x(en)x(Pb)1-

0.7x(Br)3-0.4x compounds with increasing amount of en (x = 0%, 7%, 18%, 29%, 44%). 

All materials regardless of x-value are isostructural to cubic α-FAPbBr3 perovskite. B) 

magnified area of the PXRD patterns from 24° to 37° 2θ showing the shift of the 

diffraction peaks to lower degrees 2θ with increasing en loading, signaling unit cell 

expansion. 

 

 

 

 



21 
 

 

 
Figure 2. Structural derivation of the “hollow” perovskite from the proper 3D 

perovskite. In order for en cations to be replace formamidinium cations in the lattice 

without structural rearrangement, [PbBr6]
4- octahedra must be expelled from the 

structure.  
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Figure 3. Correlation between the A) Pb-Br bond lengths and B) unit cell volume as a 

function of the amount of incorporated en based on single crystal XRD studies. 
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Figure 4. Representative SEM images of as-produced (FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x 

perovskite crystals for x = 0%, 7%, 29%, 42%, respectively. At high en loading spear 

like crystals based on intergrowths of crystal octahedra are observed. 
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Figure 5. A) High resolution variable temperature PXRD patterns for the 29% 

en/FAPbBr3, consisting of one heating cycle. B) The highlighted area is enlarged to 

show the shift of the diffraction peaks to lower Q values with increasing temperature, 

indicative of lattice thermal expansion. There is no appearance of additional diffraction 

peaks, revealing the absence of temperature dependent structural transitions. 
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Figure 6. A) PDF G(r) comparison of the pristine FAPbBr3, solid orange line, and 40% 

en/ FAPbBr3, black dashed lines. B) Calculated partial PDF of pristine FAPbBr3 and 

40% en/ FAPbBr3 describing (top) Br-Br correlations and (bottom) Pb-Pb correlations. 
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Figure 7. Solid-state 1H MAS NMR spectra of FAPbBr3 and hollow perovskites 

acquired of at 18.8 T (Larmor frequency of 1H is 850.1 MHz) and at RT with 35 kHz 

MAS. A) Comparison of 1D 1H MAS NMR spectra of FAPbBr3, 12% en/FAPbBr3, 33% 

en/FAPbBr3 and 41% en/FAPbBr3. Signals correspond to FA+ and en+ protons are 

depicted in color dots as shown in the Figure inset. B) 2D 1H-1H DQ-SQ correlation 

NMR spectra of 41% en/FAPbBr3 using DQ excitation time of 28.6 µs. C) 2D 1H-1H 

SQ-SQ correlation NMR spectra of 41% en/FAPbBr3 using spin diffusion mixing time 

of 100 ms. 
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Figure 8. A) Optical absorption and B) emission spectra of compounds (FA)1-

x(en)x(Pb)1-0.7x(Br)3-0.4x, with increasing amount of en.  
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Figure 9. A) The recorded absorption and emission spectra of 42% en/FAPbBr3 

compound at RT, B) temperature dependent PL measurements from 300K to 80K 

(normalized), C) Time-resolved photoluminescence decay at 80K and 298K, D) 

Emission intensity versus excitation power, revealing the linear correlation of PL 

intensity with increasing power. The differences in the PL emission spectra at RT in A) 

and B) are ascribed to the different instrumentation set up and excitation wavelength 

used.  
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Figure 10. Photographs of dried polycrystalline solids of 42% en/FAPbBr3 and 40% 

en/FAPbBr3 samples, under ambient light A), D), and under UV light B), E) respectively. 

CIE chromaticity coordinates C) and F) for the corresponding compounds respectively. 
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Table 2. Comparison of the refined unit cell dimensions of (FA)1-x(en)x(Pb)1-0.7x(Br)3-

0.4x materials along with their determined band gaps. The increase of the en 

concentration leads to an increase to the unit cell dimensions and a blue shift of the 

band gap for all materials. The unit cell dimensions of the 7% en sample were 

determined from indexing of the PXRD patterns. 

FAPbBr
3
 

+ en% 

Unit cell parameters 

a (Å) 

Unit cell 

Volume 

(Å3) 

Band gap 

(eV) 

0 5.9926(3) 215.202(19) 2.20  

7 6.0046(2) 216.00(2) 2.25  

18 6.02320(10) 218.515(6) 2.36 

29 6.0594(2)  222.479(13)  2.54 

42 6.06400(10) 222.986(6) 2.60  

 
 

 

 

 

Table 3. Photophysical properties of bulk crystals of the 42% en/FAPbBr3 compound. 

(τav is the average PL lifetime). 

 
 
 
 

42% en/FAPbBr3 T(K) 
PLQY 

(%) 

τav 

(ns) 

FWHM 

(nm) 
CRI 

CCT 

(K) 
CIE 

Crystals 298K 1 15 195 67 3144 (0.47,0.49) 
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1. Materials and methods 
Starting materials 

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

further purification. Lead(II) acetate trihydrate puriss. p.a., ACS, 99.5-102.0%, Formamidine 

acetate 99%, Hypophosphorous acid solution 50 wt. % in H2O, Hydrobromic acid ACS reagent, 

48%, Ethylenediamine ReagentPlus®, ≥99% and Dimethyl sulfoxide-d6 99.9 atom %D were 

purchased from Aldrich. Hollow MAPbI3 and FAPbI3 samples were prepared according to 

published procedures.1 

 

Solution 1H-NMR measurements 
    1H NMR spectra were recorded on 500 MHz Bruker, X500 spectrometer. All samples were 

prepared by dissolving a small portion of the dried solids (~ 10 mg) in a DMSO-d6 solution (0.5 

mL). The actual amount of en (x) that resides in the crystal structure was determined by 1H-

NMR spectroscopy.  

   From NMR spectroscopy it was possible to calculate only the ratio between en and FA 

molecules. In order to find a way to quantify the amount of en relative to the FA we have 

introduced another equation that included the two molecules, namely:   

               FA + en = 1       (eq. 1)  

This is consistent with the 113 (Cation)MX3 (Cation= FA + en) perovskite formula. Since we 

have only two organic molecules in the structure, the total organic content should be equal to 1 

(or 100%).  

 

Solid state NMR measurements 

  Bulk crystals of FAPbBr3 and hollow perovskites were separately packed into a 1.6 mm 

Phoenix rotor fitted with Vespel® caps. All 1D 1H MAS and 2D 1H-1H correlation NMR 

experiments were carried out on a Bruker Avance Neo (18.8 T, 1H Larmor frequency = 800.13 

MHz) spectrometer using a Phoenix 1.6 mm H-X-Y probe. The nutation frequency for 1H was 

100 kHz, corresponding to a 90° pulse duration of 2.5 μs. The MAS frequency was 35 kHz. 

