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l. Calculated ionization potential and electron affinity of some super

ions

Table S1 Calculated ionization potential of organic super-alkalis (methylammonium [CH3NH;]",
MA"; formamidinium [HC(NH,),]", FA"), inorganic super-alkali, [LisO]", and electron affinity
of super-halogens [MX3]™ (M = Ge, Sn, Pb; X = ClI, Br, I), [BH4]", as well as hyper-halogens
[M(BH4)3] (M = Ge, Sn) compared to those of the elementary ions. [M(BH,4)3] are called
hyper- halogens as they are composed of super-halogen, [BH4]™ [1]. The ionization potential is
computed as the difference between energy of the cation state and the neutral state. The electron
affinity is the difference between the energy of the neutral and the anion states. The energies of the
super-alkalis and super- and hyper-halogens (commonly referred to as super-ions) are calculated
from their relaxed geometries with corresponding ionic states. Note that the ionization potential of
the super-alkalis are smaller than that of Li* and the electron affinity of the super-halogens are
(close to or) higher than that of CI".

Alkali and Super-alkalis Halogen and (Super/Hyper) Halogens
lonization Potential (eV) Electron Affinity (eV)

Li* 5.62 ClI 3.71
MA" 4.13 [GeCls] 4.14
FA* 4.81 [GeBrs]” 4.08
Cs* 4.01 [Gels] 3.99
[LisO] 3.88 [SnCl3] 4.40
[SnBr3]” 4.25
[Snls] 4.12
[PbBrs]” 4.76
[Pbls] 4.42
[BH4] 3.42
[Ge(BH4)s] 4.46
[Sn(BH4)s] 4.41




II.  Derivation of a model for band gaps of ionic crystals

An archetypal example of an ionic crystal is NaCl. An ionic bond is spontaneously formed
between Na* and CI~ ions when the two atoms, initially far apart, are brought into the vicinity
of each other. The bond formation first involves energy cost (i.e. ionization potential, IP) to
ionize Na and the energy gain (i.e. electron affinity, EA) to add that electron to Cl. The net
energy price in the process is,

h, = IE(alkali)—EA(halogen)  (S1)
Similarly, it costs the energy,

h, = IE(halogen)—EA (alkali)  (S2)
to take the valence electron from Cl and put it on Na. The energy difference between these
two

h—h =2 -2.=0r (S3)

is a measure of the ionicity of the bond. Note
that y, = IE(halogen)+EA (halogen) and y, =IE(alkali)+EA (alkali) correspond to
Pauling’s electronegativity of the halogen and the alkali, respectively. This process can be

represented by a one-dimensional potential well as shown in Figure S1. When the two atoms

are far away from each other, the Coulomb interaction V. is zero.

Fig. S1 One-dimensional representation of an alkali (e.g. Na) and a halogen (e.g. Cl) separated far
apart (r —oo), where the Coulomb potential is zero (V. = 0).

Spontaneous formation of the ionic bond between Na and Cl at a critical distance is made
possible when Coulomb attraction between the two ions overcomes the energy cost h;, as
shown in Figure S2. As the two ions come closer, they will form the molecule with a shorter

interatomic distance at its energy minimum.
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Fig. S2 The one-dimensional square-potential model of an ionic crystal. The unit cell, as highlighted in
red, consists of one cation and one anion separated by the equilibrium bond length. L is the lattice
parameter and R; (R-) and R, (R.) are the ionic radius of the anion and the cation, respectively. The
energy of the whole system is lowered due to the Coulomb interaction (V.) between the cations and
anions. The lattice is equivalent to a series of repetitive potential barriers as indicated in the shaded
area. AL and Ag represent the electron waves moving in the x-direction on the left and right of the
barrier, respectively, while B, and B represent the electron wave moving in the opposite x-direction.

A one-dimensional model of periodic lattice is formed with repetitive potential units as shown
in Figure S2. The energy of the whole system will be lowered by V. due to the Coulomb
interaction between the cations and the anions. An electron can be viewed as moving in an
equivalent lattice consisting of repetitive energy barriers as highlighted in the shaded area of
Figure S2. For the convenience of calculation, we also move up the energy of the whole
system so that the potential of the anion core (V1) in Figure S2 is zero. The cation is
represented by a simplified core-shell model with V3 the core potential and its width the core
radius. The difference h, between V, and V3 is the shell energy barrier that binds the valence
electron to the cation core. Later we will show that, compared to hy, h, is small enough to be
neglected. The resulting model potential under such approximation will become a periodic
square potential with a step height of Ay. In such case, the electron under consideration needs
to tunnel through the single barrier of Ay to move from the halogen to the alkali. A simple
analytic form of the electron transmission probability can be obtained as will be shown in Eq.
(S33) in the following.

We represent the electron by a wave packet which is the superposition of the energy
eigenstates. These chosen states are also eigenstates of the translation operator with respect to
the lattice constant and adopt the form of Bloch waves which are delocalized throughout the
whole lattice. At each edge of the barrier, the wave will reflect as well as transmit. The
reflected and transmitted waves will then interfere -- some adding constructively while some
adding destructively -- resulting in energy bands with gaps between them. There are two

equivalent ways to formulate this problem. One is to compute the relation between the wave



on the left side of the barrier and the wave on the right side of the barrier, as shown in Figure
S2 by AL /B, and Ar/Bg, respectively [2].
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This method is mathematically more convenient for the calculation, especially when there are

T is called the transmission matrix

multiple piecewise potential barriers between the left and right wave signals. The second

method is to compute the relation between the incoming wave A, /Br and the outgoing wave

Ar/BL in Figure S2 [2].
A _o[A
a)fa) o

s:(t f], (S7)
r t

where t (r) and E(F) are the transmission (reflection) amplitudes on the left and on the right

S is called the scattering matrix.

of the barrier, respectively. From Eq. (S4-S7), the scattering matrix can be represented by the

elements of the transmission matrix as

S— t E :[1“11 _tlz/tll j, (S8)
r t t/t, det(T)/t,

where det(T) is the determinant of the transmission matrix.

For a lattice system with N unit cells and periodic boundary condition, it requires T" = | (the
identity matrix), hence det(T) = 1. This yields
t=t (S9)
according to Eq. (S8). Because of the conservation law, i.e. the incoming signal must equal
the outgoing signal
AL +[Baf =|A [ +[B[". (S10)
The scattering matrix then must be a unitary matrix
s's=1, (S11)

where S' is the adjoint of the scattering matrix. From Eq. (511), we obtain
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tr+r't=0, (S12)
We write the transmission and reflection amplitudes into complex forms as
t=t=[t|e™, r=|re’, r=|r|e?, (S13)

where we have used Eq. (S9). We also used the conservation law

e =[]+, (s19)
so that

r|=]r].  (s15)
In Eq. (S13), ¢ is the phase difference between the transmitted and the incident waves. ¢ and
(6+2A) are the phase delays of the reflected waves on the left and the right of the barrier,
respectively. Substituting Eq. (S13) into Eq. (S12), we obtain
t=+Te™, r=+iVRe ™  r=+iJRe'” (S16)

whereT = |t|2 and R = |r|2 are the transmission and the reflection probability, respectively.

A general electron eigenstate with energy E can be written as
O, =ad, +bd,  (S17)
with the wave incident from the left
e 4re™  (x<-L/2)
O = (S18)
te™ (x=L/2)

and from the right

te (x<-L/2)
®, = . (S19)
e ™ +re™  (x>L/2)

where
2m(E-V,) J2mE
k= (h ) _ z;lnE (S20)

with V1=0 in our setting. m is the electron mass. Since ®. is a Bloch wave, the wave

function and its first derivative should satisfy



O, (x+L)=e"d,(x)

(S21)
O '(x+L)=e"d.'(X)
Solving Eqg. (S20), we get
t?—rr i, L ik
cos(QL) =————e™ +—e S22
e N G2

Inserting Eq. (S16) into Eq. (S22), we finally obtain

cos(qL) = cos(kL—qo)/ﬁ. (S23)
The left-hand-side (LHD) of this equation has values between [-1, 1]. The numerator on the
right-hand-side (RHS) also has values between [-1, 1]. However, since the transmission
probability T must be <1, some values of the RHS will be out of the range [-1, 1] and the
corresponding energy will be inaccessible, hence presence of the energy band gaps. Figure S3
is a graphical form of Eq. (S23). Solutions of Eq. (S23) are those between the two red lines,
forming three energy bands and two energy gaps. The extreme values of the RHS correspond
to

kL-¢=nz (n=integer). (S24)
Eq. (S23) suggests that the band gap depends on the transmission probability T of the electron
wave in the lattice. With smaller transmission probability, larger range of kL values will
correspond to RHS values that are out of [-1, 1], hence larger band gaps. With certain value
of kL (i.e. energy according to Eq. (S20)), the phase delay ¢ of the transmission will dictate

when Eqg. (S24) is satisfied, hence will decide the position of the band gap.



RHS

Fig.S3 Graphical representation of Eq. (S23). The solutions of the right hand side (RHS) are within the
range of [-1, 1] between the red lines. The black arrows indicate the positions of the extreme values
of the periodic functioncos (kL —¢)on the RHS when Eq. (S24) is satisfied.

In our model for (super) alkali halides, we are dealing with only one valence electron per unit
cell. For a total of N unit cells, the first band will contain N energy states. Therefore, the band

gap between the valence and the conduction bands of the model will be the first gap to appear.

