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ABSTRACT: Hybrid organic—inorganic perovskites represent a special class of metal—
organic framework where a molecular cation is encased in an anionic cage. The molecule—
cage interaction influences phase stability, phase transformations, and the molecular
dynamics. We examine the hydrogen bonding in four AmBX; formate perovskites:
[Am]Zn(HCOO);, with Am* = hydrazinium (NH,NH;"), guanidinium (C(NH,);"),
dimethylammonium (CH;),NH,", and azetidinium (CH,);NH,". We develop a scheme
to quantify the strength of hydrogen bonding in these systems from first-principles, which
separates the electrostatic interactions between the amine (Am*) and the BX;™ cage. The
hydrogen-bonding strengths of formate perovskites range from 0.36 to 1.40 eV/cation

(8—32 kcalmol™"). Complementary solid-state nuclear magnetic resonance spectroscopy

confirms that strong hydrogen bonding hinders cation mobility. Application of the procedure to hybrid lead halide perovskites (X
= Cl, Br, I, Am* = CH;NH,*, CH(NH,),") shows that these compounds have significantly weaker hydrogen-bonding energies of
0.09 to 0.27 eV/cation (2—6 kcalmol ™), correlating with lower order—disorder transition temperatures.

rganic—inorganic perovskites have risen to prominence

within the area of material science over the past decade.’
Hybrid perovskites with the general formula ABX; exhibit many
fascinating properties, ranging from (multi)ferroics™’ to
photovoltaics and light-emitting applications.” This range of
physical properties is accessible by appropriate choice of
chemical components due to the large compositional
adaptability of the perovskite-motif, and further fine-tuning
can be achieved by the formation of solid solutions.”® While
this is also true for inorganic perovskites, the soft
intermolecular interactions in hybrid organic—inorganic perov-
skites give rise to unique phenomena. Recent studies within the
field have focused on lattice dynamics,7 revealing striking
insight into the underlying structure—property relationships, for
example, dynamic and local symmetry-breaking phenomena,””
unusual thermal expansion behavior”'” and the role of lattice
entropy.'" In particular, hydrogen bonding has been identified
as a source of low-frequency lattice modes, giving rise to
important contributions to the relative stability of different
phases.”

When studying the impact of hydrogen bonding and weak
chemical interactions on the macroscopic properties of hybrid
compounds, formate perovskites with the general formula
[Am]M[(CHOO);] represent an ideal test set.”” In these
materials, (divalent) metal atoms M are bridged by formate
ions to form a ReO;-type cavity within which the amine cations
([Am]) reside. Importantly, the amine cation can chemically
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interact with the negatively charged cavity through both
nondirectional electrostatic interactions and directional hydro-
gen bonds, the latter inherently absent in purely inorganic
materials. These relatively weak interactions often lead to
orientational ordering of the cations at low temperatures, which
for some compounds is associated with (anti)ferroelectric
properties. *~'7 However, thermal motion eventually allows
reorientation of the cation at some finite temperature, T, that
depends on its identity, leading to an order—disorder phase
transition.'”'> The hydrogen bonding also influences other
material properties. For instance, when comparing [C(NH,),]-
Mn(HCOO); and [(CH;),NH,]Mn(HCOO),, the number of
hydrogen-bonding interactions can be qualitatively linked to
their mechanical properties.'®

Hydrogen bonding is of eminent importance in biological
systems, with protein folding and the pairing of DNA bases as
some of the most prominent examples.'” It is therefore not
surprising that, when present, it also affects the properties of
solids. Hydrogen bonds are directional interactions involving a
polar donor group X°"—H’* and an electronegative atom A’".
Prototypical H bonds such as the O—H—O bond in water and
the N—H—-O bond in proteins are largely electrostatic in
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nature; however, the hydrogen bond merges continuously with
van der Waals interactions and ionic and covalent bonds.””*'
Neither computational nor experimental methods can easily
deconvolute the individual contributions to the energy, and
reported hydrogen-bonding energies are therefore typically
based on dimerization energies, which include all of these
interactions. In the case of hydrogen bonding between charged
species the energy will often be dominated by the ionic
(monopole) part of the electrostatic interaction, which is
independent of the relative orientation of the ions. In the
following, we are interested in the orientation-dependent
component of the bonding and use the term hydrogen bonding
to refer to electrostatic interactions from dipolar and higher-
order terms.