The 1H spin-lattice relaxation times (T1) for protons sites in FA+ and en+ cations were 

determined to be 3 s, based on inversion recovery measurements and analyses. 1D 1H MAS 

NMR spectrum was acquired using 32 co-added transients using a relaxation delay of 3 s. In 

the case of 2D 1H-1H double-quantum(DQ)-single-quantum (SQ) NMR spectrum, the DQ 

coherences were excited using one rotor period (1τr) Back-to-Back (BaBa) sequence, and 

reconverted using a 16-step phase cycle to choose Δp = ±2 on the DQ excitation pulses (4 steps) 

and Δp = ±1 (4 steps), where p is the coherence order. A rotor-synchronized t1 increment of 

28.6 µs was applied to acquire the indirect 1H DQ dimension with 128 t1 increments, each with 

16 co-added transients, corresponding to a total experimental time of 5 h. 2D 1H-1H spin 

diffusion NMR spectra were acquired using different mixing times, 20, 100 and 500 ms. 2D 

spectra was acquired using 380 t1 increments, each with 4 co-added transients. The 1H chemical 

shifts were calibrated with respect to neat TMS using adamantane as an external reference (1H 

resonance, 1.81 ppm). 

 

 XRD measurements 

Single-crystal X-ray diffraction 

  Single crystal diffraction experiments were performed using a Bruker Molly instrument with 

MoKα IμS microfocus source (λ= 0.71073 Å) with MX Optics at 293 K. The collected data 

were integrated and applied with multiscan absorption correction using the APEX3 software. 

Additionally a four-circle Rigaku XtaLAB Synergy system equipped with a PhotonJet (Mo, λ= 

0.71073 Å) micro-focus sealed X-ray tube and Hybrid Pixel Array Detector was utilized as 

well. The structure was solved by charge flipping and refined by full-matrix least squares on F2 

with the Jana2006 package.2  
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Powder X-ray diffraction 

  Powder X-ray diffraction patterns were collected on a Rigaku Miniflex system (CuKα 

radiation) operated at 40 kV and 15 mA. A typical scan rate was 20 sec/step with a step size of 

0.02 deg. The data were manipulated with CMPR,3 and Rietveld analysis was performed with 

the Jana2006 package.2  

 

Variable Temperature high resolution Powder X-ray diffraction 

  High resolution variable Temperature Powder X-ray diffraction measurements were 

performed at APS Argonne National Lab, on beamline 11BM, with an average wavelength of 

0.457850 Å. Discrete detectors covering an angular range from 0 to 4 2θ were scanned over a 

25.5 2θ range, and data points were collected e very 0.001 2θ at a scan speed of 0.1/s. The data 

were manipulated with CMPR,4 and Le Bail fit and Rietveld analysis were performed with the 

Jana2006 Package.2 Total sctattering diffraction data were recorded on APS 11-ID-B beamline. 

 

PDF analysis 

  Two dimensional total scattering data were integrated and masked using Fit2D.5-6 Data were 

reduced and transformed to the PDF with PDFgetx3.7 The PDF was modled in PDFgui as a 

cubic perovskite.8 Electron density for formamidinium was approximated by a single atom with 

the analogous number of electrons. Thermal displacement parameters were refined according 

to the average symmetry (Pm-3m). 

 

Optical Spectroscopy.  

  Optical diffuse-reflectance measurements were performed at room temperature using a 

Shimadzu UV-3600 PC double-beam, double-monochromator spectrophotometer operating 

from 200 to 2500 nm. BaSO4 was used as a non-absorbing reflectance reference. The generated 

reflectance-versus-wavelength data were used to estimate the band gap of the material by 

converting reflectance to absorbance data according to the Kubelka−Munk equation: α/S = (1 

− R)2/2R, where R is the reflectance and α and S are the absorption and scattering coefficients, 

respectively.9 

 

PL/PLE/TRPL Measurements.  

  PL studies were perfomed using a Horiba LabRam Evolution high-resolution confocal Raman 

microscope spectrometer (600 g/mm diffraction grating) equipped with a diode continuous 

wave laser (473 nm, 25 mW) and a Synapse charge-coupled device camera. The maximum 

power output of the laser source was filtered to 1% of the maximum power output. PLE 

excitation-emission studies were perfomed using a Horiba Jobin-Yvon Nanolog 

spectrofluorometer and Synapse CCD. Temperature dependent PL measurements were 

performed using 405-nm diode laser (Picoquant) with the samples mounted in a liquid-nitrogen 

cooled cryostat (Janis, VPF-100). The PL signals were dispersed by a spectrograph and 

captured by an EMCCD (Princeton).  

 

PLQY determination 

  PLQYs of powder samples were obtained on a Horiba FluoroMax-4 equipped with an 

integrating sphere using a 150 W continuous Xe arc lamp as excitation source at room 

temperature. 

 

TGA measurements 

  The Thermogravimetric Analysis (TGA) measurements were performed on a Netzsch’s 

Simultaneous Thermal Analysis (STA) system. An amount of ~15 mg of sample was placed 

inside an alumina cap and heated up to 700 oC under He flow with a heating rate of 8 oC/min. 

We must note here that if an aluminum cap is used instead (up to 600 0C), then the TGA curve 

is incomplete, as there is a significant amount of a residue left, possibly from the reaction of 

the perovskite with the metallic medium.10-11  
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SEM/EDX 

  Scanning Electron Microscopy (SEM) measurements were recorded on a high-resolution field 

emission Hitachi SU8030. A Hitachi S3400N-II instrument equipped with a PGT energy-

dispersive X-ray analyser was used for the EDX measurements. Data were acquired with an 

accelerating voltage of 20 kV. 

 

Density measurements 

  A Micromeritics AccuPyc II 1340 pycnometer was utilized for the density determination of 

all samples. An amount of 400 mg of dry sample was loaded to an aluminum cap (1 mL) and 

the volume determination was performed based on He displacement. Each sample was 

measured 3 times and the sample volume was recorded along with standard deviation. The 

average volume of each sample was used for the density calculations. 

 

Photoemission yield spectroscopy in air (PYSA) 

  The energy level of the valence band maximum (VBM) was measured by Photoemission yield 

spectroscopy in air (PYSA, AC-2, Riken-Keiki). Briefly, the sample is scanned by tunable 

mono-chromatic ultraviolet light (UV, 4.2–6.2 eV), under ambient conditions and the number 

of generated photoelectrons are measured at each excitation energy. Photoelectrons are only 

generated when the photon energy is higher than the VBM. The VBM is determined by finding 

the onset of the PYSA spectra. 

 

XRF studies 

  The composition of two samples with 0% en and 37% en, respectively, was studied by X-ray 

fluorescence (XRF) using a Rigaku ZSX Primus IV, which has a detection limit of 0.009% by 

mass. The relative amounts of Pb and Br were determined using the Pb L𝛼 and Br K𝛼 lines 

with a 15 s scan time and 15 s fixed angle measurement. Additionally, the Sn K𝛼 line was used 

to confirm that the samples did not contain any Sn impurities. 
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2. Syntheses 
 

Syntheses of (FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x (x: 0%, 7%, 18%, 29%, 33%, 37%, 

40%, 42%, 44%) 

 
α-FAPbBr3: 1137 mg (3 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a solution consisting 

of 6 mL of 48% aqueous HBr, by heating under constant magnetic stirring. Then 312 mg (3 

mmol) of formamidinium acetate were added to the hot colorless solution. Heating was 

discontinued and the sample was left to cool to RT directly. Orange crystals deposited after 10 

min. They were collected by suction filtration and dried under vaccum overnight. Yield: 800 

mg, (54% based on Pb) 

x = 7%: 1137 mg (3 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (7 mL) by heating under constant magnetic stirring for about 5 minutes. Then 20 μL 

of ethylenediamine (0.3 mmol) were added to 50% aqueous H3PO2 (1 mL) at RT. This solution 

was added to the hot reaction solution. Subsequent addition of 312 mg (3 mmol) of formamidine 

acetate to the hot solution lead to the formation of light orange crystals. Stirring was continued 

for 5 min. They were collected by suction filtration and dried under vaccum overnight. Yield: 