To further derive the expressions for the transmission probability T and the phase angle ¢ in
our one-dimensional model, we note from Eq. (S10),
2 2 2 2
AL -[B =[Al —[B:[ - (S25)
This can be also obtained directly from the conservation of the momentum on the left and

right sides of the barrier
ik (JALL (B ) =7k (A - B[} (526)
with k_ =k =k in our model. For the electron incident from the left, B; =0, we have

B
A A

t
o)lon) o
BL tZZLAF\’
according to Eq. (S4)-(S5). Therefore, we obtain
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(S27)

and
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T=|=, (S29)
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where
1 i m
tll = E(mll + m22 ) + E(kmlz —%j . (830)

m; in Eq. (S30) are the elements of the matrix equal to the product of the transmission

matrices for the three barrier regions in Figure S2 — two V3 regions and one V; region. These

matrix elements are cosh or sinh functions of x, and x, with

x,=\2m(\V,~E)/n, x,=\2m(\V,~E) /. (S31)

m is the electron mass. With
V,=V,=Ay, (S32)

the problem can be simplified significantly, and we can obtain

T= L . (S33)
1(k x) . .,
1+(+j sinh® (2«R,)
4\ kx Kk
where
2m(Ay —E
K:—(h}‘ ). (S34)

In our model, as shown in Figure S2, the difference between V3 and V, is h, in Eq. (S1) which
is the difference between ionization potential of the cation and the electron affinity of the
anion. Table S2 lists these values for the super alkali halides considered in this study. We can
see that, for all the ionic bonds considered here, h, << h;, confirming that Eq. (S32) is valid.

Thus, we will use Eq. (S33) in the following calculations.



TABLE S2 Calculated hy, h,, the electronegativity of super-halogen ¥, the electronegativity
of super-alkali y, and the ionicity Ay for the super-alkali halide bonds, as defined in Eq. (S1)-
(S3). MA" refers to methylammonium [CH3NH;]" and FA" refers to formamidinium
[HC(NH,)o]".

lonic Bond hi (eV) h2(eV) xn(eV) xa(eV) Ayx(eV)
LiF 20.86 2.12 24.91 6.17 18.74
LiCl 14.64 1.93 18.90 6.17 12.73
LiBr 13.30 2.05 17.41 6.17 11.24
Lil 11.67 2.34 15.51 6.17 9.34
NaF 20.81 1.90 24.91 6.00 18.91
NaCl 14.59 1.71 18.90 6.00 12.90
NaBr 13.25 1.84 17.41 6.00 1141
Nal 11.62 2.12 15.51 6.00 9.51
KF 20.88 0.98 24.91 5.02 19.89
KCI 14.67 0.79 18.90 5.02 13.88
KBr 13.32 0.91 17.41 5.02 12.39
Kl 11.69 1.20 15.51 5.02 10.49
RbF 21.03 0.82 24.91 4.70 20.21
RbClI 14.81 0.63 18.90 4.70 14.20
RbBr 13.47 0.75 17.41 4.70 12.71
Rbl 11.84 1.03 15.51 4.70 10.81
CsF 20.96 0.49 24.91 4.46 20.45
CsCl 14.74 0.30 18.90 4.46 14.44
CsBr 13.40 0.42 17.41 4.46 12.95
Csl 11.76 0.71 15.51 4.46 11.05
CsGeCl; 9.48 0.60 13.34 4.46 8.88
CsGeBr; 8.91 0.57 12.78 4.46 8.32
CsGels; 8.20 0.52 12.14 4.46 7.68
CsSnCl; 9.53 0.16 13.81 4.46 9.35
CsSnBrj 8.92 0.27 13.11 4.46 8.65
CsSnl; 8.23 0.30 12.38 4.46 7.92
MAGeCl; 10.50 0.77 13.34 3.61 9.73
MAGeBr; 9.92 0.74 12.78 3.61 9.17
MAGel; 9.21 0.69 12.14 3.61 8.53
MAGe(BH4)3 9.64 1.13 12.12 3.61 8.51
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MASNCI; 10.54 0.34 13.81 3.61 10.20

MASNBr3; 9.93 0.45 13.11 3.61 9.50
MASNI; 9.24 0.47 12.38 3.61 8.77
MASN(BH.)3 9.63 0.83 12.42 3.61 8.81
MAPDBr3 10.55 0.71 13.45 3.61 9.84
MAPDI 3 9.67 0.77 12.49 3.61 8.88
FAGeCl; 11.33 3.10 13.34 5.10 8.24
FAGeBr3; 10.75 3.07 12.78 5.10 7.68
FAGel3 10.04 3.02 12.14 5.10 7.04
FAGe(BH.)3 10.48 3.45 12.12 5.10 7.02
FASNClI; 11.37 2.67 13.81 5.10 8.71
FASNBr; 10.76 2.77 13.11 5.10 8.01
FASHI ;3 10.07 2.80 12.38 5.10 7.28
FASN(BH.)3 10.45 3.15 12.42 5.10 7.32

The next task is to find the expression of the phase delay in our model. Combining Eqg. (S8)
and (S30), we can write the transmitted amplitude in the S matrix as

t=JTe =t = 2 m
by (m11+m22)+i(km12—k21j . (S39)

This suggests that

m,+m, _ 2coth(2«R,)

cotop = =
’ km, —m, ik Kix-x/K

(S36)

To obtain even simpler expressions for the transmission probability T (Eqg. (S33)) and the
transmission phase angle ¢ (Eq.(S36)), we note that, numerically, the value of 2xR, should

be much larger than 1. This can be readily seen by using the ionic radii of the alkali and the
ionicity in Table S2. The smallest value of ionicity in Table S2 is 7.7 eV, while the smallest
ionic radius of the alkali is 0.9 A. Given that we are only interested in the appearance of the

first band gap, the energy of the electron is supposed to be much less than 7.7 eV. Thus,

according to Eq. (S34), the following is valid for even the smallest 2xR,
2kR, >10>>1. (S37)

Therefore, it is fitting to write

11



sinh(2«xR,)~e*™,  cosh(2«R,)~e*™, coth(2«R,)~1. (S38)
Thus, Eq. (S33) and (S36) can be further simplified as

1
T= 2
12 E 128 ] exp| 4Y2MAY o
4\ \V1-¢ £ h (S39)

and

@ = acot (S40)

2
[e _[i-e]|
l-¢ £
which are defined with the dimensionless quantity

g=£s1. (S41)
Ay

Eqg. (S39) suggests that the transmission probability decreases exponentially as energy

decreases and cation radius R; increases. Figure S4 shows the simulated value of ¢ against ¢.

Note that ¢ increases monotonically with the increase of ¢.

00 02 04 06 08 10
&

Fig. S4 Simulated transmission probability and transmission phase angle ¢ changed with e.

To sum up, the transmission probability T determines the magnitude of the band gaps. The

expression for T in Eq. S39 shows that higher bonding ionicity Ay can result in less

transmission probability, hence larger band gap (measured inkL ). The transmission phase
12



delay ¢ can determine the position of the band gap through Eq. S23-S24. According to the
simulated values as shown in Figure S4, ¢ will increase monotonically with the ratio
between the electron energy and the bonding ionicity Ay . Decreasing the ionicity will

increase such ratio, hence ¢ will also increase. The position of the band gap (in other words,
the energy of the maximum of the valence band) will move upwards in energy with the
increase (decrease) of ¢ (ionicity). As the band gap is measured in kL shown in Figure S3,

the material with larger lattice size L (= 2R+ + 2R_ in Fig. S2) will have smaller energy gap.

III. Effects of the ionicity Ay and Coulomb potential V. on the band gap

position

According to the simulated phase delay ¢ (Eq. S40) in Fig. S4 in the previous section, ¢
increases with reduced ionicity Ay . Therefore, as stated in the paper, the band gap position

(equivalent to the position of the valence band maximum) will move upwards in energy with

increasing ¢ hence decreasing ionicity Ay according to Eq. S23-S24. Recall that, in our
model, we move the whole system up (VC +A;() to make V; = 0 (see Fig. S2). To compare
the positions of the maximum of the valence band between different super-alkali halides, we
also have to subtract the corresponding (V. +Ay) from the energy of each material. For
materials with lower ionicity, both V. and Ay will be smaller compared to that of the more

ionic materials, hence will increase the maximum of the valence band further.
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IV. Results of the molecular dynamics simulations
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Fig. S5 Free energy and temperature from the molecular dynamics simulations under ambient

conditions calculated using 3x3x3 supercells in the NpT ensemble. The lattice parameters are
simulated for 4 ps after the energy and temperature reach equilibrium.
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V.  Simulated X-ray diffraction pattern
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Fig. S6 Simulated X-ray diffraction (XRD) patterns (in red) for the averaged configurations
obtained from the molecular dynamics simulations of hybrid perovskites under ambient
crystal phases that are
of MAGe(BH,); after
equilibrium starting from a 3x3x2 supercell with Pnma (orthorhombic) unit cell. This is to
show that the crystal structure of the material indeed tends to be stable at a rhombohedral or
the three peaks around
20° that start to merge into one peak and the many peaks between 30°~40Q° that start to merge
into three major peaks. The orange pattern of FASnBr; is not any one of the experimental

conditions. These are compared to the XRD patterns (in black) of
usually seen in the hybrid perovskites. The blue line is the pattern

cubic structure under the simulated ambient condition, as shown by

FASnBr,

patterns given in the plot and we impose a tetragonal lattice to the material in the study.
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V1. Effective ionic radii of the super ions

According to our model discussed in section Il and 111, the band gap of super alkali halides is
dependent on the bonding ionicity and the ionic radii of the cation and anion. For elements in
the periodic table, different methods for ionic radii have been developed. One direct method is
to measure the bond lengths of binary materials using diffraction techniques. Then, by using
the oxygen radius as a reference, a set of radii can be defined for all the other elements in the

periodic table.

