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Abstract

The poor stability of organic—inorganic hybrid perovskites hinders its commercial application, which motivates a need for
greater theoretical insight into its binding mechanism. To date, the binding mode of organic cation and anion inside organic—
inorganic hybrid perovskites is still unclear and even contradictory. Therefore, in this work based on density functional
theory (DFT), the binding mechanism between organic cation and anion was systematically investigated through electronic
structure analysis including an examination of the electronic localization function (ELF), electron density difference (EDD),
reduced density gradient (RDG), and energy decomposition analysis (EDA). The binding strength is mainly determined by
Coulomb effect and orbital polarization. Based on the above analysis, a novel 2D linear regression descriptor that £, = —9
5 Q2/R0 +0.00053 VeEyy; —6.11 with coefficient of determination R*=0.88 was proposed to evaluate the binding strength
(the units for Q, Ry, V, and Ey; are lel, A bohr?, and eV, respectively), revealing that larger Coulomb effect (QZ/RO), smaller
volume of perovskite (V), and narrower energy difference (Ey; ) between the lowest unoccupied molecular orbital (LUMO)
of organic cation and the highest occupied molecular orbital (HOMO) of anion correspond to the stronger binding strength,
which guides the design of highly stable organic—inorganic hybrid perovskites.

Keywords Density functional theory - Organic—inorganic hybrid perovskites - Binding energy - Structural stability -
Goldschmidt tolerance factor

Introduction methylammonium), have become super absorbent materials
for solar cells with advantages of easy synthesis, tunable
Since the proposed use of perovskite-based solar cells (PSCs)  optical band gaps, and great power conversion efficiency
by Kojima et al. in 2009 [1], studies on PSCs have attracted (PCE) [2]. The theoretical maximum PCE of the traditional
extensive attention. Recently, organic—inorganic hybrid  silicon solar cell is ~29% [3], and nowadays, as a promising

perovskites, represented by MAPbI; (MA* = CH;NH;™,
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substitute for this, the PCE of organic—inorganic hybrid per-
ovskite solar cells has reached 25.2% [4, 5].

However, the poor stability of organic—inorganic hybrid
perovskite ABX; (A" =organic cations; B?* =inorganic
cations; X~ =halide anions) seriously blocks its wide
application. It has become a hot spot in both experiment and
theory to clarify the degradation mechanism and improve
the stability of organic—inorganic hybrid perovskites. A
large number of studies have focused on screening ideal
organic—inorganic hybrid perovskites with high environmen-
tal and structural stability [6-8]. MAPbI; was observed to
be sensitive to the environment, especially to water, mainly
because of the easy decomposition of Pbl;™ anion to Pbl, in
the presence of trace water [9]. However, due to the difficulty
of experimental characterization, the decomposition mech-
anism remains unclear and even controversial [10]. Some
have argued that one single water molecule could catalyze
MAPbI; decomposition [11], whereas others proposed that
decomposition does not occur unless more water molecules
participate in the reaction [12]. Thanks to the development
of DFT, Gao et al. [13] found that the stability of perovskites
is highly dependent on the number of surrounding water
molecules, and Tong et al. [14] concluded from the theory
that one single H,O molecule could hardly be adsorbed but
would penetrate the MAPbI; internally causing instability.
Obviously, compared to numerous experiments, DFT cal-
culation presents an option to increase the understanding of
perovskite stability at a molecular scale.