460 mg, (31% based on Pb) 

x = 18%: 1137 mg (3 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (7 mL) by heating under constant magnetic stirring for about 5 minutes. Then 60 μL 

of ethylenediamine (0.9 mmol) were added to 50% aqueous H3PO2 (1 mL) at RT. This solution 

was added to the hot reaction solution. Subsequent addition of 312 mg (3 mmol) of formamidine 

acetate to the hot solution lead to the formation of dark yellow crystals. Stirring was continued 

for 5 min. They were collected by suction filtration and dried under vaccum overnight. Yield: 

350 mg, (25% based on Pb 

x = 29%: 1137 mg (3 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (7 mL) by heating under constant magnetic stirring for about 5 minutes. Then 100 μL 

of ethylenediamine (1.5 mmol) were added to 50% aqueous H3PO2 (1 mL) at RT. This solution 

was added to the hot reaction solution. Subsequent addition of 312 mg (3 mmol) of formamidine 

acetate to the hot solution lead to the formation of light yellow crystals. Stirring was continued 

for 5 min. They were collected by suction filtration and dried under vaccum overnight. Yield: 

240 mg, (18% based on Pb) 

x = 33%: 2274 mg (6 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (14 mL) by heating under constant magnetic stirring for about 5 minutes. Then 300 μL 

of ethylenediamine (4.5 mmol) were added to 50% aqueous H3PO2 (2 mL) at RT. This solution 

was added to the hot reaction solution. Subsequent addition of 624 mg (6 mmol) of formamidine 

acetate to the hot solution lead to the formation of light yellow crystals after 10 min. They were 

collected by suction filtration and dried under vaccum overnight. Yield: 600 mg, (22% based 

on Pb) 

x = 37%: 2274 mg (6 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (14 mL) by heating under constant magnetic stirring for about 5 minutes. Then 340 μL 

of ethylenediamine (5.1 mmol) were added to 50% aqueous H3PO2 (2 mL) at RT. This solution 

was added to the hot reaction solution. Subsequent addition of 624 mg (6 mmol) of formamidine 

acetate to the hot solution lead to the formation of light yellow crystals after 10 min. They were 

collected by suction filtration and dried under vaccum overnight. Yield: 590 mg, (21% based 

on Pb) 

x = 40%: 2274 mg (6 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (14 mL) by heating under constant magnetic stirring for about 5 minutes. Then 380 μL 

of ethylenediamine (5.7 mmol) were added to 50% aqueous H3PO2 (2 mL) at RT. This solution 

was added to the hot reaction solution. Subsequent addition of 624 mg (6 mmol) of formamidine 

acetate to the hot solution lead to the formation of light yellow crystals after 10 min. They were 

collected by suction filtration and dried under vaccum overnight. Yield: 590 mg, (21% based 

on Pb) 
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x = 42%: 1137 mg (3 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (7 mL) by heating under constant magnetic stirring for about 5 minutes. Then 200 μL 

of ethylenediamine (3 mmol) were added to 50% aqueous H3PO2 (1 mL) at RT. This solution 

was added to the hot reaction solution. Subsequent addition of 312 mg (3 mmol) of formamidine 

acetate to the hot solution lead to the formation of light yellow crystals. Stirring was continued 

for 5 min. They were collected by suction filtration and dried under vaccum overnight. Yield: 

120 mg, (10% based on Pb) 

x = 44%: 1137 mg (3 mmol) of Pb(CH3CO2)2 · 3H2O were dissolved in a 48% aqueous HBr 

solution (9 mL) by heating under constant magnetic stirring for about 5 minutes. Then 220 μL 

of ethylenediamine (3.3 mmol) were added to the reaction gradualy. Subsequent addition of 

312 mg (3 mmol) of formamidine acetate to the hot solution lead to the formation of light 

yellow crystals. Stirring was continued for 5 min. They were collected by suction filtration and 

dried under vaccum overnight. Yield: 110 mg, (9% based on Pb) 

 

 

 

 

 

 

 

 
Figure S1. Photograph of freshly precipitated perovskite crystals of (FA)1-x(en)x(Pb)1-0.7x(Br)3-

0.4x, for x = 0%, 7%, 18%, 29% and 42% en respectively, starting from left to right. 
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3. Characterization 

X-ray diffraction measurements 

 

 
Table S1. Crystal data and structure refinement for (en)4Pb2Br9

.3Br-
  at 293 K. 

Empirical formula C8 H40 Br12 N8 Pb2 

Formula weight 1621.7 

Temperature 293 K 

Wavelength 0.71073 Å 

Crystal system monoclinic 

Space group P21/n  

Unit cell dimensions a = 8.9295(2) Å, α = 90° 

b = 27.8031(7) Å, β = 101.968(3)° 

c = 14.7492(4) Å, γ = 90° 

Volume 3582.16(16) Å3 

Z 4 

Density (calculated) 3.007 g/cm3 

Absorption coefficient 22.788 mm-1 

F(000) 2912 

θ range for data collection 2.03 to 31.03° 

Index ranges -11<=h<=12, -36<=k<=37, -18<=l<=20 

Reflections collected 60716 

Independent reflections 9747 [Rint = 0.0693] 

Completeness to θ = 28.57° 98% 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 9747 / 0 / 194 

Goodness-of-fit 1.75 

Final R indices [I>2σ(I)] Robs = 0.0668, wRobs = 0.0856 

R indices [all data] Rall = 0.1006, wRall = 0.0893 

Extinction coefficient - 

Largest diff. peak and hole 3.37 and -2.70 e·Å-3 

R = Σ||Fo|-|Fc|| / Σ|Fo|, wR = {Σ[w(|Fo|2 - |Fc|2)2] / Σ[w(|Fo|4)]}1/2 and w=1/(σ2(I)+0.0004I2) 

 

 

 

 

 

 



S8 
 

Crystallographic tables 
 

1. Structure: (en)4Pb2Br9
.3Br-

 

Table S2. Atomic coordinates (x104) and equivalent isotropic displacement parameters 

(Å2x103) for (en)4Pb2Br9
.3Br- at 293 K with estimated standard deviations in parentheses. 

