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Significance of hydrogen bonding
and other noncovalent interactions
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The CH;NH;Pbl; (methylammonium lead triiodide) perovskite semiconductor system has been

viewed as a blockbuster research material during the last five years. Because of its complicated
architecture, several of its technological, physical and geometrical issues have been examined many
times. Yet this has not assisted in overcoming a number of problems in the field nor in enabling

the material to be marketed. For instance, these studies have not clarified the nature and type of
hydrogen bonding and other noncovalent interactions involved; the origin of hysteresis; the actual
role of the methylammonium cation; the nature of polarity associated with the tetragonal geometry;
the unusual origin of various frontier orbital contributions to the conduction band minimum; the
underlying phenomena of spin-orbit coupling that causes significant bandgap reduction; and the
nature of direct-to-indirect bandgap transition features. Arising from many recent reports, it is now

a common belief that the I---H-N interaction formed between the inorganic framework and the
ammonium group of CH;NH; " is the only hydrogen bonded interaction responsible for all temperature-
dependent geometrical polymorphs of the system, including the most stable one that persists at low-
temperatures, and the significance of all other noncovalent interactions has been overlooked. This
study focussed only on the low temperature orthorhombic polymorph of CH;NH;Pbl; and CD;ND;Pbl;,
where D refers deuterium. Together with QTAIM, DORI and RDG based charge density analyses, the
results of density functional theory calculations with PBE with and without van der Waals corrections
demonstrate that the prevailing view of hydrogen bonding in CH;NH;Pbl; is misleading as it does

not alone determine the a—b*a~ tilting pattern of the Pbl¢*~ octahedra. This study suggests that it is
not only the I---H/D-N, but also the I---H/D-C hydrogen/deuterium bonding and other noncovalent
interactions (viz. tetrel-, pnictogen- and lump-hole bonding interactions) that are ubiquitous in the
orthorhombic CH;NH;Pbl;/CD;ND;Pbl; perovskite geometry. Their interplay determines the overall
geometry of the polymorph, and are therefore responsible in part for the emergence of the functional
optical properties of this material. This study also suggests that these interactions should not be
regarded as the sole determinants of octahedral tilting since lattice dynamics is known to play a critical
role as well, a common feature in many inorganic perovskites both in the presence and the absence of
the encaged cation, as in CsPbl;/WO; perovskites, for example.
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Together with the nature of the atomic constituents, intra- and/or intermolecular noncovalent interactions (NClIs)
play a crucial role in regulating ordering between and packing of the molecular domains, and hence are the
determinants of the geometry of a crystal and its properties! . The studies of the structure of millions of crystals
lodged in various structural databases’ have utilized the “less than the sum of the van der Waals radii (vdW)” as
a principal criterion to identify and characterize intermolecular bonding interactions®-!, although this criterion
fails on many occasions especially when a variety of such interactions are weak and of the vdW type!?~'¢. Clearly,
the nature of NClIs in similar systems needs to be carefully elucidated to avoid arriving at misleading conclusions
and an incorrect interpretation of theoretically simulated and experimentally observed data.

The CH;NH;PbI; (methylammonium lead triiodide, MAPbI;) semiconductor is one of such crystal systems
wherein NClIs play an important role. This interesting system has been extensively investigated in the last couple
of years, owing to its extraordinary efficiency as a solar energy converter; yet its physical properties have yet to be
fully delineated'”-%°. Structural elements?®, including the tilting of the PbI¢*~ octahedra of the inorganic core*%,
play an important role in dictating the function of the material, and is known to be driven by noncovalent inter-
actions. The extent of tilting of the MY¢*~ octahedra in BMY; halide perovskites (B=monovalent organic or
inorganic cation, M = divalent metal, and Y = Cl, Br, I and their mixed derivatives) is usually quantified in terms
of the deviations of the M—Y—M bond angles from 180° along the three crystallographic directions*'-?°. The ori-
gin of such tilting of the octahedra in inorganic and organic-inorganic perovskites has also shown to be a conse-
quence of a (rotational) lattice disorder???”3, which is associated with order-disorder dynamics®°. As has been
pointed out elsewhere?*?>?7-8 the dynamics of the local environment of perovskites directed in part by hydrogen
bonding (an NCI) remains unclear; accurate simulations of lattice dynamics are critically needed to shed some
light on how these impact the electronic properties of the material.

Both in- and anti-phase tilting of the PbI¢*~ octahedra have been crystallographically observed in 0-CD;ND-
sPbl; and o-CH;NH;PbI; perovskites®*? (see below), and confirmed theoretically?*-2*32 for the orthorhombic
polymorph of CH;NH;Pbl; perovskite. The tilting is prominent along the a4 and b mutually perpendicular crys-
tallographic axes described by a"b"a~ in Glazer notation®. The same tilting feature is also evident of all-inorganic
perovskites, such as CsPbI;**?>, for example.

MAPDI, exists in three main temperature phases (orthorhombic, T < 165K; tetragonal, 165 < T < 327K; and
cubic, T> 327 K)*#181925:2631.3236_Several studies have endeavored to shed light on geometrical aspects of the three
phases of the system that are driven by different modes of hydrogen bonding. The way hydrogen bonding between
the guest CH;NH; ™ (MA) cation and the host lead iodide inorganic lattice affects the tilting of the PbI;*~ octahe-
dra in the equilibrium geometry of 0-CH;NH,PbI;?*-¢ has been demonstrated. While doing so, the presence, and
importance, of other noncovalent interactions appear to have gone unnoticed, or unjustifiably underestimated.
It was concluded that I.-H-N hydrogen bonding interactions are mainly responsible for controlling the relative
orientations of MA and the host lattice, and hence, driving the in-phase and out-of-phase rotations of the PbIs*~
octahedra. An effort was then made to correlate the bond distances associated with these interactions with the
rotations of the octahedra in the perovskite lattice, an attempt, which, as we shall discuss below, is misleading.
A similar attempt was made by others to answer questions such as: Does the inorganic framework deform on its
own and the MA cation then accommodates itself in a particular orientation in the deformed cage? Or does the
MA cation force the inorganic framework into a particular deformation®’? The present investigation, however,
suggests that these studies have overlooked the importance of I.-H-C hydrogen bonding and several other non-
covalent interactions that are inherent in 0-CH;NH,Pbl;, similar to effects that we® and others!” have observed
in another member of the same perovskite family, CH;NH;PbBr;. An exploration of the nature of noncovalent
interactions in o-CH;NH;Pbl; is thus one of the core objectives of this investigation.

A distance criterion (H--I < 3 A) appears to have been used to determine whether or not a hydrogen bonding
interaction is present in 0o-CH,;NH,PbI,*. However, what other criteria were used to identify and characterize
such interactions in the crystallographic studies is unclear. For instance, Weller and coworkers®® performed a neu-
tron diffraction study on o-CH;NH;PbI; and reported some intermolecular distances between N and H atoms;
they then suggested possible hydrogen bonds between them. However, what specific signatures (other than pair
distribution function analysis) were used to claim that only I.--H-N, but not I.-H-C, interactions are feasible
in the geometry of the system remain controversial. A similar view was presented in a study reported by Ren
and coworkers*®. Baikie and others et al.* have also presented neutron diffraction data and their 'H MAS NMR
spectra showed two clear peaks with equal populations corresponding to the -CH; and -NH; environments
in the high temperature phase, yet the authors have observed the -CHj but the not the -NH; protons to have
longer relaxation times just before the phase transition and the reason for this behavior was unclear; the authors
attributed this to the nitrogen atom which is heavier than the carbon such that the -CHj; end of the ion is more
likely to not to interact with the changing sites of the cage. Since then, many other studies have relied on these
findings to claim the importance of I---H-N hydrogen bonding in the o-CH;NH;PbI; system’!, as well as the
I..-D-N deuterium bonding in the deuterated systems®, both experimentally®*>*¢ and theoretically®!-#>3¢:39-52,
The other members of the same perovskite family, viz., 0-CH;NH;PbCl; and o-CH;NH;PbBrs;, also adopt an ort-
horhombic polymorphic structure, meaning that hydrogen bonding is equally important for the overall structural
stability and for the evolution of the material properties of these systems. To claim that the strength of hydrogen
bonds between these three systems in the series is nearly equivalent™, in our view, is incorrect since the strength
of hydrogen bonding formed by the covalently or metal-coordinated CI, Br and I atoms in molecular and solid
state systems with a given type of hydrogen bond donor should follow the general trend Cl > Br > I, which is true
provided secondary interactions do not significantly hamper the status of the primary interactions. This trend is
intuitively reasonable since the size of the halogen correlates inversely with its electronegativity and the strength
of its hydrogen bonding interactions.

While it is relatively straightforward to identify hydrogen bonding interactions in systems such as o-CH;N-
H;Pbl;, it seems to us that sufficient care has not been made to date to make use of the appropriate criteria and
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characteristic features that TUPAC recommended for the identification and characterization of such important
geometrical features®. This is analogous to studies that have misleadingly referred to hybrid organic-inorganic
halide perovskites as organometallic perovskites®>—%, yet the notion continues in other studies to date. We'® and
later by others*, argue that these compounds do not contain a metal-carbon framework; thus referring to them
as organometallic compounds violates the underlying definition of the term “organometallic’, as put forwarded
by ITUPAC®. As said, appropriate characterization of intermolecular interactions in 0-CH;NH;Pbl, is an essential
step forward that might be used to assist to clarify the many misleading conclusions that have been advanced in
this area. Also, elucidation of these fundamentally important interactions might shed some light on how these
determine the overall shape of the material, contributing to tilting, and enabling it to display extraordinary opti-
cal and mechanical characteristics®! and eventually, causing it to become functional for possible applications in
future device technology.

In this paper, using the established literature on noncovalent interactions and the results (geometri-
cal, electronic and topological properties) of Density Functional Theory (DFT) and several charge-density
based approaches employed, we aimed at addressing several fundamental questions. Is the distance criterion
(H--1< 3 A) a necessary and sufficient condition for the assignment of hydrogen bonding between H and I atoms
in 0-CH;NH,PbI;? If the answer is yes, are the intermolecular bond distance cut-offs generally used for conven-
tional C---H, O--H, N---H, S--H, F---H, and Cl---H hydrogen bonds®-%* pertinent for I.-H hydrogen bonds, given
that the van der Waals radii®® of C (1.77 A), O (1.50A), N (1.66 A), S (1.89 A), F (1.46 A) and Cl (1.82 A) are sub-
stantially different from that of I (2.04 A)? Are significant noncovalent interactions limited to only polar bonds,
such as the N-H bond in the NH;" moiety of MA (methylammonium)? If this is so, does this lead to the exclusion
of putative interactions involving the C—H low polarity bonds of the —CH; moiety? If interactions involving the
latter are not insignificant, do they contribute to controlling the tilting of Pbls*~ octahedra in o-CH;NH;PbI; and
can they be quantified energetically?

In other terms, we shall show that I.-H-C hydrogen bonds should not be overlooked as they partly contribute
in determining the overall structure of o-CH;NH,;PbI;. We shall also address the interesting question of whether
hydrogen bonding controls octahedral tilting, as demonstrated previously, or whether it is the tilting that dictates
the pattern of noncovalent interactions. We shall present evidence that intermolecular distance cut-off (a tentative
approximation!) alone cannot be used to determine whether or not there is an attractive intermolecular interac-
tion between two atoms in a complex system. While it may well be that on occasion intermolecular interactions at
distances >3 A fall into the weak bonding regime, they are certainly not necessarily inconsequential for the bulk
structure of materials®*-6466-71 as well as that for supermolecular molecular systems in the gas phase.

This paper is organized as follows. In the following section, we provide the details of computational meth-
odologies adopted, including the reasoning why they were chosen. Following this is the Results and Discussion
section, where we explore chemical bonding scenarios addressing the questions raised above using various state
of the art computational approaches, including comparison between the accuracy of lattice constants evaluated
theoretically using standard DFT methods with those known experimentally. In a subsection of the latter, we
provide a description of strength of the importance of the organic cation and its possible role in the tilting of the
PbIs*~ octahedra of the inorganic framework. Finally, we summarize our results in the Conclusion section.

Computational Methods

Most of the periodic DFT calculations reported to date on CH;NH;PbI; have presented the patterns of chemical
bonding and its physical chemistry based on a static geometry, even though the organic cation is subjected to sig-
nificant dynamics around room temperature and even at 25 K’ The reliability of the calculated structure has been
inferred from a comparison with available X-ray or neutron diffraction structures®®”. As noted previously>!~,
it is not straightforward to provide the nature of bonding in halide perovskite crystals using X-ray diffraction
structures since it is difficult to correctly assign the position of N, C and H atoms within the framework of heavy
atoms such as I and Pb; nor it is easy to provide a definitive conclusion on the cation dynamics since there is a lack
of appropriate agreement between theoretical and experimental data, which is due to the large spread in the out-
comes of the different experimental reports that make it difficult to judge the accuracy of any particular level of
theory”. What is known about the orientation of the ammonium and methyl groups of the organic cation inside
the perovskite cage at and above room temperature is nothing other than an approximation since the cation expe-
riences rotational dynamic motion, and was inferred from spectral signatures on the average (static) geometries at
different snapshots and from chemical intuition. Taking this into account, we have used the more reliable neutron
diffraction structures of o-CH;NH;PbI; and 0-CD;ND;PbI; for benchmarking DFT geometries even though
these were determined at temperatures > 0K, and are representatives of metastable ground states of the system.

The PBE (Perdew-Burke-Ernzerhof) exchange-correlation functional”’, together with a I-point centered
10 x 8 x 10 k-point mesh for Brillouin zone sampling, as in previous studies’””%, and a plane-wave energy cut-off
of 520 eV, was used to obtain the relaxed bulk geometry of o-CH;NH;Pbl;. The Projector Augmented Wave
(PAW) method”® was utilized for the relaxation of ionic positions and unit-cell parameters. The tolerance
for total energy convergence was set to 107> eV atom ™! rather than the default setting. The average and maxi-
mum intermolecular forces on ions after relaxation were below 0.005 and 0.009 eV A", respectively (all below
0.01eV A1), and the stresses were below 0.05 Gpa; similarly as in other studies!7?+2>32, VASP31-%4, the Vienna Ab
initio Simulation Package, was used.

Regardless of whether one uses Density Overlap Regions Indicator (DORI)®, Reduced Density Gradient
(RDG) noncovalent index®, or quantum theory of atoms in molecules (QTAIM), all provide insight into chem-
ical bonding provided the geometry of the chemical system under investigation is well defined; this is because
these approaches are all geometry dependent, as are any other properties of the system (such as polarity, for
example). The Gaussian 09 package®” was therefore used for the generation of wavefunctions, with the PBE, or
PBE + vdW, or neutron diffraction geometry supplied. PBC single points were performed and an all-electron
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correlated double-C DZP basis set obtained from the EMSL basis set library® was invoked. These were used for
the evaluation of the RDG, DORI, and QTAIM based electron density properties associated with the coordinate
and noncovalent bonding interactions. Depending on the evaluation of specific properties and visualization,
software packages such as Critic 2%, AIM-UC*°, Multiwfn®!, AIMAII’>, and VMD?? were used.

Before proceeding to the Results and Discussion section below, we answer the following questions raised by
some anonymous reviewers: Will the absence of (i) Spin-Orbit Coupling (SOC) and ii) vdW corrections affect
the DORI analysis® and other results of the o-CH;NH;PbI; system? We answer question i) as follows. SOC
does not determine the geometry of the halide perovskite system since it not a determinant of the geometry
of the system,; rather it affects the electronic properties. This view is in agreement with Whalley and cowork-
ers®. Moreover, it must be kept in mind that relaxation of the geometry of the system with SOC significantly
increases the computational timescale, providing no remarkable changes to the local geometry’? that could
affect intermolecular interactions?»**~. If the importance and nature of band dispersion and non-equilibrium
quantum transport properties are the main concern of a study, a SOC calculation is necessary!'®. It assists in
an understanding of the nature of the splitting of the valence and conduction band extrema at the band edge,
called valence band maximum (VBM) and conduction band minimum (CBM), respectively, by which the CBM
is generally and appreciably affected, causing the character of the bandgap (E,) to change from direct to indict or
vice-versa for organic-inorganic hybrid halide perovskites. However, this is not the case for o-MAPbI; since the
bandgap is always direct at the I-point. This is because SOC does not cause any splitting of either of the band
extrema, although the magnitude E, is affected. The decrease in the magnitude of the E, due to SOC can be as
large as 1eV*#!%! which is due to the degenerate (empty) 6p orbitals that are split and shifted apart in energy. This
attribute has been referred to as a structure-dependent SOC response, which is enhanced for less tilted structures
leading to an effective bandgap reduction'®2. We note that this (direct-to-indirect bandgap transition) attribute
has been reflected in the structure of the same MAPbI; system in the cubic phase. In this phase, the orientation of
the organic cation inside the cage is believed to lie along three possible directions, (100), (111) and (110), as well
as along their other equivalent directions (viz. (0£11), (01 £ 1), (£101), (£110), (10£1), (01 £ 1)). Because of
this, the structure of the system is locally affected. When the effect of SOC is taken into account in the analysis
of band dispersion, the direct to the indirect character of the bandgap is generally encountered with respect to
the orientation of the organic cation, which is due to the band splitting and the shift of the CBM from R — M in
k-space. This has been explained as a result of the intermolecular hydrogen bonding interactions between the I
atoms and MA that are not symmetric, which affects symmetry of the overall system, causing the space group of
the system to transit from Pm3m to P1 in the relaxed geometry®, and is indeed not the subject of this study. Large
band dispersion generally leads to high electron- and hole-mobility, and consequently, to large diffusion length
for the charge carriers, which is good for efficient charge carrier extraction'®. These discussions widely scattered
in the perovskite literature might explain why the majority of theoretical studies performed SOC single points on
the energy-minimized geometry of the MAPbI, system.

To answer question (ii), we refer to the study of Li and Rinke?”. These authors have suggested that hydrogen
bonding, which is well described by the PBE functional, plays a decisive role in the structural parameters of these
systems, including the position and orientation of the organic cation as well as the deformation of the inorganic
framework. The vdW-induced lattice-constant corrections are system-dependent and PBE + vdW lattice con-
stants are expected to be in good agreement with experiment. As we show in the following section below, the
inclusion of the effect of vdW does not reproduce exactly the experimental structures, i.e., the intermolecular
interactions could not be significantly magnified by incorporating vdW corrections, yet it significantly influences
the unit-cell volume compared to that calculated using PBE without vdW. We have indeed observed marginal
changes on the lattice constants, and other geometrical properties (bond distances and bond angles, efc.), but this
did not lead to any change in the overall conclusions on the nature and type of intermolecular interactions arrived
at by incorporating vdW corrections. We have previously observed an analogous result for the CH;NH;PbBr;
system by performing vdW corrections at different levels of theory®. It is, however, worth noting that vdW plays
a major role especially when one is solely interested in the determination of the stabilization energy of an inter-
molecular interaction; this is not the case here since it is not possible to determine exactly such an energy of the
individual intermolecular interactions involved between the inorganic host and the organic guest using periodic
DFT calculations, because there are many of them that are immersed in the interaction of the amine and methyl
H atoms with the iodide inorganic host. Nevertheless, the effect of van der Waals (vdW) correction was consid-
ered at the DFT-D3 level (vdW-D3) with Becke-Jonson damping!%*!% as incorporated in VASP#!-84,

Since SOC has no direct influence on the structure, its exclusion should not affect the results of DORI, QTAIM
and RDI based NCI approaches. Since the vdW correction has some effect on the overall geometry, lattice param-
eters and intermolecular interactions, it would have some impact on the strength of the interactions; what effect
this does have on these interactions in 0o-CH;NH;Pbl; is discussed below.