In the past, works paid enormous attention to the instabil-
ity of ABX; caused by ambient atmosphere, UV light, and so
on, whereas studies on the binding mechanism between A™*
and BX;~ were relatively rare. In actuality, A™ cations inside
organic—inorganic hybrid perovskites are easy to volatilize
[15], and researchers pointed out that the strong bindings
between A* and BX;™ are necessary for structural stability
in that some observed that the desorption behavior of A*
contributed to the formation of the vacancy on perovskite
layers at the grain boundaries [16], and this might well be
aroused from the inadequate formation energy of A---BX;
against the thermal drivers, which is in consistency with the
insight of Wang et al. that the intrinsic binding mechanism is
related to the structural stability, and the formation energy of
corresponding molecular building blocks of the complexes
A---BX; could offer valuable information to quickly estimate
the stability of the solar cell [17]. Until now, some have stud-
ied the binding mechanism of A* and BX;", but the conclu-
sions are different and variable. For instance, Fang et al. [18]
stated that the binding was mainly from ionic bonding, but
others reported that the binding strength arose from hydro-
gen bonding [17, 19]. Therefore, the binding mechanism
between A and BX; ™ needs to be clarified. Furthermore, a
descriptor of the binding energy could provide guidance for
highly stable organic—inorganic hybrid perovskites. As yet,
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this descriptor has not been proposed by prior work. Here,
by using DFT, we explore the binding mechanism between
A* and BX;, with the work focused on two aspects. (1)
Identify the origin of the binding strength between A* and
BX;". In this part, the ELF was plotted to study the orbital
effect, the EDD map was utilized to explore the Coulomb
effect, the RDG was used to determine inter-molecular inter-
action, and then EDA was made to clarify the energy compo-
sition of binding strength. (2) Propose a descriptor for bind-
ing strength based on the above analysis. We hope that this
work can promote the comprehensive understanding of the
internal binding mode inside organic—inorganic hybrid per-
ovskite and contribute to the synthesis of perovskite-based
solar materials with high structural stability in the future.

Calculation method

DFT was utilized for its high accuracy with relatively low
computing cost [20-22]. All calculations in this work were
performed at B3LYP[23]/def2SVP[24] level using the
Gaussian 09 package [25]. The B3LYP functional has been
proved to be rational for coincident results with CCSD(T)
level for hybrid perovskites research [18]. Because of the
large number of electrons in heavy atoms such as B site
metal and I atoms, relativistic effective core potential of
Stuttgart effective core potentials [26] was used to take into
account the scalar relativistic effect, while spin—orbit cou-
pling (SOC) was not considered since SOC was commonly
ignored by previous works on binding interactions of similar
cluster systems [27]. The def2-SVP basis set was selected
and has been used extensively in prior perovskite studies
[28-30]. Grimme’s DFT-D3 method [31], which could
increase calculating accuracy meanwhile saving comput-
ing resources, was used to correct dispersion interaction.
The Multiwfn 3.7 code was used to perform wavefunction
analysis [32].

Cluster models (CLMs) holding the same chemical ratio
as those in bulk phases were built with the general chemical
formula ABX;. Compared with the periodic model, CLMs
not only have lower computing costs, but also have benefits
for analysis of the electronic structure due to their rich ana-
lytical information. By comparing with bulk phase model
and known experimental data, the validation of CLMs has
been clarified by previous studies. Fang et al. [18] inves-
tigated key structural features of hybrid perovskites using
the same CLMs as these in this work and reported that the
bond lengths in CLMs were the same as those obtained in a
crystalline environment. They explored the LUMO-HOMO
gap based on CLMs and found that though absolute values
varied from those of band gaps in bulk phase models, the
trends of two kinds of gaps were similar, and their relative
variations were completely consistent [18]. Besides, MAPbI,
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degradation mechanism under trace water environment can
be understood by CLMs [9]. More relevantly, Varadwaj
et al. [33] further argued that inter-molecular interaction
modes obtained from CLMs and bulk phase models should
be aligned, and they reported that the optimized configura-
tions using CLMs could perfectly explain reorientation phe-
nomena of organic cation between perovskite faces, corners,
and edges which had been observed by quasielastic neutron
scattering and molecular dynamics simulation. Therefore,
CLMs are suitable not only to describe geometry charac-
teristics, but also to reveal intrinsic properties inside hybrid
perovskites, and more detailed verification of CLMs with
bulk phase models would be presented in the following parts
of this work.