Label x y z Occupancy Ueq
* 

Pb(1) 7897(1) 522(1) 984(1) 1 25(1) 

Pb(2) 1549(1) 6844(1) 2388(1) 1 25(1) 

Br(1) -1062(1) 7446(1) 1578(1) 1 33(1) 

Br(2) 3777(1) 2349(1) 800(1) 1 37(1) 

Br(3) 989(2) 6318(1) 634(1) 1 39(1) 

Br(4) 7723(1) 3481(1) 1813(1) 1 35(1) 

Br(5) 3894(2) 7464(1) 1865(1) 1 41(1) 

Br(6) 2194(2) 4880(1) -47(1) 1 45(1) 

Br(7) 2930(2) 3687(1) 1578(1) 1 42(1) 

Br(8) 7451(1) 1206(1) -616(1) 1 41(1) 

Br(9) 5000 0 0 1 49(1) 

Br(10) 8837(2) -180(1) 2516(1) 1 48(1) 

Br(11) 615(2) 1149(1) 1879(1) 1 46(1) 

Br(12) 10000 0 0 1 62(1) 

Br(13) 5942(2) 1123(1) 2075(1) 1 53(1) 

N(1) 5392(9) 4244(3) 376(5) 1 39(2) 

N(2) 38(9) 4392(3) 1521(6) 1 49(2) 

N(3) 331(8) 2797(3) 891(5) 1 40(2) 

N(4) 6040(8) 8371(2) 936(5) 1 37(2) 

N(5) 9438(8) 8740(3) 1540(5) 1 40(2) 

N(6) -2352(9) 2242(3) 1563(6) 1 49(2) 

N(7) 2772(10) 3588(3) -638(6) 1 55(2) 

C(1) 5100(10) 4070(3) -582(6) 1 38(2) 

C(2) -2183(10) 2359(3) 620(6) 1 35(2) 

C(3) -544(10) 2361(3) 516(6) 1 36(2) 

C(4) 364(12) 4645(4) 2419(8) 1 61(3) 

C(5) 8423(10) 8726(3) 611(7) 1 40(2) 

C(6) 6765(10) 8798(3) 611(6) 1 40(2) 

C(7) 4367(12) 3584(4) -713(7) 1 56(3) 

C(8) 1763(17) 4945(5) 2614(11) 1 91(4) 

N(8) 1853(18) 5304(6) 2056(11) 1 144(5) 
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H(1n1) 5784.81 4531.65 399.78 1 46.7 

H(2n1) 4535.89 4253.78 569.03 1 46.7 

H(3n1) 6028.56 4051.5 726.61 1 46.7 

H(1n2) -586.66 4154.36 1545.69 1 58.3 

H(2n2) -378.28 4590.88 1086.56 1 58.3 

H(3n2) 887.69 4280.97 1401.56 1 58.3 

H(1n3) 1259.99 2777.02 798.07 1 48.1 

H(2n3) -111.97 3051.34 612.4 1 48.1 

H(3n3) 358.6 2818.91 1482.77 1 48.1 

H(1n4) 5084.48 8433.2 933.97 1 44.6 

H(2n4) 6095.16 8129.24 569.73 1 44.6 

H(3n4) 6513.96 8298.7 1496.53 1 44.6 

H(1n5) 10333.55 8627.41 1508.3 1 48.2 

H(2n5) 9531.72 9036.07 1737.62 1 48.2 

H(3n5) 9044.46 8566.34 1922.38 1 48.2 

H(1n6) -3242.95 2338.9 1641.43 1 58.6 

H(2n6) -2278.9 1932.07 1645.46 1 58.6 

H(3n6) -1635.51 2384.39 1962.09 1 58.6 

H(1n7) 2443.84 3294.19 -624.99 1 66.5 

H(2n7) 2685.21 3735.51 -130.68 1 66.5 

H(3n7) 2229.62 3737.88 -1112.54 1 66.5 

H(1n8) 2716.43 5287.91 1871.73 1 173 

H(2n8) 1097.15 5288.06 1578.58 1 173 

H(3n8) 1806.71 5573.61 2347 1 173 

H(1c1) 6041.68 4064.89 -799.03 1 45.2 

H(2c1) 4472.74 4297.91 -978.4 1 45.2 

H(1c2) -2634.76 2667.89 445.41 1 41.4 

H(2c2) -2757.06 2134.06 190.97 1 41.4 

H(1c3) -33.71 2080.32 806.33 1 43.1 

H(2c3) -508.03 2324.14 -126.58 1 43.1 

H(1c4) 397.6 4416.25 2911.21 1 72.8 

H(2c4) -504.06 4836.85 2477.37 1 72.8 

H(1c5) 8557.16 8426.1 315.79 1 47.4 

H(2c5) 8749.7 8963.49 220.54 1 47.4 

H(1c6) 6227.99 8881.68 -1.53 1 48.5 

H(2c6) 6648.13 9069.39 992.84 1 48.5 

H(1c7) 4447.36 3458.16 -1307.68 1 67 
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H(2c7) 4928.23 3364.25 -265.98 1 67 

H(1c8) 1932.62 5059.97 3240.5 1 109.3 

H(2c8) 2647.86 4742.91 2659.72 1 109.3 
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

 

Table S3. Anisotropic displacement parameters (Å2x103) for (en)4Pb2Br9
.3Br- at 293 K with 

estimated standard deviations in parentheses. 

Label U11 U22 U33 U12 U13 U23 

Pb(1) 25(1) 23(1) 27(1) 0(1) 7(1) -2(1) 

Pb(2) 22(1) 31(1) 22(1) 2(1) 3(1) 2(1) 

Br(1) 33(1) 37(1) 29(1) 10(1) 6(1) 5(1) 

Br(2) 32(1) 50(1) 28(1) 6(1) 4(1) -1(1) 

Br(3) 41(1) 43(1) 31(1) 8(1) 4(1) -5(1) 

Br(4) 39(1) 34(1) 33(1) 4(1) 13(1) 2(1) 

Br(5) 42(1) 44(1) 35(1) -11(1) 5(1) 7(1) 

Br(6) 39(1) 38(1) 62(1) 7(1) 22(1) 15(1) 

Br(7) 36(1) 55(1) 33(1) -4(1) 2(1) 3(1) 

Br(8) 30(1) 48(1) 47(1) 7(1) 13(1) 19(1) 

Br(9) 41(1) 37(1) 62(1) -12(1) -8(1) 4(1) 

Br(10) 65(1) 40(1) 38(1) 10(1) 9(1) 12(1) 

Br(11) 47(1) 41(1) 43(1) -14(1) -5(1) -1(1) 

Br(12) 65(2) 51(1) 84(2) 15(1) 46(1) -11(1) 

Br(13) 55(1) 53(1) 54(1) 16(1) 18(1) -12(1) 

The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...  + 

2hka*b*U12]. 
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Table S4. Bond lengths [Å] for (en)4Pb2Br9
.3Br- at 293 K with estimated standard deviations 

in parentheses. 

Label Distances 

Pb(1)-Br(8) 2.9941(10) 

Pb(1)-Br(9) 3.0569(3) 

Pb(1)-Br(10) 2.9706(10) 

Pb(1)-Br(11)#1 3.0571(10) 

Pb(1)-Br(12) 2.9773(4) 

Pb(1)-Br(13) 3.0990(12) 

Pb(2)-Br(1) 2.9185(9) 

Pb(2)-Br(2)#2 3.0869(10) 

Pb(2)-Br(3) 2.9231(10) 

Pb(2)-Br(5) 2.9363(11) 

Br(1)-N(6)#3 3.384(9) 

Br(1)-N(7)#4 3.413(8) 

Br(2)-N(3) 3.348(8) 

Br(2)-N(4)#5 3.281(8) 

Br(2)-N(6)#1 3.419(8) 

Br(3)-N(3)#4 3.377(7) 

Br(3)-N(7)#4 3.369(9) 

Br(3)-N(8) 3.503(16) 

Br(4)-N(1) 3.392(7) 

Br(4)-N(2)#1 3.353(8) 

Br(4)-N(3)#1 3.493(8) 

Br(4)-N(4)#6 3.288(7) 