Results and Discussion
The various representations of the PBE relaxed unit-cell geometry of o-CH;NH;PbI; are shown in Fig. la-c),
and the periodic extension of the unit-cell in all three directions is illustrated in Fig. 1d). The optimized lattice
constants are shown in Fig. 1c. Although the PBE computed lattice constant c is about 0.7 A larger than that
reported for 0-CH;NH;PbI; (T &~ 100K)*! and b) CD;ND,PbI; (T = 10K)*? using neutron diffraction meas-
urements (Fig. 2), all other lattice constants were well reproduced. There is a marked difference in the unit-cell
volumes when the calculated and experimental values are compared (Fig. 2). Moreover, the calculated bandgap,
which is the energy difference between the top of the valence band maximum and the bottom of the conduction
band minimum, is 1.78 eV for o-CH;NH,Pbl,.

The inclusion of a vdW correction has some impact both on the bond distances and bond angles, and caused
areduction in all three lattice constants. The volume of the unit-cell was also affected significantly, reducing from
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Figure 1. (a—c) Ball-and-stick views of the unit-cell of 0-MAPbI; (48 atoms). In (b,c), the I atoms outside the
cell boundary are not shown. (d) The polyhedral and ball-and-stick display of the 3 x 3 model of 0-MAPbI,
showing the the supramolecular (thin film type) geometry of the infinite crystal emerges from the repetition of
the unit-cell only. PBE optimized lattice constants for the unit-cell are shown in c).

the PBE value of 1026.46 A® to the PBE + vdW value of 959.83 A?, in which the latter is closer to the experimen-
tally reported value of 560.338 A* (Fig. 2). A consequence of this is that the bandgap, which was calculated to
1.78 eV for the uncorrected structure, was reduced to a value of 1.64 eV after vdW correction.

The bandgap values noted above are in reasonable agreement with the experimental value of 1.65eV (4.2 K)'%.
We note furthermore that the PBE bandgap matches that of 1.81 eV reported previously with the SOC-GW
approach'®. It also matches with that of 1.63 eV reported with HSE06777%, but is smaller than values of 2.07 and
1.96 eV reported with GGA and PBE + D,, respectively””. The 3 x 3 model of o-CH;NH;PbI; has a very marginal
effect on both the geometries (e.g., bond distances and angles) and bandgap; hence the unit-cell geometry and its
properties are a good representation of these properties of the supramolecular composite structures. Thus DFT
modeling of the properties of the bulk geometry can be used as an approximation for the understanding of any
large-scale system, as discussed in other studies!?”1,

Figure 2c,d show the unit-cell geometries and lattice constants for o-CH;NH;PbI;*! and 0-CD;ND;PbI;*
from neutron diffraction measurements. We have used the 0o-CD;ND;Pbl; geometric data for this study as the
C-H bond lengths of the -CH; group in MA of 0-CH;NH;Pbl; are reported to be longer than the correspond-
ing C-H and C-D distances of several deuterated analogues of the same system reported in the orthorhombic
phase?2. For instance, the C-H bond lengths in 0-CH;NH;PbI; (T = 100K) range between 1.215 and 1.114 A%,
which are significantly longer than the C-H/C-D bond distances in 0-CD;NH;Pbl; (1.078-1.088 A at 10K),
0-CH,ND,Pbl, (1.083-1.091 A at 10K), 0-CD;ND;Pbl, (1.072-1.083 A at 10K) and 0-CD,ND,Pbl, (1.030-
1.027 A at 130 K)*2. This shows that the I..H-C/ I.-D-C intermolecular distances between the perovskite host
lattice and the organic guest in the orthorhombic polymorphs reported in the two studies are different.

There are two possibilties that explain the somewhat longer C-H bond lengths in o-CH;NH;PbL. First, this
could be due to the H atom positions that were determined at a higher temperature, i.e., an effect of temperature.
Second, and because of this, there may be partial proton transfer between the I and H(C) atoms; the proton
transfer phenomena are, in general, associated with bond elongation and concomitant red-shifting in the vibra-
tional frequency of the covalently bonded proton (H) linked with a Lewis base in an intermolecular interaction.
Moreover, even though 0-CD;ND;Pbl; is fully deuterated, the presence of D species should hardly cause any
marked elongation to the C-D compared to the C-H bond in a given compound. Because of the larger atomic
mass of D, its involvement in a noncovalent interaction, in principle, makes the interaction stronger since the
zero-point vibrational motion of the C-D bond plays an important role. This is not unreasonable given that
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c= 85769A y=90.0° c= 85598A y=90.0°
Volume = 960.338 A3 Volume = 949.38 A3
Tilt  /Pb-I-Pb =161.9° (along b) ZPb-1-Pb = 162.7° (along b)
ZPb-1-Pb = 150.8° (along « and c¢) ZPb-1-Pb = 150.1° (along « and ¢)
MAPDbI;, Neutron diffraction dg-MAPDI;, Neutron diffraction
(Weller et al.) (T =100 K) (Whitfield etal.) (T =10K)
) d)

Figure 2. Comparison of (a) PBE and (b) PBE + vdW calculated unit-cell properties of o-CH;NH,PbI,
with those of (¢) 0-CH;NH;Pbl; (T 2 100K)*! and (d) dg-CD;ND;PbI; (T &~ 10K)*? reported using neutron
diffraction measurements. Included are the lattice constants, tilt angles and unit-cell volumes. Calculated
bandgaps with and without vdW corrections are shown for the calculated geometries. Temperatures T are
indicated.

the quantum mechanical description of the C-D system compared to the C-H system shows the former has a
relatively lower zero-point energy, which presumably corresponds to the minimum energy configuration that
the quantum system can attain. The zero-point motion causes the former to vibrate more slowly than the latter
due to the difference in their masses that affect the stabilization energy of the intermolecular interaction that
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they individually form with a given negative site; the former needs more energy for bond dissociation than the
latter. This feature emerged from many experimental studies; it is well established, and thus requires no further
explanation!%-111,

Nevertheless, and in contrast with what has been suggested in?, simply because the N---I distances are shorter
than the C--I distances and the C-H---I angle is smaller than the N-H---I angle is not grounds for ignoring possible
C-H--I hydrogen bonds. N---I distances must necessarily be shorter than C--I distances given that N has a smaller
van der Waals radius than C (1.66 vs. 1.77 A%). There is enough precedence®>-64667 that in the case of C---H
hydrogen bonds the angle of approach of the electrophile ranges between 90 and 180° and the intermolecular dis-
tance is usually smaller than 3.30 A the latter is significantly larger than the sum (2.97 A) of the van der Waals
radii of C and H. This is in accordance with Torshin et al.!'* who have proposed a number of empirical rules to
define a minimal geometrically-consistent set of the criteria for the identification of a P--H—A hydrogen bond (P
is the proton acceptor species, and A is the proton donor fragment covalently bonded to atom H).

The neglecting of possible I.-H-C interactions, as was done in some reports’*?> and many other experimental
studies, is at odds with a more recent study'. In this, it was shown that both the Br-+-H-C and Br--H-N hydrogen
bonds have significant strength and together explain the tilting of the PbBr,*~ octahedra in the related perovskite,
0-CH;NH;PbBr;. In particular, it was found that the Br--H-C interactions become significant in the low temper-
ature orthorhombic polymorph. This observation was used to rationalize the state of the MA cations and their
effect on the concomitant tilting of PbBr,~ octahedra, with a consequent dynamic change in the band structure.
A similar finding was recently reported by us for the same system?, providing further evidence of the reliability
of the I.--H-C interactions in the o-CH;NH;PbBr; perovskite system. The possibility of such close contacts in
CH;NH,PbI; has also been pictorially indicated in many other other studies such as in the report of Ong et al.''4,
but not discussed.

There are many experimental studies that suggest that if two atoms of opposite charge from two molecular
species are in closer proximity than the sum of their vdW radii, then there is the possibility of the formation of a
significant noncovalent intermolecular interaction between them®-6466-70115 Ag the van der Waals radius of I is
2.04 A and that of H/D is 1.20 A%, any I.--H intermolecular distance <3.24 A in 0-CH;NH,Pbl; signifies a poten-
tially significant intermolecular interaction. This same argument also applies to I.-D-N and I.--D-C distances in
0-CD;ND;Pbl; that have the d,-MA species inside the inorganic cage (Fig. 2d).

The ball-and-stick and polyhedral views presented in Fig. 3 show a variety of snapshots of the organic species
inside the cage of 0-CD;ND;Pbl;. For instance, the geometry B) of the system leads to the snapshots shown in
A) and C) through approximately clockwise and anticlockwise rotations of the overall geometry of the system,
respectively. Based on intermolecular bond distances between the host and guest species (Fig. 2), one might
identify three I--D-C and three I--D-N (possible) interactions in the experimental geometry of 0-CD;ND;PbL;*,
marked a-b and c-d, respectively; there is a similar possibility in the experimental geometry of o-CH;NH;PbI;*!.
For instance, the I.-H-C intermolecular distances available in the supplementary information of o-CH;N-
H,Pbl, (Fig. 2c) show two interactions at 3.005 A and one at 3.190 A; the corresponding I.-H-N distances are
2.807 A(x2) and 2.613 A, respectively. These distances are all <3.24 A, consistent with the range for hydrogen
bonds formed by the C-H donor!'®. There is therefore mutual penetration between the I and H atomic basins,
indicative of the presence of a hydrogen bond!'7-!'. However, an experimental increase in the temperature of the
system increased the I.-H(-N) bond lengths such that these were in the ranges 3.15-3.18 A and 3.12-3.52 A at
180K and 352K, respectively; this is associated with the change of phase of the system. Because spread between
the experimental data for bond lengths is so large, it is difficult to make the best choice between the computational
methods and their accuracies, in concordance with other views™.

The PBE calculated bond distance values are 2.727 vs 2.721 A for I.-H(-N), and 3.161 vs. 3.363 A for I.-H(-C)
contacts, showing some discrepancy especially in the latter values compared to the neutron diffraction data.
Incorporating a vdW correction resulted in a slight decrease in these bond distance, viz., 2.645 and 2.618 A for
the fomer and 3.010 and 3.209 A for the latter (Fig. 2). Even so, there is no significant difference between either
of these calculated geometries compared with that observed between the two types of I--H(-N) bonds in either
of the crystal geometries. While the simulation cell volume was found to change significantly with the vdW
correction, which also occurs on changing the nature of the correlated level”, this did not markedly affect the
intermolecular interaction distances.

Lahnsteiner ef al.” have carried out molecular dynamics simulation in the temperature range 250K to 400 K
with several DFT functionals. Their results show Gaussian probability distribution for the I.-H-N and I.-H-C
hydrogen bonds. For example, the former bonds were found with values in the range 2.75-2.80 A with PBE, and
2.75-2.79 A with PBEsol, and have observed an increase of these distances when passing from T = 250 K through
300K to 350K to 400 K. An opposite trend was found for the I--H-C hydrogen bonds over the same temperature
range. The underlying reason for this behavior of the bond distances was unclear from the study, but this could
be due to the mobile nature of the H atoms of the amine group undergoing proton transfer as the temperature of
the system increases.

In 1998, Steiner summarized some experimentally reported I"--H and I"--C/N distances in I"--H-C/N hydro-
gen bonds that have ZI7--H-C/N < 140°'%°. The distances for I"--H-C(Cl3), I"-+H-C(H,Cl,), I"-~H-C(NN), and
[~--H-C(CN) were 2.84 and 3.86 A, 2.85 and 3.88 A, 2.90 and 3.85 A, and 2.99 and 4.00 A, respectively. Similarly,
the I"-~H(N) and I"---N distances in crystals involving -NH,*, N*H,, (CC)N*H and I~ were 2.72 and 3.68 A,2.76
and 3.61 A, 2.63 and 3.58 A, respectively, thus showing the N-H donors to form relatively shorter intermolecular
contacts than C-H donors as expected based on our arguments using vdW radii. Moreover, while the existence
of X---H-C hydrogen bonding was a matter of controversy between 1937 and 1995°>!21-123| Aakerdy and cowork-
ers'?* in 1999 pointed out that the chemical and biochemical community tend to ignore, or are unaware of, such
interactions, or, of more concern, dismiss them as insignificant. As they pointed out, this is unfortunate since
such hydrogen bonds are of great importance in molecular recognition processes, the reactivity and structure of
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AE(BSSE)/keal mol! ~  _79 81 -88.47 -93.63 -95.56

Figure 3. Polyhedral (upper) and ball-and-stick (middle) model views of 0-CD;ND;Pbl; (10 K) from powder
neutron diffraction data®’. The distances marked a, b in blue and ¢, d in green in (a) through (c) distinguish
between the potential I.--D-C and I.-D-N deuterium bonds. The a and d labels are repeated for equivalent
bonds. Similar hydrogen bonded contacts are identifiable in the structure reported for crystal data of
0-CH;NH;PbI;*, although with somewhat different intermolecular distances (Fig. 2). Shown in (a-d) are the
CD;ND; "~ I;Pb molecular blocks extracted from the polymorph B) (see text for detail).

biomolecular species, the stability of complexes, crystal engineering, molecular conformation and ionic liquids.
While the sum of the vdW radii, as a meaningful selection criterion for hydrogen bonding, is mainly electrostatic
in origin, an attractive force which does not decrease greatly with increasing distance is thus still expected to
be significant well beyond the vdW separation. The sum of the van der Waals radii to validate intermolecular
hydrogen-bonding interactions is a very poor criterion. These authors especially noted the importance of the
aforesaid interactions as a prototype and argued that Cl--H-C hydrogen bonds might be present in a wide range
of compounds containing heterocyclic aromatic systems. Although Desiraju believed that the Cl---H-C interac-
tion was still questionable at that time, others recognised its existence; this eventually led to a demonstration that
the phenomenon is universal, and not restricted to any specific category of compounds. It was further shown
that the Cl~---H-C interaction is an attractive hydrogen bonding interaction, commonly displayed at distances
greater than the conventional vdW limit, often occurring between 2.9 and 3.1 A. C-H hydrogen bonds to fluorine,
bromine and iodine were demonstrated to show similar patterns of bonding. This is in line with the concluding
remarks of Taylor!?>: “It took me 30 years to be persuaded that C—H---F—C and C—H---Cl—C contacts matter, but
I remain of this view. Whether this belief is accepted by others or not, one thing is clear: any explanation of the
crystal packing of the structures discussed herein must account for the fact that they contain many more X---H
interactions than would be expected by chance”.

A statistical potential developed by Jiang and Lai'?® has quantitatively described the O--H(C) hydrogen bond-
ing interaction at the protein-protein interface. The calculated energies of the O--H(C) interaction pairs showed
a favorable valley at about 3.3 A2, exhibiting the feature typical of a hydrogen bond; this is similar to the ab initio
result reported by others elsewhere!?”. These authors have demonstrated that the low polarity C-H bond has the
potential to engage in an attractive interaction to form a hydrogen bond. Similarly, as Jeffery noted a few dec-
ades ago'?, the proximity between a polyhydroxy molecule and a protein they examined does involve hydrogen
bonding, contrary to prevailing views. It is, in the context of current thought, also likely that the I.-H(C) hydro-
gen bonds in 0-CH;NH;PbI; have not been recognized as possible hydrogen bonded synthons that contribute
to its structural development in the low and room temperature phases. Studies of F--H-C, Cl---H-C, Br---H-C,
I.-H-C and C-H--- furnish further evidence concerning the significance of intermolecular interactions that can
be formed by the low polar C-H donor!?>129-134,
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The immediate question that arises now is how to quantify the strength of these hydrogen and deuterated
bonded interactions in 0-CH;NH;PbI; and 0-CD;ND;Pbl;, respectively. The answer is not straightforward
because there is no simple way available to calculate the stabilization (binding) energy of either of these hydro-
gen bonds in 0-CH;NH;PbI;, or of the deuterium bonds in 0-CD;ND;Pbl;. This is because the bulk structures
are modeled theoretically using periodic boundary conditions, containing 48 atoms with different numbers of
Pbl,~ and CH;NH;" fragments. Another reason is that intermolecular interactions involved between the organic
and inorganic cores are all collective, and are responsible for the overall stability of the geometry of the system.
Estimation of the stabilization energy might be easier for the cubic geometry of the system since the CH;NH;Pbl;
bulk in the cubic phase is composed of a single Pbl,~ subunit and a CH;NH; " subunit. Again, in doing so, one
would use a periodic calculation for the PbI; ™ lattice to estimate total electronic energy, and a similar calculation
for the cation in a large box centered at I-point to evaluate the total electronic energy of CH;NH; . The difference
between the sum of these energies and the total electronic energy of the CH;NH;"I;Pb~ system would provide
the stabilization energy of the system comprising several I.-H-N hydrogen bonds'®. However, due to symmetry
reasons, this would not give a realistic estimation of the magnitude of the binding energy of an individual I.-H-N
interaction. Thus, in order to quantify approximately the binding energy of the intermolecular interaction formed
by the H atom(s) of the -NH;" and —~CHj; fragments of MA with the perovskite cage in o-CH;NH;PbI;, or of
the -ND;* and -CD; fragments of d¢-MA with the same cage in 0-CD;ND;Pbl;, we have listed in the bottom
panel a)-d) of Fig. 3 four CD;ND;*---"I;Pb binary configurations as examples. Each of these represents a local
geometry in 0-CD;ND;Pbl; (Fig. 3b). For instance, the blocks a) and d) represent the two local intermolecular
geometries of the periodic geometry B), which are indicated by black and green dotted circles, respectively. The
construction of each of these blocks was made possible by keeping the local CD;ND;*--"1,Pb molecular block
stoichiometry and deleting the remaining Pb and I atoms of the 0-CD;ND;Pbl; cuboctahedron illustrated in
Fig. 3b; the rationale for this is as given above, that is, CH;NH;PbI, in the room temperature cubic phase can be
regarded as being made up of CH;NH;*---"I;Pb ion-pairs. Nevertheless, all the intermolecular distances between
the inorganic and organic fragments that are marked by the dotted lines in each molecular block in Fig. 3b do not
necessarily represent an intermolecular hydrogen bonded interaction, but are shown to clarify whether such a
possibility exists within the framework of the bulk configuration. The intermolecular bond angles are shown only
for the unambiguous contacts (see below for further discussion).

We used the Gaussian 09%” package and the PBE/Def2-TZVPPD method to explore the nature of the bind-
ing energy. The triple-g quality Def2-TZVPPD pseudopotential basis set accessed from the EMSL basis set
exchange library® was used. The actual crystal environment may have some influence on the binding energy,
but, as indicated above, this is a compromise since there are no available theoretical methods to provide insight
into this. While calculating the binding energy of the cluster models, we did not ignore the importance of the
monopole-monopole term; one should not ignore its influence since any intermolecular interaction is driven
by Coulombic forces; in addition, the extent of the exchange-repulsion, dispersion and polarization effects
determine the overall magnitude of the intermolecular interaction at equilibrium. This is the subject of several
discussions'*>13¢.

Single points at the PBE/Def2-TZVPPD level of theory were carried out on each of the four block geometries
illustrated in (a—d) of Fig. 3. This has enabled the determination of the uncorrected and basis set superposition
error (BSSE)-corrected binding energies (AE and AE(BSSE), respectively). As such, the AE was calculated by
subtracting the sum of the total electronic energies of the two monomers interacting with each other (Pbl;~ and
CD;ND;") from the total electronic energy of the CD;ND; "~ "I;Pb ion-pair complex. Addition of AE to the
energy due to the BSSE results in AE(BSSE).

We found AE(BSSE) = —79.81 kcal mol ! for block conformation a), and —95.56 kcalmol~! for block confor-
mation d). The former cluster involves I---D-C intermolecular contacts, whereas the latter involves the I.-D-N
intermolecular contacts. The large binding energies are not surprising given these complex systems involve attrac-
tive engagements between oppositely charged species leading to charge neutrality of the building blocks, driven
predominately by electrostatics with appreciable contributions from dispersion and polarization interactions
(see below)®. Thus block conformation a), which involves purely I.-D-C intermolecular contacts, has a binding
energy that is significantly more negative than —40kcal mol ™!, the so-called covalent limit for hydrogen bond-
ing®*%, and is a consequence of more than a single interaction between the interacting fragments.

