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Mechanical properties of the ferroelectric
metal-free perovskite [MDABCO](NH4)I3†

Michael G. Ehrenreich,a Zhixin Zeng, b Stefan Burger, a Mark R. Warren,c

Michael W. Gaultois, d Jin-Chong Tan *b and Gregor Kieslich *a

The metal-free hybrid organic–inorganic perovskite [MDABCO](NH4)I3

(with MDABCO = N-methyl-1,4-diazabicyclo[2.2.2]octane) was

recently discovered to exhibit an excellent ferroelectric perfor-

mance, challenging established ceramic ferroelectrics. We here

probe the mechanical properties of [MDABCO](NH4)I3 by combining

high pressure single crystal X-ray diffraction and nanoindentation,

underlining the exceptional role and opportunities that come with

the use of sustainable, metal-free perovskite ferroelectrics.

ABX3 hybrid organic–inorganic perovskites (HOIPs) combine
many fundamental and application-oriented properties in one
materials family, providing a fascinating platform for studying
structure–property relations across different aspects of materi-
als science.1 Like their all-inorganic parents, HOIPs adopt a 3D
perovskite-motif where the B-cation and X-anion form a ReO3-
type network and the A-site cation is located in the void of this
network. In contrast to all-inorganic perovskites, however,
either the A, B or X ion is a molecular building unit, making
the material a hybrid. Prototypical HOIPs are [CH3NH3]PbI3

and [(NH2)2CH]PbI3, which recently led to a change in para-
digm for high-efficiency photovoltaic devices.2,3 Likewise,
HOIPs such as [(CH3)2NH2]Mn(HCOO)3 and [TPrA]Mn(dca)3

(with TPrA = tetrapropylammonium and dca = dicyanamide)
exhibit multiferroic properties and offer fascinating opportu-
nities as next-generation working media in mechanocalorics.4,5

Whilst the general structure-motif and building-principle of
HOIPs and all-inorganic perovskites is similar, i.e. the Gold-
schmidt’s Tolerance Factor concept is applicable to both
families with only a few exceptions,6,7 the possibility to intro-
duce molecular ions offers additional opportunities such as
weak molecular interactions that can be used for materials
design.8,9 For instance, it was shown that hydrogen bonding
interactions between the A-cation and the negatively charged
ReO3-type framework in HOIPs such as [CH3NH3]PbI3 or
[NH3NH2]Zn(HCOO)3 play an important role in the order–
disorder phase transitions as a function of temperature.10,11

Such interactions are intrinsically absent in all-inorganic per-
ovskites and provide an important toolkit for manipulating
physical properties through crystal chemistry approaches, such
as the introduction of symmetry-breaking phenomena and
functional groups.12–14

The additional control provided by molecular components
has already enabled a symmetry-based molecular design strategy
that has led to the synthesis and subsequent discovery of striking
ferroelectric performance in the HOIP [MDABCO](NH4)I3.15 For
instance, choosing [MDABCO]2+ as a divalent A-site cation with
C3v point-symmetry permits the formation of a HOIP that
exhibits a noncentrosymmetric space-group and unique crystallo-
graphic axis. These parameters are prerequisites for ferroelec-
tricity in crystalline materials such as Rochelle salt,16 BaTiO3,
Pb(Zr1!xTix)O3 or [((CH3)2CH)2NH2]Br.17 Comparing the ferro-
electric performance of [MDABCO](NH4)I3 to state-of-the-art
ceramic ferroelectrics such as BaTiO3 and Pb(Zr1!xTix)O3,18

[MDABCO](NH4)I3 exhibits a similarly large spontaneous polariza-
tion (22 mC cm!2).15 In contrast to established ferroelectric
ceramics, [MDABCO](NH4)I3 is synthesized at room temperature
based on a slow-diffusion approach,15,19 immediately raising the
opportunity of large scale synthesis processes and easy drop-cast
or spin coating preparation techniques for thin film ferroelectric
devices. Together with the absence of any heavy metals that might
raise health and environmental concerns, [MDABCO](NH4)I3

seems to have the potential to spark a new era of metal-free high
performance ferroelectric materials. One key issue for future
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developments is related to concerns of long-term chemical
stability of [MDABCO](NH4)I3 towards moisture as well as the
stress-resistance of the hybrid framework. In particular for
device fabrication and durability, the mechanical properties of
[MDABCO](NH4)I3 is of practical importance, i.e. the response of
[MDABCO](NH4)I3 to hydrostatic pressure and directionally-
induced stress.20 Following the important finding of large spon-
taneous electric polarization in [MDABCO](NH4)I3, we probe the
mechanical behavior of [MDABCO](NH4)I3 experimentally. High
pressure single crystal diffraction and nanoindentation of single
crystals are used to measure the response of [MDABCO](NH4)I3

towards (uniform) hydrostatic and (non-uniform) directional
stress for the first time, deriving the bulk modulus, Young’s
modulus and hardness of [MDABCO](NH4)I3.

