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1 Introduction

The present electronic supporting information is separated into two sections, namely, Ex-

perimental and theoretical sections, which provide additional details on the experiments and
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calculations, as well as additional data to support our conclusions. Furthermore, additional

details can be obtained directly with the authors.

1.1 Ultraviolet-visible spectra
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Figure S1: UV-vis absorption spectra of the 1 perovskite in thin film. Inset is
direct optical band gap obtained by the Tauc plot for an direct allowed transition.
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Figure S2: UV-vis absorption spectra of 2 perovskite in thin film. Inset is direct
optical band gap obtained by the Tauc plot for an direct allowed transition.

S-3



3,0
2,5
S5 2,0-
(]
S 154
"é’_ . .2'22.6\/ |
(@] 1,8 2,0 2,2 2,4 2,6 2,8
8 1,01 Energy / eV
<
0,5
0,0 T T T T T T T T
400 500 600 700 800

Wavelenght / nm

Figure S3: UV-vis absorption spectra of 3 perovskite in thin film. Inset is direct
optical band gap obtained by the Tauc plot for an direct allowed transition.
1.2 Photoluminescence spectra

All three zero-dimensional perovskites did not presented photoluminescence detectable in
the range of 400 and 650 nm. Artifacts can be found around 450 and 530 nm, associated to

inelastic scattering caused by thin film surface.
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Figure S4: Photoluminescence spectra of 1 perovskite in thin film.
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Figure S5: Photoluminescence spectra of 2 perovskite in thin film.
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Figure S6: Photoluminescence spectra of 3 perovskite in thin film.
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Table S1: Summary of the crystal data and refinement parameters for the 1, 2
and 3 zero-dimensional perovskites.

Compounds 1 2 3
Chemical Formula 020H20N4B12110 C42H39N6Bi219 030H25N6B116 -2 HQO
F, (gmol™!) 2003.36 2187.85 1475.97
A (A) 0.710 73 0.71073 0.71073
Crystal size (mm?) 0.28x0.15x0.07  0.17x0.10x0.08 0.39x0.17x0.07
Crystal system Triclinic Orthorhombic Triclinic
Space Group P1 Pna2, P1
a/A 8.8336(8) 23.5530(16) 10.666(2)
b/ A 10.7018(10) 10.4348(7) 10.822(2)
c/A 11.7936(10) 21.9237(15) 10.947(2)
a/° 114.450(2) 90 81.045(4)
g/ 99.704(2) 90 61.715(2)
v/° 100.092(2) 90 61.460(4)
Volume / A° 962.40(15) 5388.2(6) 973.4(3)
T/ K 150(2) 150(2) 290(2)
Z 1 4 1
F(000) 864 3904 668
hkl range -11<h <10 29 <h <29 -13<h <13
-13<k <13 -13<k <13 -13<k <13
-14<1<14 27 <1<27 -13<1<13
Peale /| gem™3 3.457 2.697 2.518
n/ mm-! 17.168 11.714 9.320
Collected reflections 10537 77406 26083
Independent reflections 3935 11011 3994
Reflections with I > 20([1) 3840 10653 3913
Rint 0.013 0.012 0.016
RY; wR? [I > 20(1)) 0.027;0.072 0.027;0.079 0.036;0.090
R% wR? (all data) 0.028; 0.072 0.028; 0.080 0.036; 0.091
Goodness-of-fit on F? (S?) 1.122 0.984 1.129
Larg. diff. peak and hole/e A 1.95,-2.69 1.18,-0.74 3.10,-1.20
Mean residual electronic density/e A 0.32 0.11 0.20
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Table S2:

Symmetry code information for 1 zero-dimensional perovskite.