The binding energy analysis signifies that the I--D-C interactions are competitive with the I.-D-N deute-
rium bonds in 0-CD;ND;Pbl;, even though these are weaker than the latter. This feature is in qualitative agree-
ment with NMR findings (see below), as well as with many discussions that have advanced the same view. The
same argument applies to the I..-H-C and I.-H-N hydrogen bonds in 0-CH;NH;Pb]; since the block models
of CH;NH; "~ I;,Pb corresponding to the clustered configurations a), b), ¢) and d) of Fig. 3 extracted from the
crystal geometry®! of 0-CH;NH;Pbl;. These four geometries gave comparative values of —79.49 [—79.42], —87.74
[—87.66], —95.79 [—95.71] and —97.04 [—96.96] kcal mol ™! for AE[AE(BSSE)], respectively.

Correction for dispersion is nowadays regarded as an essential component for computing geometries,
and PBE itself does not do that. Similar calculations as above were therefore performed for the four blocks of
CD;ND; "~ I;Pb with Coupled Cluster Theory at CCSD(T)/Def2-TZVPPD. The AE[AE(BSSE)] calculated at
this level of theory were —84.66 [—81.25], —92.82 [—89.13], —97.07 [—93.79] and —99.75 [—96.26] kcal mol !
for configurations a), b), ¢) and d), respectively (Fig. 3). While PBE somewhat underestimates the binding ener-
gies, it correctly predicts the physical trend expected for the electrostatically dominant noncovalent interactions
between the binary cluster models examined. That the hydrogen bonds in organic-inorganic perovskites are
strong is not unusual since these bonds can well be typified as (double) charge-assisted hydrogen bonds.

It is worth mentioning that we have recently discussed whether gas phase calculations are useful in getting
at least some information on the nature of the stability of iodine-centered intermolecular interactions*'?. We
found that the nature of the intermolecular interactions and the overall geometries obtained with a gas phase
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Figure 4. PBE QTAIM molecular graph and (3, —1) bond critical point charge densities (au) for
0-CH;NH;PbI;, obtained on its neutron diffraction geometry (T = 100K)*'. Bond paths are shown as solid and
dotted lines in atom colour and (3, —1) bond critical points as tiny red spheres. Atoms are illustrated as large
spheres, with iodine: purple; carbon: dark-grey; nitrogen: deep-blue; and hydrogen: white-grey.

calculation can be used to infer what happens in the crystalline phase. In any case, the binding energies calculated
using the solid state local geometries shown in Fig. 3 and those determined previously on the gas phase optimized
structures* did not differ markedly from one another; the observed difference can be attributed not only to the
intra- and inter-molecular geometries obtained using periodic and non-periodic DFT calculations, but also to
the orientational degrees of freedom of the monomers in the clusters and the basis sets of different qualities that
were used in these two studies.

For comparison, binding energies in the range between —77.94 and —106.99 kcal mol~! for the
[C(NH,);]" [Mn(HCOO);]~ and [(CH,);NH,]*[Mn(HCOO);]~ metal-organic perovskites have been
reported'?’, highlighting that “small bonds [are] a big deal in perovskite solar cells”**® and in this case, the impact
of the monopole-monopole term was seemingly included. Binding energies of comparable magnitude have been
reported by for single hydrogen bonds and or single halogen bonds in Y- *YX (Y, X=F Cl, B, I) and Y- "HD
systems'*. Cation-anion hydrogen bonds, with binding energies ranging from —80 to —210kcal mol*, have been
reported as a new class of hydrogen bonds that extends their strength beyond the covalent limit'*’. These hydro-
gen bonds have a strength comparable to charge assisted halogen bonds as reported only recently'*!. Energies of
similar magnitude were reported by Vradwaj et al.*® and Alkorta et al. in a recent study of perovskite clusters'*>.

The cluster model (Fig. 3) in many cases mimics the real nature of the intermolecular interactions in crys-
tals'*1”7, but further information about the reliability of these interactions can be obtained from a quantum the-
ory of atoms in molecules (QTAIM) analysis'*®. This was carried out both on the calculated and experimental
unit-cell geometries of the o-CH;NH,;PbI; and 0-CD;ND;Pbl; systems. The mathematical and physical aspects
of the theory are now well-established'*, albeit that discussions concern the interpretation of some quantities
derived from QTAIM are on-going. It has been applied to help delineate the nature of the chemical bonding in a
wide range of chemical systems>*14°-1>* and is especially useful in systems which lack a simple reference bonding
model.

QTAIM description of bonding. The PBE level QTAIM molecular graph evaluated on the experimental
geometry of o-CH;NH;Pbl; is shown in Fig. 4. A similar result was obtained for 0-CD;ND;Pbl; as well (Fig. 5b).
The topological presence of bond paths and bond critical points (bcps) of charge density observed between
bonded atomic basins is in agreement with IUPAC recommendations®*'>*. In other words, each C-H bond of
the cation MA is attractively engaged with one or more iodides of the inorganic framework, forming I.--H(-C)
contacts. As shown in Fig. 4, each H atom of —NH;™ is involved in the formation of either a single or a bifurcated
hydrogen bonding interaction. By contrast, each H atom of ~CHj, in MA is involved in the formation of either a
single or a trifurcated hydrogen bonding interaction. A similar bonding pattern also emerged for o-CD;ND;Pbl,
(Fig. 5). Details of the charge density at various bond critical points in o-CH;NH;PbI; are displayed in Fig. 4.

From the discussion above, one can conclude that these I.--H(/D)-N and I--H(/D)-C interactions collectively
and simultaneously contribute to the development of the highly symmetric Pnma architecture of o-CH;NH;P-
bl;/0-CD3;ND;PbI; perovskites in the low-temperature phase, and that the tilting of the Pbl¢*~ octahedra are a
delicate balance between the competition of both types of hydrogen bonds and the distortion caused by lattice
forces. However, from this result, as well from the energies of these interactions given above, it is rather difficult
to determine which specific interaction is predominantly responsible for tilting of the octahedra in a specific
direction, although the charge density bond critical point properties signify I--H(/D)-N to be relatively stronger
than I.-H(/D)-C.

In addition to the two types of hydrogen bonding interactions discussed above, the QTAIM analysis suggests
that there are two near-equivalent I.--I interactions in 0-CD;ND;Pbl;/0-CH;NH;Pbl;. These could be regarded
as lump-hole interactions'**, but are largely dispersive. Longer interaction distances of this type were reported
in [C{H;NH(CH,),],Te,I,,'% with I.--I distances of 3.66 and 3.80 A, shorter than twice the van der Waals radius
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Figure 5. PBE QTAIM molecular graphs for (a) o-CH;NH;PbI; (T ~ 100 K)*! and (b) 0-CD;ND;PbI,

(T~ 10K)*2. The values shown are the delocalization indices 0 for various atomic pairs. Bond paths are shown as
solid and dotted lines in atom colour and (3, —1) bond critical points as tiny green spheres. Atoms are illustrated
as large spheres, with iodine: purple; carbon: dark-grey; nitrogen: deep-blue; and hydrogen: white-grey.
Numbers in various colors refer the type of bonding interactions that discriminate from one another.

of T (4.04 A). These contacts have been interpreted as promoting charge carrier migration throughout the Te—I
network. Whether these noncovalent interactions are real is addressed below.

Furthermore, from a molecular electrostatic surface potential analysis'®’, we found that the outer surfaces
of the C and N atom of MA are positive. Hence, the inwardly curved bond paths between the outer electrostatic
surface of the carbon atom of the -CH; fragment of MA and the I atom of the inorganic perovskite cage in Fig. 4
could be regarded as a consequence of w-type carbon (tetrel) bonding interaction since a p-type anti-bonding
orbital of the N-C bond is accepting electron density from the coordinated iodide atom with which it is interact-
ing!®8-161, A similar conclusion can be arrived at for the bent bond paths developed between the outer electrostatic
surface of the N atom of -NH;" in MA and the I atoms of the perovskite cage illustrated in Fig. 4; these signify the
presence of T-type pnictogen bonding!®1%2. An identical conclusion can be arrived at from the molecular graph
of 0-CD;ND;PbI; (Fig. 5b).

An important result from QTAIM is the delocalization index, §!4*149-133163-165 'which is a measure of covalent
bond order!®*-1% Tt is this property that can be evaluated for any pair of atomic basins in molecular systems or in
crystals even when there is no evidence for a bond path and a (3, —1) bcp between them. Because it is as a meas-
ure of the electron-pair sharing between two atoms A and B, it should be related to the character (single, double,
triple) of the bond. It has been used to categorize hydrogen and dihydrogen bonds regardless of whether these are
weak or strong!®®, and to classify coordination bonds in transition metal complex systems!®’. The electron-pair
density 8 for a given pair of atoms A and B for closed-shell systems is represented by one-electron density matrix
given by Eqn (1)'%-170, where S;i(A) and S;; (B) are orbital overlaps integrated within the basins of atoms A and B,
respectively, and the summation run over all occupied spin-orbitals.

(A, B) = 433 S;(A)S;(B) o
i

The § values for some important atomic pairs in o-CH;NH;PbI; and 0-CD;ND;Pbl; are given in Fig. 5. These
are in the range 0.45—0.60 for Pb—1I, 0.064—0.105 for I.--H(N), 0.021—0.059 for I---H(-C), and 0.028—0.029 for
the I.--I bonding interactions in o-CH;NH,PbI; (Fig. 5a). Similar values of d were determined for the correspond-
ing atomic pairs involving the D atom in 0-CD;ND;PbI; (Fig. 5b). Comparable § values have been reported pre-
viously for analogous bonding interactions. For example, 6= 0.0236 for H,BH---HBr'%; 0.50 < § < 1.23 for M—C;
and 0.04 < § < 0.22 for M—O bonds for some transition metal carbonyl complexes'”*. The results summarised in
Fig. 5 suggest that the various coordination and intermolecular bonding interactions identified and characterized
for 0-CH;NH,;PbI; and 0-CD;ND;Pbl; are not ambiguous, and therefore should contribute, each to some extent,
to the overall structures of these systems.

A DORI description. There are two other electron density approaches often ulilized to provide insight
into the chemistry of noncovalent interactions. One of these is the DORI approach®; the other is the
Reduced-Density-Gradient Noncovalent Interaction (Index) (RDG-NCI) approach®®. Another theoreti-
cal approach, the Electron Localizability Indicator (ELI-D)'”? has also been employed for this purpose, but we
did not use it in this study. While DORI has been suggested to produce results that are complementary to those
obtained from QTAIM'*, ELI-D'7?, and RDG-NCI*® approaches, it has an advanage that, in addition to providing
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Figure 6. Various views (a—c) of the PBE level density overlap regions indicator (DORI = 0.95 au) isosurfaces of
0-CH;NH;PbI;*!. Labeling of atom type is shown in (b). The broad deep-green isosurface between N of -NH; "
and I of Pbls*" in (a) indicates the presence of I.-N-C pnictogen bonding, whereas that between C of -CH,

and I of PbI;*" in (c) indicates the presence of I.--C-N carbon bonding. The disc-like circular isosurfaces in (b)
represent the I.--H-N and I.--H-C interactions; a few of these are marked by red and black ellipses, respectively.
The isosurfaces in blue appearing between the C and N atomic basins, between the N and H atomic basins, and
that between the C and H atomic basins in CH;NH,* represent regions dominated by covalent bonding. The
disc-like isosurfaces coloured blue-green appearing between the Pb and I atoms represent dative coordinate
bonding interactions. The remaining broad and irregular isosurfaces around the organic cation are probably the
consequence of the presence of some secondary van der Waals type interactions between the organic cation and
the I atoms of the perovskite cage interior.

information on covalent interactions, it can also provide insight into the chemistry of noncovalent interactions.
We have also employed both DORI and RDG-NCI approaches to explore the nature of the chemical bonding
topologies involved between various atomic basins in 0o-CH;NH;PbI;*..

As can be seen from Fig. 6, the volume of each of the DORI isosurfaces associated with a I.--H(-C) interaction
is somewhat larger than, or comparable to, that of a I..-H(-N) interaction. It shows this former interaction is
somewhat more dispersed than the latter, giving further evidence that the I.-H(-C) interaction is not insignifi-
cant. Clearly, the three I.-H(-N) interactions alone cannot be used to describe the tilting of the Pbls*~ octahedra
in 0-CH;NH,Pbl; as has been done by others?. This is because the two equivalent and one longer I---H(-C) bonds
in 0-CH;NH,PbI; that are formed between the —-CH; moiety of MA and the cage iodides (vide supra) are also well
linked with the a“b"a~ octahedral tilting of the PbI*~ octahedra.

As with QTAIM, DORI has identified all the I.--I contacts in 0-CH;NH;Pbl;; they are manifest as broad,
dispersed and somewhat irregular semi-circular isosurfaces occurring between the interacting I atoms (Fig. 6b).
The covalent bonds of the CH;NH; ™ cation are shown through the appearance of blue isosurfaces between the
interacting atomic basins within its molecular framework, which are due to significant delocalization of electron
density in the bonding regions.

DORI reveals the presence of I.-N(-C) and I---C(-N) pnictogen- and carbon-bonding interactions (see
Fig. 6a,c, respectively), as well as several other van der Waals-type interactions between the organic and inorganic
frameworks. The latter are not unexpected given that the cationic organic guest species is hosted in an anionic
cage.

These results suggest that the tilting of the Pbl;*~ octahedra in 0-CH;NH;Pbl, is driven by the joint involve-
ment of various noncovalent interactions, including I--H(-C), I--H(-N), I.-N(-C), I..-C(-N), and I---I, among
others. These results give an indication that all these interactions collectively responsible for the extent of tilting of
the Pbl, octahedra in o-CH;NH;PbL,.

Reduced density gradient analysis. The RDG based NCI results are illustrated in Figs 7-9. These were
obtained on the experimental geometry of 0-CD;ND;PbI; (10 K); similar results were obtained for o-CH;N-
H,Pbl; and are shown in part in Fig. 7b. As is evident in Fig. 6, the 3D isosurface plot of DORI analysis is complex
since the presence of several intermolecular interactions increases the extent of overlapping of various DORI
domains in the plot. One of the possible reasons for this is that DORI uses a relatively large isovalue of 0.95 au,
which when decreased below 0.5 au, for instance, generally leads to the disappearance of most of the DORI
domains. That the DORI plot is complicated was also the opinion of many anonymous reviewers, who have come
up with the same view that an RDG analysis could be a better choice for the characterization of noncovalent
interactions as it may make the isosurface plot clearer. We note, however, that the complexity of the RDG domains
emanating from this analysis is comparable to that of the DORI domains (Fig. 7) if both analyses are carried out
with the same isovalue of 0.95 au. Even so, and as indicated already above, the only advantage of RDG analysis is
that this does not show up the RDG domains between the covalently bonded atoms expected within the covalent
framework of MA.

To avoid the difficulties just mentioned, we carried out an RGD analysis for individual atom-atom interactions
to confirm that the QTAIM- and DORI-predicted interaction topologies correctly represent the attractive interac-
tions identified. The RDG results between the various atomic domains that potentially dominate the interaction
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Figure 7. PBE level sign(X,) x p vs. RDG (left) and isosurface (right) NCI plots, showing the presence of
various noncovalent bonding interactions between the perovskite host and guest (MA/ds-MA) species in (a)
0-CD;ND;PbI; (neutron diffration geometry, 10K) and (b) o-CH;NH;Pbl; (DFT-D3 geometry). Atom type is
shown. The coloring scheme in sign(X,) x p vs. RDG was chosen to assist in distinguishing the amplitude of the
electron density corresponding to different types of interactions. The isosurfaces on the right are colored such
that blue, cyan, and green isosurfaces represent very strong, strong, and medium-to-weakly bound interactions,
respectively, whereas those colored in red represent repulsive interactions. Bond- and ring-critical points in (b)
are shown as tiny spheres in blue and red, respectively, whereas bond paths are shown as solid lines in purple.

between the ammonium fragment of the organic cation and the inorganic anionic cage in 0-CD;ND;Pbl; are
given in Fig. 8. The first three graphs (Fig. 8) show that there are disc-shaped RDG volumes between the I and D
atoms (colored blue-green). The coloring scheme indicates that the electron density in the bonding region is not
significantly depleted. This is a general coloring feature of any RDG analysis, and is a characteristic of the region
of space described by \, < 0, where X, is the second (diagonal) eigenvalue of the Hessian second derivative charge
density matrix. Since this provides an indication of the presence of an attractive interaction, we conclude that the
I.-D(-N) deuterium bonds in 0-CD;ND;Pblj; as characterized by QTAIM and DORI do indeed exist.

The bottom graph of Fig. 8 shows a relatively flat and broad RDG volume between the -ND; fragment and
the I atom facing it. The appearance of such a broad volume suggests that the electron density distribution in the
bonding region is a consequence of the involvement of several atoms. These include simulteneous interactions of
D and N atoms of the -ND; with the closest iodide atom of the inorganic cage. The isosurface, colored in green,
indicates that the electron density in the bonding region is somewhat depleted relative to that found between the
I and D atoms reponsible for the I--D(-N) deuterium bonds (Fig. 8a—c). However, the dominant attractive contri-
bution arises from the N atom of the -ND; fragement since its electrostatic surface is deficient of electron density
and interacts with iodide to form an I.-N(-C) pnictogen bond. This result concurs with the QTAIM bond path
topology that shows up between N and I atoms (Fig. 4). The presence and strength of this, as well as the I-D(-N)
deuterium bonds in Fig. 8a-c, accord with the RDG spikes of the sign(\,) x p vs. RDG graphs plotted in 2D.
For instance, the two equivalent and longer I---D(-N) bonds correspond to the region —0.020 au < sign(\,) x
p < —0.018 au and the remaining shorter I.-D(-N) bond corresponds to the region —0.018 au < sign(X,) X
p<—0.016 au in the sign(X\,) x p vs. RDG graphs; both regions signify the presence of potential hydrogen bonds.

Figure 9 shows the results of the RDG analysis perfomed between individual atoms of the -CD; fragment of
d¢-MA and the iodides of the inorganic perovskite cage. Not all intermolecular interactions are shown, and for
clarity, only the dominant ones are presented. In essence, the first two of these (from top) represent one longer and
two equivalent I---D(-C) deuterium bonds, respectively; the corresponding intermolecular distances are shown
in Fig. 2. The isosurfaces representing these are colored in green because the distribution of the electron density
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Figure 8. (a-d) Views of PBE level RDG NCI plots showing some dominant I.-D(-N) and I.--N(-C)
noncovalent bonding interactions, obtained on the reported neutron diffraction crystal geometry of
0-CD;ND;PbI; (10K). Left: sign(X,) % p vs. RDG (au); right: 3D RDG isosurface domains (isovalues 0.56 au).
Atom labeling is given in Fig. 7a.

around the I and D(-C) bond critical point regions is weaker than those of the I.--D(-N) deuterium bonds. This
can be inferred by comparing the spikes characteristic of the X, < 0 region in the sign(X,) x p vs. RDG plots in
2D, that is, in the region —0.008 au < sign(\,) X p < —0.004 au. These results further confirm that it is not just
the iodides that move to the D(~N) moieties to form I---D(-N) bonds. The same conclusion can be arrived at for
the I atoms involved in the I.-D(-C) bonds. However, such a movement for I.-D(-N) is relatively larger than that
for I-D(-C). This effect is noticeable if one carefully scrutinizes the corner shared I atoms that are responsible for
the I.--D(-N) and I--D(-C) interactions (see the I atoms linked with the C-D fragments in Fig. 9a,b, for example).