To evaluate the binding strength between the organic
cation and anion, based on CLMs, the binding energy
(E,) of these two parts is calculated as follows [34, 35]:
E,=Expx3 = Eay — Epxs-- Here, Expxs, Eny, and Egys- are
the electronic energies of the fully optimized perovskite,
organic cation, and anion, respectively. In general, a more
negative value of E, corresponds to stronger interaction
strength, and if the absolute value of E, exceeds 0.5 eV,
the two fragments would be bonded stably for chemisorp-
tion interaction [36, 37]. As an important fundamental of
EDA, the total interaction energy (E,,.) between A* and
BX;~ was calculated. Here, the value of E,, was directly
obtained by subtracting the energies of the two fragments
after electron relaxation from the energy of ABXj. E, . con-
sists of two parts: the orbital interaction term (E,,) and a
summary of the electrostatic interaction term (£, as well
as the exchange repulsion term (E,,). For convenience, it
is customary to combine E, and E, terms in a steric term
(Eqeric)- Because E,, comes from the Pauli repulsion effect
and is invariably positive, the value of E,  is always more
negative than that of E

steric®

Results and discussion
Binding energy between A* and BX;~

Here, 36 CLMs of the most commonly typical
organic—inorganic hybrid perovskites (A* =CH;NH;*
(MA%), NH,CHNH,* (FA*), CH;CH,NH;* (EA™).
B**=Ge?*, Sn**, Pb?*. X" =F~, CI~, Br~, I") were set up, as
shown in Fig. S1, to explore the binding mechanism between
A* and BX;™. The small cluster used in this work shares
the same chemical ratio and shows similar charge distribu-
tion as these models in the bulk phase, and thus it has been
widely employed in previous studies on organic—inorganic
hybrid perovskites [9, 17, 18, 38]. The calculation results
such as binding energy and geometry parameters listed
in Table S1 are consistent with not only prior published

works but also the results from cubic bulk phase models in
Figs. S2-S3, proving the accuracy of the calculations done
in this research. It is noted that we compared the CLM with
the tetragonal crystal structure of MAPbI; using the struc-
tural file provided in the literature [39] and found that there
was a certain deviation between these models. For tetragonal
structure, the shortest bond length between H and I atoms
is3.11 A while the distance in CLM and cubic structure is
2.56 and 2.64 A, respectively. In addition, we calculated that
the E, between single MA and residual part of tetragonal
MAPbDI; is -4.10 €V, and this value is 0.63 and 0.61 eV lower
than that in CLM (-4.73 eV) and cubic model (-4.71 eV),
respectively. The E, between single MA and residual part
of tetragonal MAPbBr; and MAPbCl; is -5.18 and -4.44 eV,
respectively. For MAPbBTr;, the binding of tetragonal phase
nearly equals the values in CLM (-5.12 eV) and cubic phase
(-5.32 eV). As for MAPbCl,, the E, in tetragonal phase is
smaller by 1.07 and 0.85 eV, compared with these in CLM
(-5.51 eV) and cubic model (-5.29 eV). In general, the trend
of Ey is similar for cubic and tetragonal phase models, that
is, I-contained components have the poor thermodynamic
stability, while Br-contained perovskites is relatively out-
standing. Therefore, it is concluded that with the exception
of the Br-containing system, the binding energies of the
three models decrease with increasing atomic number.

In this work, we optimized different adsorption configura-
tions between MA™ and BX;™, and the most stable configu-
rations have been present in Fig. S1, with the less stable con-
figurations shown in Fig. S2. We found that the most stable
optimized structure is always the combination of -NH; and
BX;™. To better understand this behavior, we carried out the
electrostatic potential (ESP) analysis on the two fragments
inside these CLMs, which has been widely used in previous
works for the prediction of the most possible activity sites
[40]. The X atom in ESP of BX;" is blue, as shown in Fig. 1,
demonstrating that ESP of X atom is relatively negative,
and thus the point where the A site organic cation contacts
it should be the position where the electrostatic potential is
relatively positive. Therefore, the ammonium moiety (-NH;)
in MA*, double H atoms bonded to N atom in FA +, and
-NH; in EA* should be the most possible sites to interact
with BX;™ due to the presentation of red ESP color, and
this result could explain the calculating result of geometry
configurations in Figs. S1-S2. It should be emphasized that
the energy barrier between these stable configurations found
at zero temperature can be easily overcome due to thermal
effects and several different cation orientations can possibly
be reached at room temperature [41]. Here, we only consid-
ered the most stable configurations as the research object in
the following part.