A less direct method to define the effective ionic radius of an ion is to use the relationship
between the polarizability and the radius of a spherical electron cloud. The relationship is

a =4rg,R°, (S43)
where « is the electric polarizability calculated from the dipole moment arising from the
movement of a spherical electron cloud off-center compared to the positive charge center. R is

defined as the ionic radius. According to the Lorentz equation, the volume associated with the
polarizability of a molecule is expressed as,

1 n’—1
- T Na=v, T (s44
“m Are, Za, " I(n2 —1)+47z (544)

where ¢; is the polarizability of the i th ion in the molecule as defined in Eq. (S43). Vp, is the

volume of the crystal divided by the number of molecules in the crystal. n is the refractive
index and | is the Lorentz factor. For ideal ionic structures like the alkali halides with the local
field included, | = 4n/3. Without considering the local field, the system is like an electron gas
where | = 0. For a binary ionic crystal, according to Eq. (S44), we can write

-1

R3+R%®=y — = =
n "l(e-1)+4rx

,  (545)

where we have used the relationship between the dielectric constant of the material refractive
index ¢ =n”. R, and R, are the defined as the ionic radii of the halogen and the alkali,

respectively. Combined with the bond length equation, as in our model,

R 4R, :% (S46)

the two ionic radii can be readily solved.
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It is possible for us to define the ionic radius of a super-ion by using the same method. For
each super-ion with a given geometry, we can define an effective ionic radius by mapping the
super-ion to a spherical ion that has the same polarizability,

-1

__eff eff 3 3 _
ash + asa - ash + asa - Rsh + Rsa _Vm '
|(e-1)+4x

(S47)

The dielectric constant ¢ can be measured or computed for the super alkali halides.

Here, we define the effective ionic radius of a super-ion for the first time. Not only because
we can use the radius in the model, more importantly, knowing the radii of the super-ions
would be very helpful for the analysis of structural stability of materials composed of super-
ions, as already seen in alkali halide crystals where the physical properties are by in large

decided by the ratio of the cation and the anion radius (Pauling’s rules).

Unlike the regular ions, the super-alkalis and super-halogens are themselves atomic clusters,
hence have their own geometry with internal degrees of freedom. Although the chemical
formula suggests that [MA or FA]":[MX3]™ (M = Ge, Sn; X = Cl, Br, I, BH4) must equal to
1 : 1 in the material composition, in order to define their ionic radii, the cations [MA]" and
[FA]" as well as the anions [MX3] should appear explicitly in the materials. A direct
demonstration is to show that their geometrical structures change little across different

materials.

Table S3 lists the unit cells and the super cells of all the studied super alkali halides under
ambient condition by using either simulated or experimental data. Figure S6 shows the
simulated X-ray diffraction patterns of the averaged configurations calculated from the
molecular dynamics simulations under the ambient condition (Figure S5). The cation MA"
adopts a polyhedral shape consisting of CH3; and NH3 pyramids embedded opposite to each
other. FA" adopts a planar shape consisting of a CH3 triangle between two NH3 triangles. The
anions [GeCls], [GeBrs3], [Gels] ", [Ge(BH4)3] and [SnCl3] are pyramids with the metal
atom at the peak. The anions [SnBr3] and [Snl3]", on the other hand, tend to be square

pyramids with the metal atom at the center of the bottom square.
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TABLE S3. Experimental or simulated crystal structures of the studied hybrid perovskites
under ambient conditions. For the simulated structures, the crystal system and the lattice
parameters are obtained from molecular dynamic simulations using the NpT ensemble (Figure
S5) and the simulated X-ray diffraction patterns of the averaged configurations (Figure S6).
The positions of ions in the unit cell were then relaxed with fixed lattice parameters. It was
found that [SnBr3]” can be grouped both as a pyramid and as a square pyramid in the
MASNBr; crystal with cutoff radii of 2.925 and 2.956 A, respectively. The same was observed
for the FASNBr; crystal, where the two cutoff radii are 2.954 and 3.104 A, respectively. The
last row shows the cubic phase that all the hybrid perovskites tend to have at high
temperatures. The cation in such a case is represented by a dummy atom. The highlighted (in
yellow) super ions show that the materials have 6 or 8 coordination number, as normally seen
in the alkali halide structures.

.

‘ / + —
[CH,NH,]* [MX,]-
Crystal Unit Cell Supercell
Ve Vo, Ve Y
MAGG(BH 4) 3
Rhombohedral
MAGeCl;

Orthorhombic

MAGeBr;

Tetragonal
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MAGel;

Tetragonal

MASH(BH4)3
Rhombohedral

MASHC'g

Monoclinic

MASNBTr;
Tetragonal
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.........................................

CsSnCl3(RT)

Monoclinic

[HC(NH,),]*

Crystal Unit Cell Supercell

FAGG(BH4)3
Rhombohedral

FAGeCl;
Rhombonedral

FAGeBr;
Tetragonal
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FAGel;
Tetragonal

FASN(BH,)3
Rhombohedral

FASHC|3
Rhombohedral

FASNBr3
Tetragonal

[CH;NH,]* [MX,]~

Crystal Unit Cell Supercell
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MASNBr;

MASNI;

[HC(NH,),]* [MX,]

Crystal

Unit Cell

Supercell

FASNBr3
Tetragonal

FASHI 3

Tetragonal

o+ §

[cation]* [MX,]-
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Crystal

Unit Cell

Supercell

High-temperature

cubic phase

Table S4 shows the geometrical data of the above mentioned super-alkalis and super-halogens.
For the super-alkalis, it is clear that their structures almost remain the same in different
materials and hardly change from that of its isolated cluster geometry. We use the same color
to represent the structural data of the same super halogen in different materials, which shows
very little change between different materials. A typical relative difference in both the
distance and the angle data between the structures in vacuum and in the crystal field is smaller
than 5%. For hyper halogens [Ge(BH4)3]™ and [Sn(BH4)s], the relative difference between

the ions in the crystals and the isolated cluster is within 7% in X-X distances and about 18%

in M-X-X angles.
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TABLE S4. Experimental and simulated parameters of the studied super-alkalis and super-halogens as isolated
clusters and in the studied hybrid perovskites under ambient conditions. ‘Bh’ stands for [BH,] and the B-H bond
length is always between 1.2 and 1.3 A. CsGeCl;, CsGeBr; and CsGel; show the rhombohedral phase (R3m) at
the room temperature. Their lattice parameters are 5.43, 5.64 and 5.98 A, respectively. RbGeBrs, on the other
hand, shows an orthorhombic phase at room temperature (Pn2;a). For the super-alkalis, the data include the C-N
distance, the C-H distance, the N-H distance, the N-C-H angle and the C-N-H angle. For the super-halogens, the
data include the metal-halogen (M-X) distance, the nearest halogen-halogen (X-X) distance, the halogen-metal-
halogen (X-M-X) angle, the angle of metal-halogen-halogen (M-X-X) with the neighboring halogens and the long
metal-halogen (M---X) bond(s) that are grouped out of the (square) pyramids. For comparison, data involve the
same super-halogens are put in the same color.

C-N CH N-H N-C-H C-N-H M-X XX X-M-X M-X-X M--X

superlon iy A (&) () © A A O © A
MA* 1.52 1.09 1.03 108.26 111.50 - - - -

[GeCls] - - - - -

MAGeCI3? 150 1.07 102 107.16 113.07

CsGeCl,* - - - - -

[Ge(Bh)s] - - - - -

MAGe(Bh); 149 109 1.04 10894  112.16

- 100.62~  39.67~
[GeBra] - - - - - 253 30 o065 3068 ]

250~ 3.76~  93.40~ 40.69~  3.28~

MAGeBr; 149 109 104 108.69 112.69 259 381 97.09 43.43 358

) 252~ 372~ 9450~ 4178~ 321~
RbGeBrs - - - - - 254 376 9635 4290 3.6

CsGeBr;° - - - - - 253 3.74 95.16 42.42 3.12

[Gels] - - - -

MAGel; 149 109 104 108.74

CsGel;° - - - -

[SnCls] - - - - -

MASNCI," 1.49 - - -

CsSnCl; (RT)® - - - -

[Sn(Bh)s] - - - - -

MASn(Bh); 149 1.09 1.04 108.86

[SnBrs] 270 412~  99.59~ 40.18~
3 - - - - - : -

4.13 99.64 40.21

c 283~ 4.00~  86.57~ 40.16~
MASNBr; 149 109 1.04 108.71 113.05 206 434 98.39 47.04 3.04

- 454~ 10109~  39.40-
[Snl] - ] © 29 455 10118 3947

3.01~ 431~  88.87~ 41.70~

C
MASNI; 149 1.09 1.04 108.83 112.83 310 450 95 03 45 57
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119.97~

FA 131 109 101 117.36 123.19 - - - -
119.11~ . . 41.89~ 347~
FAGeCl; 131 1.09 102 117.47 122 35 . . 43.88 35
119.08~
FAGe(Bh); 131 109 1.02 117.67 192 34

119.23~ 252~ 3.72~  93.15~ 40.66~  3.36~

FAGeBr, 131 109 LO2 1782 10707 256 383 9799 4346  3.45
FAGels 131 109 102 118.28 11151'_15’1*
FASNCls 131 1.09 102 11759 111283',?5; 4417'.253~ 33;.133[
FASn(Bh); 131 109 102 117.79 11151'?’53*
FASNBr; 131 109 102 11787 (1900~ 278~ 399~ 8080~ 4lld~ 55,

122.16 310  4.43 96.35 49.45

¢ 119.17~ 3.09~ 4.21~  85.09~ 42.06~
FASNI; 131 109 1.02 118.06 12216 = 313 459 95 25 47 50 3.14

®Available experimental data from 2 to 475 K with different crystal structures [3].
®Available experimental data of the monoclinic (Space group = Pc) at 318 K [4].
‘Available experimental data [5-10].