Analogous to the RDG isosurface found between I and N(-C), characterized above as pnictogen bonding,
there is a broad and flat isosurface between C and I (Fig. 9c (bottom)). The RDG spike, with a negative sign(X,),
that appears in the region —0.010 au < sign(X\,) X p < —0.007 au provides the strength of this interaction.
Another spike appears in the region +0.003 au < sign(X\,) X p < 40.005 au, which provides evidence that there
are other van der Waals interactions between the —CD; fragment and iodide, which probably explains the reason
for the broadness of the RDG volume between them. This result is consistent with the QTAIM bond path topol-
ogy found between the —CDj; fragment and the interacting iodide, forming the local C-H-I-H ring structure.
Curved bond paths responsible for this are normally present in systems where classical arguments predict the
presence of strain, as for example in small ring hydrocarbons'”®. The bent nature of the bond paths towards the
interior of the ring is not surprising since it appears to present a maximized binding interaction from a minimum
amount of electron density'”.
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Figure 9. (a—c) Views of PBE level RDG NCI plots showing some potential I.-D(-C) and I--C(-N) noncovalent
bonding interactions, obtained on the reported neutron diffraction crystal geometry of 0-CD;ND;Pbl; (10K).
Left: sign(X\,) X p vs. RDG (au); right: 3D RDG isosurface domains (isovalues 0.56 au). Atom labeling is given in
Fig. 7a.

Figure 10 confirms that I.-I noncovalent interactions revealed using QTAIM and DORI analyses are not a
computational artefact. They are the inherent geometrical features of the 0-CD;ND;Pbl; system and are disper-
sive. This nature is evidence of both the RGD spikes appearing in the regions —0.007 au < sign(\,) x p < —0.005
auand +0.001 au < sign(X\,) x p < +0.003 au, which correspond to the RDG isosurface domains colored green.

It is worth mentioning that Pb—I dative coordinate bonding interactions in 0-CD;ND;Pbl; and o-CH;N-
H,PbI; are not purely ionic interactions. Coordinate bonds comprise both covalent and ionic components (vide
infra)’*. In agreement with this, the RDG plot illustrated in Fig. 10b (bottom-left) shows significantly more delo-
calization of electron density at the Pb and I critical bonding region, which is reflected in the RDG isosurface
that is significantly more bluish-cyan than green. In the sign(\,) X p vs. RDG plot, this coordinate bonding is
described by the region —0.028 au < sign(X\,) x p < —0.032 au. We note that Lee and coworkers attributed the
—0.015 au < sign(X,) x p < —0.030 au region in their study to I.-H(-N) hydrogen bonding for o-CH,NH,PbI,*,
although this region comprises both I---H(-N) hydrogen bonding and Pb—I coordinate bonding interactions. A
similar analysis was performed by El-Mellouhi and coworkers®’; their sign(\,) X p vs. RDG plot for 0o-CH;N-
H;PbI; matches with ours for I.-H(-N) hydrogen bonding. Surpringly, the presence of other spikes correspond-
ing to the weak-to-medium strength density region corresponding to sign(\,) < 0 did not show up in their plot.
Some of these bonding features indeed appeared in their isosurface plot, which provide evidence of the presence
of I.-D(-C), I--C and I---N interactions (see Figs 1 and 2 of that study). They are also evident in the sign(\,) X
p vs. RDG plot of the study by Lee and coworkers** (see the region —0.015 au < sign(X,) x p vs < +0.015 au of
Fig. 4a of that study). However, for some reasons that are unclear, they provided no explanation of the underlying
reasoning that caused the appearance of these isosurfaces and spikes.

From knowledge of the charge density in the bonding regions, the stability of the stable interactions follows
the order Pb—I>I.-D(-N) > I.-.D(-C) & I.--N(=C) > I.--I > I...C(-N) in 0-CD;ND;Pbl;. This ordering is some-
what different to that found for o-CH;NH,PbI; (Pb—I > I.-H(-N) > [..H(-C) > I.-.I>I.-.N(-C) > I.-C(-N)).
This is perhaps expected given the local intermolecular geometries of the two systems are somewhat different, an
effect of temperature, which affect the distribution of charge density in the bonding regions. The stability orders
noted above are in agreement with that of the delocalization indices calculated for these interactions (Fig. 5).
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Figure 10. (a-b) Views of PBE level RDG NCI plots showing some I---I (top) and Pb—I (bottom) van der
Waals and dative coordination bonding interactions, respectively, obtained on the reported neutron diffraction
crystal geometry of 0-CD;ND;Pbl; (10K). Left: sign(\,) x p vs. RDG (au); right: 3D RDG isosurface domains
(isovalues 0.56 au). Atom labeling is given in Fig. 7a.

The intermolecular interactions predicted by DORI are compatible with QTAIM and RDG NClIs; hence the
bond path topologies revealed using QTAIM are reliable indicators of the nature and types of noncovalent inter-
actions involved in these systems.

While the results of QTAIM, RDG and DORI provide unequivocal evidence of the presence and nature of
the noncovalent interactions, our results are markedly different from those reported by others?#*>*. The reason
for this mismatch is certainly due to the widespread assumption that the ammonium H/D atoms are only atomic
domains capable of forming significant noncovalent interactions.

Natural bond orbital and charge transfer analysis. The Natural Bond Orbital (NBO) approach is
another useful way of determining the nature and extent of donor-acceptor interactions'’4!7°. These interac-
tions emerge from the donation of electron density from the localized NBOs of the idealized Lewis structure
into empty non-Lewis orbitals (and thus, to departures from the idealized Lewis structure description) and are
referred to as “delocalization” corrections to the zeroth-order natural Lewis structure.

The stabilization energy E@ associated with delocalization between the lone-pair electron donating orbitals of
the coordinated I atoms LP(I) and the anti-bonding 6*(C-D) fragments of d-MA in 0-CD;ND;Pbl; was found
to vary between 0.50-5.50 kcal mol~! for the I..D(-N) interactions. For the I..D(~C) interactions, the E® for
charge transfer delocalization between the lone-pair electron donating orbitals of Pb-coordinated I atoms and
the 0*(C-D) orbital of dg-MA varies between 0.13 and 1.1kcal mol~!. Similarly, for the I.-N(-C) and I.--C(-N)
interactions, charge transfer delocalization is described by partial donation of lone-pair electron density from
LP(I) to the anti-bonding 6*(C-N) fragment of the organic cation, with E? =0.13-0.15kcal mol . In addition to
these, our analysis shows that there is a delocalization between the bonding orbitals of Pb—I and the anti-bonding
o* orbitals of the N-D and C-D bonds in dg-MA. The E@ for the 6(Pb-I) — o*(N-D) delocalizations range
between 0.70 and 0.90 kcal mol~!, while those for the o(Pb-I) — *(C-D) delocalizations are between 0.12 and
0.83kcalmol ™. Very similar results were obtained for o-CH;NH;PbI;.

Thus, the NBO second order analysis has recognized all the intermolecular interactions in 0-CD;ND;Pbl;
and o-CH;NH;PbI, that were characterized with QTAIM and other charge density based approaches. The E@
values for O--H(-C) hydrogen bonds have been reported between 0.17 and 0.52 kcalmol~! in non-perovskite
systems that have binding energies ranging between —0.33 and —1.22 kcal mol~!'7¢, demonstrating that the low
polarity bonds can hydrogen bond with an electron rich site. This result allows us to conclude that the unusually
large binding energies calculated for the CD;ND,PbI, molecular models (Fig. 3) may not be very unrealistic since
hyperconjugation energies for the charge transfer delocalization between the organic and inorganic moieties for
the 0-CD;ND;Pbl;/0-CH;NH;Pbl; polymorphs are large (vide supra).

The formation of the CD;ND;PbI; and CH;NH;Pbl; systems is accompanied by a transfer of approximately
0.24 e~ from the cuboctahedral inorganic core to each organic moiety, as inferred from a QTAIM population
analysis. This is in agreement with other results®'®, confirming that intermolecular charge transfer is an important
aspect of the perovskite system.
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Energy of hydrogen bonds from QTAIM based energy density analysis. As discussed above, in
the perovskite structures examined a cation has a long-range interaction with an anion, so it is expected that the
stabilization energy due to Columbic interaction is large. A question that arises is whether this electrostatically
dominant contribution is independent of the strength of the hydrogen bonds, even though such bonds are gen-
erally recognized as predominantly ionic. There seems to be no obvious and straightforward way to separate the
pure electrostatic cation-anion interaction from the hydrogen bond stabilization in an ion-pair system, including
perovskites.

A second question that is worth considering in whether dispersion plays a significant role in stabilizing
intermolecular interactions in CH;NH;PbI; and in similar compounds such as CH;NH;SnI;. We have previ-
ously provided an answer to this question'®. Due to the limitation of basis set associated with the software used,
and to provide further insight and in the context of the current study, we performed a coupled cluster calcu-
lation on the gas-phase optimized cluster model called of CH;NH;Snl; (roughly cubic). This calculation gave
CCSD/cc-pVTZ(N, C, H)/cc-pVTZ-PP(Sn, I) binding energies of —104.92 and —101.88 kcal mol ™ for AE and
AE(BSSE), respectively. The Symmetry Adapted Perturbation Theory (SAPT)'” level energy decomposition anal-
ysis, an approach that has gained widespread popularity in computational chemistry community, gave a value
of —103.22 kcal mol™ for the interaction energy. The decomposed energies were —99.93,+34.72, —26.61 and
—19.95kcal mol ™! for electrostatics, exchange repulsion, induction and dispersion, respectively, at the SAPT2 + 3/
TZP level of theory. The close agreement between the CCSD and SAPT2 + 3 results, even evaluated with two dif-
ferent basis sets, indicates that dispersion and induction contributions are very substantial compared to any other
hydrogen bonded interactions that have been reported in the literature. Note that London dispersion, as well as
polarization, which constitutes the attractive part of the van der Waals potential, has long been under-appreciated
in molecular chemistry as an important element of structural stability, yet has been shown to have a profound
effect in chemical reactivity and catalysis'’®. The neglect was due to the common notion that both polarization
and dispersion interactions are weak. This, in fact, may only be so for a single pair of weakly interacting atoms.
For larger structures, the overall dispersion contribution grows rapidly with the size of the structure and can
amount to tens of kcal mol =178, For the molecular blocks we studied, the large contribution due to dispersion is
not unexpected given that there are several heavy, readily polarizable atoms involved in the ion-pair formation.
Because of the large induction and dispersion contributions, it is clear that the intermolecular interaction in the
CH;NH;Snl; ion-pair system, as well as that in CH;NH;Pbl;, will contain a non-negligible amount of cova-
lency. This is reasonable given a simple (H,0), dimer that has an experimentally determined binding energy
of —5.0kcal mol ™! bears partial covalency in the hydrogen bond that holds the two H,O molecules together!”.

The relationship, E, & (1/2) Vy, as proposed by Espinosa et al.'®" has been used to calculate the strength of var-
ious intermolecular interactions in diverse chemical systems, where V), is the potential energy density at the bond
critical point. This relationship was used to calculate the strength of the noncovalent interactions responsible for
the geometry of 0-CD;ND;PbI;. For each of the two equivalent and the one shorter I.-D(-N) bonds, interaction
energies of —5.65 and —6.46 kcal mol ™, respectively, were calculated, so that the net interaction energy between
the D atoms of the ammonium fragment and cage iodides is —17.76 kcal mol . Each of the two I.--N(~C) pnicto-
gen contacts has an interaction energy of —1.63kcalmol ™!, so there is a net contribution of —3.26 kcal mol ™! from
these contacts to the structural stability. Similarly, for the two equivalent and one longer I---D(~C) contacts the
interaction energies are —2.26 and —2.20kcal mol ™}, respectively. The interaction energies of the remaining two
I.-D(-C) contacts formed by the hydrogens of the methyl group in MA are calculated to be —1.88 kcalmol !, each
with an interaction energy of —0.94 kcal mol ! and delocalization index of 0.021. Thus the net interaction energy
between the methyl fragment and cage iodides is —8.60kcal mol™!. Similarly, each of the two I.-C(-N) pnicto-
gen bonds has an interaction energy of —1.12kcalmol™!, or a net contribution of —2.26kcalmol™! from these
contacts to the overall stabilization energy. Moreover, each of the two I--I contacts contributes —0.56 kcal mol .
Similar results were obtained for the corresponding interaction in o-CH;NH,Pbl;. The energies estimated for
the I.-D(-N) bonds are far smaller than their corresponding hyperconjugative energies discussed above, sug-
gesting that the interaction energies evaluated with E, ~ (1/2) V,, are not quantitatively realistic. They should not,
however, be disregarded as they may convey important chemical information (at least qualitatively), as shown by
others for assessing the strength of the hydrogen bonding interactions in the geometry of the tetragonal phase of
CH,NH,PbL*.

Signatures from NMR analysis. The sign and magnitude of the two-bond spin-spin NMR scalar cou-
pling constants J have been used to examine the presence of an intermolecular hydrogen bonding interac-
tion!16175181-185 These (2],  and 2" ) were also examined to confirm the presence of both I.-H(-C) and
I-H(-N) hydrogen bonds formed by the methyl and ammonium groups of MA in o-CH;NH;Pbl;. At the PBE/6-
311 G**(N, H/D, C)/DZP(Pb, I) level of theory, “‘]L,‘D(N) for the two equivalent and one shorter I--D(-N) contacts
were calculated to be —6.1 and —8.8 Hz, respectively, whereas 'J;_p,, for the two equivalent and one longer
I.-D(-C) contacts were found to be 3.1 and 2.6 Hz, respectively. Similarly, the indirect two-bond spin-spin cou-
pling constant "], for the former interactions are 2.5 and 2.7 Hz, respectively, whereas the 2], . for the latter
interactions are 0.8 and 3.1 Hz, respectively.

The NMR isotropic chemical shifts d;,, is another important property often examined to see the nature of
proton shielding or deshielding effect'®-138, For the protons associated with the -NH; and —~CHj, groups in MA,
the shifts were calculated at the same level of theory as J. For 'H spectra, a o, value of 31.8 ppm was used, and
the chemical shifts were estimated using the relationship &, = 0, — 0. The 'H chemical shifts were calculated
to be 7.8 and 8.8 ppm for the two equivalent and one shorter I.-H(-N) contacts, respectively. The shifts for the
two equivalent and one longer I--H(-C) contacts were 5.0 and 4.8 ppm, respectively. The high temperature MAS
NMR chemical shifts associated with H atoms of ~-CH; and -NH; were reported to be 3.2(1) and 6.3(1) ppm,
respectively'®; these values were reported to be 3.4 and 6.4 ppm by Senocrate et al.'° and 3.5 and 6.5 ppm by
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Roiland et al.”%, respectively. Although the calculated values of § compared to the corresponding experimental
ones are overestimated, which is not unusual'!, yet there is a qualitative agreement between them. Similar results
were obtained for 0-CD;ND;PbI;. These results provide further evidence of the reliability of the assigned I---H/
D(-C) and I.-H/D(-N) intermolecular hydrogen bonding interactions in the perovskite compounds examined.
That both the ~-CH; and -NHj groups interact with the iodides of the inorganic cage is supported by the NMR
study of Senocrate and coworkers', even though this conclusion was drawn for the system in a high tempera-
ture phase. The infrared spectroscopic study of Schuck et al.’*? is in line with this finding; they suggested that the
I.-H-C hydrogen bond is relatively weaker than the I-H-N hydrogen bond in o-CH;NH,PbI,.

Tilting of the BY octahedra and their relationship with hydrogen bonding.  We now return to the
question of tilting of the BY,~* octahedra and whether hydrogen bonding interactions between the organic and
inorganic moieties in o-CH;NH;PbI;, as well as those in other members of the BMY; hybrid organic-inorganic
perovskite family, are solely responsible for the a~b*a™ tilting pattern of the octahedra. This has already been
partially answered by others**? in that the three Y--H(-N) hydrogen bonding interactions do explain the tilting
pattern of the BY* octahedra. According to Lee et al.*, because two of the three H atoms of the -NH; frag-
ment in MA form equivalent I.--H(-N) bonds while the other forms a similar shorter bond with the perovskite
iodides, this causes a rotation of the Pbl*~ octahedra in 0-CH;NH,Pbl;. Thus, the pattern of bonding between
I, and Hy(1) atoms (referred to as mode 1 by Lee et al.**) and that between I and Hy(2)/Hy(2') atoms (referred
to as mode 2) corresponds with the pattern of iodide displacements; it was then suggested that the nature of the
three hydrogen bonds correlated perfectly with the pattern of tilting observed for the orthorhombic geometry of
the system, in which mode 1 induces only the anti-phase octahedral rotation while mode 2 correlates with both
in-phase and anti-phase rotations.

While the existence of the three I--H(-N) bonds is unquestioned, perhaps an undue emphasis has been placed
on their significance in order to match the predictions from theoretical calculations with the experimentally sug-
gested observations®*. The following is an example of the rationalization that has been advanced. “These three
H--Ibonds per MA ion are controlled by both the particular inorganic a~b*a™ tilt pattern and the organic MA
conformation. Among these, the Hy(1)---I,(1) hydrogen bond is the shortest (2.565 A)and presumably the strong-
est. Accordingly, the N-Hy (1)1, (1) angle is almost 180°. These results are in good agreement with the recent
powder neutron diffraction study®!, as well as the structure of ammonium iodide'** where hydrogen-bonding
is known to play a key role in structural stabilization'®*. The N--I distances are much shorter than those of C--I
and also the angle of C-H(1)-I,(3) is smaller than that of N-Hy(1)---1,(1). Accordingly, the hydrogen-bond
interactions mainly originate from H atoms on nitrogen.” It was further suggested that the structure of MAPbI,
without the contribution from hydrogen bonding would remain untilted at all temperatures®*. Therefore, patterns
of hydrogen bonding can be used as an additional parameter to optimize photovoltaic and electronic properties
in perovskites.

From our analyses presented in the previous subsections, however, we identified and characterized various
other noncovalent interactions, in addition to the three I.--H(-N) hydrogen bonds. Their occurrence is not unex-
pected given that the organic cation is entirely positive and electron deficient and has significant potential to
accept electron density from the surrounding negative sites. Since the sizable cation is trapped inside an electron
rich anionic iodide cage, yet does not cause the breaking of the Pb—I coordinate bonds (which happens with
larger cations, leading to the development of materials in 2D'%), it is not very surprising to see the development
of other noncovalent interactions in the static orthorhombic geometry of the o-CH;NH,PbI; system. Among
these, the three I.--H(~C) hydrogen bonds display a pattern comparable with that found for the three I.--H(-N)
hydrogen bonds (Fig. 2a). In this case, however, the two equivalent I..-H(-C) bonds are slightly shorter than the
other one. Apparently, and by analogy with the suggestion of Lee ef al.** quoted above, an immediate conclusion
that comes to mind is that the three I--H(-C) hydrogen bonds could also be related to the a“b*a~ tilt pattern of
the Pbl;* octahedra. That is, the two equivalent and longer I---H(-C) bonds could be qualitatively correlated with
the two types of octahedral rotations noted above. However, these sorts of correlations are superficial and at best
purely qualitative. It actually makes little sense to directly connect any one type of hydrogen bond pattern with the
tilting pattern of the Pbl¢*~ octahedra and then at the same, neglect all other remaining interactions.