Single crystals of [MDABCO](NH4)I3 were synthesized by
following the approach from ref. 15, see ESI† for details. Single
crystals of [MDABCO](NH4)I3 grow as rhombohedral plates,
with two long and one very short axis. For details of the (high
pressure) single crystal diffraction experiments at p = ambient,
0.23, 0.46, 0.72 and 1.28 GPa, see ESI.† In agreement with the
previous report,15 we find [MDABCO](NH4)I3 crystallizes in the
rhombohedral non-centrosymmetric space-group R3 solved
in the hexagonal setting with a = 9.8206(5) Å, c = 13.6904(7) Å,
see Fig. 1a. [MDABCO](NH4)I3 exhibits the abovementioned
perovskite-motif, in which the 3D ReO3-type network is formed
by [(NH4)I3]2!. Within the 3D network, three hydrogen bonding
interactions between (NH4)+ and I! are formed, leading to three
long (dlong(N–I) = 3.684(10) Å) and three short distances
(dshort(N–I) = 3.642(12) Å) within the (NH4)I6 octahedrons, see
Fig. S1 (ESI†). [MDABCO]2+ is located within the void of the
network, with the C3-axis lying along the c-axis of the unit cell
and along the body diagonal of the 3D ReO3 network.

The bonding situation, specifically the absence of strong
metal-linker coordination bonds within the ReO3 network of
[MDABCO](NH4)I3 is unique compared to related HOIPs such
as [(CH3)2NH2]Mn(HCOO)3 and is best compared with the
metal-free perovskite [C4N2H12][NH4]Cl3"H2O.5,19 The bulk
modulus K defined through K = !V(qp/qV) with V = the unit
cell volume, and (qp/qV) the derivative of pressure with respect
to volume provides a good comparison for the response of
materials to pressure. K is closely related to the strengths and

nature of the chemical bonds within the respective material,
and more generally is a measure of the resistivity of the crystal
structure against volumetric deformation. For [MDABCO](NH4)I3,
increasing the pressure from p = ambient to p = 1.28 GPa leads to
a decrease of unit cell volume from Vambient = 1143.47(15) Å3 to
V1.28GPa = 1061.6(5) Å3 (Fig. 1b). During high pressure diffraction
data analysis, i.e. data indexing, data integration and structure
solution, no evidence for a phase transition was observed. The
bulk modulus for [MDABCO](NH4)I3 was derived by fitting a 2nd
order Birch–Murnaghan equation of state to the measured P(V)
data. We obtain 15.19# 0.70 GPa, see Fig. 1b and ESI† for details.
Despite the absence of a metal center and directional coordina-
tion bonds, this bulk modulus is typical for HOIPs such as
[CH3NH3]PbI3 (K = 14.8 GPa),21 [CH3NH3]PbBr3 (K = 17.6 GPa),22

[CH3NH3]SnI3 (K = 12.3 GPa),23 [(CH3)2NH2]M(HCOO)3 with
M = Cu, Mn and Fe (K between 24.4 GPa and 27.2 GPa)24 and
[NH3NH2]Zn(HCOO)3 (K = 18 GPa), see Table S2 (ESI†).10 In
HOIPs, the metal center and therewith coordination bond
strength typically determines the mechanical response of such
materials,25–27 and in turn the absence of a metal center in the
network of [MDABCO](NH4)I3 seems to be compensated by hydro-
gen bonding interactions within the ReO3-type network and
between [MDABCO]2+ and the network. Comparing bulk moduli
of HOIPs to typical oxide ferroelectrics, e.g. BaTiO3, Pb(Zr1!xTix)O3

or KNbO3 with bulk moduli frequently exceeding K 4 100 GPa,
the difference in bonding situation and physical density becomes
apparent. In BaTiO3, for example, strong ionic interactions
between Ba2+ and the [TiO3]2! network exist, whilst strong
covalent interactions dominate in the network itself.28