Besides evaluating the structures of the super-halogens in various materials under ambient
conditions, it is noted that all the studied hybrid perovskites tend to adopt a cubic phase at
high temperatures (as shown in the last row of Table S3). The super halogens in such high
symmetric phase appear to be regular octahedral. The halogen atom X on the vertices of an
octahedron is shared by the two neighboring super-halogens, i.e. each X provides ‘half’
electron to bond with the center metal ion to make [(M*"?),(X"%)s]” = [MX3]". Suppose, in a
pyramidal configuration, the M-X bond is a normal two-center two-electron bond with bond
order np = 1, then a symmetric X-M-X bond in the octahedron can be described as a three-
center four-electron bond with two electrons participating in bonding and the other two
ascribed to the neighboring octahedra occupying the non-bonding orbital. The bond order in
such a case is regarded as n, = 0.5. In other words, the total number of bonding electrons on a
symmetric X-M-X bond remains unchanged upon deformation to a single M-X bond with the
trans M...X bond length approaching infinity. Indeed, as found in our cluster calculations of
the super-halogen [Snls]” in both its symmetric and asymmetric forms, the stretching
frequency of a M-X bond in the pyramid is wx.m = 145 cm™" and the frequency of M vibrating
in a symmetric X-M-X bond is wx..x = 101 cm™, which makes the ratio between the two
corresponding force constants ky-x/kx-m-x = (@xm/oxm-x)? = 2. Such a ratio suggests the
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bond strength of a symmetric X-M-X bond being exactly half of the M-X bond in a pyramid,
as the bonding electron of the latter is equally shared between two symmetric bonds in the

former.

Based on the assumption that the electron density of the ground state decreases exponentially
with the distance from the nucleus, the bond order of M-X bond in X...M-X can be expressed

as (the Pauling’s equation [11])
n, =N, exp[—d“""(fa_doj . (S47)

where dm.x is the bond length of M-X. ng is the bond order when d,,, =d,. Because of the

conservation of the total bond order (as discussed above), the bond order of the trans X...M
in X...M-X should be

=1-n, =n, exp(—wj (S48)

ntrans

with dy .. x being the bond length of the trans bond X...M. a is the characteristic length of a
specific M-X bond, measuring how fast the bond order is reduced because of bond length
increase. A bigger a corresponds to slower change of the bond order with the bond length, and

vice versa.

From Eq. (S47)-(S48), it can be seen that, when the super-halogen adopts a completely

asymmetric form (like in a pyramidal geometry), we have
dyyx =d,, N, =1 (S49)
and the trans X...M bond length
dy x > . (S50)

For a large bond length, one would imagine that the bond order should be much less sensitive

to the change of bond length than for a short bond length. For example, when the trans bond
length d,, , — o, the bond order will be essentially zero and will hardly change with
increasing d,, ,. On the other hand, the bond order of M-X will decrease fast with small
dy x —d,. Indeed, the exponential function in Eq. (S47)-(S48) describes such behavior nicely,

as the derivative of the exponential function also decreases exponentially with respect to the
bond length. When the super- halogen adopts a symmetric form with

dX...M = dM—Xv (S51)
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as the case in the regular-octahedron geometry, we have

Nyans =Ny :i. (S52)

trans
2

Combining Eq. (S47) and (S48), we can obtain the relation between the bond length of M-X
and the corresponding bond length of the trans X...M,

d, =-aln {exp(—%’j - exp(—%ﬂ . (S53)

Since the values that d, ,, and d,,, can take are totally symmetric, we have put one of them
as d; and the other as d, in Eq. (§53). Now, we can use Eq. (S53) to fit to the bond length
data extracted from the experimental or simulated crystal structures for different phases of all
the studied hybrid perovskites. For the bond involving super halogen [BH4], we take the

bond length between the metal and the boron atom.
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Fig.S7 Least-square fitting to the (trans) bond length (X...M) with M-X data taken from experiments
or simulations by using Eq. (S53). The dashed lines in each case are the asymptotical lines at which
the bond length is do and the trans bond length is infinity. The red lines in each case mark the bond
length of an isolated [MX3]™ pyramid from a cluster calculation.

For each material, we can obtain the characteristic length a and the bond length d, that M-X
should have in an ‘ideal asymmetrical’ pyramid in the crystal, as listed in Table S5. The
fittings are shown in Figure S7. As expected, the M-X bond length asymptotically approaches
do where its trans bond length X...M goes to infinity. We drew the bond length found for the
isolated pyramid in a cluster calculation as the red line in each case. It turns out that this
cluster bond length, d., marks the boundary of the (trans) bond length (X...M) M-X that are
found in a crystal (as the intersection points between the bond length curve and the two red

lines in each figure). Given the trans bond length of d, calculated from Eq. (S53) as d.*™, the

following relation approximately holds

d, <d, <d™®, d**>d,>d . (S54)
This shows that there is very little difference between the chemistry of bonding in an isolated
super-halogen and that in the bulk crystal. In the low-temperature low-symmetry phases, such
as triclinic, monoclinic, orthorhombic and rhombohedral phases generally observed in the

hybrid perovskites, the super ions [MX3]™ adopt the asymmetrical form of a pyramid and have
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a M-X bond length around d.. In the high-temperature high-symmetry phases, such as

tetragonal and cubic phases often observed in the hybrid perovskites, part of the bonding
electrons in the M-X bond ‘moves’ to the other side of M to form a trans bond X...M. The
reduction of the bond order in M-X will increase the bond length, while the increase of the
bond order in X...M will decrease the trans bond length, until a symmetric (trans) bond X-M-
X is formed corresponding to half bond order in M-X. The super-ions [MX3]™ in such a case

adopt a form of square pyramid or octahedron with high symmetry.

Given the symmetric nature for the change of (trans) bond length (X...M) M-X and a
relatively large parameter a, the characteristic curves in Figure S7 can be approximated by an
‘isosceles right triangle’ in the left panel of Figure S8. According to simple trigonometry, it is

found that, within the range bounded by the red lines (corresponding to d. and its trans d_'),

the sum between any bond length (d,) and its trans bond length (d,) will be a constant
d,+d,=2d,,, (S55)

where d,,, is the bond length when X-M-X in its symmetric form with the bond order

n, =0.5. This is a good approximation. For example, with the smallest a among the series,

[SnBrs]” has d, =2.7 A and the corresponding trans bond length d ' =3.4 A, the sum of the

two 6.1 A agrees well with 2d,,, =5.9 A. [GeCl3]™ has the second smallest a, its sum

d +d.'=2.36+3.36=5.72 A agrees well with its 2d,,, =5.42 A. Thus, the super-halogen in

each hybrid perovskite can be represented by a specific characteristic triangle (as in Figure
S8) -- it adopts a polarized (asymmetrical) pyramidal form in low-symmetry phases and
changes to a symmetrical form of octahedron in high-symmetry phases. In fact, such behavior
is just like a regular ion, where in the cubic phase, the ion on the high-symmetry site must
assume a spherical shape. However, ions on the low-symmetry site may adopt a polarized
(asymmetrical) shape, like found in the recent study of chalcogen ions in pyrite-type crystals,

where an ellipsoidal shape is proposed to describe each ion [12].

42


https://en.wikipedia.org/wiki/Ellipsoid�

5.0 T T T

dl . 451
< 4.0 Ge-Cl |
1 ..E Ge-Br
an Ge-(BH)|
5 3.5- A\ +
d 9 Ge-l
1/2 - Sn-Cl
g 3.04 Sn-Br
m Sn-(BH,)
2.5 T Sn-l
d 2.0 T T T T T T T
c i 2.0 2.5 3.0 35 4.0 4.5 5.0
d. d, d d!
¢ ¢ Trans Bond Length (A)

Fig.S8 Left panel: schematic plot of a characteristic triangle of a super-halogen in the crystal. Right
panel: the characteristic curves of bond length of the studied super-halogens in the crystals. The
intersection between each curve and the diagonal line indicate the bond length value at 0.5 bond order
in that super-halogen.

The characteristic curves of the bond lengths of all the super-halogens in the crystals are given

in the right panel of Figure S8. The diagonal line intersects each curve at d,,, (n, =0.5). In

the Ge series, d,,, is increasing in the order Ge-Cl, Ge-Br, Ge-(BH,4) and Ge-l due to the
reduced bond polarizability. The same trend goes for the Sn series. In the figure, larger
curvature and smaller d,,, implies that the bond order changes fast (small a) with the bond

length and the corresponding super-halogen is more likely to assume a polarized (asymmetric)

form of pyramid in the crystal.