In this study, we develop a first-principles scheme to quantify
the hydrogen-bonding strength in hybrid perovskites. We apply
the scheme to four formate perovskites [C(NH,);]Zn-
(HCOO); (Gua*), [NH,NH;]Zn(HCOO), (Hy"),
[(CH,);NH,]Zn(HCOO), (Aze'), and [(CH,),NH,]Zn-
(HCOO); (Dma*) (see Figure 1), where the cations differ in

Figure 1. Perovskite-type unit cell of the formate-based perovskites
studied in this work: (a) Dma*, (b) Aze*, (c) Hy", and (d) Gua®. Zn is
purple, O is red, N is blue, C is gray, and H is white.

the number of potential hydrogen bonds and the degree of
cation motion. The results are validated by experimental results
obtained by solid-state 'H nuclear magnetic resonance ('H
NMR), which gives information about cation dynamics. We
then apply the scheme to the family of hybrid lead halide
perovskites based on the halides CI, Br, I, and the CH;NH,
(Ma*) and CH(NH,), (Fa*) cations, showing that the
hydrogen bonding in these materials is significantly weaker
than in the formate perovskites, in accordance with their lower
order—disorder transition temperature. The results demon-
strate that our approach provides a quantitative assessment of
the forces that determine the physical properties in organic—
inorganic systems, constituting a valuable tool in the develop-
ment of structure—property relationships in this important class
of materials.

The crystal structures of our four prototypical frameworks
were optimized using density functional theory (DFT) with the
PBEsol”* exchange-correlation functional and the D3****
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correction to account for dispersion interactions. Full details
of the computational setup and the optimized lattice
parameters are given in the Supporting Information (SI).

To quantify the hydrogen bonding in the four different
compounds we used the scheme shown in Figure 2. This

Electrostatic _
interactions

Monopole
term

Figure 2. Schematic process for calculating the H-bonding interactions
between the amine cation and the negatively charged [Zn(HCOO);]~
cage. The upper panel shows the procedure for calculating the total
electrostatic interactions, while the lower panel shows how to calculate
the monopole term of this interaction. The difference between these
two numbers arises from hydrogen bonding and higher order
electrostatic interactions. Zn is purple, O is red, N is blue, C is gray,
H is white, and Cs is cyan.

method serves to remove the monopole term of the
electrostatic interactions between the cation and the anionic
framework so that the strength of the dipolar interaction and
higher-order terms forming the hydrogen bond can be
determined. Previous estimates of the hydrogen-bonding
strength failed to account for the fact that the A site is
charged.'"® Our method also explicitly removes any term
involving the total energy of a charged supercell from the final
energy, which means that it is not sensitive to the choice of
supercell, as charged periodic DFT calculations can be (see SI
section on supercell convergence).

In our scheme, the total electrostatic energy of the
interaction between A" and BX;™ is calculated as the energy
difference between the ABX; framework containing the A"
cation and the separated cation and anionic BX;~ framework, as
illustrated in the upper panel of Figure 2. Note that the real unit
cell contains several crystallographically dependent cations, but
the symmetry is lowered to P1 and only one is removed. The
monopole term of the interaction is calculated by replacing one
of the molecular cations with Cs" at the center of the cage and
repeating the above calculation, as shown in Figure 2 (lower
panel). The structure is not relaxed following substitution. We
define the hydrogen-bonding interaction as the difference
between the total electrostatic interaction and the monopole
interaction term, with results shown in Table 1 for the four
compounds. We also give the total electrostatic energy (E,.),
the number of hydrogen-bond donor atoms (i.e., N—H bonds)
per cation (1), each of which might be involved in one or more
hydrogen bonds of varying strength, the temperature of the
order—disorder phase transition (T.), and the difference
between calculated and measured 'H NMR shifts (A, see
below) for H-bonded hydrogen atoms.