Structural changes as a function of pressure (i.e. bond
distances and angles) can also be tracked in the HPSCXRD
experiments performed here. We find that volume compression
mainly originates from a reduction of nitrogen-iodine bond
lengths and distortion of [(NH4)I6]-octahedrons rather than an
increase of octahedral tilting (N–I–N angle), where no clear
trend could be observed, see Fig. S2 (ESI†). For instance, the
average distance within the [(NH4)I6] octahedra reduces from
dp=ambient(N–I) = 3.663 Å to dp=1.28GPa(N–I) = 3.59 Å. In general,
HOIPs with X being a monoatomic ion show a large propensity
for a decreasing B–X–B angle when put under stress. For
instance, in the HOIP [CH3NH3]PbI3 the Pb–I–Pb angle decreases
from 163.751 to 161.51 when going from ambient pressure to
approximately p = 0.25 GPa.29 It is worthwhile noting, however,
that at ambient pressure [CH3NH3]PbI3 crystallizes in the tetra-
gonal space-group I4/mcm, in which octahedral tilting is only
allowed along one direction. In [MDABCO](NH4)I3, the octa-
hedrons are much more distorted, showing two different N–I bond
lengths as imposed by the rhombohedral symmetry. It therefore
seems, that whilst the general bonding energies and physical
densities match those of related HOIP materials as reflected in a
similar bulk modulus, the bonding situation in [MDABCO](NH4)I3

is unique as enforced by the molecular nature of the molecular
B-site cation that leads to hydrogen bonding interactions between
[NH4]+ and I!.

To gain further insight into the mechanical response of
[MDABCO](NH4)I3 to directionally applied stress, we performed

Fig. 1 Schematic of the perovskite structure of [MDABCO](NH4)I3 (a) with
blue = nitrogen, grey = carbon and purple = iodine; hydrogen atoms are
not shown for clarity. In (b) the relative change of volume (purple), and the
lattice parameters a (dark blue) and c (light blue) are shown as a function of
pressure. The plum coloured line corresponds to a 2nd order Birch
Murnaghan equation of state with 15.19 # 0.70 GPa.
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nanoindentation experiments along the [111] orientation of the
[MDABCO](NH4)I3 single crystals. Other directions were not
accessible to nanoindentation due to the morphology of
[MDABCO](NH4)I3 single crystals, see ESI† for details.

For each indentation experiment, a set of force–displace-
ment (P–h) data was recorded, Fig. 2a, from which the Young’s
modulus and hardness value were derived according to the
Oliver–Pharr method.30,31 In total, 18 nanoindentation experi-
ments were performed (see Fig. 2a–d and Fig. S3, ESI†), leading
to a Young’s modulus of E[111] = 14.7 # 1.3 GPa, and hardness
H = 0.78 # 0.06 GPa (the average values were determined from
500 nm to 1900 nm). Herein, the Poisson’s ratio (v) was taken as
0.2, since the crystal is relatively stiff,32 and the calculation in
the Oliver and Pharr method is not dramatically affected by the
absolute value of v.21 The indentation modulus for estimating
the upper bound of E (set v = 0) is only slightly lower, see
Fig. S3d (ESI†).31 Similarly to the bulk modulus, the Young’s
modulus of [MDABCO](NH4)I3 is comparable to the Young’s
modulus of related HOIPs, e.g. [CH3NH3]PbI3 (E100 = 10.4 GPa),33

[CH3NH3]PbCl3 (E100 = 19.8 GPa), [(NH2)2CH]PbI3 (E100 = 11.8 GPa),20

and [NH3NH2]Zn(HCOO)3 (E001 = 26.5 GPa). Previous studies on
HOIPs have found that hydrogen bonding interactions between the
molecular A-site cation and the negatively charged 3D network to
influence the Young’s modulus,34 which increases with the number
of interactions. In [MDABCO](NH4)I3, in principle only the acidic
hydrogen atom in [MDABCO]2+ is available for reasonably strong
hydrogen bonding interactions. The orientation of [MDABCO]2+ in
the void, i.e. the N–H" " "I angle and distance of d(NMDABCO" " "I) =
3.788 Å, is unfavorable for the formation of strong hydrogen
bonding interactions;35 however, the acidic hydrogen atom is
certainly stabilized by three of such interactions, see Fig. S1 (ESI†).

This is in agreement with the observed Young’s modulus of
[MDABCO](NH4)I3 which is at the lower regime of Young’s moduli
of HOIPs, despite a relatively high packing density resembled
by a TF of approx. = 0.93.15 The observed hardness of the
[MDABCO](NH4)I3 crystal is approximately 36.8% higher
than the [100] facet of [CH3NH3]PbI3.36 This suggests better
mechanical durability in resisting permanent plastic deforma-
tion, which could induce structural failures of the crystalline
material.37 Given the yield strength (sy) is normally proportional to
hardness,38 [MDABCO](NH4)I3 crystals are expected to show a
relatively good tolerance of mechanical stress amongst the HOIPs
and for retaining the original structure. The topographic imaging of
the residual indents using an atomic force microscope (AFM) under
the tapping mode, Fig. S3a and b (ESI†), show minor radial cracks
and deformation slip steps formation around the residual indents,
suggesting plastic flow.