Br(4)-N(5)#6 3.476(8) 

Br(4)-N(6)#1 3.465(8) 

Br(5)-N(3)#2 3.367(8) 

Br(5)-N(6)#2 3.510(7) 

Br(6)-N(1) 3.306(8) 

Br(6)-N(1)#5 3.353(8) 

Br(6)-N(2) 3.570(9) 

Br(6)-N(2)#4 3.317(8) 

Br(6)-N(8) 3.390(17) 

Br(7)-N(1) 3.464(8) 

Br(7)-N(2) 3.229(8) 

Br(7)-N(3) 3.398(7) 
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Br(7)-N(5)#6 3.247(7) 

Br(7)-N(7) 3.253(10) 

Br(8)-N(4)#5 3.273(7) 

Br(8)-N(5)#7 3.342(8) 

Br(10)-N(1)#6 3.439(7) 

Br(10)-N(5)#8 3.419(8) 

Br(11)-N(8)#9 3.410(15) 

Br(13)-N(7)#10 3.522(9) 

N(1)-C(1) 1.465(12) 

N(1)-H(1n1) 0.87 

N(1)-H(2n1) 0.87 

N(1)-H(3n1) 0.87 

N(2)-C(4) 1.474(14) 

N(2)-H(1n2) 0.87 

N(2)-H(2n2) 0.87 

N(2)-H(3n2) 0.87 

N(3)-C(3) 1.486(11) 

N(3)-H(1n3) 0.87 

N(3)-H(2n3) 0.87 

N(3)-H(3n3) 0.87 

N(4)-C(6) 1.479(12) 

N(4)-H(1n4) 0.87 

N(4)-H(2n4) 0.87 

N(4)-H(3n4) 0.87 

N(5)-C(5) 1.479(11) 

N(5)-H(1n5) 0.87 

N(5)-H(2n5) 0.87 

N(5)-H(3n5) 0.87 

N(6)-C(2) 1.467(13) 

N(6)-H(1n6) 0.87 

N(6)-H(2n6) 0.87 

N(6)-H(3n6) 0.87 

N(7)-C(7) 1.452(14) 

N(7)-H(1n7) 0.87 

N(7)-H(2n7) 0.87 

N(7)-H(3n7) 0.87 

C(1)-C(7) 1.497(13) 
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C(1)-H(1c1) 0.96 

C(1)-H(2c1) 0.96 

C(2)-C(3) 1.503(13) 

Symmetry transformations used to generate equivalent atoms: 

(1) x+1,y,z (2) -x+1/2,y+1/2,-z+1/2 (3) -x-1/2,y+1/2,-z+1/2 (4) -x,-y+1,-z (5) -x+1,-y+1,-z (6) 

-x+3/2,y-1/2,-z+1/2 (7) -x+2,-y+1,-z (8) x,y-1,z (9) -x+1/2,y-1/2,-z+1/2 (10) x+1/2,-

y+1/2,z+1/2 (11) x-1,y,z (12) -x+3/2,y+1/2,-z+1/2 (13) x,y+1,z (14) -x-1/2,y-1/2,-z+1/2 (15) 

x-1/2,-y+1/2,z-1/2 (16) -x+1,-y,-z (17) -x+2,-y,-z  
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Table S5. Bond angles [°] for (en)4Pb2Br9
.3Br- at 293 K with estimated standard deviations in 

parentheses. 

Label Angles 

Br(8)-Pb(1)-Br(9) 88.070(18) 

Br(8)-Pb(1)-Br(10) 170.89(3) 

Br(8)-Pb(1)-Br(11)#1 86.67(3) 

Br(8)-Pb(1)-Br(12) 85.41(2) 

Br(8)-Pb(1)-Br(13) 93.95(3) 

Br(9)-Pb(1)-Br(10) 97.32(2) 

Br(9)-Pb(1)-Br(11)#1 173.51(2) 

Br(9)-Pb(1)-Br(12) 95.438(9) 

Br(9)-Pb(1)-Br(13) 89.44(2) 

Br(10)-Pb(1)-Br(11)#1 88.39(3) 

Br(10)-Pb(1)-Br(12) 86.77(2) 

Br(10)-Pb(1)-Br(13) 93.44(3) 

Br(11)#1-Pb(1)-Br(12) 87.93(2) 

Br(11)#1-Pb(1)-Br(13) 87.13(3) 

Br(12)-Pb(1)-Br(13) 175.05(2) 

Br(1)-Pb(2)-Br(2)#2 83.22(3) 

Br(1)-Pb(2)-Br(3) 87.11(3) 

Br(1)-Pb(2)-Br(5) 96.20(3) 

Br(2)#2-Pb(2)-Br(3) 164.71(3) 

Br(2)#2-Pb(2)-Br(5) 99.22(3) 

Br(3)-Pb(2)-Br(5) 93.55(3) 

Pb(2)-Br(1)-N(6)#3 90.28(13) 

Pb(2)-Br(1)-N(7)#4 86.24(14) 

N(6)#3-Br(1)-N(7)#4 87.7(2) 

Pb(2)#9-Br(2)-N(3) 83.23(14) 

Pb(2)#9-Br(2)-N(4)#5 115.26(13) 

Pb(2)#9-Br(2)-N(6)#1 86.87(15) 

N(3)-Br(2)-N(4)#5 116.96(17) 

N(3)-Br(2)-N(6)#1 153.38(19) 

N(4)#5-Br(2)-N(6)#1 89.61(19) 

Pb(2)-Br(3)-N(3)#4 101.36(13) 

Symmetry transformations used to generate equivalent atoms: 

(1) x+1,y,z (2) -x+1/2,y+1/2,-z+1/2 (3) -x-1/2,y+1/2,-z+1/2 (4) -x,-y+1,-z (5) -x+1,-y+1,-z (6) 

-x+3/2,y-1/2,-z+1/2 (7) -x+2,-y+1,-z (8) x,y-1,z (9) -x+1/2,y-1/2,-z+1/2 (10) x+1/2,-
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y+1/2,z+1/2 (11) x-1,y,z (12) -x+3/2,y+1/2,-z+1/2 (13) x,y+1,z (14) -x-1/2,y-1/2,-z+1/2 (15) 

x-1/2,-y+1/2,z-1/2 (16) -x+1,-y,-z (17) -x+2,-y,-z  

 

 

 

2. Structure: α-FAPbBr3 

 
Table S6. Atomic coordinates (x104) and equivalent isotropic displacement parameters 

(Å2x103) for α-FAPbBr3 at 293 K with estimated standard deviations in parentheses. 

Label x y z Occupancy Ueq
* 

Pb 5000 5000 5000 1 34(1) 

Br 5000 5000 10000 1 80(1) 

C 0 10000 10000 1 120(20) 

N 0 7831(3) 10000 0.3336 130(20) 
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

 

 

Table S7. Anisotropic displacement parameters (Å2x103) for α-FAPbBr3 at 293 K with 

estimated standard deviations in parentheses. 

Label U11 U22 U33 U12 U13 U23 

Pb 34(1) 34(1) 34(1) 0 0 0 

Br 106(2) 106(2) 30(1) 0 0 0 

The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...  + 

2hka*b*U12]. 
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Table S8. Bond lengths [Å] for α-FAPbBr3 at 293 K with estimated standard deviations in 

parentheses. 

