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Synthesis

Lead (II) bromide (PbBr,, 298%), hydrobromic acid (HBr, 48%, w/w aqueous solution), 1,2,4-triazole
(C3H3N3, 99%) and imidazole (C3HN,, 99%) were purchased from Alfa Aesar. Guanidinium carbonate
(CH1oNgH,CO3, 99%) and diethyl ether ((C,Hs),0, 99.5%) were purchased from Sigma Aldrich. All
chemicals were directly used without further purification.

The title compounds IGPbBr, and TGPbBr, were crystallized by a slow evaporation method.

For IGPbBr, (C4H1:NsPbBry), imidazole (204 mg, 3 mmol), guanidinium carbonate (180 mg, 1 mmol)
and PbBr, (734 mg, 2 mmol) were dissolved in conc. HBr (4 mL) with moderate heating. By cooling for
a few hours, pale yellow, plate-shaped crystals were obtained. These were filtered and washed with
diethyl ether (yield 54% based on PbBr,). Elemental analysis: (Anal. Calc. (%) for IGPbBr,: C, 7.32; H,
1.69; N, 10.67. Found: C, 7.55; H, 1.54; N, 10.59).

For TGPbBr, (CsH,oNgPbBr,), stoichiometric amounts of 1,2,4-triazole (138 mg, 2 mmol), guanidinium
carbonate (180 mg, 1 mmol) and PbBr, (734 mg, 2 mmol) were dissolved in conc. HBr (4 mL) with
moderate heating. By cooling for a few hours, colourless, needle-shaped crystals were obtained. These
were filtered and washed with diethyl ether (yield 43%). Elemental analysis: (Anal. Calc. (%) for
IGPbBr,: C, 5.48; H, 1.54; N, 12.79. Found: C, 5.51; H, 1.39; N, 12.75).



Preliminary Characterisation

Powder X-ray diffraction data were collected on a PANalytical EMPYREAN diffractometer using Cu K,
(A = 1.5406 A) radiation to confirm the purity of each sample.
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Figure S1 Raw and calculated PXRD data for IGPbBr,
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Figure S2 Raw and calculated PXRD data for TGPbBr,
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Figure S3 Thermal Gravimetric Analysis (TGA) of IGPbBr, and TGPbBr,

Single Crystal data were collected at 93 and 298 K on a Rigaku XtaLAB P200 diffractometer and a Rigaku
SCX Mini diffractometer using Mo-K, radiation. Data were collected using CrystalClear (Rigaku)3.
Structures were solved by direct methods and refined using SHELX-2014% incorporated in the WINGX
program?®. Absorption corrections were performed semi-empirically from equivalent reflections on the
basis of multi scans. Non-H atoms were refined anisotropically and hydrogen atoms were treated as
riding atoms.

Figure S4 Crystal structure of TGPbBr, at 298 K, space group P2/c. Note that the TzH* moiety is
disordered around the vertical two-fold axis, and there is no octahedral tilting



Solid UV-vis absorbance spectra were collected on a JASCO-V550 ultraviolet-visible

spectrophotometer.
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Figure S5 UV absorption spectra and Tauc plot® (inset) of IGPbBr, at room temperature
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Figure S6 UV absorption spectra and Tauc plot (inset) of TGPbBr, at room temperature



Photoluminescence spectra were recorded at room temperature using an Edinburgh Instrument
FLS980 spectrometer.
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Figure S7 Photoluminescence spectra of IGPbBr, and TGPbBr,

(a) (b)

w
o
[o}]
P
= 84.11(2)°
-, _90.14(2)°

A173(2) A

3.048(1) A

85.04(1) "7 ¢ 80.65(2)°

Figure S8 Ball and stick representation of the octahedra present in (a) IGPbBr, and (b) TGPbBr,
highlighting the greater degree of distortion in both the bond lengths and bond angles of the TGPbBr,
composition