Bi I (A) I-BiI(°
Bil-I1 2.9640(4) | I1-Bil1-12 91.184(11)
Bil-12 2.9889(4) | I1-Bil-1I3 174.821(10)
Bil-13 3.2062(4) | I1-Bil-13* | 90.346(11)
Bil-13° 3.2562(4) | I1-Bil-14 89.969(10)
Bil-14 3.1503(4) | I1-Bil-1I5 96.357(12)
Bil-1I5 2.9508(4) | I2—-Bil-1I3 90.245(10)

12-Bil-13° | 88.732(12)
Intracomplex Bi--Bi (A) | 2-Bil-14 | 176.253(10)
Bil---Bil® 4.7758(5) | [2-Bil-1I5 91.038(13)

[3-Bil-13* | 84.709(11)
Intermolecular I---1 (A) | I3-Bil-14 88.298(10)
I2..-12% 4.2045(7) | I3-Bil-1I5 88.592(12)
14...14v 4.9860(6) | 14-Bil-13" | 87.696(12)
I5---I5% 4.5573(5) | [4-Bil-I5 92.377(12)

I5-Bil-13" | 173.296(11)

Hydrogen bonds (A)

N1-H1---I3 | 2.921 Bi—1-Bi (°)
N2-H2---14% | 3.086 Bil-13-Bil" \ 95.291(11)
Symmetry codes: 1 = 1-x, 2-y, 1-z; ii = 1+x, -1+y, -1+7;
i = 1-x, 1-y, 1-z; iv = 1-x, 2-y, 2-z; v = 1-x, 3-y, 2-z.
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Table S3: Symmetry code information for 2 zero-dimensional perovskite.

Bi I (A) I-BiI(°)

Bil-11 2.9009 (9) | I1-Bil-12 | 88.77 (3)
Bil-12 3.0045 (9) | I1-Bil-1I3 | 96.65 (3)
Bil-13 2.9704 (9) | I1-Bil-14 | 90.89 (2)
Bil 14 3.2999 (9) | I1-Bil-15 | 90.42 (3)
Bil 15 3.1472 (8) | I1-Bil-16 | 170.29 (3)
Bil-16 3.2987 (8) | I2-Bil-13 | 91.42 (3)
Bi2-14 3.2192 (8) | I2-Bil-14 | 99.44 (3)
Bi2-15 3.2896 (8) | I2-Bil-15 | 177.61 (3)
Bi2-16 3.3589 (9) | I2-Bil-16 | 93.16 (2)
Bi2 17 2.9263 (9) | I3-Bil-14 | 166.92 (3)
Bi2-18 2.8970 (9) | I3-Bil-I5 | 86.43 (3)
Bi2-19 3.0125 (9) | I3-Bil-16 | 92.81 (2)
Intracomplex Bi---Bi (A) 14-Bil-15 | 82.83 (2)
Bil---Bi2 4.2175(7) | 14-Bil-16 | 79.41 (2)

I5-Bil 16 | 88.01 (2)
Intermolecular I---T (A) [4-Bi2—-15 | 81.90 (2)
I1.-18° 3.367 14-Bi2-16 | 79.68 (2)
I7.--12°% 4.031 [4-Bi2-17 | 94.95 (3)

[4-Bi2-18 | 91.30 (3)
Hydrogen bonds (A) 15-Bi2—-19 | 171.09 (3)
N2-H2---16 3.235 I5-Bi2-16 | 84.71 (2)
N3-H3--13° 2.943 I5-Bi2-17 | 88.97 (3)
N3-H5---197 3.278 I5-Bi2-18 | 172.70 (3)

[4-Bil-I5 | 93.30 (2)
Bi-1-Bi (°) 16-Bi2-17 | 172.21 (3)
Bil-14-Bi2 80.615 (19) | I6-Bi2—18 | 91.50 (3)
Bil 15 Bi2 81.841 (19) | 16-Bi2-19 | 92.44 (3)
Bil 16 Bi2 78.610 (17) | I7-Bi2-18 | 94.27 (3)

I7-Bi2-19 | 92.46 (3)

I8-Bi2-19 | 93.08 (3)

Symmetry codes: i = -1/2+x, 1/2-y, z; ii = x, 14y, z

i = 3/2-x, -1/24y, 1/2+z;

9
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Table S4: Symmetry code information for 3 zero-dimensional perovskite.