The results reveal a higher total hydrogen-bonding energy in
the Gua™ and Hy" compounds than in the Dma" and Aze*
compounds. The number of hydrogen-bonding centers
correlates with the hydrogen -bonding energy in each material;
that is, we find similar energies per center. For the four
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Table 1. Calculated Total Electrostatic Energy (E,,) and
Hydrogen-Bonding Energy (Ey.ponq), Together with Related
Properties”

Gua® Hy* Aze* Dma*
n 6 s 2 2
Ey (eV) 7.61 7.96 697 7.06
Eripond (€V) 1.29 1.40 042 036
Eppona/n (eV) 021 0.28 021 0.18
T. (K) 503%°° 352% 299”7 156"
AS (ppm) 17 1.5(NH,) 2.1 2.3

1.6(NH,)

“Number of hydrogen-bonding donors (1), cation ordering temper-

ature (T.), and the difference between calculated and measured 'H

NMR chemical shifts (A5) of H-bonded hydrogen atoms.
Decomposmon temperature; no phase transition observed.

materials considered here, each donor is involved in one short
hydrogen bond (H—O distance <2.1 A), which is expected to
give the dominating contribution to the hydrogen-bonding
energy, with smaller contributions from weaker hydrogen-
bonding interactions of varying number and geometry. The
similar hydrogen-bonding energies of ~0.2 eV/bond are
comparable to the values typically calculated for N—H—-O
hydrogen bonds, which gives us confidence in our approach. As
an example, high-level quantum-chemical calculations give an
energy of 0.38 eV (8.6 kcal/mol) for the two N—H-O
hydrogen bonds formed between two peptide units, that is, 0.19
eV/bond.”® The corresponding values calculated for formate
perovskites in ref 18 did not remove the monopole term and
give values of ~0.8 eV/bond. We note that the monopole term
varies in magnitude between the different compounds, as would
be expected from the differences in cage size and shape (cf.
Table 1).

To probe the validity of our model we performed solid-state
'"H NMR measurements, which gives information about cation
dynamics. The combination of such experiments and DFT
chemical shift calculations, that is, “NMR crystallography”,”* ™'
can be applied to refine the posmons of hydrogen atoms in
hybrid formate perovskites.”” This approach relies on the
sensitivity of 'H chemical shifts to local structure, for example,
bond lengths and hydrogen bonding. Furthermore, 'H line
widths in these compounds are dominated by '"H—'H dipolar
couplmgs, with line widths reduced by motion of the A-site
cation,’ and the data thus gives information on cation
dynamics. Solid-state magic-angle spinning (MAS) 'H NMR
spectra and peak assignments are shown in Figure 3a for the
series of zinc formates. The formate resonances appear in the
region of ~8 to 9 ppm, and resonances from R,NH,*/R'NH;"
groups appear at similar chemical ranges, with the large shifts
indicative of hydrogen bonding with the zinc formate
framework.

For the Gua®™ compound, the guanidinium N—H resonance
is particularly broad, while the formate resonance is also
broadened compared with the other compounds in the series.
The broad line widths indicate a lack of motion in the Gua*
compound, likely originating from hindered C—N bond
rotation due to the delocalized guanidinium 7 bonding and
the strong hydrogen bonds that keep the position of the cation
fixed in the framework. Additionally, Gua® has a N lone pair
that can potentially interact with the framework via hydrogen
bonding; although these are weaker than N—H—O bonds, they
can nonetheless also contribute to enhanced stability. This is
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Figure 3. (a) 'H MAS NMR (164 T, 'H 700 MHz) spectra of
[Am][Zn(HCOO);] hybrid perovskites. The sample spinning rate was
60 kHz in all cases except for the Aze" sample where a spinning rate of
36 kHz was used. Spectra were acquired without temperature control,
and thus the sample temperatures are ~317 + 11 K, except for the
measurements on the Aze*, where we estimate a sample temperature
of 298 + 4 K Note that these temperatures arise from frictional
heating effects under MAS and were estimated from *’Pb NMR
measurements on lead nitrate at different spinning speeds.’* (b) DFT-
calculated chemical shifts plotted against the experimental values. The
dashed line, x = y, indicates exact agreement between calculated and
experimental values. Letters (in red) indicate the corresponding peak
in the NMR spectrum as shown in panel a.