To sum up the previous discussions, the geometries of the same super-alkali [MA/FA]" or
super-halogen [MX3]™ changes little throughout the studied crystals under ambient condition.
For different (temperature) phases of a material, the super halogen [MX3]” may adopt a
polarized (asymmetric) pyramidal form in the low-symmetry phases and an octahedral
symmetric form in the cubic phase. However, its geometrical dimension is bounded by the
corresponding characteristic triangle (Figure S8). The two right-angle sides of such a triangle
are equal to the difference between the trans bond length and the bond length of M-X of the

isolated cluster (d.'—d.). The only physical assumption used to define the characteristic

triangle is that the electronic density of an atom decreases exponentially with the distance

from the nucleus.
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Now, we can start defining the ionic radii for super-alkalis and super-halogens. The intuitive
definition of a radius r for an ion implies the ion has a symmetric form — a sphere for a regular
ion and a regular octahedron for a super-halogen which can be put inside a sphere with its
vertices touching the spherical surface. Moreover, in order to use the interionic distance data
to calculate the ionic radii, it is actually much easier to define the ionic radius for its
symmetric form, because, for the corresponding cubic phase of the crystal, one can directly

calculate the interionic distance between the cation and the anion using

3

R=I’ -H’h =7LC. (856)

a

r, and r, are the defined ionic radii of the alkali and the halogen, respectively. L, is the side

length of the cubic cell.

Let us first start with a simple soft-sphere model by allowing the two neighboring super-
halogen spheres gently overlap with each other. Such assumption is reasonable given the
[MX3] super-halogen adopts a regular octahedron shape in the cubic phase and shares the
electrons of the halogen on the vertex with its neighbor. To obtain a set of radii that are
comparable to Shannon’s ionic radii of the alkalis and halogens, we calculate the radii of
super-ions based on the Shannon [13] radius of Cs*. We found experimental interionic
distances for the series CsMX3 (M = Ge, Sn; X = Cl, Br, ). The crystal that has the smallest
super-halogen [MX3]™ is most likely to satisfy the condition that the cation and the anion
touch. We chose Cs* over Rb* due to the same reason (to make the cation-anion ratio as large
as possible). CsGeClj is, therefore, our starting point. The radii of the studied super-alkalis
and super-halogens can be calculated hereafter. We used as many experimental data as we
could in the process. Table S5 shows the computed ionic radii for those with coordination
number (CN) equals 6 and 8. For CN = 8, the cation will be bigger, because the repulsion
between neighboring anions will be bigger with larger coordination number. We then used the
obtained ionic radii to calculate the interionic distances for the hybrid perovskites that have
not been used to compute these radii. The distances agree well with the simulated ones with

an average deviation of 0.05 A, as shown in Table S6.
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Table S5 Fitted values of d, and a of Eq. (S53) for different super-halogens. di, is the calculated bond length at the
bond order n, =0.5. L. is the side length of the (pseudo) cubic cell. ‘Bh’ is a short form for [BH,]. For the cases of
coordination number (CN) of 6 and 8 (shown in square brackets in the last column), the ionic radii were calculated
directly be assuming that the [GeCl3] ‘sphere’ is touching the Cs* sphere in CsGeCl; crystal. Values in red are the ones
adopted to minimize the overlap between the anions. The effective radii of Cs” and Rb" are the Shannon’s radii [13].

Ny

a 2d1/ . . Overlap
lon np=1 A o5 R Lc(A) lonic radius(A) A)
do (A) duo(A)
Cs' - - - - - 1.81 (CN=6) 1.88 (CN=8) -
Rb* ] ] ] ] ] 1.66 1.75
(CN=6) (CN=8)

} 0.19[6]
[GeCls] 2.18 076 271 542  5.47(CsGeCl,) 2.93 2.86 0.12]8]
MA* - - - -~ 5.658(MAGeCly) 1.97 2.04 -

5;5&&@%%’ B24RD)  3IS(RD) g
[GeBr]” 2.29 079 284 568 g Cony 3.11(Cs") 304(CS) (" ore
' 3 3.16(MA") 3.09(MA") '
tetragonal)
6.04(CsGels) . A
. 3.42(Cs") 3.35(Cs")  0.26[6]
[Gel] 1.56 216 305 610  6.11(MAGel, 30(MAY  325(MAY  0.19[8]
tetragonal)
} 5.604(CsSnCl;)  3.04(Cs) 297(Cs)  0.14[6]
[SnCls] 217 098 285 588 gognmasncly)  3.02(MAY)  295(MAY)  0.07[8]
i 5.808(CsSnBrs)  3.22(Cs") 3.15(Cs)  0.19[6]
[SnBrs] 2.59 052 295 590 5951 MASNBry)  314(MAY)  3.07(MAY)  0.12[8]
} 6.219(CsSnlz) 3.58(Cs) 351(Cs)  0.32[6]
[Snis] 137 2% 313 626 gou3MASnl)  344(MAT)  337(MAT)  0.25[8]
FA" - - - - 6.329(FASNI ) 2.04 211 -
i 5.876(MAGeBh; 0.18[6]
[Ge(Bh)s] 1.74 174 294 588 trigonal) 3.12 3.05 0.118]
[Sn(Bh)s] 169 192 302 604 6.054(MASnBh;) 3.7 3.20 8?‘7‘%

45



Table S6 Calculated interionic distances using the ionic radii given in Table S5, compared to the
simulated ones.

. Simulated interionic Additive interionic .
Material distance (A) distance (A) Residual (A)
FAGeCl; (trigonal) 5.05 4.97 0.08
FAGeBr; (tetragonal) 5.14 5.20 —0.06
FAGel; (tetragonal) 5.28 5.36 —0.08
FAGe(BH,)s (trigonal) 5.20 5.16 0.04
FASNCI;
(trigonal) 5.05 5.06 -0.01
FASNBr; (tetragonal) 5.17 5.18 —0.01
FASn(BH,)3 (trigonal) 5.24 5.31 —0.07

According to Eq. (S56), we can also use least-square fitting to obtain a set of ionic radii that
best fit the experimental and simulated interionic distances, as shown in Table S7. To make
the radii consistent with Shannon radii, we set Cs* and Rb" radii fixed at Shannon’s values
during the fitting. To reduce the number of fitting variables, we also fix the radius of [SnBr3]

obtained from the calculated electric dielectric constant using Eq. (S45)-(S47).

We test the results by using the Goldschmidt tolerance factor t for perovskites material ABX
o =t-2(r,+6) -1, (S57)

where, in our case, I,, Iy and r, are the ionic radii of the super-alkali, the metal and the

halogen, respectively. t is found to be between 0.9 and 1.0 for cubic perovskite structures. By

using the Shannon’s ionic radii of Ge** (0.87 A), Sn** (1.03 A), CI" (1.67 A) and 1" (2.06 A ),

we estimate the radius range of the cation (MA* and FA") to be between 1.56 and 2.31 A. Our
values in Table S7 fall well within this range.

Table S7 Fitted ionic radii of super-alkalis and super-halogens using Eq. (S56). The mean
deviation of the calculated interionic distances compared to the the experimental (or simulated)
values is 0.06A. The upper figure in each case is the calculated one.

lon Cs' MA* FA' Rb*
Ionitz'ar\a;dius 1.88° 214 291 1,758
[GeCls]™ 2.84 e 400 200 ]
[GeBra] 3.00 19 013 o 14 4%
[Gels]” 3.14 s 2% o2 ]
[SnCls] 2.85 4.73 4.99 5.05 -
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4.85 4.99 5.05

[SnBra] 2.94° e o 217 ]
[Snls]” 3.27 o3 o a1 g ]
[Ge(BH4)s] 2.95 ' ggg gég i
[SN(BH.)s] 3.01 - géi ggg )

Shannon’s data of coordination number 8 [13].
Computed by using Eq.(S43)-(S46) with the static dielectric constant of MASNBr 3, &, = 5.67,
obtained from our HSEOQ6 calculation.

Pauling proposed a method to define ionic radii for alkali halide crystals based on the lattice

energy [14]

z’e’A B
+_

U=- .,
r

(S58)

where ze is the charge of an ion and r the interionic distance. The first term on the right hand
side is the Coulomb attraction with A being the Madelung constant of the crystal, while the
second term is the repulsive potential with

n-1 n-1
B=(r.+r)"'B, [C++1'25'C++( 2p J +0'75'C“( 2 j } (S59)
r." 1+p r " 1+ p

++

r, and r_are the ionic radii of the cation and anion, respectively. c,_ is the cation-anion
coordination number which is 6 in a NaCl-alike crystal and 8 in a CsCl-alike crystal. c., and
c_are the cation-cation and the anion-anion coordination numbers, respectively. In a NaCl
crystal ¢, = ¢ = 12, while ¢, = ¢c__ = 6 in a CsCl crystal. r,, and r__are the nearest
neighbor cation-cation distance and anion-anion distance, respectively. p=r./r_ is the radius
ratio between the cation and anion. Eq. (S59) shows that the repulsive potential is inversely
proportional to the high power of the interionic distance, where the power n is usually taken to
be 9 for the alkali halides [14].