Figure S9 lon placed inside a cuboctahedron of 12 Ne atoms (at the vertices of the wireframe, atoms
omitted for clarity), imidazolium shown as an example (colour code: grey, white and blue for C, H and
N, respectively)



Table S1 Crystallographic data and refinement details

IGPbBr, TGPbBr,
Temperature 93K 298 K 93 K 298 K
Formula (C3N,Hs5)(CN3Hg) (C3N,Hs5)(CN3Hg) (C3N3H4)(CN3Hg) (C3N3H4)(CN3Hg)
PbBr, PbBr, PbBr, PbBr,
Formula weight 656.01 656.01 657.00 657.00
Crystal system Triclinic Triclinic Monoclinic Monoclinic
Space group P-1 P-1 P2,/c P2/c
a/A 6.0602(16) 6.1106(4) 6.003(2) 6.0734(4)
b/A 9.3286(2) 9.2753(5) 26.969(9) 14.0000(9)
c/A 12.8673(3) 13.0429(9) 8.613(3) 8.5374(5)
a/° 95.127(2) 93.474(9) 90 90
8/° 93.490(2) 92.726(9) 96.470(8) 94.866(8)
v/° 92.402(2) 91.258(8) 90 90
V/A3 722.35(19) 736.82(8) 1385.5(8) 723.30(8)
V4 2 2 4 2
Measured ref 15685 6225 16723 6554
Independent ref 2539 2580 2411 1428

GOOF

Final R indices (/
> 20(l))

[R(int) = 0.0362]
1.077
R, = 0.0256

wR, =0.0717

[R(int) = 0.0831]
0.926
R, =0.0518

wR, =0.1197

[R(int) = 0.0671] [R(int)=0.0471]

1.089 1.037
R, = 0.0291 R, = 0.0261
WR, = 0.0775 WR, = 0.0604




Table S2 Selected bond lengths (A) and bond angles (°) versus temperature for IGPbBr, and TGPbBr,

IGPbBr, TGPbBr,
Temperature 93 K 298 K 93 K 298 K
Pb-Br 2.9238(6) 2.9108(19) 2.8613(10) 2.9170(7)
2.9367(6) 2.9330(17) 2.9444(11) 2.9171(7)
3.0035(9) 3.0357(15) 2.9841(11) 3.0451(2)
3.0635(10) 3.0757(15) 3.0480(10) 3.0451(2)
3.1358(2) 3.1403(6) 3.0809(12) 3.1191(2)
3.1173(2) 3.1403(6) 3.1723(11) 3.1191(2)
Br-Pb-Br 84.632(11) 86.01(4) 80.645(19) 83.577(13)
85.036(12) 86.90(4) 84.11(2) 83.577(13)
85.327(12) 86.96(4) 84.12(3) 85.00(3)
87.996(17) 88.22(5) 88.28(3) 86.359(8)
89.564(12) 89.51(4) 89.09(2) 89.773(19)
89.625(16) 89.67(5) 89.99(2) 89.773(19)
89.816(13) 90.33(5) 90.38(2) 90.224(13)
90.138(16) 90.55(5) 91.33(3) 90.224(13)
91.482(16) 91.17(4) 92.47(2) 94.322(17)
93.905(16) 91.55(5) 94.24(2) 94.322(17)
96.222(11) 93.93(4) 96.26(3) 96.495(19)
96.478(6) 95.192(16) 99.20(2) 96.495(19)
Pb-Br-Pb 180.0 180.0 169.58(3) 180.0

174.60(2) 178.08(7) 170.14(3) 171.51(3)