Bi I (A) I BiI(°)

Bil-11 3.0899 (7) | I1-Bil-12 [ 90.975 (17)

Bil-12 3.0738 (8) | I1-Bil-I3 | 88.037 (17)

Bil-13 3.0800 (7) | I1-Bil-I17 | 180
I1-Bil 127 | 89.025 (17)

Hydrogen bonds (A) I1-Bil-13" | 91.962 (17)

N1-H1--O1 [ 1.955 [2-Bil-13 | 87.718 (15)

N2-H2.-O1 | 2.551 12-Bil 127 | 180

N3-H3.-O1 | 1.937 12-Bil 137 | 92.282 (15)

O1-HI1C--I1 | 3.029 [3-Bil 137 | 180

O1-HI1C--12 | 3.105

O1-H1B--N1 | 1.794

O1-H1A--N3 | 1.839

Symmetry code: i = -x+1, -y+2, -z.

Table S5: Average bond length of C—C (dc—¢), C—H (dc-n), C—N (dc-n), and
N-H (dy_pn) present on the organic cation of 1, 2, and 3 experimental structures
as well as the strongest hydrogen-bond dy..; length.

de—c de-um de-n dyn-m  dm.1

O IO IO Y

1 140 095 134 088 290
2 141 096 135 088 294
3 1.40 093 134 086 3.04
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Figure S7: Different projections of experimental a) 1, b) 2, and c¢) 3 zero-
dimensional perovskites.
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Figure S8: The lowest distance between iodine-hydrogen (hydrogen bonds) in
the experimental a) 1, b) 2, and c) 3 perovskites.
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Figure S9: Crystal packing of 1 featuring the pseudo-2D perovskite like struc-
ture.

Figure S10: Crystal packing of 2 along crystallographic b axis, showcasing the
n-stacking of Hdmphen™ in a twisted arrangement.
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Figure S11: Crystal packing of 3 with a pseudo-1D perovskite like structure.
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Figure S12: 1H NMR spectrum of 1.
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Figure S13: 1H NMR spectrum of 2.
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Figure S14: 1H NMR spectrum of 3.

0,84

0,74

0,64

0,5+

Transmittance

0,44

0.2 T T T
4000 3500 3000

Figure S15: FTIR spectrum of 1.

I I
2500 2000

Wavenumbers [1/cm]

S-17

I
1500

I
1000

500



0,85+

0,84

0,75+

0,74

0,65+

Transmittance

0,6+
0,55+

0,54 N

0,45 I I I

4000 3500 3000

Figure S16: FTIR spectrum of 2.
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Figure S17: FTIR spectrum of 3.
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1.3 Termogravimetric Analysis
1.3.1 Compound 1

Compound 1 is thermally stable from room temperature to 250°C. In synthetic air, be-
tween 250°C and 520°C, three overlapped weight loss events occurred. It is associates to
organic part decomposition and evaporation of most of bismuth(III) iodide (which occurs at
542°C5Y). The residual mass of this analysis is 4.1 %, which is probably a mixture between

Bi; O3 and BilO, products of oxidation of residual Bils.

1.3.2 Compound 2

2, in synthetic dry air, is thermally stable until 100°C. Between 100°C and 230°C two
weight losses are observed, with 13.0 % of mass loss, associated with two HI molecules (cal-
culated for 2HI = 11.8%). 230°C forward several exothermic events occurred, associated
with organic moieties decomposition and partially sublimation of bismuth atoms, reaching

a plateau at630 °C with residual mass of 12.2 %.

1.3.3 Compound 3

Compound 3 under oxidizing atmosphere is thermally stable from room temperature until
130°C. Between 130°C and 220°C two endothermic events with combined weight loss of
8.8 % can be associated to evaporation of two water molecules and one HI molecule (calcu-
lated = 9.2%). Two other events take place between 630 and 360 °C with 59.2 % of weight
loss. This loss is associated with organic moiety decomposition (calculated for residual Bils
= 37.2%, found = 32.1%). Between 360 °C and 420 °C the remaining material is thermally
stable and then two other events occur, reaching a final residue at 645 °C with residual mass
of 22.2%. The final residue can be BilO, which would correspond to 23.7% of compound 3

mass.

S-19



100 | 80
80 -
L 60
3 -
S 60+ '
o - 40
© 40+
1V}
o 20
20
0 -0
T T T T T T T T T T
0 200 400 600 800 1000

T/°C

Figure S18: Relative mass perovskite of 1.