It should be kept in mind that the inorganic a~b*a " tilt pattern is a low-temperature feature present in many
inorganic halide and oxide perovskites. The tilting of the octahedra these systems occurs in 23 different ways
following the nomenclature introduced by Glazer®?, which in turn leads to 15 different space groups. They result
from symmetrically distinct combinations of the out-of-phase and in-phase tilts (rotations) of the corner-sharing
octahedra along the three crystallographic directions, and are caused by symmetry breaking due to R, " and M;*
normal displacement modes associated with these tilts, respectively. The details of the tilting nomenclature of
perovskites based on crystal structure and composition have recently been discussed by Mitchell and cowork-
ers'*®. The a%a’a’ (Pm 3 m space group) pattern is the ideal untilted structure with cubic symmetry. Of the 15
potential tilts, the tilting patterns a’b*tb*, a"a "¢ and atbtb~ in Glazer notation, have not been observed in bulk
materials. (The symbols + and - represent the in- and anti-phase tilting of the metal centered octahedra, respec-
tively.) Also, the a®b™b~ pattern has never been experimentally observed and perhaps should not appear in a list
of possible tilt systems of the perovskite structure. While there are 59 orthorhombic space groups, a great number
of experimentally determined orthorhombic perovskites belong to, among others, Pbnm (viz. CaGeO5'”’,
DyFeO;, HoFeO;'%8, M'VO; (M’ =Y, Nd, Tb)'?, CaTiO5)** and Pnma (viz. LaMOs (M = Ho, Er, Tm, Yb, Lu)*",
CaTiO;*?, YAIO;, RFeO; (R=La, Pr, Nd, Sm, Eu, Y)?, in which the perovskite geometries belonging to these
two space groups have exactly the same symmetry, but with the crystallographic axes defined differently. Systems
with Pnma space group display tilt patterns such as a~a~¢* and a~b*a~, all with octahedral rotations in their
ground states. According to Woodward®®, the a—a~c* tilt pattern maximizes B-O covalent bonding interactions
and minimizes B-O repulsion in BMOj; perovskites. The B-site displacements in Prma play an important role in
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minimizing M-O repulsion and optimizing the M-site coordination environment, explaining why do so many
perovskites adopt the Pnma structure®™,

Computationally, o-CH;NH;PbI; has been suggested to be the most stable phase compared to all other
temperature-dependent phases of MAPbI;, and that this result is in agreement with experimental observations.
For example, halide perovskites generally crystallized in three different phases, known as the ~, 3 and « phases,
and associated with the high, intermediate and low temperature phases, respectively. For MAPDIS;, these corre-
spond to the orthorhombic, tetragonal and cubic phases, which are stable in the temperature ranges T < 163K,
163 < T< 327K and T > 327K, respectively®*?%. Similarly, for the CsSnl; all-inorganic perovskite, such
temperature-dependent phases have been known experimentally with transition temperatures of 352 (Pnma,
orthorhombic), 431 (P4/mbm, tetragonal) and 440K (Pm 3 m, cubic), respectively>®. The structures of both o and
B phases of CsMX; (M = Sn, Pb; X = Cl, Br, I) perovskites are dynamically unstable, as observed for MAPbI;,
whereas the geometry of the ~ phase is stable.

The a~bTa tilt pattern shows up regardless of the nature of the B-site cation in the perovskite geometries. It
also occurs both in CsMX; (M = Sn, Pb) and in MAPbY . The net rotation of the MY¢*~ octahedra in perovskites
cannot just be due either to lattice dynamics, or to intermolecular/coordinate bonding interactions. It is rather
the consequence of the effect of both, largely due to the former with an appreciable effect due to the latter. There
is precedence that this kind of tilting of the metal-coordinated octahedra appears in systems even without hydro-
gen and B-site coordinate bonding and without a B-site cation (vide infra). In other words, one can view this as a
local feature and the extent of this is controlled by several factors. These include, inter alia, the extent of covalent
and ionic bonding between the metal cation and the coordinating anions forming the inorganic perovskite cage,
the M and B site strains and their sizes, the nature of the organic or inorganic cation, the displacement of the B
site cation from the center of the inorganic cage, and the nature of the intermolecular interaction involved (such
as dative coordinate bonding due to inorganic cations or hydrogen bonding due to organic or inorganic cations
provided the B-site species contains H atoms). Many have traditionally attributed the origin of tilting to a steric
origin (for example*”), while others suggested it is a consequence of a mismatch of ionic radii>**.

In support of this, we note that Cammarata and Rondinelli?* have correlated the covalency of the metal-oxy-
gen bond in some Pbnm ferrates with the octahedral rotation amplitudes and found that the larger the covalency
component in the Fe-O bond, the less distorted the structure; this would be associated with relatively stronger
long-range inter-octahedral (Fe-O-Fe) interactions. Similarly, for Pb-based compounds, it was shown that the
greater the extent of volume contraction passing from the high temperature phase to the low-temperature phase,
the greater the octahedral tilting since it is associated with a higher degree of iconicity?!. This attribute has
assisted in providing some insight into the reason why Pb-I-Pb angles in Pb-based perovskites are more tilted
compared to that of the Sn-I-Sn angles in Sn-based perovskites?"*®. This bonding feature is in contrast with
rationalizations for the oxide-based perovskites, where the degree of ionicity was correlated with the degree of
octahedral tilting, and an increase in the degree of covalency was correlated with the linearity of the corner
sharing O-M(-0) bonds?. Because tilting breaks ideal o-bonding between the metal and its coordinate bonding
partners, it facilitates the development of orbital type interactions*”?!!, and the idea that linear bonds are more
covalent than non-linear bonds is not a well developed concept and that no robust experimental and theoretical
approaches have so far been developed to accurately quantify ionicity and covalency in metal-ligand interactions
in metal coordinated systems, as well as in noncovalent interactions. What has been done so far is tentative,
and is nothing other than a researcher biased interpretation. Explanations concerning the ionic and covalent
nature of chemical interactions have, of course, been advanced based on molecular orbital pictures; some have
been based on electron density analysis; some on electron delocalization indices; and some on other approaches.
Sometimes the results obtained from one approach do not match with the results from other approaches, leading
to some controversy. Although most of these approaches have helped to explain to some extent the experimen-
tally observed trends in several systems, they have produced questionable results for other systems.

The origin of octahedral tilting has been discussed many times in the case of orthorhombic BMO; perovskites.
According to Abakumov and coworkers?'?, a primary reason for the tilting distortion is the mismatch between the
B—O and M—O interatomic distances in BMO; perovskites, which can be inferred from the tolerance factor.
Many halide and oxide perovskites with widely varying composition exhibit this kind of ground-state tilting pat-
tern, especially when their Goldschmidt tolerance factors 7 are <1; this is not very different to what has been

observed for CH;NH,PbI;. The tolerance factor T is calculated by r = L%, where R, R, and Ry are ionic

radii of B, M and Y site ions, respectively. For ideal cubic structures, T= 1. However, in the case of structures
suffering from tilting and ferroelectric distortions, 7 < 1 and >1, respectively. While this condition is satisfied for
many systems, there are cases where it fails to provide the expected result. For instance, 7 is >1 for SrTiO;,
SrRuO;, CaMnO;, and LaMO; (M = Al, Cu, Co, Ni), but tilting is evident of all these systems. The range
0.8 <7< 1 usually applies to perovskites, although the lower part of this range is generally found to be associated
with lower symmetry tilted structures?®.

There are three types of geometrical distortions that have been discussed in the literature: second-order
Jahn-Teller distortion, ferroelectric distortion, and tilting. The first two are electronic in nature while the origin of
the latter is steric?%. Such tilting dramatically improves B-site coordination, and possibly improves electrostatic
binding by facilitating significant volume contraction. While the ground-state tilting pattern in perovskites is
widespread, does this mean that I.--H-N interactions cause the octahedral tilting and that without them there
would be no tilt at all? Clearly, this is not the case; the system would display tilting as long as the space group
symmetry is constrained to orthorhombic.

To clarify this further, consider Fig. 11. It presents both inorganic halide and oxide and organic-inorganic
halide perovskites in the orthorhombic phase, including the eponymous mineral perovskite CaTiOs. The latter
adopts an orthorhombic distorted-perovskite structure with space group Pbnm, a structure that is common in
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Figure 11. The computed structures of (a-d) were obtained from the Materials Project Database?'® with ref.
IDs mp-756296 (10.17188/1290469), mp-779599 (10.17188/1268423), mp-4019 (10.17188/1207766) and mp-
568570 (10.17188/1274524), respectively. The experimental structure of (e) is taken from ref.?*’, whereas the
computed structures of (f-g and h) were emerged from this study using PBE (10 x 8 x 10 k-point mesh) and
from ref.?*}, respectively. The tilting angle (in degree) is shown in each case.

perovskite oxides. It shows the combination of two kinds of TiO4 octahedron tilts, two out-of-phase and one
in-phase, with the a~a~c* pattern?">. While the first five perovskite systems of Fig. 11 do not contain an organic
cation, these all have tilted octahedra (either BO, or BY), the origin of which is known to be primarily due to
lattice disorder. However, the effect of coordination bonding between the inorganic cation and the cage oxides
or halides is not insignificant as it is involved with a many-fold bonding topology that influences the extent of
tilting and the volume of the lattice. Coordination of the B-site cation reported using bond valence analysis of the
first coordination sphere can range from 8 to 12. Many naturally-occurring BMO; and BMX; perovskite-group
minerals, including CaTiO3, that adopt the orthorhombic structure display the B-site cations involved in 8-fold
coordination?'®*. SrTiO; perovskite can be described as consisting of corner sharing MO octahedra with the B
cation occupying the 12-fold coordination site formed in the middle of the cube of eight such octahedra.

The magnitude of the bond angles shown in Fig. 11 suggests that, depending on the nature of packing and size
of the atomic domains, tilting of octahedra can be either severe in one direction or less pronounced in the other,
driven by the nature of coordination between the entrapped guest and the host. This is evident in the CaTiOs,
CsPbl;, CsSnl; and CsPbBr; systems that have an inorganic cation, yet the extent of tilting is not the same since
the sizes of the guest cation, the metal ion and the ligators all compete with each other to determine the extent
to which a given system tilts and where the B-site cation is positioned so as to maximize the bonding interaction
between the interacting constituents in the equilibrium geometry of the system. A similar argument can be made
for octahedral tilting in 0-CH;NH;PbI; and o-CH;NH;SnI;. Consequently, the origin of the tilting thus cannot
be solely attributed to I.-H-N hydrogen bonding, or solely to any other type of noncovalent interaction identified.

Now let us consider the widely known system, WO,. This is a semiconducting material, and has a bandgap
of 1.676 eV, and a formation energy of —2.179 eV atom™, evaluated theoretically with GGA + U8, Figure 12
illustrates the theoretically modeled Pnma structure of the system (16 atoms in the unit-cell). Several phases of
this system were experimentally characterized and analysed by exploring the sequence of temperature-induced
phase transitions in WO,*!°. They were rationalized in terms of changes in the octahedral tilt of the system and/
or displacements of W from the center of the WO, octahedron. As such, 3-WO; (Pbcn) was observed at 350 °C,
with an a®bt¢ tilt. The tetragonal a-WOj; (P4/ncc) was observed at 800 °C, with an a’a’c tilt?%. Similarly, the
low-temperature ¢ and 9 phases were identified to be monoclinic and triclinic and both are associated with an
a b ¢ tilt. As can be seen from Fig. 12, the orthorhombic geometry of this system is perovskite-like, with a tilt
of the WO, octahedra similar to that in 0-CsSnl; and BTiO; (B = Er, Dy). The ZW-O-W is 160.1° along the a and
b axes, and is 159.7° along the ¢ axis, and all deviate significantly from 180° as a result of tilting. This structure of
WO, is an example of a structure that does not contain any organic or inorganic cation in its cage interior, and so
suffers from a deficiency in the B-site population; analogous systems of this type include ReO,*'822-222 and ScF,*>.
The absence of a guest species in these systems is not unusual since the metal cores in these have a formal oxi-
dation state of +6. Quite evidently, WO; does not experience the effects of any hydrogen bonding or coordinate
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/W-O-W =160.1° (along a and b) a=53507 & b=5.4183R, c=7.6189 R (a= b =0)
ZW-O-W = 159.7° (along c) o =90.0°, B =89.97°, y=90.0° (a.= B=7)

Materials Project Ref. Code: mvc-5096

Figure 12. The orthorhombic (Pmna) geometry of WO;, showing a perovskite-like architecture without the
presence of any B-site cation inside the cage. The tilting angles and lattice constants are shown.

bonding between the O and B site species, which would be expected when the W-O cage accommodates a B-site
species. While we did not explore the impact of hydrogen or coordinate bonding in this system, which could be
done if a neutral organic or inorganic species is doped inside the cage, it is reasonable to conclude that tilting
of the octahedra of WO, is the consequence of lattice disorder caused by the delicate balance between extent of
attractive and repulsive interactions between the interacting sites at the atomic level. One cannot simply fully
attribute this to what has traditionally been called a steric effect. This is because this effect cannot explain tilting
on a system by system basis. We note further that the metal halide octahedra in perovskites in one dimension can
be corner-sharing, edge-sharing, or face-sharing to form a 1D nanowire surrounded by organic cations. Their
configurations can be either linear or zigzag, and their chemical formulae are variable depending on the connect-
ing methods and the organic cations chosen?*. Although many recent examples of this are available??>~2?7, we note
in particular that CsPbl; adopts a distorted nanowire-like structure in one dimension that unambiguously does
not involve H-bonding®.

Figure 11h illustrates the structure of formamidinium halide perovskite, CH(NH,),PbI; (also known as
FAPbI;), which may be used as another case to determine whether hydrogen bonding is the cause of octahedral
tilting. The B-site molecular cation FA in this system is larger than MA (tentative ionic radii of MA and FA are
2.16 and 2.53 A, respectively)?2%2%, As the H atoms of MA make noncovalent interactions with the iodides in
0-MAPbI;, the H atoms on FA form hydrogen bonding interactions with the iodides of the inorganic iodide
framework. While some are of the view that the diamine may hydrogen bond to the halogen atoms to both sides
of the cage?!, others have argued these are indeed present but probably weaker than those in MAPbI,>. This sys-
tem indeed shows octahedral tilting, yet Lee et al.?* have attributed this to the engineered direction and strength
of hydrogen bonds that disfavors significant octahedral tilting in this system, since these are formed on both
sides of the molecule?*?, rendering the system pseudocubic. Nevertheless, multiple experimental results reveal
that the ground state of the system involves complex disorder at low temperature. Because the symmetry of the
FA cation is geometrically frustrated, this causes the system to adopt P4/mbm space group symmetry that lacks
the a~bTa tilting pattern®. This is indeed in contrast to MAPbI,/MASnI; where the molecular symmetry and its
size are compatible with tilting, showing the importance and role played by the molecular cations in a different
hybrid organic-inorganic perovskite system. The replacement of MA by FA results in a global “locking” of the
Pbl, octahedra tilting in the resulting perovskite, restricting the rotational or tumbling motion of the CH(NH,), "
molecular ion in a locked cage?* due to the lattice dynamics that are significantly reduced. In the mixed B-site
cation perovskites, there is also an increase in I.--H—N hydrogen bonding interactions between FA and the Pb—1/
Sn—1I lattice, in which, it is suggested®*-2% confering greater structural stability.

While there are suggestions that the average crystal structure of FAPbI, is cubic?", this cannot be so since the
lattice constants are unequal, signifying local octahedra tilts expected of an orthorhombic structure®*?¥. The sim-
ulation results of Ghosh and coworkers?*® are also in agreement with this since FAPbI; adopts a tilted structure
with an average tilt angle of 11°, which is very similar to the results from another study®?’. In this?*’, as well as in
another report?®, it is predicted that when cations such as Cs* and Rb™ are introduced into the B-sites they are
less able to fill the space in the cage, and as a result the octahedra tilts further to pack more effectively, causing the
tilt angle to increase from 11° in FAPDI, to 20° in FA 4Rb, ,PbI.

In order to provide more insight into the whether the absence of the organic cation can cause o-CH;NH;PbI;
to become untilted, we removed the organic cation from the o-CH;NH;PbI; geometry, and relaxed it at the same
PBE level of theory as was done for the system with the MA cation. The resulting hypothetical structure is illus-
trated in Fig. 13. The removal of the B-site cation has significantly decreased the volume of the system to 748.75
A3, compared to a value of 1026.46 A*> computed for o-CH;NH;Pbl,. The decrease in volume did not change the
orthorhombic nature of the resulting geometry. Interestingly, the decrease in the cell volume results in an increase
in the bandgap to 2.1 eV. While the nature of the bandgap is predicted to be indirect, it is a result of the shift of the
position of CBM. For instance, the bottom of the conduction band occurs at the k-point of (1/2, 0, 1/2) in recipro-
cal coordinates, whereas the top of the valence band is a minority spin state with energy and occurs at the k-point
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ZPb-I-Pb=157.8° (along b)
a=7.851R b=12.073R c=7.899R (a=b=0) ZPb-I-Pb= 123.1° (along a)
o =90.0° B =90.0° y=90.0°(a=PB=y) Z/Pb-I-Pb= 124.1° (along ¢)

Figure 13. Two views of the PBE relaxed geometry of o-CH;NH;Pbl; without the MA cation, showing a
significantly distorted orthorhombic structure. The lattice constants, the shortest I-I distance (in A) (left) and
tilting angles along the three crystallographic axes (right) are shown.

of (0, 0, 0). This is indeed markedly different to the PBE bandgap value of 1.78 eV computed for o-CH;NH,;PbI;,
which is direct at high symmetry I™-point in k-space.

It is readily seen from Fig. 13 that the Pbls*~ octahedra in the perovskite-like structure are severely tilted due
to the removal of the organic cation. Although the /Pb-I-Pb tilting angles along the a and ¢ axes are not exactly
the same, they are nearly equivalent. They are both markedly different from the tilting angle found along the b
axis. Moreover, the calculated I---I distances (marked in red) are 3.307 A, much less than twice the van der Waals
radius the I atom, 4.08 A, suggesting that these I atoms are bonded to each other, and that this is responsible in
part for the severity of tilting of the PbIs*~ octahedra (in the B-site free perovskite). o-CH;NH;PbI;, on the other
hand, shows an analogous tilting of the same octahedra with MA, yet the I.-I interaction distances are larger, and
is evidently caused by the organic cation by pushing the I atoms apart and for its accommodation within the cage.
Nevertheless, both tilting and I---I contacts are an inherent feature of the system; consequently, the importance of
the latter motif should not be neglected. These results, contrary to those of Lee et al.**, suggest that the absence of
the organic cation would result in a tilted system.

The discussion given above leads to the conclusion that tilting of the MY, octahedra in hybrid organic-inorganic
BMY; perovskites is not entirely caused either by intermolecular hydrogen bonding, or by dative coordinate
bonding interactions. This does not mean these do not play a role in driving the extent of tilting in halide per-
ovskites. The chemical bonding of a variable-sized B-site cation actually cooperates with lattice dynamics to favor
distortion, thus contributing to tilting and to the properties of the resulting systems at equilibrium. The study by
Shojaei et al.>** might provide additional insight into the chemical physics and physical chemistry of octahedral
tilting in perovskites, and the way it is correlated with other properties of these systems.

One of the major problems with the current state of the art of theoretical and experimental methods is that
none is sufficiently robust to provide accurate information on the exact nature of lattice dynamics”™, as well the
dynamic nature of hydrogen bonds, which are collectively responsible for the extent of octahedral tilting that
influences the functional properties of the system. The lattice and B-site cation dynamics, and how they deter-
mine tilting, have been the subject of many discussions, but these have not answered the question how and in
what way exactly they tune the functional properties of the system. For instance, the study of Maughan and
coworkers that used X-ray pair distribution function data was unable to unequivocally determine if the octa-
hedral tilting disorder in iodide-based vacancy-ordered double perovskite compounds is static or dynamic?.
Li and Rinke* have recently demonstrated that the interplay between octahedron tilting and the MA dynamics
still needs a clearer understanding, referring to this as an example of the chicken-and-egg paradox. Specifically,
the study showed that the low symmetry of the organic cation (the chicken) triggers the inorganic-framework
(the egg) deformation, whose magnitude is sensitive to the orientation of the organic cation; this deformation
then aids the overall stabilization of the hybrid perovskite structure. The final location of the organic cation was
assumed to be very sensitive to the inorganic-framework deformation, thereby leaving the authors unable to say
which came first, the deformation of the inorganic-framework or position of the organic cation. To this end and
from the results of our calculations provided above, it can be said with some certainty that the deformation of the
lattice is an inherent feature of the o-MAPDI, system; this suggests that this comes first. The second part is the MA
cation, whose molecular size and symmetry determine the way it is to be accommodated inside the perovskite
cage to maintain an appropriate size-match selectivity, and the extent to which it would influence octahedral
tilting and determine the properties of the system.
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Conclusion

Several descriptors of bonding interactions that are currently in use for the study of a variety of noncovalent
interactions, including those recommended by IUPAC, were invoked to reveal them in o-CH;NH;Pbl; and its
deuterated analogue 0-CD;ND;Pbl;, as well as to validate the usefulness of the current state-of-the-art compu-
tational tools adopted. We demonstrated that the I.--H(-C)/I---D(-C) interactions in the static geometry of the
perovskite polymorph o-CH;NH;Pbl;/0-CD;ND;Pbl; are not insignificant as is often assumed. The presence of
I.-H(-N) and [.-D(-N) interactions in the experimental neutron diffraction geometries of o-CH;NH,PbI;*! and
its fully deuterated analogue was probably assigned based on the “less than the sum of the van der Waals radii”
concept and several other weak interactions were overlooked; this is misleading for various reasons described in
this paper. It is therefore recommended that this criterion alone should not be used to analyze chemical bonding
in systems such as the one examined in this study. To this end, we showed that it is always instructive to per-
form several analyses using available computational procedures in order to arrive at definitive conclusions on the
nature and type of noncovalent interactions being explored.