Table $3 Hydrogen bond lengths (A) and angles (°) for IGPbBr, at 93 K

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
N4-H7...Br4 0.86 2.47 3.315(6) 168.5
N5-HS...Br1#1 0.86 2.85 3.433(6) 126.8
N5-HS...Brl #5 0.86 2.80 3.442(6) 132.9
C2-H9...Brl #1 0.93 3.13 3.572(7) 111.4
C2-H9...Br3 #1 0.93 2.85 3.580(7) 136.3
C3-H10...Br4 #6 0.93 2.92 3.819(7) 161.9
Nla-Hla...Brl #7 0.86 2.64 3.481(7) 167.0
Nla-H2a...Brd #6 0.86 2.70 3.469(7) 149.1
N2a-H3a...Br3 #7 0.86 2.75 3.527(8) 151.7
N2a-H4a...Br5 #8 0.86 2.74 3.486(7) 146.3
N3a-H5a...Br3 #6 0.86 2.74 3.499(8) 148.5
N3a-H6a...Br2 #8 0.86 2.58 3.410(9) 163.7
N1'b-H1'b...Brl #7 0.86 2.71 3.46(2) 147.0
N1'b-H2'b...Br3 #7 0.86 2.63 3.307(15) 136.3
N2'b-H4'b...Br2 #8 0.86 2.52 3.192(16) 135.6
N3'b-H5'b...Br4 #6 0.86 2.58 3.232(17) 132.9
N3'b-H6'b...Br3 #6 0.86 2.75 3.535(19) 153.1

Symmetry transformations used to generate equivalent atoms:
#1x-1,y,z #2-x+1,-y,-z #3x+1)y,z #4 -x+1,-y+1,-z

#5 -X,-y+1,-z+1 #6 -x+1,-y,-z+1 #7 -x+1,-y+1,-z+1

#8 x-1,y,z+1



Table S4 Hydrogen bond lengths (A) and angles (°) for IGPbBr, at 298 K

D-H...A d(D-H) d(H...A) d(D...A) <(DHA)
N4-H7...Br4 0.86 2.54 3.370(16) 161.9
N5-HS...Br1#1 0.86 2.86 3.471(19) 129.2
N5-HS...Brl #5 0.86 2.97 3.58(2) 130.1
C2-H9...Br3 #1 0.93 2.87 3.61(2) 137.4
C3-H10...Br4 #6 0.93 2.79 3.70(2) 164.3
Nla-Hla...Brl #7 0.86 2.76 3.59(2) 161.0
Nla-H2a...Brd #6 0.86 2.79 3.571(19) 151.9
N2a-H3a...Br5 #8 0.86 2.80 3.540(18) 145.2
N2a-H4a...Br3 #7 0.86 2.82 3.61(2) 154.4
N3a-H5a...Br2 #8 0.86 2.71 3.51(2) 154.8
N3a-H6a...Br3 #6 0.86 2.83 3.58(2) 146.8
N1'b-H1'b...Brl #7 0.86 2.63 3.44(5) 157.5
N1'b-H2'b...Br3 #7 0.86 2.70 3.43(5) 144.4
N2'b-H3'b...Br2 #8 0.86 2.66 3.31(5) 132.8
N2'b-H4'b...Br5 #8 0.86 2.76 3.61(5) 168.7
N3'b-H5'b...Br4 #6 0.86 2.59 3.30(5) 141.4
N3'b-H6'b...Br3 #6 0.86 2.75 3.535(19) 153.1

Symmetry transformations used to generate equivalent atoms:

#1x-1,y,z #2-x+1,-y,-z

#3 x+1,y,z

#4 -x+1,-y+1,-z

#5 -X,-y+1,-z+1 #6 -x+1,-y,-z+1 #7 -x+1,-y+1,-z+1

#8 x-1,y,z+1



Table S5 Hydrogen bond lengths (A) and angles (°) for TGPbBr, at 93 K

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N1-H1...Br2 #5 0.86 2.65 3.474(6) 161.0
N1-H2...Brd #6 0.86 2.91 3.692(6) 152.4
N2-H3...Br4 #6 0.86 2.73 3.548(7) 160.0
N2-H4...Brd #1 0.86 2.72 3.461(6) 145.0
N3-H5...Br2 #7 0.86 2.92 3.376(6) 114.7
N3-H5...Br2 #5 0.86 3.10 3.829(6) 143.7
N3-H6...N6 0.86 2.21 3.014(9) 155.6
N4-H7...Brl #8 0.86 2.99 3.509(7) 120.7
N4-H7...Br3 #9 0.86 2.70 3.388(6) 137.9
N5-H8...Brd 0.86 2.39 3.240(6) 169.1
C2-H9...Br1 #8 0.93 3.07 3.551(8) 114.2
C2-H9...Br3 #2 0.93 2.95 3.735(8) 143.5
C3-H10...Br2 #9 0.93 2.77 3.657(8) 159.4