S-20

AT/ v1d



- 160
100 -
- 44
80 - 120
(7))
(/)]
O
=S
© 60 1 - 80
& -
© 40- .
L 40
20 -
-0
O | | | | |
0 200 400 600 800 1000
T/°C

Figure S19: Relative mass perovskite of2.
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Figure S20: Relative mass perovskite of 3.

2 Theoretical Data and Analyses

2.1 Structural Parameters Definition

Given the geometric complexity of the hybrid perovskites under study, in order to get a better
understanding of their structural properties, among other properties, we analyzed the main
bonding lengths of the organic molecules, as well as the internal structural properties of the
octahedrons, in which we considered the average and standard deviation values of I-Bi—I
angles and Bi—I bond lengths. Beyond of the lattice parameters, ag, by, cg, we employed
few additional parameters to characterize the local structures of the octahedra and organic
molecules, namely, the effective coordination number of Bi (ECNB!) based on the effective

coordination concept.5? Below, the most important parameters are define.
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2.1.1 Effective Coordination Concept

The effective coordination number (ECN) concept®? was applied to account the effective
number of iodide ions surrounding the Bi-cations in relatively distorted octahedra of the
zero dimensional perovskites, labeled as 1, 2 and 3. Hence, in order to acquire the ECNB!,

the following equation was applied:

dmin
S exp [1 _ (ﬁ)j
J dmin

where d;; represent each Bi—I bond length of Bils octahedral, the d’, represent a weighted

>, dijexp {1 - (d_J>6} 7 (1)

av

6
ECNP = Zexp [1 — <;ZZU> ] : d: =
J

average bond length, and d,,;, the smallest Bi—I bond-length among all six present in the

Bilg moeity.

2.1.2 Bond Angle Variance

The bond angle variance (BAV) was applied to characterize the changes of IBil angles in
each Bilg octahedral. As proposed by Robinson et al.,® the BAV values were obtained by

the following equation:

n

12 goeve
BAV= LS o app,  BAv=) O )
=1

=1

where n is the number of faces multiplied by 3/2, thus in the octahedron n = 12, which is
the total number of ¢; angles involving the bismuth and two adjacent iodide atoms, -Bi—1I,

which in a perfect octahedron are all equal to ¢g = 90°.

2.1.3 Distortion Index

The Distortion Index (DI)®* was obtained by applying the following equation:
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DI =23 el 3
61’:1 Ao ’ )

where d;; represent the distance from Bi-cation to the ¢th iodide ion of Bils octahedral,

while d,, represent the average Bi—1I bond length.
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2.1.4 Tests for the undermined hydrogen atoms position in the 3 perovskites

Table S6: Experimental and theoretical values of lattice parameters (ag, by, co,
a, B, 7), local structure parameters (Average Bi—I bond length, d5-!, average
non-adjacent I-Bi—1I angle, O,,, average adjacent I-Bi—1I angle, 6,,, and bis-
muth average effective coordination number, ECN®!), and the percent deviation
between experimental and theoretical results, A.

Exp. DFT A DFT“ A DFT'” A DFT* A DFT* A
ap (A) 1067 1128 572 1094 253 11.12 412 1066 —0.09 10.86 1.78
bo (A) 1082 1053 —2.68 10.71 —1.02 1080 —0.18 10.68 —1.20 10.77 —0.46
co (A) 1095 11.15 1.83 10.77 —1.64 10.57 —3.47 1098 027 10.74 —1.92
a () 81.04 8312 257 80.57 —0.58 81.05 0.01 8117 0.16 8176 0.89
8 () 61.71 63.78 335 60.64 —1.73 60.37 —2.17 61.69 —0.03 61.47 —0.39
v (%) 61.46 56.20 —8.56 60.88 —0.94 60.94 —0.85 61.80 0.55 61.84  0.62
dBi-1(A) 308 310 065 310 065 311 097 310 065 311 0.97
OB () 180.00 177.20 —1.56 178.65 —0.75 178.64 —0.76 179.17 —0.46 177.94 —1.31
B (°)  90.00 89.99 —0.01 90.00 0.00 90.00 0.00 90.00 0.00 90.00 0.00
ECNP' 600 596 —0.67 597 050 598 —0.33 6.00 000 599 —0.17

Table S7: Experimental and theoretical values of lattice parameters (ag, by, co,
a, B, v), local structure parameters (Average Bi—1I bond length, d° !, average
non-adjacent I-Bi—I angle, ©,,, average adjacent I-Bi—I angle, 60,,, and bis-
muth average effective coordination number, ECN®!), and the percent deviation
between experimental and theoretical results, A.