Given the geometrical complexity of the o-CH;NH;PbI; system, it is not easy to accurately model or measure
the (energetic) strength of various intermolecular interactions in this system, nor it is straightforward to deter-
mine how these interactions individually influence tilting since there are many of them that are collectively and
simultaneously responsible for this effect. Based on the demonstrations widely available in the literature on non-
covalent interactions'>*12>12%-134 it js evident that it is incorrect to assume that strong noncovalent interactions are
always important and weak interactions can be neglected to explain a physical effect. However, from the energies
obtained from standard molecular model calculations, it can be concluded with some confidence that the strong
competition between the methyl and ammonium groups of the organic cation forming the I.--H(-C)/I.--D(-C)
and I.-H(-N)/I--D(-N) hydrogen/deuterium bonds, as well as the carbon- and pnictogen bonds, explain why
the organic cation in 0-CH;NH;PbI;/0-CD;ND;PbI, is located near (or slightly displaced from) the centre of the
perovskite cage at low temperatures. The position of the cation is not the same as that found in the geometries of
the tetragonal and pseudo-cubic polymorphs of the corresponding system, since the effect of temperature drives
its positioning, leading to the formation of different modes of intermolecular interactions between the host and
guest species. We plan to explore this, and report it elsewhere.

We conclude that the various noncovalent interactions revealed in this study do not by themselves produce
the tilting effect; rather their presence or absence respectively decreases or increases the extent of tilting. This was
shown by removing the organic cation and by comparing the geometrical results of the resulting hypothetical
system with those of the same system that has the cation in it. The removal of the cation significantly increased the
bandgap of the resulting material and caused the nature of the bandgap to become indirect. This is consistent with
many reports that suggest that the larger the tilting the larger the bandgap and hence the larger the carrier masses,
thereby affecting the photovoltaic properties. While the tilting phenomenon is known to control photo-carrier
electron-hole effective masses, band gap and other photovoltaic properties of halide perovskites?!~%, it is certainly
not controlled just by the I.-H(-N) interactions. It should be appreciated that the tilting in o-CH;NH,Pbl;/0-CD-
sND;PbI; triiodide perovskite is a complex phenomenon that is driven by the interplay between many interac-
tions, including those that arise from lattice and B-site cation dynamics even at low temperatures’.

References

1. Volonakis, G. et al. Cs,InAgCl,: A New Lead-Free Halide Double Perovskite with Direct Band Gap. J. Phys. Chem. Lett. 8,772-778
(2017).

2. Xiao, Z., Zhou, Y., Hosono, H., Kamiya, T. & Padture, N. P. Bandgap Optimization of Perovskite Semiconductors for Photovoltaic
Applications. Chemistry — A European Journal 24, 2305-2316 (2018).

3. Varadwaj, A., Varadwaj, P. R, Marques, H. M. & Yamashita, K. Revealing the Nature of Hydrogen Bonding and Other Noncovalent
Interactions in the Polymorphic Transformations of Methylammonium Lead Tribromide Perovskite. Materials Chemistry Today 9,
1-16 (2018).

4. Varadwaj, A., Varadwaj, P. R. & Yamashita, K. Revealing the Chemistry between Bandgap and Binding Energy for Pb/Sn-based
Trihalide Perovskite Solar Cell Semiconductors. ChemSusChem 11, 449-463 (2018).

5. Varadwaj, A., Varadwaj, P. R. & Yamashita, K. Halogen in materials design: Fluoroammonium lead triiodide (FNH;Pbl,) perovskite
as a newly discovered dynamical bandgap semiconductor in 3D. Int. J. Quant. Chem. 118, €25621 (2018).

6. Varadwaj, A., Varadwaj, P. R. & Yamashita, K. Revealing the Cooperative Chemistry of the Organic Cation in the Methylammonium
Lead Triiodide Perovskite Semiconductor System. ChemistrySelect 3, 7269-7282 (2018).

7. Groom, C. R, Bruno, I. ., Lightfoot, M. P. & Ward, S. C. The Cambridge Structural Database. Acta Cryst. B72,171-179 (2016).

8. Kusamoto, T. et al. Bilayer Mott System with Cation---Anion Supramolecular Interactions Based on a Nickel Dithiolene Anion
Radical: Coexistence of Ferro- and Antiferromagnetic Anion Layers and Large Negative Magnetoresistance. Inorg. Chem. 52,
4759-4761 (2013).

9. Kusamoto, T., Yamamoto, H. M. & Kato, R. Utilization of o-Holes on Sulfur and Halogen Atoms for Supramolecular Cation---Anion
Interactions in Bilayer Ni(dmit)2 Anion Radical Salts. Crystal Growth & Design 13, 4533-4541 (2013).

10. Ohde, C., Kusamoto, T., Nakabayashi, K., Ohkoshi, S.-i. & Nishihara, H. Supramolecular Two-Dimensional Network Mediated via
Sulfur’s 0-Holes in a Conducting Molecular Crystal: Effects of Its Rigidity on Physical Properties and Structural Transition. Crystal
Growth & Design 17, 2203-2210 (2017).

11. Huynh, H.-T,, Jeannin, O. & Fourmigué, M. Organic selenocyanates as strong and directional chalcogen bond donors for crystal
engineering. Chem. Commun. 53, 8467-8469 (2017).

12. Karan, N. K. & Arunan, E. Chlorine bond distances in CIF and Cl, complexes. J. Mol. Struct. 688, 203-205 (2004).

13. Dean, P. A. W. Facets of van der Waals Radii That Are Not Commonly Included in Undergraduate Textbooks. J. Chem. Ed. 91,
(154-157 (2014).

14. Varadwaj, A., Varadwaj, P. R,, Marques, H. M. & Yamashita, K. Revealing Factors Influencing the Fluorine-Centered Noncovalent
Interactions in Some Fluorine-substituted Molecular Complexes: Insights from First-Principles Studies. ChemPhysChem 19,
1486-1499 (2018).

15. Varadwaj, A., Varadwaj, P. R., Marques, H. M. & Yamashita, K. A DFT assessment of some physical properties of iodine-centered
halogen bonding and other noncovalent interactions in some experimentally reported crystal geometries. Phys. Chem. Chem. Phys.
20, 15316-15329 (2018).

SCIENTIFIC REPORTS |

(2019) 9:50 | DOI:10.1038/s41598-018-36218-1 23



www.nature.com/scientificreports/

16.
17.
18.

19.

20.
21.
22.
23.

24.
25.

26.
27.
28.
29.
30.
31.
32.

33.
34.

35.

36.

37.
38.
39.
40.
41.
42.
43.
44,
45.
46.
47.
48.
49.
50.
51.
52.
53.
. Arunan, E. et al. Definition of the hydrogen bond (IUPAC Recommendations 2011). Pure Appl. Chem. 83, 1637-1641 (2011).
o

57.

58.

Varadwaj, A., Varadwaj, P. R. & Yamashita, K. Do surfaces of positive electrostatic potential on different halogen derivatives in
molecules attract? like attracting like! . Comput. Chem. 39, 343-350 (2018).

Yin, T. et al. Hydrogen-bonding evolution during the polymorphic transformations in CH;NH;PbBr;: Experiment and Theory.
Chem. Mater. 29, 5974-5981 (2017).

Varadwaj, P. R. Methylammonium Lead Trihalide Perovskite Solar Cell Semiconductors Are Not Organometallic: A Perspective.
Helv. Chim. Acta 100, e1700090 (2017).

Varadwaj, A., Varadwaj, P. R. & Yamashita, K. Hybrid organic-inorganic CH;NH;PbI;, perovskite building blocks: Revealing ultra-
strong hydrogen bonding and mulliken inner complexes and their implications in materials design. . Comp. Chem. 38, 2802-2818
(2017).

Kieslich, G. & Goodwin, A. L. The same and not the same: molecular perovskites and their solid-state analogues. Mater. Horiz. 4,
362-366 (2017).

Knutson, J. L., Martin, J. D. & Mitzi, D. B. Tuning the band gap in hybrid tin iodide perovskite semiconductors using structural
templating. Inorg. Chem. 44, 4699-4705 (2005).

Prasanna, R. et al. Band gap tuning via lattice contraction and octahedral tilting in perovskite materials for photovoltaics. J. Am.
Chem. Soc. 139, 11117-11124 (2017).

Katan, C., Pedesseau, M., Kepenekian, M., Rolland, A. & Even, J. Interplay of spin-orbit coupling and lattice distortion in metal
substituted 3D tri-chloride hybrid perovskites. J. Mater. Chem. A 3,9232-9240 (2015).

Lee, J.-H. et al. Resolving the Physical Origin of Octahedral Tilting in Halide Perovskites. Chem. Mater. 28, 4259-4266 (2016).
Lee, J.-H., Bristowe, N. C., Bristowe, P. D. & Cheetham, A. K. Role of hydrogen bonding and its interplay with octahedral tilting in
CH,NH,PbI,. Chem. Commun. 51, 6434-6437 (2015).

Kang, B. & Biswas, K. Preferential CH;NH;+ Alignment and Octahedral Tilting Affect Charge Localization in Cubic Phase
CH,NH,Pbl,. J. Phys. Chem. C 121, 8319-8326 (2017).

Maughan, A. E. et al. Anharmonicity and Octahedral Tilting in Hybrid Vacancy-Ordered Double Perovskites. Chem. Mater. 30,
472-483, https://doi.org/10.1021/acs.chemmater.7b04516 (2018).

Bechtel, J. S. & der Ven, V. A. Octahedral tilting instabilities in inorganic halide perovskites. Phys. Rev. Mater. 2, 025401, https://doi.
org/10.1103/PhysRevMaterials.2.025401 (2018).

Klarbring, J. & Simak, S. I. Nature of the octahedral tilting phase transitions in perovskites: A case study of CaMnO;. Phys. Rev. B
97, 024108 (2018).

Yang, R. X, Skelton, J. M., da Silva, E. L., Frost, ]. M. & Walsh, A. Spontaneous Octahedral Tilting in the Cubic Inorganic Cesium
Halide Perovskites CsSnX; and CsPbX; (X=E Cl, Br, I). J. Phys. Chem. Lett. 8, 4720-4726 (2017).

Weller, M. T., Weber, O. J., Henry, P. E, Di Pumpo, A. M. & Hansen, T. C. Complete structure and cation orientation in the
perovskite photovoltaic methylammonium lead iodide between 100 and 352 K. Chem. Commun. 51, 4180-4183 (2015).
Whitfield, P. S. et al. Structures, Phase Transitions and Tricritical Behavior of the Hybrid Perovskite Methyl Ammonium Lead
Todide. Sci. Rep. 6, 35685, https://doi.org/10.1038/srep35685 (2016).

Glazer, A. M. The classification of tilted octahedra in perovskites. Acta Cryst. B28, 3384-3392 (1972).

Sutton, R. J. et al. Cubic or Orthorhombic? Revealing the Crystal Structure of Metastable Black-Phase CsPbI; by Theory and
Experiment. ACS Energy Lett., 1787-1794 (2018).

Jeong, B. et al. All-Inorganic CsPbl; Perovskite Phase-Stabilized by Poly(ethylene oxide) for Red-Light-Emitting Diodes. Adv.
Funct. Mater. 28, 1706401, https://doi.org/10.1002/adfm.201706401 (2018).

Ren, Y., Oswald, I. W. H., Wang, X., McCandless, G. T. & Chan, J. Y. Orientation of organic cations in hybrid inorganic-organic
perovskite CH;NH,PbI, from subatomic resolution single crystal neutron diffraction structural studies. Cryst. Growth Design 16,
2945-2951 (2016).

Li, J. & Rinke, P. Atomic structure of metal-halide perovskites from first principles: The chicken-and-egg paradox of the organic-
inorganic interaction. Phys. Rev. B 94, 045201, https://doi.org/10.1103/PhysRevB.94.045201 (2016).

Baikie, T. et al. Synthesis and crystal chemistry of the hybrid perovskite (CH;NH;PbI;) for solid-state sensitised solar cell
applications. J. Mater. Chem. A 1, 5628-5641 (2013).

Lee, J. H., Lee, J.-H., Kong, E.-H. & Jang, H. M. The nature of hydrogen-bonding interaction in the prototypic hybrid halide
perovskite, tetragonal CH;NH,PbI,. Sci. Rep., 21687 (2016).

Park, M. et al. Critical Role of Methylammonium Librational Motion in Methylammonium Lead Iodide (CH;NH;Pbl;) Perovskite
Photochemistry. Nano Lett. 17, 4151-4157 (2017).

Tan, L. Z., Zheng, F. & Rappe, A. M. Intermolecular Interactions in Hybrid Perovskites Understood from a Combined Density
Functional Theory and Effective Hamiltonian Approach. ACS Energy Lett. 2, 937-942 (2017).

Yamamoto, K., likubo, S., Yamasaki, J., Ogomi, Y. & Hayase, S. Structural Stability of Iodide Perovskite: A Combined Cluster
Expansion Method and First-Principles Study. J. Phys. Chem. C 121, 27797-27804 (2017).

Fujiwara, H., Kato, M., Tamakoshi, M., Miyadera, T. & Chikamatsu, M. Optical Characteristics and Operational Principles of
Hybrid Perovskite Solar Cells. Physica Status Solidi (a) 215, 1700730 (2018).

Liu, S. et al. Ferroelectric domain wall induced band gap reduction and charge separation in organometal halide perovskites. J.
Phys. Chem. Lett. 6, 693-699 (2015).

Grancini, G. et al. CH;NH;PbI; perovskite single crystals: surface photophysics and their interaction with the environment. Chem.
Sci. 6,7305-7310 (2015).

Becker, M. & Wark, M. Organic Cation Substitution in Hybrid Perovskite CH;NH,PbI; with Hydroxylammonium (NH;OH*): A
First-Principles Study. J. Phys Chem. C 122, 3548-3557 (2018).

Ong, K. P, Goh, T. W,, Xu, Q. & Huan, A. Structural Evolution in Methylammonium Lead Iodide CH;NH,Pbl,. J. Phys. Chem. A
119, 11033-11038 (2015).

Huang, W. et al. Observation of Unusual Optical Band Structure of CH;NH;Pbl; Perovskite Single Crystal. ACS Photonics 5,
1583-1590 (2018).

Shimamura, K. et al. Rotation mechanism of methylammonium molecules in organometal halide perovskite in cubic phase: An ab
initio molecular dynamics study. J. Chem. Phys. 145, 224503, https://doi.org/10.1063/1.4971791 (2016).

El-Mellouhi, F. et al. Hydrogen Bonding and Stability of Hybrid Organic-Inorganic Perovskites. ChemSusChem 9, 2648-2655
(2016).

Zhang, L. & Sit, P. H. L. Ab Initio Study of Interaction of Water, Hydroxyl Radicals, and Hydroxide Ions with CH;NH,PbI; and
CH;NH,PbBr; Surfaces. J. Phys. Chem. C 119, 22370-22378 (2015).

Gholipour, S. et al. Globularity-Selected Large Molecules for a New Generation of Multication Perovskites. Advanced Materials 29,
1702005 (2017).

Svane, K. L. et al. How Strong Is the Hydrogen Bond in Hybrid Perovskites? J. Phys. Chem. Lett. 8, 6154-6159 (2017).

Kamat, P. V. Organometal halide perovskites for transformative photovoltaics. J. Am. Chem. Soc. 136, 3713-3714 (2014).
Gholipour, B. et al. Organometallic Perovskite Metasurfaces. Advanced Materials 29, 1604268 (2017).

Ma, C,, Lo, M.-E. & Lee, C.-S. Stabilization of organometallic halide perovskite nanocrystals in aqueous solutions and their
applications in copper ion detection. Chem. Commun. 54, 5784-5787 (2018).

Kim, Y. C. et al. Printable organometallic perovskite enables large-area, low-dose X-ray imaging. Nature 550, 87-91 (2017).

SCIENTIFICREPORTS| (2019) 9:50 | DOI:10.1038/s41598-018-36218-1 24


http://dx.doi.org/10.1021/acs.chemmater.7b04516
http://dx.doi.org/10.1103/PhysRevMaterials.2.025401
http://dx.doi.org/10.1103/PhysRevMaterials.2.025401
http://dx.doi.org/10.1038/srep35685
http://dx.doi.org/10.1002/adfm.201706401
http://dx.doi.org/10.1103/PhysRevB.94.045201
http://dx.doi.org/10.1063/1.4971791

www.nature.com/scientificreports/

59.
60.

61.

62.

72.

73.

74.

75.

76.

77.

78.

79.
80.

81.
82.

83.

84.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

De Angelis, F. & Kamat, P. V. Riding the New Wave of Perovskites. ACS Energy Lett. 2, 922-923 (2017).

McNaught, A. D. & Wilkinson, A. IUPAC. Compendium of Chemical Terminology (the “Gold Book”). 2nd edn, (Blackwell Scientific
Publications, 1997).

Sun, S. et al. Factors Influencing the Mechanical Properties of Formamidinium Lead Halides and Related Hybrid Perovskites.
ChemSusChem 10, 3740-3745 (2017).

Desiraju, G. R. The C—HeeeO hydrogen bond: Structural implications and supramolecular design. Acc. Chem. Res. 29, 441-449
(1996).

. Desiraju, G. R. & Steiner, T. The weak hydrogen bond in structural chemistry and biology. (Oxford University Press, 1999).

. Desiraju, G. R. Hydrogen bridges in crystal engineering: Interactions without borders. Acc. Chem. Res. 35, 565-573 (2002).

. Alvarez, S. A cartography of the van der Waals territories. Dalton Trans. 42, 8617-8636 (2013).

. Steiner, T. Very long C-HeeeO contacts can be weak hydrogen bonds: experimental evidence from crystalline [Cr(CO);{ne-[7-

exo-(C=CH)C,H,]}]. Chem. Commun. (1998).

. Steiner, T. C-H--O hydrogen bonding in crystals. Crystallogr. Rev. 9, 177-228 (2003).

. Kawai, S. et al. Direct quantitative measurement of the C=0...H-C bond by atomic force microscopy. Sci. Adv. 3, €1603258 (2017).
. Han, Z. et al. Imaging the halogen bond in self-assembled halogenbenzenes on silver. Science 358, 206-210 (2017).

. Kawai, S. et al. Extended halogen bonding between fully fluorinated aromatic molecules. ACS Nano 9, 2574-2583 (2015).

. Varadwaj, P, Varadwaj, A., Marques, H. & Yamashita, K. Can Combined Electrostatic and Polarization Effects Alone Explain the

F-.F Negative-Negative Bonding in Simple Fluoro-Substituted Benzene Derivatives? A First-PrinciplesPerspective. Computation
6,51 (2018).

Roiland, C. et al. Multinuclear NMR as a tool for studying local order and dynamics in CH;NH;PbX; (X =Cl, Br, I) hybrid
perovskites. Phys. Chem. Chem. Phys. 18, 27133-27142, https://doi.org/10.1039/C6CP02947G (2016).

Leguy, A. M. A. et al. Experimental and theoretical optical properties of methylammonium lead halide perovskites. Nanoscale 8,
6317-6327 (2016).