Label Distances 

Pb-Br#1 2.9963(3) 

Pb-Br 2.9963(3) 

Pb-Br#2 2.9963(3) 

Pb-Br#3 2.9963(3) 

Pb-Br#4 2.9963(3) 

Pb-Br#5 2.9963(3) 

Br-N#6 3.4432(8) 

Br-N#7 3.4432(8) 

Br-N#8 3.4432(8) 

Br-N#9 3.4432(8) 

Br-N#10 3.4432(8) 

Br-N#11 3.4432(8) 

Br-N#12 3.4432(8) 

C-N#13 1.2998(15) 

C-N#14 1.2998(15) 

C-N#15 1.2998(15) 

C-N#16 1.2998(15) 

C-N#12 1.2998(15) 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z-1 (2) z-1,x,y (3) z,x,y (4) y,z-1,x (5) y,z,x (6) x+1,y,z (7) -x,-y+1,z (8) -x+1,-y+1,z 

(9) y,z-1,x+1 (10) y,z,x+1 (11) -y+1,z-1,-x+1 (12) -y+1,z,-x+1 (13) -x,-y+2,z (14) z-1,x+1,y 

(15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) x,y,z+1 (18) x-1,y,z (19) z-1,x,y+1  
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Table S9. Bond angles [°] for α-FAPbBr3 at 293 K with estimated standard deviations in 

parentheses. 

Label Angles 

Br#1-Pb-Br 180 

Br#1-Pb-Br#2 90 

Br#1-Pb-Br#3 90 

Br#1-Pb-Br#4 90 

Br#1-Pb-Br#5 90 

Br-Pb-Br#2 90 

Br-Pb-Br#3 90 

Br-Pb-Br#4 90 

Br-Pb-Br#5 90 

Br#2-Pb-Br#3 180 

Br#2-Pb-Br#4 90 

Br#2-Pb-Br#5 90 

Br#3-Pb-Br#4 90 

Br#3-Pb-Br#5 90 

Br#4-Pb-Br#5 180 

Pb-Br-Pb#17 180 

Pb-Br-N 90 

Pb-Br-N#6 90 

Pb-Br-N#7 90 

Pb-Br-N#8 90 

Pb-Br-N#9 90 

Pb-Br-N#10 90 

Pb-Br-N#11 90 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z-1 (2) z-1,x,y (3) z,x,y (4) y,z-1,x (5) y,z,x (6) x+1,y,z (7) -x,-y+1,z (8) -x+1,-y+1,z 

(9) y,z-1,x+1 (10) y,z,x+1 (11) -y+1,z-1,-x+1 (12) -y+1,z,-x+1 (13) -x,-y+2,z (14) z-1,x+1,y 

(15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) x,y,z+1 (18) x-1,y,z (19) z-1,x,y+1  
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3. Structure: 18% en/FAPbBr3 

 

Table S10. Atomic coordinates (x104) and equivalent isotropic displacement parameters 

(Å2x103) for 18% en/FAPbBr3 at 293 K with estimated standard deviations in parentheses. 

Label x y z Occupancy Ueq
* 

Pb 5000 5000 5000 0.9194 47(1) 

Br 5000 5000 0 1 100(1) 

C 0 10000 10000 1 150(20) 

N 0 7843(3) 10000 0.3336 160(20) 
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

 

 

Table S11. Anisotropic displacement parameters (Å2x103) for 18% en/FAPbBr3 at 293 K with 

estimated standard deviations in parentheses. 

Label U11 U22 U33 U12 U13 U23 

Pb 47(1) 47(1) 47(1) 0 0 0 

Br 125(1) 125(1) 48(1) 0 0 0 

The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...  + 

2hka*b*U12]. 
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Table S12. Bond lengths [Å] for 18% en/FAPbBr3 at 293 K with estimated standard 

deviations in parentheses. 

Label Distances 

Pb-Br 3.01160(10) 

Pb-Br#1 3.01160(10) 

Pb-Br#2 3.01160(10) 

Pb-Br#3 3.01160(10) 

Pb-Br#4 3.01160(10) 

Pb-Br#5 3.01160(10) 

Br-N#6 3.4643(10) 

Br-N#7 3.4643(10) 

Br-N#8 3.4643(10) 

Br-N#9 3.4643(10) 

Br-N#10 3.4643(10) 

Br-N#4 3.4643(10) 

Br-N#11 3.4643(10) 

Br-N#12 3.4643(10) 

C-N 1.299(2) 

C-N#13 1.299(2) 

C-N#14 1.299(2) 

C-N#15 1.299(2) 

C-N#16 1.299(2) 

C-N#17 1.299(2) 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z+1 (2) z,x,y (3) z+1,x,y (4) y,z,x (5) y,z+1,x (6) x,y,z-1 (7) x+1,y,z-1 (8) -x,-

y+1,z-1 (9) -x+1,-y+1,z-1 (10) y,z-1,x (11) -y+1,z-1,-x (12) -y+1,z,-x (13) -x,-y+2,z 

(14) z-1,x+1,y (15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) -y+1,z,-x+1 (18) x-1,y,z+1 (19) 

z,x,y+1  
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Table S13. Bond angles [°] for 18% en/FAPbBr3 at 293 K with estimated standard deviations 

in parentheses. 

Label Angles 

Br-Pb-Br#1 180 

Br-Pb-Br#2 90 

Br-Pb-Br#3 90 

Br-Pb-Br#4 90 

Br-Pb-Br#5 90 

Br#1-Pb-Br#2 90 

Br#1-Pb-Br#3 90 

Br#1-Pb-Br#4 90 

Br#1-Pb-Br#5 90 

Br#2-Pb-Br#3 180 

Br#2-Pb-Br#4 90 

Br#2-Pb-Br#5 90 

Br#3-Pb-Br#4 90 

Br#3-Pb-Br#5 90 

Br#4-Pb-Br#5 180 

Pb#6-Br-Pb 180 

Pb#6-Br-N#6 90 

Pb#6-Br-N#7 90 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z+1 (2) z,x,y (3) z+1,x,y (4) y,z,x (5) y,z+1,x (6) x,y,z-1 (7) x+1,y,z-1 (8) -x,-

y+1,z-1 (9) -x+1,-y+1,z-1 (10) y,z-1,x (11) -y+1,z-1,-x (12) -y+1,z,-x (13) -x,-y+2,z 

(14) z-1,x+1,y (15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) -y+1,z,-x+1 (18) x-1,y,z+1 (19) 

z,x,y+1  
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4. Structure: 29% en/FAPbBr3 

Table S14. Atomic coordinates (x104) and equivalent isotropic displacement parameters 

(Å2x103) for 29% en/FAPbBr3 at 293 K with estimated standard deviations in parentheses. 

Label x y z Occupancy Ueq
* 

Pb(1) 5000 5000 5000 0.8256 57(1) 

Br(1) 5000 5000 0 0.9986 120(1) 

C(1) 0 10000 10000 1 210(30) 

N(1) 0 7856(5) 10000 0.3336 180(30) 
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 

 

Table S15. Anisotropic displacement parameters (Å2x103) for 29% en/FAPbBr3 at 293 K with 

estimated standard deviations in parentheses. 

