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Polymorphism in formate-based dense metal-organic frameworks with the general formula ABX; is predicted by quantum
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chemical calculations and confirmed experimentally. In particular [NH3NH,]Zn(HCOO); crystallizes in two different

polymorphs, a perovskite-like framework and a chiral structure with hexagonal channels. A detailed thermodynamic

analysis reveals that both structures are very close in free energy and that entropy driven effects are responsible for

stabilizing the channel structure.

Among the many fascinating properties of metal-organic
(MOFs), the occurrence of polymorphism is
particularly interesting in the context of materials design. A

frameworks

number of experimental parameters can be used to control
outcomes during the synthesis of MOFs, including reaction
time, temperature, solvent, pH and so on. Of these, the use of
temperature is particularly important because it enables us to
take advantage of entropic differences between alternative
products. This is strikingly illustrated by the cobalt succinates,1
where five different phases containing varying quantities of
structural and extra-framework water can be obtained from a
single reaction mixture held at different temperatures. It has
also been seen qualitatively in anhydrous lithium tartrates,2
where entropic differences due to hydrogen bonding are
important and can be tuned with temperature. From a
fundamental point of view, a knowledge of when a certain
polymorph will form vyields insight into the underlying
thermodynamics and reveals information that is important for
the design of new materials with distinct structural features. A
general guideline regarding the stability of certain crystal
features was given in 1929 by Pauling & Baur;3 however, due
to the complex bonding interactions in hybrid materials,
estimations of stabilities are often made a posteriori. From an
applications point of view, the framework architecture can be
used to tune electronic properties,4 and with the advent of
conductive MOFs® and hybrid photovoltaicss, the ability to
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control properties such as polymorphism and crystal chemistry
is becoming ever more important.

In the present work we analyse polymorphism in the
ferroelectric hydrazinium formate frameworks by
computational methods and experiments. In particular, we use
state-of the-art density functional theory (DFT) based lattice
dynamics to estimate the free energies of the two polymorphs
of [NH5NH,]Zn(HCOO); as a function of temperature. The
study reveals that polymorphism in hydrazinium formates can
be understood in terms of entropic differences in vibrational
entropy between the perovskite-like modification and the
alternative chiral channel structure.

The family of transition metal formates [AmH]B(HCOO);, with
[AmH]" a protonated amine and B a divalent (transition) metal,
is interesting due to the occurrence of paraelectric-to-
ferroelectric phase transitions. Together with low-temperature
magnetic ordering, such materials can be considered as next-
generation multiferroics.” For formate compounds with the
general formula AB(HCOO);, two different structure types
have been observed:®™° (i) a perovskite-like framework with
4.6 topology (1) and (ii) a channel structure with 4°.6
topology (2). Figure 1 shows both structures schematically
with an emphasis on the location of the protonated amines. In
both structures, the paraelectric-to-ferroelectric transition is
related to an order-disorder transition of protonated amines in
the ReOs-like cavity (1) or hexagonal channels (2), respectively.
1013 The phase transition temperature in turn is dependent on
the strength of hydrogen bonds and interactions
between the protonated amines and the metal-formate
framework of the two structures. Usually, the channel
structure is observed for smaller protonated amines, such as
[NH,* and [NHsOHT','>** while the perovskite frameworks
forms for larger sized protonated amines.’

ionic
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Figure 1. Schematics of the two structure types observed in the series
[NH3NH,]B(HCOO); with B = Mn*', Co™", Zn>" and Mg®". The structures are simplified to
emphasize the perovskite-structure motif in (a) and the hexagonal channels in (b). Grey
polyhedrons are ZnOg octahedrons, black spheres formate anions and blue spheres
correspond to [NHsNH,]" cations. (c) and (d) show crystals of Zn-1 (c) and Zn-2 (d), see
ESI for more crystals.

Table 1. Overview of the series [NH;NH,]B(HCOO); with B = Mn**, Co®*, Zn** and Mg”".
Given are the ionic radii according to Shannon, ' calculated Tolerance Factors' and

the observed structure types.