If we follow Pauling’s strategy, Bo in Eq. (S59) is chosen to make the equilibrium interionic
radius (by putting U'=0)
R=(r.,+r)1-F(p) (S60)

with the so-called correction factor F(p) = 1 when p = 0.75 for NaCl crystals and p = 1.0 for
CsCl crystals. According to Eq. (S58) and (S59), for a general p of a NaCl-alike crystal
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(L.75)" . (1+p)" +1.25. ([p) +0.75- (\@)n

; (S61)
(L+p)" (1.75) +1.25:(\/2- 075 " +0.75:(1/2

F(p)=

n

and for a CsCl-alike crystal
Y f J

F(o)- (1_75):. (1+p)" +1.25-0.375-(-/3p) :0.75-0.375~(ﬁ) 17 s
(1+p) (1.75)”+1.25-0.375-(J§-0\./7_5) +0.75-0.375-(€_)

The correction factors in Eq. (S61) and (S62) ha\\//erthe advantage of taking/jnto account both
the anion-anion and the cation-cation repulsion (so-called double repulsion) at the critical
radius ratio (p = 0.414 for NaCl crystals and p = 0.732 for CsCl crystals) when the anion and
cation as well as the anion and anion are just touching each other in a hard-sphere model.
Such repulsion will effectively make the equilibrium bond length longer than the cation-anion

ionic radii added together. This is quite different from our soft-sphere model discussed before.

Figure S9 shows the correction factor against the radius ratio as calculated from Eq. (S61) and
(S62). Clearly, both lines (solid red and black) deviate upwards significantly from 1.0 at the
critical ratios (0.414 and 0.732). For small radius ratios, the n — oo line of the 8 coordination
(dotted black) goes above the n = 9 line (solid black), as opposed to the case of 6-coordination
lines. This reflects that the large coordination number produces small anion-anion distance
and the repulsion increases much faster for larger n. With certain correction factor, the 6-
coordination line corresponds to smaller ratio than the 8-coordination line, suggesting that the
cation radius tends to increase with the coordination number due to larger repulsion between

the anions.
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Fig. S9 Calculated correction factor against the radius ratio for NaCl-like (in red) and CsCl-like (in
black) crystals using Eq.(S61) and (S62), respectively. The dotted line corresponds to the correction
factor when the power n tends to infinity in each case, i.e. when the repulsion is infinitely small for
large interionic distance and is infinitely large for small interionic distance.

Pauling in his work [14] has defined the ionic radii for all the alkalis (= Li*, Na*, K*, Rb",
Cs") and halogens (= F~, CI7, Br~, I") by using Eq. (S61) to fit to the experimental interionic
distances of the alkali halide crystals. To define a set of ionic radii for the super-alkalis and
super-halogens that are consistent and comparable with Pauling’s data, we first note that
abundant experimental data are available for [Cs/Rb] [super halogen]™ salts, as indicated in
Table S5. Thus, by using Pauling’s ionic radii of Cs* and Rb* and by using Eq. (S61)-(S62),
we can define a set of ionic radii for the super-alkalis and super-halogens that are able to best
fit the available and simulated interionic distances. The fitted ionic radii are shown for both
NaCl-like crystals (CN = 6) and CsCl-like crystals (CN = 8) in Table S8 and S9, respectively.
Together shown are the calculated interionic distances compared to the measured or simulated
ones. Note that the interionic distances deviate from the sum of the corresponding ionic radii
due to the repulsion between like and unlike ions as contained in the correction factor of F(p).
The experimental (or simulated) interionic distances fit very well by these ionic radii. with the
radii obtained for the 8 coordination number showing a slightly better overall fitting than the

6-coordinated ones.
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Table S8 Fitted ionic radii for coordination number 6. The mean deviation of the calculated
interionic distances from the experimental (or simulated) ones is 0.045A. The upper figure in
each case is the calculated one.

lon Cs' MA FA Rb*

'O”i‘z A;‘dius 1.434° 1632 1686 1.294°
[GeCl,] 2.492 e 4900 2080 ]

[GeBrs] 2610 4019 2135 o136 4001
[Gels]” 2.714 22?1 2331 gg% )
sncll 2513 0R yoe  som ‘
[SNBrs] 2594 e 2110 166 ]
s 279 2R 2 o ‘
[Ge(BH.): 2580 - .08 5196 ]
[SN(BH.)s] 2.624 - g;ig ggig )

Pauling’s data [14].

Table S9 Fitted ionic radii for coordination number 8. The mean deviation of the calculated
interionic distances from the experimental (or simulated) ones is 0.038A. The upper figure in
each case is the calculated one.

lon Cs* MA* FA' Rb*

Ioni((:'gr\e)ldius 1.434° 1.617 1.674 1.2942
[GeCls] 2.425 s 4900 0% ]

[GeBrs] 2542 PRSs it o136 +501
CIRNECINE- S S S
[SNCls] 2.476 s e 201 ]
[SnBrs] 2.548 2 030 2110 2166 ]
[Snls] 2.138 o 36 o 406 aa81 ]
[Ge(BH): 253 - so8s 5108 :
[Sn(BH4)s] 2.578 - gg}é ggzg i

®Pauling’s data [14].
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All the ionic radii defined above should be considered as the ionic radii of the super-halogens
when they adopt the symmetric form, because all the interionic distances we used in the
fittings are either from the cubic phase or from a high-symmetry cell calculated as a cubic one.
Under ambient conditions, the hybrid perovskites usually show a less-symmetric phase and
the super-halogens adopt a polarized form of pyramid or square pyramid. Based on our
discussion about the characteristic triangle of the super-halogen [MXs]", its symmetric form
(regular octahedron) should have a larger radius than its polarized form (pyramid), given the
former has bigger geometrical dimension due to the longer M-X bond distances and more
distributed electrons. Indeed, if we compare the volume per molecule between the low
symmetry phase and the high symmetry phase of the same material, the volume decreases
with lower symmetry. This is commonly observed in the displacive phase transition of
perovskites, where a high-symmetry phase with larger volume is favored over a low-
symmetry distorted phase at higher temperatures due to its larger entropy term in the Gibbs
free energy. It should be noted that, when we define the effective ionic radii, we ignore the
thermal expansion effect of the material. The ordinary linear thermal expansion coefficient is
in the order of 1x107°/K, which means for a crystal with cell length as large as 10 A,
increasing 1000 K in temperature will only affect the second decimal place of the cell length
or the ionic radii. For the temperature in our consideration (several hundred K), the effect of

thermal expansion would be on the third decimal place of the ionic radii.

In order to estimate the ionic radii for the ‘pyramidal’ super-halogens, we first note that the
bond length of the symmetric form (regular octahedron)d,,, is correlated with its defined
radius. Figure S10 shows the calculated bond lengths of the super-halogens in their symmetric
form (see the data of n, = 0.5 in Table S5) against the defined ionic radii in Table S7 and S8.
Approximately, the ionic radius is linearly proportional to the bond length. Linear fittings
reveal that the ratios are 0.8 and 1.3 for the Shannon’s type radii (Table S7) and Pauling’s
type radii (Table S9), respectively.
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2.2 2.4 2.6 2.8 3.0 3.2 34
Tonic Radii (A)

Fig. S10 The approximately linear relation between the bond length dy, (n, = 0.5) and the defined
Shannon-type (red square) and Pauling-type (black circle) ionic radii of the super-halogens in the
symmetric form. The solid lines represent linear fit. The slopes of the black and red lines are 1.3 and
0.8, respectively. The intercepts are —0.4 and 0.5, respectively.

Since dj; is correlated with the cluster bond length d. of the pyramidal form of the super-
halogens according to the characteristic triangle, it is only natural to define the ionic radii for
the pyramidal super-halogens by assuming the same linear relationship between d. and the
radii. Table S11 shows the calculated ionic radii of the pyramidal super-halogens using this
method. As expected, the calculated ionic radii of the pyramidal super-halogens are smaller

than the ones with the symmetric configurations.

Table S11 Calculated ionic radii of super halogens in their pyramidal form by using the
cluster bond length d.. The Shannon-type radii correspond to the slope of 0.8 and the
intercept of 0.5 A. The Pauling-type radii correspond to the slope of 1.3 and the intercept of
-0.4 A. For comparison, the Shannon-type or Pauling-type radius of the symmetric
super- halogen is the lower figure in each case.

lonic radii of pyramid (A)

Super halogen d.(A) Slope =0.8 Slope =1.3
Intercept = 0.5 A Intercept = —0.4A

_ 2.32 2.123
[GeCls] 2.36 (2.84) (2.425)
_ 2.54 2.254
[GeBrs] 2:53 (3.00) (2.542)
_ 2.84 2.438

[Gels] 217 (3.14) (2.648)
_ 2.55 2.261
[SnCls] 2.54 (2.85) (2.476)
[SnBrs]” 2.7 2.75 2.385
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(2.94) (2.548)

- 3.05 2569
[Snl:] 2.94 (3.27) (2.738)

- 256 2.269
[Ge(BH.):] 2.55 (2.95) (2.535)
- 271 2361
[Sn(BHa)s] 2.67 (3.01) (2.578)

Now, with the effective ionic radii of the super-alkalis and super-halogens properly defined,
we can compute the electronic band gaps of the alkali halides and the hybrid perovskites in
our physical model and compare the results with available experiments. Table S12 lists the
model calculated band gaps of the alkali halides and the available experimental values. We
emphasize that one must use the radii of cation and anion computed within the same method.
For example, one should not use Shannon’s radius for the cation and Pauling’s radius for the
anion in the same calculation, because these radii are defined self-consistently only within the
same category. Also, only the data from the same type of radii (Shannon or Pauling) are
comparable to each other. It is inappropriate to compare, for example, the band gap calculated
using Shannon’s radii to a band gap using Pauling’s radii. Table S13 lists the computed band
gaps of the studied hybrid perovskites with the experimental values or the values from PBE,

HSEO06 and GW calculations, whichever is available.