consistent with molecular dynamics simulations, which showed
that the cation is not rotating at room temperature.33

We performed additional DFT calculations of the 'H
chemical shifts for the series of investigated compounds; cf.
SI for details. The difference between calculated and measured
chemical shifts can be related to the degree of mobility of
molecular groups, and hence to hydrogen bonding strength.
The results, Figure 3b, show good agreement between the
calculated and measured shifts, especially for the CH;, CH,,
and HCOO™ groups, where the differences are <1 ppm. For the
N—H hydrogen atoms, the calculated shifts are consistently
larger than the experimental shifts. This is rationalized by
noting that the calculations do not take into account the
vibrational and rotational motion present at ambient temper-
ature. This phenomenon is well known, and a number of
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Table 2. Calculated Total Electrostatic Energies (E,,) and Hydrogen-Bonding Energies (Ey ,,nq) in a Series of Halide
Perovskites, Together with Related Properties: Number of Hydrogen-Bonding Donors in the Cation (1) and Cation Ordering

Temperature (T,.)

MaPbCl, MaPbBr;
n 3 3
Ei (eV) 8.59 8.19
Extbond (€V) 0.27 0.26
Ettbona/n (V) 0.09 0.09
T, (K) 173" 144*

MaPbl, FaPbCl, FaPbBr, FaPbl,
3 4 4 4
9.09 8.60 8.15 9.03
0.26 0.16 0.10 0.09
0.09 0.04 0.02 0.02
162" @ @ 140

“Transition temperatures were not found for the Cl and Br Fa* compounds.

approaches have been developed to account for the effects of
motion.”>~*" The deviations between experimental and
calculated shifts, AS = dppy — Ogy, (Table 1), indicate motion
of the A-site cation, with the resulting reduction in effective
hydrogen-bond strength, giving rise to lower experimental
chemical shifts, and thus a larger Ad indicates weaker hydrogen
bonds. The values of A§ are largest for hydrogens in the Aze*
(2.1 ppm) and Dma* (2.3 ppm) compounds, while deviations
are also observed for Gua* (1.7 ppm) and Hy" (1.5 and 1.6
ppm, for NH; and NH,, respectively). These findings are
consistent with the greater motion of the protonated amines in
Aze* and Dma*, disrupting hydrogen-bonding interactions due
to thermally activated disorder. Indeed for Dma* NMR
measurements were made above T, while for Aze™ measure-
ments were made close to T, and for Gua® and Hy*
measurements were made below T. Future NMR measure-
ments should be carried out to explore the temperature
dependence of the NMR parameters above and below Tec.

Calculations of differences in NMR shifts between isolated
molecules and molecules in molecular crystals have previously
been used to probe hydrogen-bonding interactions.””* We
have performed similar calculations to verify the effects of
hydrogen bonding on the NMR shifts of the molecules in the
formate perovskites. Our results (shown in more detail in the
SI) confirm the presence of strong hydrogen bonds between
the NH groups and the frameworks with the exception of NH,
in Hy".