Lahnsteiner, J., Kresse, G., Heinen, J. & Bokdam, M. Finite-temperature structure of the MAPbI, perovskite: Comparing density
functional approximations and force fields to experiment. Phys. Rev. Materials 2, 073604, https://doi.org/10.1103/
PhysRevMaterials.2.073604 (2018).

Perdew, . P, Burke, K. & Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 77, 3865-3868 (1996).
Perdew, J. P, Burke, K. & Ernzerhof, M. Generalized Gradient Approximation Made Simple. Phys. Rev. Lett. 78, 1396 (1997).
Feng, J. & Xiao, B. Crystal Structures, Optical Properties, and Effective Mass Tensors of CH;NH;PbX; (X =1 and Br) Phases
Predicted from HSE06. J. Phys. Chem. Lett. 5, 1278-1282, https://doi.org/10.1021/jz500480m (2014).

Feng, J. & Xiao, B. Correction to “Crystal Structures, Optical Properties, and Effective Mass Tensors of CH;NH,PbX; (X=1and
Br) Phases Predicted from HSE06”. J. Phys. Chem. Lett. 5,1719-1720 (2014).

Blochl, P. E. Projector augmented-wave method. Phys. Rev. B 50, 17953 (1994).

Kresse, G. & Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 59, 1758-1775
(1999).

Kresse, G. & Hafner, J. Ab initio molecular dynamics for liquid metals. Phys. Rev. B 47, 558-561 (1993).

Kresse, G. & Hafner, J. Ab initio molecular-dynamics simulation of the liquid-metal-amorphous-semiconductor transition in
germanium. Phys. Rev. B 49, 14251-14269 (1994).

Kresse, G. & Furthmiiller, ]. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mat. Sci. 6, 15-50 (1996).

Kresse, G. & Furthmiiller, J. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 54, 11169 (1996).

. de Silva, P. & Corminboeuf, C. Simultaneous Visualization of Covalent and Noncovalent Interactions Using Regions of Density

Overlap. J. Chem. Theory Comput. 10, 3745-3756 (2014).

. Johnson, E. R. et al. Revealing Noncovalent Interactions. J. Am. Chem. Soc. 132, 6498-6506 (2010).
. Gaussian 09 v. Revision D.01 (Gaussian, Inc., Wallinford, CT, 2013).
. Schuchardt, K. L. et al. Basis Set Exchange: A Community Database for Computational Sciences. J. Chem. Inf. Model. 47, 1045-1052

(2007).

. Otero-de-la-Roza, A., Blanco, M. A., Pendés, A. M. & Luafa, V. Critic: a new program for the topological analysis of solid-state

electron densities. Computer Phys. Commun. 180, 157-166, https://github.com/aoterodelaroza/critic2 (2009).

. Vega, D. & Almeida, D. AIM-UC: An application for QTAIM analysis. J. Comput. Methods Sci. Eng. 14, 131-136 (2014).

. Lu, T. & Chen, F A multifunctional wavefunction analyzer. J. Comput. Chem. 33, 580-592 (2012).

. AIMAII (version 17. 01.25) (TK Gristmill Software, http://aim.tkgristmill.com, Overland Park, KS, 2016).

. Humphrey, W,, Dalke, A. & Schulten, K. VMD - Visual MolecularDynamics. J. Molec. Graphics 14, 33-38 (1996).

. Whalley, L. D., Frost, J. M, Jung, Y.-K. & Walsh, A. Perspective: theory and simulation of hybrid halide perovskites. . Chem. Phys.

146, 220901 (2017).

. Pérez-Osorio, M. A., Champagne, A., Zacharias, M., Rignanese, G.-M. & Giustino, F. Van der Waals Interactions and

Anharmonicity in the Lattice Vibrations, Dielectric Constants, Effective Charges, and Infrared Spectra of the Organic-Inorganic
Halide Perovskite CH;NH;Pbl;. J. Phys. Chem. C 121, 18459-18471, https://doi.org/10.1021/acs.jpcc.7b07121 (2017).

Even, J., Pedesseau, L., Dupertuis, M. A., Jancu, J. M. & Katan, C. Electronic model for self-assembled hybrid organic/perovskite
semiconductors: Reverse band edge electronic states ordering and spin-orbit coupling. Phys. Rev. B 86, 205301 (2012).

Even, J., Pedesseau, L., Jancu, J.-M. & Katan, C. Importance of Spin-Orbit Coupling in Hybrid Organic/Inorganic Perovskites for
Photovoltaic Applications. J. Phys. Chem. Lett. 4,2999-3005 (2013).

Brivio, E, Butler, K. T., Walsh, A. & van Schilfgaarde, M. Relativistic quasiparticle self-consistent electronic structure of hybrid
halide perovskite photovoltaic absorbers. Phys. Rev. B 89, 155204 (2014).

Egger, D. A. & Kronik, L. Role of Dispersive Interactions in Determining Structural Properties of Organic-Inorganic Halide
Perovskites: Insights from First-Principles Calculations. J. Phys. Chem. Lett. 5, 2728-2733, https://doi.org/10.1021/jz5012934
(2014).

Liu, Y.-Q., Cui, H.-L. & Wei, D. Effects of Spin-Orbit Coupling on Nonequilibrium Quantum Transport Properties of Hybrid
Halide Perovskites. J. Phys. Chem. C 122, 41504155 (2018).

Amnuyswat, K. & Thanomngam, P. Roles of spin-orbit coupling in tetragonal hybrid halide perovskite for photovoltaics light-
absorber. Materials Today: Proceedings 5, 14857-14861 (2018).

Amat, A. et al. Cation-Induced Band-Gap Tuning in Organohalide Perovskites: Interplay of Spin-Orbit Coupling and Octahedra
Tilting. Nano Lett. 14, 3608-3616 (2014).

Stranks, S. D. et al. Electron-Hole Diffusion Lengths Exceeding 1 Micrometer in an Organometal Trihalide Perovskite Absorber.
Science 342, 341-344 (2013).

Grimme, S., Antony, J., Ehrlich, S. & Krieg, H. A consistent and accurate ab initio parametrization of density functional dispersion
correction (DFT-D) for the 94 elements H-Pu. J. Chem. Phys. 132, 154104-154119 (2010).

Grimme, S., Ehrlich, S. & Goerigk, L. Effect of the damping function in dispersion corrected density functional theory. J. Comp.
Chem. 32, 1456-1465 (2011).

SCIENTIFICREPORTS| (2019) 9:50 | DOI:10.1038/s41598-018-36218-1 25


http://dx.doi.org/10.1039/C6CP02947G
http://dx.doi.org/10.1103/PhysRevMaterials.2.073604
http://dx.doi.org/10.1103/PhysRevMaterials.2.073604
http://dx.doi.org/10.1021/jz500480m
https://github.com/aoterodelaroza/critic2
http://aim.tkgristmill.com
http://dx.doi.org/10.1021/acs.jpcc.7b07121
http://dx.doi.org/10.1021/jz5012934

www.nature.com/scientificreports/

106.
107.
108.
109.
110.
111.
112.
113.
114.

115.
116.

117.
118.
119.
120.
121.
122.
123.
124.
125.

126.
127.

128.
129.

130.
131.

132.

133.
134.

135.
136.

137.

138.
139.

140.
141.
142.
143.
144.
145.
146.

147.
148.

149.

150.

151.

152.

153.

154.
155.

Quarti, C. et al. Structural and optical properties of methylammonium lead iodide across the tetragonal to cubic phase transition:
implications for perovskite solar cells. Energy Environ. Sci. 9, 155-163 (2016).

Fang, H. & Jena, P. Molecular Origin of Properties of Organic-Inorganic Hybrid Perovskites: The Big Picture from Small Clusters.
J. Chem. Phys. Lett. 7,1596-1603 (2016).

Thind, A. S., Huang, X., Sun, J. & Mishra, R. First-Principles Prediction of a Stable Hexagonal Phase of CH;NH,Pbl,. Chem. Mat.
29, 6003-6011 (2017).

Luo, Y. R. Handbook of Bond Dissociation Energies in Organic Compounds. (CRC Press, 2002).

Schott, H. Direct comparison of the strength of hydrogen bonds formed by H20 and D20O. J. Macromol. Sci., B 27,119-123 (1988).
Buckingham, A. D. & Fan-Chen, L. Differences in the Hydrogen and Deuterium Bonds. Int. Rev. Phys. Chem. 1, 253-269 (1981).
Jiang, L. & Lai, L. C—H---O hydrogen bonds at protein-protein interfaces. J. Biol. Chem. 277, 37732-37740 (2002).

Torshin, I. Y., Weber, I. T. & Harrison, R. W. Geometric criteria of hydrogen bonds in proteins and identification of ‘bifurcated’
hydrogen bonds. Protein Engineering, Design and Selection 15, 359-363 (2002).

Ong, K. P, Goh, T. W, Xu, Q. & Huan, A. Mechanical Origin of the Structural Phase Transition in Methylammonium Lead Iodide
CH,NH,Pbl,. J. Phys. Chem. Lett. 6, 681-685 (2015).

Jeffrey, G. A. An Introduction to Hydrogen Bonding (Oxford University Press, 1997).

Tuttle, T., Kraka, A., Wu, A. & Cremer, D. Investigation of the NMR spin-spin coupling constants across the hydrogen bonds in
ubiquitin: the nature of the hydrogen bond as reflected by the coupling mechanism. J. Am. Chem. Soc. 126, 5093-5107 (2004).
Koch, U. & Popelier, P. L. A. Characterization of C-H-O Hydrogen Bonds on the Basis of the Charge Density. J. Phys. Chem. 99,
9747-9754 (1995).

Shahi, A. & Arunan, E. Hydrogen bonding, halogen bonding and lithium bonding: an atoms in molecules and natural bond orbital
perspective towards conservation of total bond order, inter- and intra-molecular bonding. Phys. Chem. Chem. Phys. 16,
22935-22952 (2014).

Alkorta, I, Rozas, I. & Elguero, J. Non-conventional hydrogen bonds. Chem. Soc. Rev. 27,163-170 (1998).

Steiner, T. Hydrogen-Bond Distances to Halide Ions in Organic and Organometallic Crystal Structures: Up-to-date Database Study.
Acta Crystallogr. B 54, 456-463 (1998).

Wahl, M. C. & Sundaralingam, M. C-H...O hydrogen bonding in biology. Trends Biochem. Sci. 22, 97-102 (1997).

Auffinger, P. & Westhof, E. Rules governing the orientation of the 2-hydroxyl group in RNA. J. Mol. Biol. 274, 54-63 (1997).
Desiraju, G. R. The C-H...O Hydrogen Bond in Crystals: What is It? Acc. Chem. Res. 24, 290-296 (1991).

Aakerdy, C. B., Evans, T. A., Seddon, K. R. & Pilinko, I. The C-H---Cl hydrogen bond: does it exist? New J. Chem 23, 145-152
(1999).

Taylor, R. It Isn't, It Is: The C-H---X (X= O, N, E, Cl) Interaction Really Is Significant in Crystal Packing. Crystal Growth & Design
16,4165-4168 (2016).

Jiang, L. & Lai, L. CH....O hydrogen bonds at protein-protein interfaces. J. Biol. Chem. 277, 37732-37740 (2002).

Scheiner, S., Kar, T. & Gu, Y. Strength of the C-H--O Hydrogen Bond of Amino Acid Residues. J. Biol. Chem. 276, 9832-9837
(2001).

Jeffrey, G. A. Hydrogen bonds and molecular recognition. Food Chem. 56, 241-246 (1996).

Saha, S. et al. IR spectroscopy as a probe for C-H---X hydrogen bonded supramolecular synthons. CrystEngComm 17, 1273-1290
(2015).

Kryachko, E. & Scheiner, S. CH--F Hydrogen Bonds. Dimers of Fluoromethanes. J. Phys. Chem. A 108, 2527-2535 (2004).

Nepal, B. & Scheiner, S. Microsolvation of anions by molecules forming CH:-X— hydrogen bonds. Chem. Phys. 463, 137-144
(2015).

Sasmal, A. et al. Relevant and unprecedented C-H/o supramolecular interactions involving o-aromatic M2X2 cores. Dalton Trans.
43, 6195-6211 (2014).

Steiner, T. The hydrogen bond in the solid state. Angew Chem. Int. Edn. 41, 48-76 (2002).

Gibb, C. L. D,, Stevens, E. D. & Gibb, B. C. C-H:--X—R (X=Cl, Br, and I) Hydrogen Bonds Drive the Complexation Properties of a
Nanoscale Molecular Basket. J. Am. Chem. Soc. 123, 5849-5850 (2001).

Rezé¢, J. & de la Lande, A. On the role of charge transfer in halogen bonding. Phys. Chem. Chem. Phys. 19, 791-803 (2017).

Riley, K. E. & Hobza, P. Investigations into the Nature of Halogen Bonding Including Symmetry Adapted Perturbation Theory
Analyses. J. Chem. Theory Comput. 4, 232-242 (2008).

Li, W. et al. Mechanical tunability via hydrogen bonding in metal —organic frameworks with the perovskite architecture. J. Am.
Chem. Soc 136, 7801-7804 (2014).

Boerner, L. K. Small bonds a big deal in perovskite solar cells. J. Am. Chem. Soc. 136, 7783-7784 (2014).

Wolters, L. P. & Bickelhaupt, F. M. Halogen bonding versus hydrogen bonding: A molecular orbital perspective. ChemistryOpen 1,
96-105 (2012).

D’Oria, E. & Novoa, J. J. Cation-anion hydrogen bonds: a new class of hydrogen bonds that extends their strength beyond the
covalent limit. A theoretical characterization. J. Phys. Chem A 115, 13114-13123 (2011).

Domagata, M., Lutyniska, A. & Palusiak, M. Extremely Strong Halogen Bond. The Case of a Double-Charge-Assisted Halogen
Bridge. J. Phys. Chem. A 122, 5484-5492 (2018).

AlKorta, I. & Elguero, J. A theoretical study of perovskites related to CH;NH;PbX; (X=E Cl, Br, I). New J. Chem. 42, 13889-13898
(2018).

Bader, R. E Atoms in Molecules: A Quantum Theory. (Oxford University Press, 1990).

Macchi, P. The future of topological analysis in experimental charge-density research. Acta Cryst. B73, 330-336 (2017).

Espinosa, E., Alkorta, I, Elguero, J. & Molins, E. J. Chem. Phys. 117, 5529-5542 (2002).

Anderson, J. S. M., Rodriguez, J. I, Ayers, P. W. & Gétz, A. W. Relativistic (SR-ZORA) quantum theory of atoms in molecules
properties. . Comput. Chem. 38, 81-86 (2017).

Ayers, P. L. et al. Six questions on topology in theoretical chemistry. Comput. Theor. Chem. 1051, 2-16 (2015).

Bartashevich, E. V,, Pendas, A. M. & Tsirelson, V. G. An anatomy of intramolecular atomic interactions in halogen-substituted
trinitromethanes. Phys. Chem. Chem. Phys. 16, 16780-16789 (2014).

Poater, J., Fradera, X., Duran, M. & Sol4, M. The delocalization index as an electronic aromaticity criterion: Application to a series
of planar polycyclic aromatic hydrocarbons. Chem. Eur. J. 9, 400-406 (2003).

Poater, J., Sola, M. & Bickelhaupt, F. M. Hydrogen-Hydrogen Bonding in Planar Biphenyl, Predicted by Atoms-In-Molecules
Theory, Does Not Exist. Chem. Eur. J. 12, 2889-2895 (2006).

Poater, J., Sola, M. & Bickelhaupt, E. M. A Model of the Chemical Bond Must Be Rooted in Quantum Mechanics, Provide Insight,
and Possess PredictivePower. Chem. Eur. J. 12, 2902-2905 (2006).

Poater, ]., Visser, R., Sola, M. & Bickelhaupt, E. M. Polycyclic Benzenoids: Why Kinked is More Stable than Straight. J. Org. Chem.
72, 1134 (2007).

Jablonski, M. & Sola, M. Influence of Confinement on Hydrogen Bond Energy. The Case of the FH---NCH Dimer. J. Phys. Chem. A
114, 10253-10260 (2010).

Desiraju, G. R. et al. Definition of the halogen bond (IUPAC Recommendations 2013). Pure Appl. Chem. 85,1711-1713 (2013).
Duarte, D. J. R., Peruchena, N. M. & Alkorta, I. Double Hole-Lump Interaction between Halogen Atoms. J. Phys. Chem. A 119,
3746-3752 (2015).

SCIENTIFICREPORTS| (2019) 9:50 | DOI:10.1038/s41598-018-36218-1 26



www.nature.com/scientificreports/

156.
157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.
173.

174.

175.

176.

177.
178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

Ryan, J. M. & Xu, Z. [CsH;NH(CHs),],Te,1,: Secondary I-I bonds build up a 3D network. Inorg. Chem. 43, 4106-4108 (2004).
Politzer, P., Laurence, P. R. & Jayasuriya, K. Molecular electrostatic potentials: an effective tool for the elucidation of biochemical
phenomena. Environ. Health Perspect. 61, 191-202 (1985).

Varadwaj, P. R., Varadwaj, A. & Y. Jin, B. Y. Significant evidence of C.--O and C---C long-range contacts in several heterodimeric
complexes of CO with CH;-X, should one refer to them as carbon and dicarbon bonds! Phys. Chem. Chem. Phys. 16,17238-17252
(2014).

Bauzd, A. & Frontera, A. RCH;e000 interactions in biological systems: Are they trifurcated H-Bonds or noncovalent carbon
bonds? Crystals 6, 26, https://doi.org/10.3390/cryst6030026 (2016).

Del Bene, J. E., Alkorta, I. & Elguero, J. Carbon—carbon bonding between nitrogen heterocyclic carbenes and CO,. J. Phys. Chem.
A 121, 8136-8146 (2017).

Legon, A. C. T. pnictogen and chalcogen bonds identified in the gas phase before they had names: a systematic look at noncovalent
interactions. Phys. Chem. Chem. Phys. 19, 14884-14896 (2017).

George, J., Deringer, V. L. & Dronskowski, R. Cooperativity of Halogen, Chalcogen, and Pnictogen Bonds in Infinite Molecular
Chains by Electronic Structure Theory. J. Phys. Chem. A 118, 3193-3200 (2014).

Firme, C. L., Antunes, O. A. C. & Esteves, P. M. Relation between bond order and delocalization index of QTAIM. Chem. Phys. Lett.
468, 129-133 (2009).

Matta, C. F. & Hernandez-Trujillo, J. Bonding in Polycyclic Aromatic Hydrocarbons in Terms of the Electron Density and of
Electron Delocalization. J. Phys. Chem. A 107, 74967504 (2003).

Sumar, I, Cook, R., Ayers, P. W. & Matta, C. E. AIMLDM: A program to generate and analyze electron localization-delocalization
matrices (LDMs). Comput. Theor. Chem. 1070, 55-67 (2015).

Hugas, D., Guillaumes, L., Duran, M. & Simon, S. Delocalization indices for noncovalent interaction: Hydrogen and diHydrogen
bond. Comput. Theor. Chem. 998, 113-119 (2012).

Bartashevich, B., Nasibullina, S. E. & Tsirelson, V. G. Electron delocalization indices as criteria for the identification of strong
halogen bonds of iodine. J. Struct. Chem. 56, 1223-1225 (2015).

Poater, J., Sola, M., Duran, M. & Fradera, X. The calculation of electron localization and delocalization indices at the Hartree-Fock,
density functional and post-Hartree-Fock levels of theory. Theor. Chem. Acc. 107, 362371 (2002).

Poater, J., Duran, M., Sola, M. & Silvi, B. Theoretical Evaluation of Electron Delocalization in Aromatic Molecules by Means of
Atoms in Molecules (AIM) and Electron Localization Function (ELF) Topological Approaches. Chem. Rev. 105, 3911-3947 (2005).
Wang, Y.-G., Matta, C. & Werstiuk, N. H. Comparison of localization and delocalization indices obtained with Hartree-Fock and
conventional correlated methods: Effect of Coulomb correlation. J. Comp. Chem. 24, 1720-1729 (2003).