Label U11 U22 U33 U12 U13 U23 

Pb(1) 57(1) 57(1) 57(1) 0 0 0 

Br(1) 148(2) 148(2) 63(1) 0 0 0 

The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...  + 

2hka*b*U12]. 
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Table S16. Bond lengths [Å] for 29% en/FAPbBr3 at 293 K with estimated standard 

deviations in parentheses. 

Label Distances 

Pb(1)-Br(1) 3.0297(2) 

Pb(1)-Br(1)#1 3.0297(2) 

Pb(1)-Br(1)#2 3.0297(2) 

Pb(1)-Br(1)#3 3.0297(2) 

Pb(1)-Br(1)#4 3.0297(2) 

Pb(1)-Br(1)#5 3.0297(2) 

Br(1)-N(1)#6 3.4890(15) 

Br(1)-N(1)#7 3.4890(15) 

Br(1)-N(1)#8 3.4890(15) 

Br(1)-N(1)#9 3.4890(15) 

Br(1)-N(1)#10 3.4890(15) 

Br(1)-N(1)#4 3.4890(15) 

Br(1)-N(1)#11 3.4890(15) 

Br(1)-N(1)#12 3.4890(15) 

C(1)-N(1) 1.299(3) 

C(1)-N(1)#13 1.299(3) 

C(1)-N(1)#14 1.299(3) 

C(1)-N(1)#15 1.299(3) 

C(1)-N(1)#16 1.299(3) 

C(1)-N(1)#17 1.299(3) 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z+1 (2) z,x,y (3) z+1,x,y (4) y,z,x (5) y,z+1,x (6) x,y,z-1 (7) x+1,y,z-1 (8) -x,-y+1,z-1 

(9) -x+1,-y+1,z-1 (10) y,z-1,x (11) -y+1,z-1,-x (12) -y+1,z,-x (13) -x,-y+2,z (14) z-1,x+1,y 

(15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) -y+1,z,-x+1 (18) x-1,y,z+1 (19) z,x,y+1  



S23 
 

Table S17. Bond angles [°] for 29% en/FAPbBr3 at 293 K with estimated standard deviations 

in parentheses. 

Label Angles 

Br(1)-Pb(1)-Br(1)#1 180 

Br(1)-Pb(1)-Br(1)#2 90 

Br(1)-Pb(1)-Br(1)#3 90 

Br(1)-Pb(1)-Br(1)#4 90 

Br(1)-Pb(1)-Br(1)#5 90 

Br(1)#1-Pb(1)-Br(1)#2 90 

Br(1)#1-Pb(1)-Br(1)#3 90 

Br(1)#1-Pb(1)-Br(1)#4 90 

Br(1)#1-Pb(1)-Br(1)#5 90 

Br(1)#2-Pb(1)-Br(1)#3 180 

Br(1)#2-Pb(1)-Br(1)#4 90 

Br(1)#2-Pb(1)-Br(1)#5 90 

Br(1)#3-Pb(1)-Br(1)#4 90 

Br(1)#3-Pb(1)-Br(1)#5 90 

Br(1)#4-Pb(1)-Br(1)#5 180 

Pb(1)#6-Br(1)-Pb(1) 180 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z+1 (2) z,x,y (3) z+1,x,y (4) y,z,x (5) y,z+1,x (6) x,y,z-1 (7) x+1,y,z-1 (8) -x,-y+1,z-1 

(9) -x+1,-y+1,z-1 (10) y,z-1,x (11) -y+1,z-1,-x (12) -y+1,z,-x (13) -x,-y+2,z (14) z-1,x+1,y 

(15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) -y+1,z,-x+1 (18) x-1,y,z+1 (19) z,x,y+1  

 

 
5. Structure: 42% en/FAPbBr3 

 
Table S18. Atomic coordinates (x104) and equivalent isotropic displacement parameters 

(Å2x103) for 42% en/FAPbBr3 at 293 K with estimated standard deviations in parentheses. 

Label x y z Occupancy Ueq
* 

Pb 5000 5000 5000 0.8051 64(1) 

Br 5000 5000 0 0.9956 132(1) 

C 0 10000 10000 1 220(40) 

N 0 7857(4) 10000 0.3336 210(40) 
*Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
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Table S19. Anisotropic displacement parameters (Å2x103) for 42% en/FAPbBr3 at 293 K with 

estimated standard deviations in parentheses. 

Label U11 U22 U33 U12 U13 U23 

Pb 64(1) 64(1) 64(1) 0 0 0 

Br 162(2) 162(2) 71(2) 0 0 0 

The anisotropic displacement factor exponent takes the form: -2π2[h2a*2U11 + ...  + 

2hka*b*U12]. 

 

Table S20. Bond lengths [Å] for 42% en/FAPbBr3 at 293 K with estimated standard 

deviations in parentheses. 

Label Distances 

Pb-Br 3.03200(10) 

Pb-Br#1 3.03200(10) 

Pb-Br#2 3.03200(10) 

Pb-Br#3 3.03200(10) 

Pb-Br#4 3.03200(10) 

Pb-Br#5 3.03200(10) 

Br-N#6 3.4921(13) 

Br-N#7 3.4921(13) 

Br-N#8 3.4921(13) 

Br-N#9 3.4921(13) 

Br-N#10 3.4921(13) 

Br-N#4 3.4921(13) 

Br-N#11 3.4921(13) 

Br-N#12 3.4921(13) 

C-N 1.299(3) 

C-N#13 1.299(3) 

C-N#14 1.299(3) 

C-N#15 1.299(3) 

C-N#16 1.299(3) 

C-N#17 1.299(3) 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z+1 (2) z,x,y (3) z+1,x,y (4) y,z,x (5) y,z+1,x (6) x,y,z-1 (7) x+1,y,z-1 (8) -x,-y+1,z-1 

(9) -x+1,-y+1,z-1 (10) y,z-1,x (11) -y+1,z-1,-x (12) -y+1,z,-x (13) -x,-y+2,z (14) z-1,x+1,y 

(15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) -y+1,z,-x+1 (18) x-1,y,z+1 (19) z,x,y+1  
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Table S21. Bond angles [°] for 42% en/FAPbBr3 at 293 K with estimated standard deviations 

in parentheses. 

Label Angles 

Br-Pb-Br#1 180 

Br-Pb-Br#2 90 

Br-Pb-Br#3 90 

Br-Pb-Br#4 90 

Br-Pb-Br#5 90 

Br#1-Pb-Br#2 90 

Br#1-Pb-Br#3 90 

Br#1-Pb-Br#4 90 

Br#1-Pb-Br#5 90 

Br#2-Pb-Br#3 180 

Br#2-Pb-Br#4 90 

Br#2-Pb-Br#5 90 

Br#3-Pb-Br#4 90 

Br#3-Pb-Br#5 90 

Br#4-Pb-Br#5 180 

Pb#6-Br-Pb 180 

Symmetry transformations used to generate equivalent atoms: 

(1) x,y,z+1 (2) z,x,y (3) z+1,x,y (4) y,z,x (5) y,z+1,x (6) x,y,z-1 (7) x+1,y,z-1 (8) -x,-y+1,z-1 

(9) -x+1,-y+1,z-1 (10) y,z-1,x (11) -y+1,z-1,-x (12) -y+1,z,-x (13) -x,-y+2,z (14) z-1,x+1,y 

(15) z-1,-x+1,-y+2 (16) y-1,z,x+1 (17) -y+1,z,-x+1 (18) x-1,y,z+1 (19) z,x,y+1  
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Figure S2. Observed and calculated diffraction profiles from the Le Bail fitting method of the 

RT diffraction pattern for the 29% en/FAPbBr3 material, modeled with the cubic Pm-3m space 

group.  