Table S12 Calculated band gaps (Eg) of the alkali halides using our physical model (see Eq.
(S23), (S33) and (S36)). Experimental data (Exp.) [15] are given for comparison. Ay is the
ionicity of the bond defined in Eq. (S3). R and R_ are the ionic radii. In each case, Shannon
radius (S) is the upper number and Pauling radius (P) is the lower number. L. is the cell length
of the model calculated as twice the sum of R, and R_. For Pauling’s radii, the correction
factor in Eq. (S31) has been used in computing L. In the CsX (X = halogen) series, Cs" is 6-
coordinated in CsF and 8-coordinated in the others, corresponding to Shannon’s radii 1.81 A
and 1.88 A, respectively.

Material Ay (eV) R+ (A) R_(A) Le Eq(eV) Exp. (eV)
. 090(S)  119(S)  418(5)  10.9(S)

HF B 05a(P) 1225() 4016()  101(P) 136

Lol 1273 090(S)  167(5)  514(5)  6.7(S) o
0574 (P) 1589(P) 5.134(P) 55 (P) -

Liar 1124 090(S)  182(S)  544(S)  59(S) e
0574 (P) 1702(P) 5494 (P) 4.6 (P) -

NaF 1891 116(S)  119(S)  470(S)  8.2(S) 0
0.873(F) 1225(°) 4.614(P)  8.2(P) -

NaCl 1290 116(S) 167(S)  566(5)  55(S) or
0.873(P) 1589 (P) 5.630(P) 5.2 (P) -

NaBr 141 116(S) 182(S) 59(S)  50(S) .

0.873 (P) 1.702(P)  5.958 (P) 4.6 (P)
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KE 19.89 152(S)  119(S) 5.42(S) 5.6 (S) 107
1173(P) 1.225(P) 5326(P) 5.8(P) '
Kl 13.88 152(S)  167(S)  6.38(S) 41(S) 6.4
1173(P) 1589 (P) 6.280(P) 4.2 (P) '
KBr 1239 152(S)  1.82(S)  6.68(S) 37(S) 24
1173(P) 1.702(P) 6586(P) 3.8 (P) '
Ki 10.49 152(S)  206(S)  7.16(S) 33(S) 50
1173 (P) 1.867(P) 7.054(P)  3.3(P) '
RbE 20.21 166(S)  119(S)  5.70(S) 5.0 (S) 104
1294 (P) 1.225(P) 5634(P) 5.1(P) '
RbC 14.20 166(S)  167(S)  6.66(S) 37(5) 6.2
1.294(P) 1589(P) 6554(P)  3.8(P)
BhEr 1271 166(S)  1.82(S)  6.96(S) 34(S) .
1294 (P) 1.702(P) 6.868(P) 3.4 (P) '
RbI 10.81 166(S)  206(S)  7.44(S) 3.0(S) 6.2
1.294(P) 1.867(F) 7.326(PF)  3.0(P)
oF 20.45 181(S)  119(S)  6.00(S) 4.4 (S) 10.9
1434 (P) 1.225(P) 6.010(P) 4.3 (P) '
osCl 14.44 188(S)  167(S)  7.10(S) 3.1(S) 6.3
1434(P) 1589 (P) 6.910(P)  3.3(P)
CsBr 12,05 188(S)  1.82(S)  7.40(S) 2.9(S) 23
1434 (P) 1.702(P) 7.208(P)  3.1(P) '
Cl 11.05 1.88(S)  206(S)  7.88(S) 2.6 (S) 6.3
1434 (P) 1.867(P) 7.656(P) 2.7 (P) '

Table S13 Calculated band gaps (Eg) of the studied hybrid perovskites using our physical model (see
Eg. (S23), (S33) and (S36)). Experimental data (Exp.) or calculated ones from DFT (PBE, HSE and
GW) are given for comparison. Ay is the ionicity of the bond defined in Eq. (S3). R. and R_ are the
ionic radii of the cation and anion, respectively. In each case, Shannon-type radius (S) is the upper
figure and Pauling-type radius (P) the lower one. The radii for the case of 8 coordination number are
used. The left figure is when the super-halogen in its symmetric form (regular octahedron in the cubic
phase) and the right figure is when the super-halogen adopts its pyramidal form (in low-symmetry
phases) with all three M-X bond lengths close to d.. L. is the cell length in the model calculated as
twice the sum of R, and R_. For Pauling-type radii, the correction factor in Eq. (S31) has been used in
computing L.

Material Ay (eV) R+ (A) R-(A) Le Eq (eV) Ex(pe/\[;)FT.
CSGECl 888 uni) puspaae) ssobds(  Leszoop SOEP)
CGEB 8w psupase) aoussir)  Lsa-sar 2EP)
CSICI3 935 i) pasmon) ormene)  Lst-rea “SEP)
CoSBry 865 Liyip) assase) 1002654P) LdsLroe) OEP)
CsSls T2 un) 2y 106007y 1015y IEP)
MASICl 102 Teoo) o) soneap  1atrae SOUEP)
MASBI: 95 Tarp) psepsae) 10220700 Lét-tsa 2SEP)
MASNI; 8.77 2.14(S)  3.27/3.05(S) 10.82/10.38(S) 1.26~1.39(S) 1.3(Exp.)°
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1.62(P) 2.74/2.57(P) 10.85/10.30(P) 1.24~1.40(P)
MASIBH.), 881 2.14(S)  3.01/2.71(S) 10.30/9.70(S) 1.41~1.63(S) 3.61(HSE)
1.62(P) 2.58/2.36(P) 10.43/9.62(P) 1.36~1.64(P) 2.8(PBE)
2.14(S)  2.84/2.32(S) 9.96/8.92(S)  1.50~1.95(S .
MAGeCls 9.73 1.62§P§ 2.42/2.12§P§ 9.80/8.89§P§ 1.55~1.95§P§ 3.72(GW)
MAGEBrs 017 2.14(S)  3.00/2.54(S) 10.28/9.36(S) 1.41~1.76(S) 3.69(HSE)
' 1.62(P) 2.54/2.25(P) 10.11/9.29(P) 1.45~1.78(P) 2.87(PBE)
MAGel, 853 2.14(S)  3.14/2.84(S) 10.56/9.96(S) 1.34~154(S) 2.53(HSE)
' 1.62(P)  2.65/2.44(P) 10.58/9.87(P) 1.32~1.56(P) 1.95(PBE)
MAGe(BH.), 851 2.14(S)  2.95/2.56(S) 10.18/9.40(S) 1.46~1.77(S) 4.16(HSE)
1.62(P) 2.53/2.27(P) 10.25/9.33(P) 1.42~1.78(P) 3.23(PBE)
FASACI, 871 2.21(S)  2.85/2.55(S) 10.12/9.52(S) 1.48~1.71(S) 2.72(HSE)
' 167(P) 2.48/2.26(P) 10.10/9.42(P) 1.47~1.74(P) 2.02(PBE)
— 801 2.21(S)  2.94/2.75(S) 10.30/9.92(S) 1.44~1.58(S) 2.78(HSE)
' 1.67(P) 2.55/2.38(P) 10.34/9.80(P) 1.41~1.60(P) 2.15(PBE)
FASNI, . 2.21(S)  3.27/3.05(S) 10.96/10.52(S) 1.26~1.39(S) 1.41(Exp.)
' 1.67(P) 2.74/2.57(P) 10.96/10.39(P) 1.25~1.41(P) 1.62(PBE)
— 739 2.21(S)  3.01/2.71(S) 10.44/9.84(S) 1.42~1.63(S) 3.83(HSE)
1.67(P) 2.58/2.36(P) 10.55/9.73(P) 1.37~1.65(P) 3.0(PBE)
EAGECI, 824 2.21(S)  2.84/2.32(S) 10.10/9.06(S) 1.50~1.94(S) 4.11(HSE)
' 167(P) 2.42/2.12(P) 9.93/9.01(P) 1.55~1.95(P) 3.19(PBE)
FAGeEr, 2 68 2.21(S)  3.00/2.54(S) 10.41/9.50(S) 1.41~1.76(S) 3.75(HSE)
' 1.67(P)  2.54/2.25(P) 10.24/9.40(P) 1.45~1.78(P) 2.93(PBE)
FAGe, - o 2.21(S)  3.14/2.84(S) 10.70/10.10(S) 1.34~1.54(S) 2.5(HSE)
' 1.67(P) 2.65/2.44(P) 10.70/9.97(P) 1.33~1.57(P) 1.98(PBE)
FAGE(BH.), 702 2.21(S)  2.95/2.56(S) 10.32/9.54(S) 1.47-1.77(S) 4.49(HSE)
167(P) 2.53/2.27(P) 10.37/9.44(P) 1.43~1.79(P) 3.5(PBE)

®Experimental values from Ref. 16.
PExperimental values from Ref. 17.
‘Experimental value form Ref. 18.
Experimental values from Ref. 8.
Derived from the PBE value and the GW value of the material at its high-temperature cubic phase
(Pm-3m) [6], by assuming that the GW correction to the band gaps obtained from PBE is the same for
different phases of the material [17].
"Experimental values from Ref. 5.