The calculated E, are all extremely large, suggesting
that fierce interactions exist inside perovskites. Different
A and BX;~ compositions lead to large binding energy

@ Springer
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Fig. 1 Electrostatic potentials on the 0.001 e/Bohr’ contour of BX;~(PbI;”), MA™, FA*, and EA*. The values of electrostatic potential become

increasingly negative from red to blue

discrimination. From Fig. 1, the different halogens showed
significant influence on binding strength; that is, the values
of E, gradually declined in the order of F, Cl, Br, and I.
Previous works have pointed out that some semi-empirical
tolerance factors could well describe the structural stability
of perovskites, among which the Goldschmidt tolerance fac-
tor (¢) [42] and the octahedral tolerance factor (1) [43] have
become popular and widely employed. Based on Shannon
ionic radius of A*, B2*, and X~ [44], the values of  and y for
CLMs in this study are calculated in Table S2. It is acknowl-
edged that for values of 7 in the range of [0.78, 1.05] [45] or
4 in the range of [0.414, 0.732] [46], perovskite compounds
are expected to be generally stable, and we have highlighted
these structures meeting the requirement of these tolerance
factors in italics and bold. As for the researched perovskites,
different structural descriptors lead to varying conclusions
sometimes, suggesting that some new insights should be
offered to deeply understand the stability of perovskites. In
this work, E, corresponds to the intrinsic interaction within
molecular building modules and acts as a good supplement
to the tolerance factors, and therefore it accounts to better
understand the causes of high E, and impacts of different
halogens by adequate electronic structure exploration, which
provides a new insight for structural stability of perovskites.

@ Springer

Electronic structure analysis

ELF was used to exhibit electronic localization proper-
ties on planes determined by H, halogen, and metal atoms,
shown for MA-PbX; in Fig. 2. Red represents high elec-
tron localization area whereas blue means low electron
localization area. In Fig. 2, the 1 s orbital of the H atom
is obviously polarized to bond the N atom on MA™, and
halogen atom orbital polarization is weak. There is no obvi-
ous electronic localization area between the H and halogen
atoms. Therefore, covalent effect is not the main source of
high E,. The electron cloud distribution of halogen atoms
gradually diverges with the improvement of halogen atomic
numbers, and this causes different charge distributions
on MA-PbX;. The calculated Hirshfeld atomic charge of
marked His+0.12 e (X=F"),+0.11 ¢ (X=CI"),+0.11
e (X=Br"), and+0.11 e (X=17), and charge of X atom
on PbX; is-0.37e (X=F"),-034e (X=Cl"),-0.32¢
(X=Br"), and—0.31 e (X=1"), respectively. According
to the Coulomb law, the Coulomb attractive interaction
between H and X would gradually decline. EDD maps (at
0.005 e/A’ intervals), from separate A* and BX;~ frag-
ments to complete ABXj, are displayed in Fig. 3, where
the yellow location represents the area gathering electrons
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Fig.2 ELF plot of MA-PbX,
with X=F~, CI", Br", I”

Fig.3 EDD plot of MA-PbX;
with X=F~, CI", Br™, I” oa
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and the orange location represents the area losing electrons.
It is found that the -NH; group rather than -CH; group is
the main contributor to electron transfer in MA™, addition-
ally confirmed by first principles method using bulk phase
models in others’ works [47]. Consistent with the Hirsh-
feld charge result, the EDD maps prove that the charges
accumulated on H and halogen atoms gradually decline.
Therefore, we speculate that the fading E, with changing
of halogen atoms directly attributes to coulomb attraction
force. To confirm our assumption, EDA was performed to
obtain contributions of Coulomb effect, orbital effect, and
weak interaction on binding strength.