Compound vz (pm) TF Structure
[NH3NH,]Mn(HCOO); 83 0.814 perovskite
[NH3NH,]Co(HCOO); 74.5 0.838 channel
[NH3NH,]Zn(HCOO)3 74 0.839 perovskite
[NH3NH,]Mg(HCOO); 72 0.845 channel

Table 2. The enthalpies of formation with respect to constituent atoms at 0 K obtained
by DFT calculations for [NH3NH,;]Zn(HCOO); in the perovskite structure (Zn-1) and the
chiral structure with hexagonal channels (Zn-2). Calculated densities of both
polymorphs are also given.

Compound Structure | Name | p (g/cm’) Enin (f.u.¥) (eV)

[NH3NH,]Zn(HCOO)3 perovskite Zn-1 2.12 -121.63

[NH3NH,]Zn(HCOO0); channel Zn-2 2.00 -121.56
AE =0.07

*f.u. = formula unit

This trend is summarized by Goldschmidt’s Tolerance
Factor (TF) concept which was recently applied to organic-
inorganic frameworks.'>" Interestingly, within the series
[NH5NH,]B(HCOO);, B = Mn**, Co®*, zn®* and Mg”’, both
structure-types, 1 and 2, have been observed.? In particular,
the perovskite-like framework 1 is observed for M = Zn”* and
Mn®" while use of the divalent metals Co>* and Mg”* leads to
the channel structure 2. An overview of the metal radii,
structure-types and calculated Tolerance Factors of the series
[NH5NH,]B(HCOO); is given in Table 1. According to the
Tolerance Factors, all four compounds are expected to
crystallise in a perovskite-like framework; however, the
intermediate size of [NH3NH,]" seems to emphasise the role of
experimental parameters (beyond simple radius arguments)
on the structure formed. No study has addressed this issue
hitherto, although Gao et al. suggested that polymorphism is
likely to be observed in this series.®

In order to attain a deeper understanding of the underlying
crystal chemistry and thermodynamic stabilities, first-
principles calculations were performed (for details see ESI). As
representative compounds, the energies of [NH;NH,]B(HCOO);
with B = Zn®" and Mg”* have been calculated. The plane-wave
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Figure 2. Temperature dependence of the Gibbs free energy G (a) and entropy S (b) of
the compounds Zn-1 (blue) and Zn-2 (orange). With increasing temperature, the
entropic contribution becomes more dominant which causes the crossover of G at 7=
330 K. The higher vibrational entropy of the channel structure is caused by a lower
density and weaker hydrogen bonding pattern.

pseudopotential method based on density functional theory
(DFT) was applied, including dispersion interactions arising
from the dynamical effects of fluctuating charge distributions
using the DFT-D3 method of Grimme.® Initially, the 0 K ground
state structures were calculated by fitting energy volume
curves of the species to a Murnagan equation of state. The
results for structure 1 and 2 are presented in Table 2 for Zn*"
and in ESI-Tablel for Mg“. Note that the channel structure,
Zn-2, is less dense, Table 2. In accordance with the TFs, the
calculated 0 K enthalpies show that for both divalent metals
the perovskite (Pna2;) structure 1 is preferred to the chiral
channel (P2,2,2,) structure 2. It has previously been reported,
however, that the Zn compound crystallizes in the perovskite
structure Zn-1 whilst the Mg species prefers to crystallize in
structure 2, Mg-2. Evidently, additional factors are crucial for
determining the balance of stability in these systems, which
are not considered within the TF concept.

In a next step, we calculated the full Gibbs free energy by
accounting for vibrational entropy. The important role of such
entropic effects has been noted previously.17 Moreover, to
describe the effects of thermal expansion on the free energy
of the system, we have applied the quasi-harmonic
approximation (QHA):

G(T,P) = miny[U(V) + Fpr,(V,T) + pV], (1)

with G the Gibbs free energy equal to the minimised value of
the sum in brackets with respect to the volume, U is the
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enthalpy, F,, is the Helmholtz free energy as obtained in the
harmonic approximation, and pV is the pressure volume
contribution. The QHA incorporates the temperature
dependence of the harmonic phonon frequencies, which is
important for accurate thermodynamic potentials. The
Phonopy package was employed here.”® For topology analysis
of the N-H bond lengths and crystal structure visualization,
VESTA was used.”