Our results demonstrate a clear correlation between the
calculated hydrogen-bonding strengths, the degree of motion
indicated by the '"H NMR measurements and the reported
order—disorder phase-transition temperatures (given in Table
1). The Gua* compound, which is the only one for which an
order—disorder transition is not reported below the decom-
position temperature of 503 K, has a high hydrogen-bonding
energy, broad 'H NMR lineshapes (even under fast MAS), and
shows a small value of AS. The Hy" compound likewise has a
high hydrogen-bonding energy, and the cations are expected to
be ordered at room temperature (phase transition at 352 K*°).
The 'H NMR suggests that the hydrogen atoms are relatively
fixed, although previous '"H NMR investigations and molecular
dynamics simulations have indicated that rotation of the NH,
group around the N—N bond of the cation could be possible at
the experimental temperatures.”>>”

The Aze* and Dma* compounds have similar and
significantly lower calculated hydrogen-bonding energies and
a larger A9, indicating a higher degree of motion. The Aze*
cation undergoes ring-puckering above 299 K,*”* while the N-
atom of the Dma" cation has been reported to jump between
three equivalent positions by rotation of the molecule around
the long axis of the molecule above 156 K.'**” The fact that the
very similar hydrogen-bonding energies do not result in similar
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transition temperatures is probably related to the different
nature of the transition. The barrier for rotation of the Dma*
cation is associated with breaking of the hydrogen bonds,**
while the barrier for the transition in the Aze* compound is also
associated with the ring-puckering motion.

We now apply our scheme to six hybrid halide perovskites
based on the methylammonium (CH;NH,", Ma') and
formamidinium (CH(NH,),*, Fa*) cations and the Cl, Br,
and I halide atoms. These materials have been intensely studied
due to their high efficiency as absorber-layers in thin-film solar
cells.”” They have low order—disorder transition temperatures
of ~150 K (cf. Table 2), and significant attention has been
devoted to how the cation dynamics affects the photovoltaic
performance through effects such as dipole alignment and
electron—phonon coupling.”’

The calculated hydrogen bonding energies for the halide
perovskites are given in Table 2. Our results show no significant
difference in the hydrogen bonding energy for the three
different halides. The interaction is 0.10 to 0.15 eV stronger for
the compounds based on Ma* than those based on Fa*, even
though Fa* has four N—H donor groups and Ma" only has
three. An explanation for this is the larger permanent electric
dipole on Ma* compared to Fa* (2.2D vs 0.2D as calculated for
isolated molecules), which can lead to a larger induced dipole
on the polarizable anions, as well as an additional dipole—dipole
interaction between molecular cations in neighboring unit
cells.”!

The total hydrogen-bonding energies range from 0.09 to 0.27
eV in the halide perovskites, which is considerably lower than in
the formate perovskites (0.36—1.40 eV). This is to be expected
as N—H—O hydrogen bonds are generally considered to be
stronger than N—H—X bonds. The weaker binding in the
halide perovskites is furthermore consistent with the low
order—disorder transition temperatures. The relative strengths
of the hydrogen bonds in FaPbX; follow the series Cl > Br > I,
which follows the order calculated for the interaction between
an isolated cation and the halides (see the SI for further
details). Interestingly there is no pronounced difference
between the Ma* halides; this could be related to the stronger
dipole in Ma®, meaning that the differences in hydrogen-bond
strengths are of the same order of magnitude as differences in
dipole—dipole interactions caused by the removal of a
molecule. Interestingly, the similarity in size of the halide and
formate anions suggests that it might be possible to form a solid
solution, as has previously been done with SCN~,>* and that
this could be a route to tailor the order—disorder transition
temperature in hybrid perovskites.

In conclusion, we have investigated the nature of the amine—
cavity interactions in a number of hybrid perovskite materials.
Our results show that hydrogen bonding is generally stronger in
formate perovskites than in halide perovskites and that the A-
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site cations with stronger hydrogen bonding to the cavity have
higher order—disorder transition temperatures. Our scheme for
accessing the hydrogen-bonding strength is a clear improve-
ment over previous schemes, and the approach can be easily
extended to suit other framework materials. However, we note
that a full picture must also include considerations about the
order—disorder transition mechanism and associated steric
interactions for the chosen shape of cation. Our study illustrates
that 'H NMR and DFT calculations are a powerful
combination of techniques for quantifying the strength and
effect of molecule—cavity interactions in the family of hybrid
organic—inorganic perovskites. Complementary advances in
experimental and theoretical approaches are expected to
improve the description of cation dynamics, leading to further
development of structure—property relationships.
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