Matito, E. & Sola, M. The role of electronic delocalization in transition metal complexes from the electron localization function and
the quantum theory of atoms in molecules viewpoints. Coord. Chem. Rev. 253, 647-665 (2009).

Kohout, M. A measure of electron localizability. Int. . Quantum Chem. 97, 651-658 (2004).

Bader, R. E. W. Atoms in Molecules, http://www.wiley.com/legacy/wileychi/ecc/samples/sample02.pdf (accessed on November 12,
2018).

Singh, S. K., Das, A. & Breton, G. W. An ab Initio Study of the Effect of Substituents on the n — 7* Interactions between
7-Azaindole and 2,6-2,6-Difluorosubstituted Pyridines. J. Phys. Chem. A 120, 6258-6269 (2016).

Wilkens, S. J., Westler, W. M., MarKkley, J. L. & Weinhold, F. Natural J-Coupling Analysis: Interpretation of Scalar J-Couplings in
Terms of Natural Bond Orbitals. J. Am. Chem. Soc. 123, 12026-12036 (2001).

Moore, K. B, Sadeghian, K., Sherrill, C. D., Ochsenfeld, C. & Schaefer, H. F. C-HeeeO Hydrogen Bonding. The Prototypical
Methane-Formaldehyde System: A Critical Assessment. J. Chem. Theory Comput. 13, 5379-5395 (2017).

Turney, J. M. et al. PSI4: An open-source ab initio electronic structure program. WIREs Comput. Mol. Sci. 2, 556-565 (2012).
Wagner, J. & Schreiner, P. R. London dispersion in molecular chemistry—reconsidering steric effects. Angew.Chem. Int. Ed. 54,
12274-12296 (2015).

Wang, B. et al. Molecular orbital analysis of the hydrogen bonded water dimer. Sci. Rep. 6, 22099 (2016).

Espinosa, E., Molins, E. & Lecomte, C. Chem. Phys. Lett. 285, 170-173 (1998).

Del Bene, J. E., Perera, S. A. & Bartlett, R. J. Predicted NMR Coupling Constants Across Hydrogen Bonds: A Fingerprint for
Specifying Hydrogen Bond Type? J. Am. Chem. Soc. 122, 3560-3561 (2000).

Perera, S. A. & Bartlett, R. J. NMR Spin—Spin Coupling Constants for Hydrogen Bonds of [F(HF),]~, n=1—4, Clusters. J. Am.
Chem. Soc. 122, 1231-1232 (2000).

Xiang, S.-Q., Narayanan, R. L., Becker, S. & Zweckstetter, M. N-H Spin-Spin Couplings: Probing Hydrogen Bonds in Proteins.
Angew. Chem. Int. Ed. 52, 3525-3528 (2013).

Roohi, H. & Nokhostin, R. NMR chemical shielding and spin-spin coupling constants across hydrogen bonds in uracil-a-
hydroxy-N-nitrosamine complexes. Struct. Chem. 25, 483-493 (2014).

Chaudhuri, P. P, Canuto, S. & Provasi, P. E. NMR spin-spin coupling constants in hydrogen-bonded glycine clusters. Int. J.
Quantum Chem. 118, 25608 (2018).

Del Bene, J. E., Perera, S. A. & Bartlett, R. ]. Hydrogen Bond Types, Binding Energies, and 1H NMR Chemical Shifts. J. Phys. Chem.
A103,8121-8124 (1999).

Yao, L., Grishaev, A., Cornilescu, G. & Bax, A. The Impact of Hydrogen Bonding on Amide 'H Chemical Shift Anisotropy Studied
by Cross-Correlated Relaxation and Liquid Crystal NMR Spectroscopy. J. Am. Chem. Soc. 132, 10866-10875 (2010).

Muller, N. & Reiter, R. C. Temperature Dependence of Chemical Shifts of Protons in Hydrogen Bonds. J. Chem. Phys. 42, 3265
(1965).

Askar, A. M., Bernard, G. M., Wiltshire, B., Shankar, K. & Michaelis, V. K. Multinuclear Magnetic Resonance Tracking of Hydro,
Thermal, and Hydrothermal Decomposition of CH;NH;PbI. J. Phys. Chem. C 121, 1013-1024 (2017).

Senocrate, A., Moudrakovski, I. & Maier, J. Short-range ion dynamics in methylammonium lead iodide by multinuclear solid state
NMR and "I NQR. Phys. Chem. Chem. Phys. 20, 20043-20055 (2018).

Bernard, G. M. et al. Methylammonium Cation Dynamics in Methylammonium Lead Halide Perovskites: A Solid-State NMR
Perspective. J. Phys. Chem. A 122, 1560-1573 (2018).

Schuck, G., Tobbens, D. M., Koch-Miiller, M., Efthimiopoulos, I. & Schorr, S. Infrared Spectroscopic Study of Vibrational Modes
across the Orthorhombic-Tetragonal Phase Transition in Methylammonium Lead Halide Single Crystals. J. Phys. Chem. C 122,
5227-5237 (2018).

Kozlenko, D. P, Savenko, B. N., Glazkov, V. P., Somenkov, V. A. & Hull, S. Structure and dynamics of ammonium halides under
high pressure. Physica B: Condensed Matter 276-278, 226-227 (2000).

Heyns, A. M., Hirsch, K. R. & Holzapfel, W. B. The effect of pressure on the Raman spectrum of NH,L. J. Chem. Phys. 73,105-119
(1980).

Saparov, B. & Mitzi, D. B. Organic-Inorganic Perovskites: Structural Versatility for Functional Materials Design. Chem. Rev. 116,
4558-4596 (2016).

Mitchell, R. H., Welch, M. D. & Chakhmouradian, A. R. Nomenclature of the perovskite supergroup: A hierarchical system of
classification based on crystal structure and composition. Mineral. Mag. 81, 411-462 (2017).

Sasaki, S., Prewitt, C. T. & Liebermann, R. C. The crystal structure of CaGeO; perovskite and the crystal chemistry of the GdFeOs-
type perovskites. Am. Min. 68, 1189-1198 (1983).

SCIENTIFICREPORTS| (2019) 9:50 | DOI:10.1038/s41598-018-36218-1 27


http://dx.doi.org/10.3390/cryst6030026
http://www.wiley.com/legacy/wileychi/ecc/samples/sample02.pdf

www.nature.com/scientificreports/

198.

199.
200.

202.
203.
204.
205.
206.
207.
208.
209.

210.

212.
213.
214.
215.
216.
217.
218.
219.

220.
221.

222.
223.

224.

225.

226.

227.

228.

229.

230.

232.

233.

234.

235.

236.

237.

238.

239.

240.

241.

Marezio, M., Remeika, J. P. & Dernier, P. D. The crystal chemistry of the rare earth orthoferrites. Acta Crystallogr. B 26, 2008-2022
(1970).

Reehuis, M. et al. Neutron diffraction study of YVO,;, NdVO;, and TbVOs. Phys. Rev. B 73, 094440 (2006).

Ali, R. & Yashima, M. Space group and crystal structure of the Perovskite CaTiO; from 296 to 1720K. J. Solid State Chem. 178,
2867-2872 (2005).

. Lufaso, M. W. & Woodward, P. M. Prediction of the crystal structures of perovskites using the software program SPuDS. Acta

Crystallogr. B 57, 725-738 (2001).

Moriwake, H. et al. First-principles calculations of lattice dynamics in CdTiO; and CaTiO5: Phase stability and ferroelectricity.
Phys. Rev. B 84,104114 (2011).

Woodward, P. M. Octahedral Tilting in Perovskites. II. Structure Stabilizing Forces. Acta Crystallogr. B 53, 44-66 (1997).
Benedek, N. A. & Fennie, C. J. Why Are There So Few Perovskite Ferroelectrics? J. Phys. Chem. C 117, 13339-13349 (2013).
Poglitsch, A. & Weber, D. Dynamic disorder in methylammoniumtrihalogenplumbates (II) observed by millimeter-wave
spectroscopy. J. Chem. Phys. 87, 6373-6378 (1987).

Chung, I et al. CsSnl;: Semiconductor or Metal? High Electrical Conductivity and Strong Near-Infrared Photoluminescence from
a Single Material. High Hole Mobility and Phase-Transitions. J. Am. Chem. Soc. 134, 8579-8587 (2012).

Garcia-Fernandez, P., Aramburu, J. A., Barriuso, M. T. & Moreno, M. Key Role of Covalent Bonding in Octahedral Tilting in
Perovskites. J. Phys. Chem. Lett. 1, 647-651 (2010).

Manser, J. S., Christians, J. A. & Kama, P. V. Intriguing Optoelectronic Properties of Metal Halide Perovskites. Chem. Rev. 116,
12956-13008 (2016).

Cammarata, A. & Rondinelli, ]. M. Covalent dependence of octahedral rotations in orthorhombic perovskite oxides. J. Cherm. Phys.
141, 114704 (2014).

Meloni, S., Palermo, G., Ashari-Astani, N., Gratzel, M. & Rothlisberger, U. Valence and conduction band tuning in halide
perovskites for solar cell applications. . Mater. Chem. A 4, 15997 (2016).

. Garcia-Fernandez, P,, Ghosh, S., English, N. J. & Aramburu, J. A. Benchmark study for the application of density functional theory

to the prediction of octahedral tilting in perovskites. Phys. Rev. B 86, 144107 (2012).

Abakumov, A. M. et al. Frustrated Octahedral Tilting Distortion in the Incommensurately Modulated Li; Nd,;_, TiO; Perovskites.
Chem. Mat. 25, 2670-2683 (2013).

Xiao, Z. & Yan, Y. Progress in Theoretical Study of Metal Halide Perovskite Solar CellMaterials. Adv. Energy Mater. 7, 1701136 (2017).
Woodward, P. M. Octahedral Tilting in Perovskites. I. Geometrical Considerations. Acta Crystallogr. B 53, 32-43 (1997).
Yashima, M. & Alj, R. Structural phase transition and octahedral tilting in the calcium titanate perovskite CaTiOs. Solid State Ionics
180, 120-126 (2009).

Marronnier, A. et al. Anharmonicity and Disorder in the Black Phases of Cesium Lead Iodide Used for Stable Inorganic Perovskite
Solar Cells. ACS Nano 12, 3477-3486 (2018).

Weller, M. T., Weber, O. J., Frost, ]. M. & Walsh, A. Cubic Perovskite Structure of Black Formamidinium Lead Iodide, o-[HC(NH,),]
Pbl,, at 298 K. J. Phys. Chem. Lett. 6, 3209-3212 (2015).

Jain, A. et al. The Materials Project: A materials genome approach to accelerating materials innovation. APL Materials 1,011002
https://materialsproject.org/ (2013).

Faudoa-Arzate, A. et al. HRTEM Microstructural Characterization of 3-WO; Thin Films Deposited by Reactive RF Magnetron
Sputtering. Materials 10, 200 (2017).

Vogt, T., Woodward, P. M. & Hunter, B. A. The High-Temperature Phases of WO;. J. Solid State Chem. 144, 209-215 (1999).
Chatterji, T., Henry, P. E, Mittal, R. & Chaplot, S. L. Negative thermal expansion of ReO;: Neutron diffraction experiments and
dynamical lattice calculations. Phys. Rev. B 78, 134105 (2008).

Rodriguez, E. E. et al. The role of static disorder in negative thermal expansion in ReOs. J. Appl. Phys. 105, 114901 (2009).

Greve, B. K. et al. Pronounced Negative Thermal Expansion from a Simple Structure: Cubic ScF3. J. Am. Chem. Soc. 132,
15496-15498 (2010).

Lin, H., Zhou, C,, Tian, Y., Siegrist, T. & Ma, B. T. Low-Dimensional Organometal Halide Perovskites. ACS Energy Lett. 3, 5462
(2018).

Xiao, Z., Meng, W., Wang, J., Mitzi, D. B. & Yan, Y. Searching for promising new perovskite-based photovoltaic absorbers: the
importance of electronic dimensionality. Mat. Horiz. 4,206-216 (2017).

Zhang, X. et al. From 1D Chain to 3D Network: A New Family of Inorganic-Organic Hybrid Semiconductors MO5(L), (M = Mo,
W; L= Organic Linker) Built on Perovskite-like Structure Modules. J. Am. Chem. Soc. 135, 17401-17407 (2013).

Véron, A. C. et al. One-Dimensional Organic-Inorganic Hybrid Perovskite Incorporating Near-Infrared- Absorbing Cyanine
Cations. J. Phys. Chem. Lett. 9, 2438-2442 (2018).

Lai, M. et al. Structural, optical, and electrical properties of phase-controlled cesium lead iodide nanowires. Nano Research 10,
1107-1114 (2017).

Travis, W.,, Glover, E. N. K., Bronstein, H., Scanlon, D. O. & Palgrave, R. G. On the application of the tolerance factor to inorganic
and hybrid halide perovskites: a revised system. Chem. Sci. 7, 4548-4556 (2016).

Tao, Z., Yang, S., Ge, Z., Chen, J. & Fan, L. Synthesis and properties of novel fluorinated epoxy resins based on 1,1-bis(4-
glycidylesterphenyl)-1-(3-trifluoromethylphenyl)-2,2,2-trifluoroethane. Eur. Polymer J. 43, 550-560 (2007).

. Fabini, D. H. et al. Universal Dynamics of Molecular Reorientation in Hybrid Lead Iodide Perovskites. J. Am. Chem. Soc. 139,

16875-16884 (2017).

Grabowski, S. Lewis Acid Properties of Tetrel Tetrafluorides—The Coincidence of the o-Hole Concept with the QTAIM Approach.
Crystals 7,43 (2017).

Ghosh, D., Walsh Atkins, P, Islam, M. S., Walker, A. B. & Eames, C. Good Vibrations: Locking of Octahedral Tilting in Mixed-
Cation Iodide Perovskites for Solar Cells. ACS Energy Lett. 2, 2424-2429 (2017).

Charles, B., Dillon, J., Weber, O. J., Islam, M. S. & Weller, M. T. Understanding the stability of mixed A-cation lead iodide
perovskites. J. Mat. Chem. A 5,22495-22499 (2017).

Zhang, Y., Grancini, G., Feng, Y., Asiri, A. M. & Nazeeruddin, M. K. Optimization of Stable Quasi-Cubic FA,MA,_ PbI, Perovskite
Structure for Solar Cells with Efficiency beyond 20%. ACS Energy Lett. 2, 802-806 (2017).

Xu, E, Zhang, T,, Li, G. & Zhao, Y. Mixed cation hybrid lead halide perovskites with enhanced performance and stability. J. Mat.
Chem. A 5,11450-11461 (2017).

Quarti, C., Mosconi, E. & De Angelis, E. Structural and electronic properties of organo-halide hybrid perovskites from ab initio
molecular dynamics. Phys. Chem. Chem. Phys. 17,9394-9409 (2015).

Ghosh, D., Smith, A. R., Walker, A. B. & Islam, M. S. Mixed A-Cation Perovskites for Solar Cells: Atomic-Scale Insights Into
Structural Distortion, Hydrogen Bonding, and Electronic Properties. Chem. Mat., 5194-5204 (2018).

Shojaei, F. & Yin, W.-]. Stability Trend of Tilted Perovskites. J. Phys. Chem. C 122, 15214-15219, https://doi.org/10.1021/acs.
jpcc.8b04875 (2018).

Stoumpos, C. C. et al. Crystal Growth of the Perovskite Semiconductor CsPbBr;: A New Material for High-Energy Radiation
Detection. Cryst. Growth Des. 13, 2722-2727 (2013).

WMD-group/hybrid-perovskites, https://github.com/WMD-group/hybrid-perovskites/tree/master/2014_cubic_halides_PBEsol
(accessed on November 11, 2018).

SCIENTIFICREPORTS| (2019) 9:50 | DOI:10.1038/s41598-018-36218-1 28


https://materialsproject.org/
http://dx.doi.org/10.1021/acs.jpcc.8b04875
http://dx.doi.org/10.1021/acs.jpcc.8b04875
https://github.com/WMD-group/hybrid-perovskites/tree/master/2014_cubic_halides_PBEsol

www.nature.com/scientificreports/

Acknowledgements

PR.V,, A.V. and K.Y. thank Institute of Molecular Science, Okazaki, Japan for supercomputing facilities received
for calculations, and thank CREST project (Grant No. JPMJCR12C4) and MEXT as “Priority Issue on Post-K
computer” (Development of new fundamental technologies for high-efficiency energy creation, conversion/
storage and use) for partial funding. PR.V. and A.V. are currently affiliated with AIST, and the study was entirely
conducted at the University of Tokyo. H.M.M. thanks the National Research Foundation, Pretoria, South Africa,
and the University of the Witwatersrand for funding.

Author Contributions

Conceptualization and project design, P.R.V,; Investigation, PR.V. and A.V.; Graphics drawing: A.V.; Software,
PR.V. and K.Y,; Supervision, P.R.V. and K.Y.; Writing—original draft, PR.V,; Writing—review & editing, PR.V,,
AV, HMM. and K.Y.

Additional Information
Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

MMM | jcense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS| (2019) 9:50 | DOI:10.1038/s41598-018-36218-1 29


http://creativecommons.org/licenses/by/4.0/

	Significance of hydrogen bonding and other noncovalent interactions in determining octahedral tilting in the CH3NH3PbI3 hyb ...
	Computational Methods

	Results and Discussion

	QTAIM description of bonding. 
	A DORI description. 
	Reduced density gradient analysis. 
	Natural bond orbital and charge transfer analysis. 
	Energy of hydrogen bonds from QTAIM based energy density analysis. 
	Signatures from NMR analysis. 
	Tilting of the BY6 octahedra and their relationship with hydrogen bonding. 

	Conclusion

	Acknowledgements

	Figure 1 (a–c) Ball-and-stick views of the unit-cell of o-MAPbI3 (48 atoms).
	Figure 2 Comparison of (a) PBE and (b) PBE + vdW calculated unit-cell properties of o-CH3NH3PbI3 with those of (c) o-CH3NH3PbI3 (T ≈ 100 K)31 and (d) d6-CD3ND3PbI3 (T ≈ 10 K)32 reported using neutron diffraction measurements.
	Figure 3 Polyhedral (upper) and ball-and-stick (middle) model views of o-CD3ND3PbI3 (10 K) from powder neutron diffraction data32.
	Figure 4 PBE QTAIM molecular graph and (3, −1) bond critical point charge densities (au) for o-CH3NH3PbI3, obtained on its neutron diffraction geometry (T ≈ 100 K)31.
	Figure 5 PBE QTAIM molecular graphs for (a) o-CH3NH3PbI3 (T ≈ 100 K)31 and (b) o-CD3ND3PbI3 (T ≈ 10 K)32.
	Figure 6 Various views (a–c) of the PBE level density overlap regions indicator (DORI = 0.
	Figure 7 PBE level sign(λ2) × ρ vs.
	Figure 8 (a–d) Views of PBE level RDG NCI plots showing some dominant ID(–N) and IN(–C) noncovalent bonding interactions, obtained on the reported neutron diffraction crystal geometry of o-CD3ND3PbI3 (10 K).
	Figure 9 (a–c) Views of PBE level RDG NCI plots showing some potential ID(–C) and IC(–N) noncovalent bonding interactions, obtained on the reported neutron diffraction crystal geometry of o-CD3ND3PbI3 (10 K).
	Figure 10 (a–b) Views of PBE level RDG NCI plots showing some II (top) and Pb—I (bottom) van der Waals and dative coordination bonding interactions, respectively, obtained on the reported neutron diffraction crystal geometry of o-CD3ND3PbI3 (10 K).
	Figure 11 The computed structures of (a–d) were obtained from the Materials Project Database218 with ref.
	Figure 12 The orthorhombic (Pmna) geometry of WO3, showing a perovskite-like architecture without the presence of any B-site cation inside the cage.
	Figure 13 Two views of the PBE relaxed geometry of o-CH3NH3PbI3 without the MA cation, showing a significantly distorted orthorhombic structure.