Symmetry transformations used to generate equivalent atoms:

H#1 x+1)y,z

H2 x,-y+1/2,2-1/2 #3 x-1,y,z

#4 x,-y+1/2,2+1/2

#5 -X+1,'V+l,-Z+1 #6 -X+2;'Y+1/‘Z+1 H7 X'V'Z‘l
#8 x+1,-y+1/2,2-1/2  #9 x+1,y,2-1



Table $6 Hydrogen bond lengths (A) and angles (°) for TGPbBr, at 298 K

D-H..A d(D-H) d(H...A) d(D...A) <(DHA)
N1-H1...Br2 0.86 2.80 3.625(3) 160.1
N1-H2...Br2 #3 0.86 2.80 3.625(3) 160.1
N2-H3...Br2 0.86 2.99 3.770(10) 151.0
N2-H4...Br2 #7 0.86 2.91 3.401(8) 118.0
N2-H4...N3 #8 0.86 2.51 3.305(12) 153.5
N4-H5...Br1 #9 0.86 3.06 3.595(7) 122.1
N4-H5...Br3 #1 0.86 2.83 3.553(6) 142.4
C-N4-H5...Br1 #9 0.86 3.06 3.595(7) 122.1
C-N4-H5...Br3 #1 0.86 2.83 3.553(6) 142.4
C2-H8...Br2 0.86 2.58 3.409(7) 161.2
N-C2-HS...Br2 0.86 2.58 3.409(7) 161.2

Symmetry transformations used to generate equivalent atoms:
#H1 -x+1,y,-z+41/2 #2 x+1,y,z #3 -xy,-z+1/2

H4 -x,y,-z+3/2 #5x-1,y,z #6 -x+1,-y+1,-z

H7 -x+1,-y+2,-z+1 #8 -x,-y+2,-z+1 #9 -x,-y+1,-z+1



The bond length distortion of the PbBrg octahedra in each composition at both 93 and 298 K was
calculated using eq. 17, where d is the average Pb-Br bond distance and d, are the six individual bond
distances. The bond angle variance of each octahedron from the ideal 90° of an undistorted structure
was calculated using eq. 28, where 6; is the individual Br-Pb-Br angle.

Ad = (%)Z[d"d_ d]z
12 (9.~ 90)?

= 2

(1)

O'2=

Table S7 Calculated bond length distortions and bond angle variance for IGPbBr, and TGPbBr, at 93
and 298 K

Temperature Ad (x104) o?
IGPbBr, (93 K) 7.39 16.16
IGPbBr, (298 K) 8.91 7.71
TGPbBr, (93 K) 10.97 28.22

TGPbBr, (298 K) 7.59 22.06




Computational Study

For comparison with the previously estimated empirical effective radii, molecular volumes were first
calculated (Method 1) from quantum-chemical calculations (B3LYP-D3 level), obtained from
integration over the total electron densities. The resulting radii, given in Table 1, were then calculated
for spheres with the same volumes. Arguably for most molecular cations, especially for the “planar”
ones considered here, the approximation of the molecule as a sphere may not be very accurate. For
an alternative modelling of the coordination environment (Method 2), we chose to optimise the cation
within an idealised Ne;, cuboctahedron (to mimic the 12-fold coordination of the ideal perovskite A-
site by closed-shell anions) with the ions encapsulated (see Figure S11 for an example) and used the
resulting optimised Ne-Ne distances (d,, see Table S8) to calculate the ionic radii in Table 1.