The temperature dependent free energies of Zn-1 and Zn-2
are shown in Figure 2a. For [NH3NH,]Zn(HCOO); at T.=330K a
crossover of the free energies is observed between Zn-1 and
Zn-2. The crossover is a direct result of higher vibrational
entropy in the less dense structure, Zn-2, as illustrated in
Figure 2b. The transition from Zn-1 to Zn-2 is related to weaker
hydrogen bonds (HBs) as reflected by the bond-lengths and,
accordingly, increased vibrational entropy.20 A similar trend is
observed for the Mg phase, see ESI-Figure 1. In
[NH3NH,]Mg(HCOO); the crossover temperature is shifted to
T.= 300 K, which is a direct consequence of longer average HBs
lengths, see ESI-Table2. As the bond lengths are directly
related to their stiffness, the weak HBs in Mg-2 result in higher
vibrational entropy which in turn accounts for the lower T..
The trend in lattice stiffnesses of the different polymorphs is
also reflected in the calculated bulk moduli, 134.31/127.97
GPa for Zn-1 and Zn-2, 129.19/124.8 GPa for Mg-1 and Mg-2,
respectively. The DFT results show that temperature plays a
significant role in determining thermodynamic stabilities in the
[NH3NH,]B(HCOO); and accounts for previous
observations of the difference in the observed structures for
Zn®* and Mg®", specifically Zn-1 and Mg-2. At room
temperature specifically, the formation enthalpies of both
structure types are very close in energy. Polymorphism is
therefore expected to exist in the [NH3;NH,]B(HCOO); family
and, as will be shown in the next paragraph, is indeed
accessible by varying the experimental conditions.

Looking at the experimental routes towards formate
frameworks, the preparation of formate-based hybrid
perovskites involves mild solution based methods or
solvothermal synthesis. Following these strategies, several
different compounds have been reported, e.g [(NH,);C]B
(HCOO)s3, [(CH3),NH,]B(HCOO); and [NH3OH]B(HCOO); for
many different divalent (transition) metals B.2"?' For the
growth of single crystals of [NH3;NH,]Zn(HCOO); in the present
work, the mild solution method is the most suitable approach.8
Starting from zinc perchlorate hexahydrate, Zn(ClO,),-6H,0,
formic acid, HCOOH and hydrazinium hydrate, NH,NH,-H,O,
high quality single crystals of [NH3;NH,]Zn(HCOO); in the
previously reported perovskite structure 1 can be grown
within two days. Motivated by the computational results, the
experimental conditions were then adjusted. Initially, we have
tried to use temperature as a parameter to control
polymorphism; however, such experiments only led to the
perovskite structure described by Gao et al® A different
approach  towards  polymorphism in  solution-based
crystallisation is the modification of the underlying kinetics of
nucleation.?? In particular, for the zinc system, the energies of
the different polymorphs are close in energy around room

series
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temperature and therefore small changes in reaction kinetics
might facilitate of different
Accordingly, the use of different solvent mixtures and
templating agents was investigated. Indeed, the use of
triethylamine, (C,Hs)sN (TEA) and hydrazinium monochloride,
N,HsCl,
mixture

the formation structures.

in a methanol-water
[NH5NH,]Zn(HCOO); in
structure 2 with the hydrazinium cations in hexagonal
channels (for experimental details see ESI). Thus, as suggested
by the computations, [NH;NH,]Zn(HCOO); indeed exists in
both polymorphs, Zn-1 and Zn-2.