Exp. DFT A DFT** A DFT?® A DFT?®» A DFT* A
ag (A) 10.67 11.28 572 10.93 244 10.93 244 11.05 3.56 10.71  0.37
by (A) 10.82 10.53 —2.68 10.69 —1.20 10.72 —0.92 10.72 —0.92 10.74 —0.74
co (A) 10.95 11.15 1.83 10.77 —1.64 1056 —3.56 10.67 —2.56 10.89 —0.55
a (%) 81.04 83.12 257 80.60 —0.54 80.49 —0.68 81.22 0.22 81.96 1.14
B (%) 61.71 63.78 3.35 60.59 —1.81 60.63 —1.75 60.27 —2.33 61.47 —0.39
7 () 61.46 56.20 —8.56 61.22 —0.39 61.04 —0.68 61.58 —0.19 62.18 1.17
dBh-T(A) 308 310 065 310 065 310 0.65 311 097 311 097
OB () 180.00 177.20 —1.56 178.71 —0.72 178.69 —0.73 178.74 0.70 178.32 —0.93
68 (°) 90.00 89.99 —0.01 90.00 0.00 90.00 0.00 90.00 0.00 90.00  0.00
ECNBi 6.00 596 —0.67 597 050 597 050 597 050 599 —0.17
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Table S8: Lattice parameters (ao, by, co, @, 5,and ~ for the crystal structure of 1,
2, and 3 perovskites. The error between theoretical (PBE plus vdW correction)
and experimental values are given in %.

Method KD  SG a(A) b(A) @A) a() 5 70
Exp. Pl 883 10.70 11.79 11445 99.70 100.09
PBE Ix1x1 P1 931 11.03 1324 118.93 104.68  88.16
1 AERBE 544 308 1230 391 499 -11.92
PBE+D3 1x1x1 Pl 924 1005 1232 113.57 108.10  89.19
AEgpEDP3 464 —6.07 450 —0.77 843 —10.89
PBE+D3 2x2x2 Pl 880 11.02 11.74 11533 100.71 100.13
AERpELD? —-0.34 —-0.09 -042 077  1.01 0.04
Exp. Pna2, 2355 1043 21.92  90.0  90.0  90.0
PBE Ix1x1 Pna2l 2393 11.21 2242  90.0  90.0  90.0
2 AELBE 161 748 228 000 000 0.0
PBE+D3 1x1x1 Pna2; 2332 1034 218  90.0 90.0  90.0
AERpEP3 —0.98 -0.86 —0.27  0.00  0.00 0.00
PBE+D3 1x2x1 Pna2; 2332 1037 21.85 90.00 90.00  90.00
AERELD? -0.98 —0.58 —0.32  0.00  0.00 0.00
Exp. PT 1067 10.82 10.95 81.04 61.71  61.46
PBE Ix1x1 Pl 11.22 1046 11.30 80.92 63.44  63.03
3 AERBE 515 —3.33 319 —0.14 280 255
PBE+D3 1x1x1 Pl 1086 10.47 10.87 81.58 61.34  62.05
AERpEP? 1.78 —3.23 —0.73  0.66 —0.59 0.96
PBE+D3 2x2x2 Pl 1066 10.68 10.98 81.17 61.69  61.80
AEgRE D3 -0.09 -1.29 027 016 -0.03 0.55
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Table S9: Experimental and theoretical analysis: octahedra (Bil/Bi2), average
(d®1) and standard deviation (¢®~') of Bi—I bond length, average (0,,) and
standard deviation (¢°) of non-adjacent I-Bi—1I angles, average (f,,) and stan-
dard deviation (¢’) of adjacent I-Bi—1I angles, octahedra volume (O,), distortion
index of bond length (DI), bond angle variance (BAV), and bismuth effective co-
ordination number (ECNB).