Table S8 Molecular volumes and ionic radii computed at the B3LYP-D3/6-31+G(d,p) level

Cation' VA Feaic [pm]" dopt [pm] r'caic [pm]
NH,* 30.46 193.7 310.4 176.8
MAH* 54.25 234.8 306.7 227.1
FAH* 63.13 247.0 379.0 245.4
HAH* 48.26 225.9 346.4 212.8
AZH* 88.44 276.4 405.3 271.7
HYH* 42.63 216.7 335.2 201.6
EAH* 77.88 264.9 395.2 261.6
DMH* 77.92 265.0 397.1 263.4
TMH* 124.1 309.4 440.3 306.7
ImH* 85.82 273.6 406.4 272.8
GuH* 79.27 266.4 405.2 271.6
TzH* 80.41 267.8 402.8 269.2

i. MaH* = methylammonium; FAH* = formamidinium; HAH* = hydrazinium; AZH* = azetidinium; HYH* = hydroxylammonium;
EAH* = ethylammonium; DMH* = dimethylammonium; TMH* = tetramethylammonium.

ii. Calculated for a sphere with volume V (Method 1).

iii. From optimisations inside a Ne;, cuboctahedron (Method 2).

Geometries for isolated cations were fully optimized at the B3LYP-D3/6-31G+(d,p) level®° of density
functional theory (DFT), including Grimme's empirical dispersion®® correction with Becke-Johnson
damping,! together with a fine integration grid (75 radial shells with 302 angular points per shell). The



nature of the minima was verified by computations of the harmonic frequencies at the same level of
theory. Molecular volumes V were computed from a Monte Carlo integration of the volume inside an
isodensity surface (p = 0.001 electrons/Bohr®) and a dense grid for evaluating the density (10° points
per Bohr?). The ionic radius r.,. was then evaluated for a sphere with the same volume, V. In addition,
B3LYP-D3/6-31G+(d,p) optimisations were performed for the ions placed inside a cuboctahedron of
12 neon atoms, constrained at ideal atomic positions corresponding to O, symmetry. Besides the
single degree of freedom for the constrained Ne, cluster (the Ne-Ne distance), all atomic degrees of
freedom of the ions were optimised without constraints. The ionic radius r'., . was then obtained from
the optimised Ne-Ne distances d, via

. 1
=d . --d
Tcalc opt 2 0 (3)
where d, was taken as the Ne-Ne distance from a fully optimised Ne;, cluster with a proton at the
centre (267.2 pm, O, symmetry imposed).

To probe for the dependence of the molecular volume on the level of theory, the calculations for
dimethylammonium ion, NH,Me,*, were repeated with a few other selected method/basis-set
combinations (see Table S9). All resulting radii were within 2.5 pm of each other, indicating that the
B3LYP-D3/6-31+G(d,p) values used for the other ions should be qualitatively reliable.

Table S9: Computed molecular volume V and resulting radius r.,. of dimethylammonium, NH,Me,*,
obtained at different levels of theory

Method / basis set VIA3] reac [pm]°
B3LYP/6-31+G(d,p) 77.94 265.0
B3LYP-D3/6-31+G(d,p) 77.92 265.0
B3LYP-D3/aug-cc-pVDZ*? 77.56 264.5
B3LYP-D3/aug-cc-pVTZ12 75.86 262.6
PBE013.1 -D3/6-31+G(d,p) 77.51 264.5
PBE1-D3/6-31+G(d,p) 78.22 265.3
MO06-2X%°/6-31+G(d,p) 77.50 264.5
MP2/6-31+G(d,p) 78.04 265.1
MP2/cc-pVTZ 77.46 264.4

9Calculated for a sphere with volume V.

All computations were performed using the Gaussian09 suite of programs.®
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Cartesian coordinates (in A, B3LYP-D3 optimised)
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