As shown in Table S11, the ionic radii of super-halogens in their pyramidal forms are

significantly smaller than their radii in the symmetric form. By assuming the cation radii

change little, this leads to larger radius ratio in the low-symmetry phase of the material.

According to our model, this corresponds to larger band gaps compared to the high-symmetry

phase, as shown in Table S13 for both Shannon-type and Pauling-type radii. Different hybrid

perovskites may show different phases under the same ambient condition. For example, both

MASNBr; and MASnI; show the high-symmetry phases of tetragonal and cubic phases at

room temperature, while MASNCI3 shows the low-symmetry triclinic or monoclinic phase.

Therefore, in order to compare the band gaps through materials, it is only fitting to represent

the band gap of a material in a range with the value of the cubic phase as the lower bound and
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the value of the low-symmetry phase (where the super-halogen is a pyramid with its three M-
X bond lengths close to d.) as the upper bound. Indeed, as observed in the available
experiments and calculations, the cubic phase of a hybrid perovskite shows a smaller band

gap compared to its low-symmetry phases.
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VII. NBO analysis of the super alkali halides

Fig. S11 NBO analysis of [Ge(BH,)3] and [Sn(BH,)3] hyper-halogens shows that the latter has
larger bonding ionicity due to higher charge states although its radius ratio with the same cation is
larger than the former.
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VIIIl. DFT calculated electronic band structures
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Fig. S12 DFT calculated electronic band structures of hybrid perovskites based on crystal structures
obtained from the molecular dynamics simulations in Fig. S5 and relaxed ionic positions. The top of
the valance band has been adjusted to zero energy in each case. All materials show direct band gaps.
In each case, the left panel is from PBE calculation and the right panel is from HSEO06 calculation. The
"G" point in each case denotes the I" point.
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IX. DFT calculated electronic density of states

MAGeBr3

DoS (1/eV)

o0 -

12-10-8 -6 -4 2 0 2 4 6
Energy (eV)

DoS (1/eV)

64

10




DoS (1/eV)

12-10-8 -6 -4 2 0 2 4 6 8

DoS (1/eV)

Energy (eV)

12-10-8 -6 -4 2 0 2 4 6

Energy (eV)

65




FAGeCl,

_r T T T T T T 1 T T T T T T T T T T T

DoS (1/eV)

10-8 =6 4 2 0 2 4 6 8 10
Energy (eV)

FAGeBr3

Total

Ge 4p

DoS (1/eV)

Energy (eV)

66



DoS (1/eV)

DoS (1/eV)

Energy (eV)

67




FASnBr,

T T ! I T ! I

~ Total

DoS (1/eV)

12-10-8 -6 -4 2 0 2 4 6 8
Energy (eV)

DoS (1/eV)

12-10-8 -6 -4 2 0 2 4 6 8 10 12
Energy (eV)

68



MAGe(BH,),

T L T T

—
Total
—Ge 4p
Ge 4s
—B 2p
B 2s
—C 2p
—N 2p
——H" dos

DoS (1/eV)

8 6 -4 -2 0 2 4 6 8
Energy (eV)

MASn(BH,),

T T T T T

Total

Sn 3s

DoS (1/eV)

.| I|'I|

{ N

A&A I| o [ L

-10-8 -6 420 2 4 6 8 10 12
Energy (eV)

69



DoS (1/eV)

DoS (1/eV)

FAGe(B

H4)3.

&Y

-10 -8

FASn(BH,),

.

" " Total
Ge 4p
Ge 2s
—B 2p
B 2s
—C 2p
—N 2p
—H dos
H' dos

2 0 2
Energy (eV)

6 —4

-10 -8

T b |

Sn 5p
Sn 5s
—B 2p
B 2s
—C2p
—N 2p
—H° dos
H' dos

-6 -4 -2 0 2
Energy (eV)

70

— T T ' 1
Total

4

o~

6

8




MAGel (BH )
2 4

L L |“ — 1 Total — T T ]

Ge 4p

Ge 4s
—1 5p
I5s
—B 2p
B 2s
—C 2p
—N 2p

——H" dos

-8 —6

DoS (1/eV)

Energy (eV)

FAGel (BH )
2 4

[~ T T T T = T T ™1 T T T T T T T T T T

DoS (1/eV)

VA A QQ:\A’A\A&?S

-10 -8 6 -4 -2 0
Energy (eV)

71




MASnIL (BH )
2) 4 |

L ' Total
Sn 5p
Sn 5s
-1 5p
I5d
—B 2p
B 2s
—C2p
—N2p
——H" dos
H* dos

DoS (1/eV)

108 -6 -4 2 0 2 4 6 8
Energy (eV)

Fig. S13 DFT-PBE calculated electronic density of states (DoS). In each case, partial DoS analysis has
been carried out. The top of the valance band is at zero energy. “H_dos” stands for the total density of
states of the hydrogen. “H° _dos” stands for the total density of states of the hydrogen associated with
the cation. “H?®_dos” stands for the density of states from the hydrogen associated withthe anion.
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X.  Phonon calculations of MAGe(BH,4); and MASNn(BH,)3
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Fig. S14 Calculated phonon dispersions of MAGe(BH,4)s (upper) and MASn(BH,)3; based on crystal
structures obtained from the molecular dynamics simulations under ambient condition and optimized
ionic positions. MA stands for CH3NH;.
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XI. Stability analyses of the hybrid perovskite under moisture
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Fig. S15 NBO analysis for MAPDbI;, MAPbBr; and MAPb(BH,); super-salts bound to a water
molecule. MA stands for CH3NHs.

Table S14 Calculated binding energy between various super-salts and a water molecule. The
bond length of M-X within [MX;]™ super-ion is the averaged value in the optimized structure
with the water molecule. MA and FA stand for CH3NH3; and HC(NH,),, respectively.

Cluster Binding energy (eV) Bond length of M-X (A)
MAGe(BH,)3 0.652 2.68
MAGeCl; 0.711 2.38
MAGeBTr; 0.694 2.54
MAGel; 0.705 2.78
MASN(BH,)3 0.600 2.72
MASNCI; 0.763 2.56
MASNBTr3 0.731 2.71
MASnNI; 0.731 2.95
MAPD(BH,)3 0.593 2.76
MAPDBr3; 0.782 2.80
MAPbDI; 0.670 3.03
FA* 0.709 -
MA* 0.824 -
[LizO]" 0.996 -
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XI1. Vibrational spectra of super halide molecule with water
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Fig. S16 Simulated infrared spectra of molecules MAPbI; and MAPbBr; with one water molecule
binding to them. MA stands for CH3;NH3. The vibration modes involving the bond stretching of Pb-I
and Pb-Br are indicated by the arrows in the plot. The Pb-Br bond shows significantly higher
frequencies (148.15, 153.15 and 165.43 cm™") of these modes than the Pb-I bond (112.40, 113.62 and
128.79 cm™). The corresponding displacements of the iodine and bromine are shown schematically in
the figures a to f, respectively.

XI11. Inorganic super alkali [Li;O]"

Fig. S17 Planer inorganic super-alkali [LisO]". In its asymmetric configuration, it has an intrinsic
dipole moment of 29.40 Debye as indicated by the blue arrow originating from the center of electronic
charge. However, with symmetric constraint during the optimization, the dipole moment becomes zero.
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XIV. Electronic structures of the hybrid perovskites composed of hyper

halogens
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Fig. S18 DFT-PBE calculated electronic bands of newly-designed hybrid perovskites with iodine
partially replaced by super halogen [BH;]". MA and FA stand for CH3;NH; and HC(NH,),,
respectively. This indicates that MASNI,(BH,) should have smaller band gap than FAGel,(BH,). The
lattice parameters of [MA/FA][Ge/Snls] are used with relaxed positions of the ions. The "G" point in
each case denotes the I point.
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XV. Bowing factors of AM[l,_x(BH4)«x]: (A= MAand FA; M = Ge and Sn;
x =0, 1/3, 2/3, 1) from band gaps

Table S15 DFT calculated band gaps for AM[l; «(BH4)«]s (A = MA and FA; M = Ge and Sn, x = 0,
1/3, 2/3, 1) and the bowing factors from the polynomial fittings. MA and FA denote CH3;NH; and
HC(NH,),, respectively. In each case, the value is from DFT-PBE result and the value in the bracket
corresponds to the HSE result.

Direct band gap at x (eV)

Bowing
0 0.333 0.667° 1 Factor (eV)
MAGe[l1x(BH4)x]s 1.95(253)  1.65(2.22) 2.44 (3.19) 3.23 (4.16) 2.45 (2.88)
FAGe[l1x(BH4)x]3s 1.98(250)  1.62(2.17) 2.54 (3.31) 3.50 (4.49) 2.97 (3.39)
MASNH[l1 x(BH4)x]3 1.58 1.46 2.28 2.80 1.44
FASN[l1x(BH4)x]3 1.62 1.31 2.30 3.00 2.27

*The HSE band gaps are derived from the PBE values assuming corrections of 0.75 eV and 0.77 eV for
MAGe[l13(BH4) 23] and FAGe[l13(BH4)23]3, respectively. In each case, the correction is the
averaged correction by comparing the HSE and PBE gaps of the two cases x = 0.333 and x = 1.
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