Method KD oct. dBi-l Bl O, 0° Op o O, DI BAV ECNB
(A A dh 00 0 6 A - h) NW

Exp. Bil/Bi2  3.09 0.13 174.79 1.48 80.96 2.84 39.06 0.04 805 5.6l

, PBE 1x1x1 Bil/Bi2 315 020 17519 2.02 90.05 4.88 41.07 0.04 2380  5.36
PBE'D3 1x1x1 Bil/Bi2 3.14 022 17437 265 90.00 7.09 40.11 0.05 50.20  5.28
PBE+D3 2x2x2 Bil/Bi2 311 0.11 17483 195 89.97 3.04 40.02 0.03 923 574
Exp Bil 3.10 0.7 171.61 546 90.02 552 39.34 005 3053 532
Bi2 312 020 17200 0.83 89.88 505 39.94 0.06 2549  5.09

PBE il Bil 3.14 0.5 172.68 6.06 89.95 552 4071 004 3050 552
) Bi2 3.4 0.4 17191 1.35 89.87 505 40.94 004 2548  5.53
PREID3 1 1x1 Bil 3.12 0.6 170.63 3.99 90.08 594 40.01 004 3533 544
Bi2 3.13 0.6 17237 0.66 89.89 4.82 40.49 004 2325 541

Bil 3.12 015 170.66 458 90.06 596 39.97 0.04 3557 543

PBE+D3 1x2x1 Bi2 3.13 0.6 172.31 0.88 89.89 4.76 40.47 0.04 22.68  5.40
Exp. Bil 3.08 001 180.00 0.00 90.00 1.91 3394 0.00 365  6.00
4 PBE Ix1x1 Bil 315 002 17922 0.74 90.00 1.87 41.44 001 349 599
PBE:D3 1x1x1 Bil 312 001 179.30 0.06 90.00 1.65 40.58 0.0 2.72  5.99
PBE:D3 2x2x2 Bil 310 002 179.17 040 90.00 218 39.69 0.00 477  5.99

S-27



2.2 Total and Local Density of States

TDOS
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Figure S21: Total density of states (TDOS) for PBE+D3 optimized 1, 2, and 3
hybrid-perovskites. The fundamental band gap obtained in this calculations are
(1) 1 = 0.9802eV (i1) 2 = 1.5300eV, and (iii) 3 = 1.406eV.
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Figure S22: Perovskite 1: (CyoH20N4BizIig) Density of states obatined with
PBE+D3. Fundamental band gap is 0.9802¢V.
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Figure S23: Density of states obtained with PBE-+D3 for Perovskite 2. The
fundamental band gap is 1.5300eV.
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Figure S24: Density of states obtained with PBE+D3 for perovskite 3. The
fundamental band gap is 1.406€V.
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Figure S25: Density of states obtained with HSEO06 for perovskite 1. The fun-

damental band gap is of 1.8004 eV
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Figure S26: Density of states obtained with HSEO06 for perovskite 2. The fun-
damental band gap is of 2.3525eV
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Figure S27: Density of states obtained with HSEO06 for perovskite 3. The band
gap is 2.24eV
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2.3 Band Structures
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Figure S28: Band structure of perovskite 1 obtained with PBE+D3. The indirect
fundamental band gap is 0.9756 ¢V with the top of valence band at V point and
the bottom of conduction band at R point. The direct fundamental band gap is
1.0143 eV and occurs at R point.
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Figure S29: Band structure of perovskite 2 obtained with PBE-+D3. The indirect
fundamental band gap is of 1.53eV with the top of valence band at I' point and
the bottom of conduction band in three degenerated points located between the
path of ' and X. The fundamental direct band gap is 1.53eV and occurs at I’
point.
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Figure S30: Band structure of perovskite 3 obtained with PBE-+D3. Direct
fundamental band gap of 1.406eV at R point.
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