According to the EDA result shown in Fig. 4, when both
AT and B** are determined, E, ., E. ., and E.,. .. exhibit the

toe> ~orb> steric
same trend as E,. It is obvious that both orbital energy and

electrostatic energy impact the total interaction energy, but
in comparison, the electrostatic energy makes the larger
contribution. To distinguish who is the main contributor
between Coulomb effect and weak interaction in electro-
static energy, RDG analysis was done (RDG=0.5 a.u.,
electron density (p) <0.05 a.u.), as shown in Fig. 5. The
green area represents the weak interaction area. Hence,
MA-PbI; has the strongest weak interaction, whereas MA-
PbF; has the smallest weak interaction. Obviously, weak
interaction strength order is thoroughly contrary to that of
electrostatic energy with different X atoms. Therefore, the
effect of weak interaction should be minor, and the Cou-
lomb effect dominates the electrostatic energy and causes
the large binding energy between MA* and Pbl;".

@ Springer
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Fig.4 EDA plot of MA-PbX; with X=F, Cl, Br, I

The electronic structure analysis was additionally con-
firmed by periodic bulk phase models, taking MAPbX,
(X=F", CI7, Br7, I") as an example and being shown in
Figs. S3-S6 (for geometry, E,, EDD, and projected density
of states (PDOS) in bulk phase). The shortest bond lengths
of H-X atoms were optimized to be 1.70 A, 2.25 10\, 2.31 10\,
and 2.64 A in cubic ABX;, extremely similar to these val-
ues in CLMs, being 1.66 A, 2.16 A, 2.32 A, and 2.54 A,
respectively. The orientation of MA™Y is consistent between
these two models that nitrogen atom faces the anion instead
of the carbon atom, which may be due to the stronger elec-
tronegativity of the nitrogen atom. In addition, EDD plots of
bulk phase models show the same trend as those of CLMs,
as manifested by that accumulated electrons on X atoms
are decreasing in the order of F, Cl, Br, and I, suggesting
that the Coulomb effect is gradually fading. PDOS of bulk
phase models revealed that there was no obvious orbital
overlap between 1 s orbit of H and p orbit of X atoms near
the fermi energy level, indicating that hybridization of H and
X atoms was weak, and the covalent interaction should not
very strong, which was also in agreement with the results
from ELF analysis using CLMs. Therefore, the conclusion

Fig.5 RDG plot of MA-PbX;
with X=F~, CI~, Br—, I~

=~
o 7

MA-PbF3
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on electronic structure analysis obtained from CLMs should
be the same as that from bulk phase models, and it is rational
and reasonable, providing important fundamental as well as
guidance for evaluating the binding strength between A* and
BX;™ in the following part.

Descriptor for binding energy between A* and BX;~

The above results, taking together with those in Figs. S7-S12
and Table S3 (for ELF, EDD, RDG, and EDA in CLMs),
reveal that the Coulomb effect and orbital polarization are
responsible for the large binding strength between A* and
BX;™. However, the energy contributions in E, . for different
ABX; are varied. Figure S11 shows that for FA™ cation, the
main contribution to the binding energy is the orbital polari-
zation, thus following opposite trends to MA* and EA*, and
this should attribute to that the huge charge transfer inside
molecules can not only influence electrostatic interaction
but also orbital term. To build an exact descriptor of the
binding strength, an exploration of the effective independ-
ent variables representing these two energy compositions is
needed. Inspired by Coulomb law, we defined Q2/R0 as an
independent variable for the descriptor of E,, where Q is
the absolute value of the charge amount on A* and Ry, is the
shortest bond length of linked A* and BX;™. Considering
that the net charge on A* and BX;™ is equal, Q%R reflects
the potential energy of the whole system. From Fig. 6, a lin-
ear relationship is evident between Q%R,, and E,, with values
of R? being 0.93 (MA-GeX3), 0.98 (MA-SnXj3), 0.93 (MA-
PbX3), 0.97 (FA-GeX;), 0.89 (FA-SnX3), 0.75 (FA-PbXj3),
0.93 (EA-GeX;3), 0.98 (EA-SnXj3), and 0.997 (EA-PbX,).
All R? are near unity, suggesting that the Coulomb effect has
a positive impact on binding and indicating that the energy
contributed by the Coulomb effect with different X atoms is
almost constant. Previous work has reported that the fron-
tier orbitals energy gap of reactants directly corresponds to
binding strength [48, 49], based on the Frontier Molecule
Orbital (FMO) Theory. The net charge on A” inside a com-
plete ABX; molecule was less than+ 1 e, demonstrating that
A* acts as an electron acceptor in the bonding process. Thus,
we calculated the energy difference (Eyy; ) between LUMO of