 

 

 
Figure S3. Observed and calculated diffraction profiles from the Le Bail fitting method of the 

RT diffraction pattern for the 44% en/FAPbBr3 material, modeled with the cubic Pm-3m space 

group. 
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Figure S4. Comparison of the experimental PXRD patterns of compounds 42% en/FAPbBr3 

and 44% en/FAPbBr3. The inset figure shows the small shift of the pattern to lower 2θ values 

for the 44% en sample. 

 

Table S22. Correlation between refinement occupancy parameters for Pb and Br atoms for the 

single crystal structures of the hollow compounds.  

FAPbBr
3
 

+ en% 
Pb occupancy Br occupancy 

0 1 1 

18 0.9194 1 

29 0.8256 0.9986 

42 0.8051 0.9956 
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EDS measurements 

 

 

 
Figure S5. Representative EDS spectrum of 42% en/FAPbBr3 compound. The Br:Pb ratio is 

3.9:1, much higher than 3:1 which is the ratio for the pristine 3D FAPbBr3. 

   

 

Thermogravimetric analysis 

 
 

 

 
Figure S6. TGA curve for the pristine α-FAPbBr3 compound recorded under helium flow with 

a heating rate of 8 deg/min. 
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Figure S7. TGA curve for the 18% en compound recorded under helium flow with a heating 

rate of 8 deg/min.  

 

 

 
Figure S8. TGA curve for the 29% en compound recorded under helium flow with a heating 

rate of 8 deg/min. 
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Figure S9. TGA curve for the 42% en compound recorded under helium flow with a heating 

rate of 8 deg/min. 

 

 

 

Table S23. Correlation between the % weight loss of the organic and inorganic part of the 

(FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x compounds. 

 

FAPbBr
3
 

+ en% 

FABr+enBr2 

loss% 

PbBr2 

loss% 

0 25.1 73.4 

18 29.1 66.3 

29 31.6 64.4 

42 36.2 60.5 
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1H-NMR Spectroscopy 

 

 

Figure S10. 1H NMR spectrum of the 7% en/FAPbBr3 compound in DMSO-d6.  

 

Figure S11. 1H NMR spectrum of the 18% en/FAPbBr3 compound in DMSO-d6. 
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Figure S12. 1H NMR spectrum of the 29% en/FAPbBr3 compound in DMSO-d6. 

 
Figure S13. 1H NMR spectrum of the 33% en/FAPbBr3 compound in DMSO-d6. 
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Figure S14. 1H NMR spectrum of the 37% en/FAPbBr3 compound in DMSO-d6. 

 

 

 
Figure S15. 1H NMR spectrum of the 40% en/FAPbBr3 compound in DMSO-d6. 
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Figure S16. 1H NMR spectrum of the 42% en/FAPbBr3 compound in DMSO-d6. 

 

 

 
Figure S17. 1H NMR spectrum of the 44% en/FAPbBr3 compound in DMSO-d6. 
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Crystal density measurements 

 

 
Table S24. Comparison of calculated crystal density based on the prosposed crystal formula 

(FA)1-x(en)x(Pb)1-0.7x(Br)3-0.4x and the experimentally recorded ones based on single crystal XRD 

studies and the ones determined usng a commercial pycnometer. The experimental crystal 

density values for the pristine material agree perfectly. The 1% difference among the XRD 

determined value and the theoritical based one is ascribed to the fact that the single crystal 

structure is refined without the addition of the 5 hydrogen atoms in the FA linker, which will 

increase the molecular weight.  

 

FAPbBr
3
 

+ en% 

Calcu. crystal 

density (g cm-3) 

Based on formula 

Exp. crystal 

density (g cm-3) 

Based on 

pycnometry 

Exp. crystal 

density (g cm-3) 

Based on XRD 

studies 

0 3.8087 3.8116(2) 3.7574(2) 

7 3.6967 3.7412(2) - 

18 3.5263 3.7185(2) 3.5729(6) 

29 3.3762 3.5737(2) 3.3631(1) 

42 3.1735 3.4657(2) 3.3177(6) 
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High resolution PXRD measurements 
 

 

 
Figure S18.  High resolution variable temperature PXRD patterns for the 44% en/FAPbBr3, 

consisting of one heating cycle. The highlighted area is enlarged to show better the shift of the 

diffraction peaks to lower Q values with increasing temperature, indicative of lattice thermal 

expansion. There is no appearance of additional diffraction peaks, revealing the absence of 

temperature dependent structural phase transitions. 
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Figure S19.  High resolution variable temperature PXRD patterns for the 33% en/MAPbI3, 

consisting of one heating cycle. The highlighted area is enlarged to show better the shift of the 

diffraction peaks to lower Q values with increasing temperature, indicative of lattice thermal 

expansion. There is no appearance of additional diffraction peaks, revealing the absence of 

temperature dependent structural phase transitions. 
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Figure S20.  High resolution variable temperature PXRD patterns for the 40% en/FAPbI3, 

consisting of one heating cycle. The highlighted area is enlarged to show better the shift of the 

diffraction peaks to lower Q values with increasing temperature, indicative of lattice thermal 

expansion. There is no appearance of additional diffraction peaks, revealing the absence of 

temperature dependent structural phase transitions. 
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ssNMR measurements 
 

 

Figure S21. Solid-state 2D 1H-1H SQ-SQ correlation NMR spectra of 41% en/FAPbBr3 using 

(a) 20 ms and (b) 100 ms spin diffusion mixing time.  

 

 

 

 

Photoluminescence measurements 

 

 

 
Figure S22. Recorded absorption and emission spectra of A) 33% and B) 37% en/FAPbBr3 

compounds at RT. 
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Figure S23. RT photoluminescence spectra of 40%, 42% and 44% en/FAPbBr3 compounds. 

 

 

 
 

 
Figure S24. Normalized variable power PL emission spectra of 42% en/FAPbBr3 at 295K. PL 

intensity at each excitation power is divided by the excitation flux. 
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Figure S25. Comparison of the photoluminescence spectra of the fresh 42% en/FAPbBr3 

sample and after 1 year exposure to air. 

 

 

 

PYSA measurements 
 

  

 
 

Figure S26. Comparative band energy diagram for the pristine FAPbBr3 crystals, and the 

hollow ones for 7%, 18%, 29% and 42% en amount.  
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Figure S27. Low temperature PL emission spectra for compound 42% en/FAPbBr3. 

 

 

 

 
Figure S28. High temperature PL emission spectra for compound 42% en/FAPbBr3.  
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Figure S29. Time-resolved photoluminescence decay at 298K, comparing the lifetimes for 

the FE (505nm) and STE (557 nm and 700 nm (end of STE)).  

 

 

 
Figure S30. Time-resolved photoluminescence decay at 80K, comparing the lifetimes for the 

FE (505nm) and STE (575 nm).  
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XRF measurements 
 

 

 
Figure S31. Pb, Sn, and Br XRF spectra of 42% en/FAPbBr3 perovskite. 
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