Figure 1d and 1le show typical «crystals of
[NH5NH,]Zn(HCOO); in the perovskite arrangement, Zn-1, and
in the channel structure, Zn-2. TGA/DSC measurements
confirm the strong relationship of Zn-2 to the cobalt and
magnesium equivalents. Zn-2 shows a phase transition at 367
K upon heating, and decomposes at 389.5 K, see ESI-Figure 5
and ESI-Table 4. The trend of decomposition temperatures of
the polymorphs (380K/Zn-1 and 389.5K/Zn-2) is in good

agreement with the results from calculations, which show that
8,23

as the hydrazinium source
led to the formation of

at higher temperatures Zn-2 is the more stable polymorph.
Detailed structural analysis of Zn-2 was conducted using single
crystal X-ray diffraction at 120 K, see ESI SI-Table 2. Similar to
the related compounds, [NH3NH,]B(HCOO); with B = Co*" and
Mg2+, Zn-2 crystallizes in the chiral space-group P2,2,2; with
lattice parameters a = 7.29731(6) A, b = 7.94804(7) A and ¢ =
13.82240(12) A.  The observed densities of Zn-1 and Zn-2 at
120 K are, respectively, 2.02(0) g cm>and 1.93(4) g ecm™ and
are in reasonable agreement with densities obtained from the
DFT calculations. Based on X-ray diffraction data a discussion
of HBs is difficult, keeping in mind that hydrogen atoms are
refined with fixed bond lengths; however, in Zn-1, all three
in HBs,
whereas the structure of Zn-2 only allows two HBs per cavity
(N1-H1A-03 and N1-H1C-0O5) and one pseudo HB (N1-H1B---N2
bond). In addition to that, the nitrogen atom of the NH5-group
has two close oxygen neighbours and therefore, in Zn-2 four

hydrogen atoms of the NH;-group are involved

oxygen atoms are involved in Coulombic interactions. In Zn-1,
the geometry of the cavity favours Coulombic interactions
between the positively charged nitrogen atom and the free
lone pairs located at the oxygen atoms, which is reflected in 6
relatively short N-O distances (2.878 - 3.088A). This leads to a
higher stiffness in Zn-1 than Zn-2, which is in good agreement
with the calculated bulk moduli from the DFT calculations.
Crystals of Zn-1seem to be indefinitely stable under ambient
conditions, whereas crystals of Zn-2 transform into Zn-1 over
time, see powder X-ray diffraction pattern, ESI-Figure 4 and
ESI-Figure 6. As Zn-2 is stable under an argon atmosphere, it is
likely that transformation from Zn-2 to the perovskite Zn-1
occurs via a surface water mediated dissolution-
recrystallisation mechanism.?* This is in agreement with the
lower calculated energy for Zn-1 at room temperature. The
trend follows the empirical Oswald rule that the less stable
modification forms initially before transforming

thermodynamically more stable polymorph.

into the
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In conclusion, a combined computational and experimental
study was used to shed light on the underlying thermodynamic
stabilities and polymorphism of formate-based frameworks
with general formula AB(HCOO);. Due to the intermediate size
of [NHsNH,]*, entropic effects determine which polymorph is
thermodynamically stable in the family of [NH3NH,]B(HCOO)s;.
In particular, the Gibbs free energies of the compounds Zn-1
and Zn-2, as well as Mg-1 and Mg-2, are close in energy
around room temperature. By varying the experimental
conditions, the preparation of both polymorphs, Zn-1 and Zn-
2, is possible. The free energies as a function of temperature
highlight the utility and limitations of the recently developed
Tolerance Factor concept for hybrid materials. On the one
hand, the trends of O K energies are predicted correctly by TFs;
however, reality is much more complex, particularly for
borderline compounds (TFs close to 0.8 or 1), the nature of
hybrid materials emphasizes the role of entropic effects on the
energies. The conclusions drawn in this work are therefore
important for other types of hybrid perovskite materials. For
instance, within the family of organic-inorganic lead halides,
polymorphism is certainly possible, which adds a new
dimension to the search for new semiconducting materials for
solar cell applications.25
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