2

MA-PbBr: MA-Pbls
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Fig. 6 Fitted lines between (a) Q*/R, and Ej; (b) Eyy; and E,

A* and HOMO of BX;™. Linear relationships between Ejy;.
as well as E, were given, with high R* as 0.98 (MA-GeX),
0.995 (MA-SnX3), 0.990 (MA-PbX;), 0.999 (FA-GeX,),
0.997 (FA-SnX3), 0.998 (FA-PbX;), 0.98 (EA-GeX3), 0.998
(EA-SnXj3), and 0.98 (EA-PbX;). Therefore, orbital effect
participates in binding interactions and its contribution to
the total interaction energy also almost remains unchanged
with different halogens.

Although Q%R and Ey; are descriptors for E,, wide
usage is limited given that those fitted equations are obvi-
ously different and lack universality. So, it is urgent to hunt
for a more universal descriptor that not only describes E,,
but also covers more perovskites. Previous studies have
reported that volume parameters influence chemical proper-
ties [50, 51] and that the molecular volume (V), as reflected
by lattice constant in bulk phase model, can change prop-
erties of perovskites significantly. Taking both factors of
energy contribution and molecular volume, in this work,

we propose an effective binary descriptor with the E, fitted
against Q2/R0 and VeEy; using the two-dimensional (2D)
linear regression model shown in Fig. 7.

It can be seen from Fig. 7 that the data points of E, are
almost distributed around the fitting plane with R>=0.88,
proving that E, ~(Q*R,, VeEy ) can be an effective
descriptor for binding strength. The fitted equation is
E,= —9.75(Q*R,) +0.00053 (VeE,;; ) —6.11, which indi-
cates that the larger is Q2/R0, and the smaller are V and
Eyy; , the more negative are the values of E (the units for Q,
Ry, V, and Ey; are lel, A, bohr?, and eV, respectively). For
organic—inorganic hybrid perovskites, larger QZ/R0 is related
to stronger energy arising from the Coulomb effect. Smaller
V suggests tighter bindings, and lower E}y; means easier
FMO interaction between HOMO of BX;™ and LUMO of
A™. Therefore, this fitted equation is in accordance with the
known Coulomb law and theory of FMO, confirming that
the model of E, ~(Q%R,, VeEy; ) contains useful physical

@ Springer
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Fig.6 (continued)

insights. We expect that this descriptor could effectively
deepen the understanding of the binding mechanism of A*
and BX;™ within organic—-inorganic hybrid perovskites,
providing effective and rapid theoretical guidance for the
design of perovskites with high stability. Moreover, based
on the work, further research for the determinants of stability
through the machine learning [52] and the ab initio molecu-
lar dynamics [53, 54] may be of great benefit to theoretical
predictions of the structural stability of perovskites in the
future.

Conclusions

Based on the electronic structures of 36 typical organic—inor-
ganic perovskites CLMs, we have revealed the binding
mechanism between A* and BX;™. The binding strength
between the A* and BX;™ acts as a descriptor to explain the
link between the reduction of atomic number of X location
and the enhancement of stability mentioned in the level of

@ Springer
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electronic structure. Though a certain difference between
CLM and bulk is observed, this work reminds that some
properties of organic—inorganic hybrid perovskites can be
studied using cluster models, which will greatly improve
the efficiency of high-throughput screening of stable per-
ovskites furthermore. Besides, through analytical methods
including ELF, EDD, RDG, and EDA, we found both the
Coulomb effect and orbital effect impact the binding strength
with each of their contributions being different. A novel 2D
multiple linear regression descriptor was proposed between
E, and (Q*R,, VeEyy; ) with coefficients of determination
R*=0.88. This descriptor provides guidance and a basis for
the preparation of highly stable organic—inorganic hybrid
perovskites in the future.
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