For overviewing our results, the mechanical properties of
[MDABCO](NH4)I3 are compared to mechanical properties of
ceramic ferroelectrics and related HOIPs (see Tables S2 and S3,
ESI†). [MDABCO](NH4)I3 behaves like a typical dense organic–
inorganic framework, despite the different chemical bonding
situation, i.e. the absence of directional covalent or coordina-
tion bonds in the 3D [(NH4)I3]-framework. In fact, similarly as
observed in 2002 for [C4N2H12](NH4)Cl3"H2O,19 the 3D frame-
work of [MDABCO](NH4)I3 is largely held together by hydrogen
bonding interactions. This observation highlights the impact of
the relative packing densities and bonding energy per volume
unit on the mechanical properties such as the bulk modulus as
previously observed for simple oxide materials.41 In other
words, it seems that the Coulomb interactions together with
the hydrogen bonding interactions between NH4

+ and I! in the
3D [(NH4)I3]2! network and the aforementioned hydrogen
bonding interactions between [MDABCO]2+ and three I! atoms
in [MDABCO](NH4)I3 lead to a total bond strength per volume
unit similar to related dense frameworks with directional
covalent or coordination bonds.

In conclusion, we report the first characterization of
the mechanical properties of the metal-free ferroelectric
[MDABCO](NH4)I3. Our findings show that [MDABCO](NH4)I3

behaves like a typical dense organic–inorganic perovskite,
despite the relatively unusual bonding situation within the
3D framework. Importantly, parallels can be drawn between
[MDABCO](NH4)I3 and the situation when the large potential of
[CH3NH3]PbI3 has initially been discovered.42,43 Both materials
adopt the perovskite structure motif, can be synthesized by
cheap wet-chemistry approaches, and exhibit outstanding prop-
erties in their respective areas. The recent progress in preparing
flexible photovoltaic devices of [CH3NH3]PbI3 is a further
motivation for future research on [MDABCO](NH4)I3 and
related materials.44 In particular, upcoming developments will
benefit from the large compositional flexibility of HOIPs, i.e.
many different A–B–X permutations are possible when putting
[NH4]+ on the B-site and a molecular divalent cation on the
A-site1,45,46 Furthermore, our results emphasize the large differ-
ence between [MDABCO](NH4)I3 and established ferroelectric
ceramics, of which the possibility of applying wet-chemistry

Fig. 2 (a) The force-displacement (P–h) curves of the (111) facet of
[MDABCO](NH4)I3 crystal measured by nanoindentation, where the P–h
curves have been shifted along the horizontal axis for improved compar-
ison of the unloading test segments.31 (b) Young’s modulus, E, and (c)
hardness, H, plotted as a function of the indentation depth, h, obtained
from five batches of instrumented nanoindentation experiments. The
mean values and standard deviations were acquired based on the data
from 500–1900 nm. (d) The ratio of hardness (H) and effective elastic
modulus (E*) presented as a function of h to indicate the plastic deforma-
tion relative to the elastic.39,40
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techniques for the easy preparation of (flexible) ferroelectric devices
seems particularly intriguing. Since oxides typically show a good
chemical resistance and great long-time stability, it is important to
mention that HOIP ferroelectrics must significantly outperform
established ferroelectrics when envisioning the application of
HOIPs in non-flexible devices. Therefore, the future challenge
related to advancing the application of [MDABCO](NH4)I3 seems
to be the growth of oriented [MDABCO](NH4)I3 films for ferro-
electric application for which techniques such as the epitaxial
growth or layer-by-layer deposition techniques known from MOFs
seem to exhibit the potential in further pushing this area to the
next level.47 Furthermore, a detailed order-parameter analysis
that include the investigation of ferroelastic switching is yet
outstanding,48 which will certainly provide us with additional
insight into the phase transition mechanism on a microscopic
level in the near future.15 Therefore, [MDABCO](NH4)I3 as
prototypical material of ferroelectric metal-free HOIPs shows
all ingredients to start a new era in metal-free ferroelectrics,
which will clearly benefit from the large versatility of the
perovskite motif, providing a strong platform for rational
functional materials design.
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