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Discrete-molecule hybrid perovskites with different organic and inorganic molecules can provide a wide
array of tunable optoelectronic and piezoelectronic properties. In this study, we report the elastic modulus
and hardness, obtained from instrumented indentation measurements, of three new and three known
discrete-molecule single crystal halide metalates, with an aim towards understanding the relationship
between their microstructure and mechanical properties. We find a correlation in the mechanical
properties and the density of the crystal structure, as well as with the number of hydrogen bonding sites
available on the organic cation. These two observations suggest that denser crystal structures with more
hydrogen bonding sites lead to stronger intermolecular interactions, thereby increasing the elastic
modulus. Contrary to previous findings in the literature, we also find that the metal-halide bond strength
does not significantly influence the elastic modulus in this set of data. We rationalize this observation by
the differences in supramolecular network dimensionality between the literature reports and the crystals
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presented in this study, thus concluding that the metal-halide bond strength plays an insignificant role in
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1. Introduction

Organic-inorganic halide metallates (OIHMs) are materials
with the general formula Am“B"*X(m*x)m, where A denotes a
cation (either organic, like H;CNH;" or inorganic, like Cs*), B
denotes a metal cation (often doubly cationic), and X denotes
an anion like CI7, Br, or I"." Interest in these materials has
grown recently due to their large absorption coefficients,?
long charge-carrier diffusion lengths,® and easily tunable
bandgaps.* They are quickly nearing commercial application,
especially in  photovoltaics, where power-conversion
efficiencies have exceeded 30% in Si-perovskite tandem
devices.” By varying the A, B, and X ions the degree of halide
sharing can be controlled.® Total halide sharing yields 3D-
network halide perovskites, while lesser degrees of halide
sharing gives layered, catemeric, and discrete-molecule
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determining the elasticity of discrete-molecule single crystal hybrid perovskites.

(commonly, but incorrectly 2D, 1D, 0D, respectively)
halometallates, which deviate from the classic perovskite
structure. While optoelectronic properties of these materials
are a clear motivator for research in using these materials for
applications, understanding the mechanical properties of
these materials is vital in bringing the materials from the lab
into real world applications, where they are required to bend,
stretch, and/or flex.”

One field of research where the mechanical properties of
OIHMs play a pivotal role is in piezoelectric applications.
When OIHMs crystallize with noncentrosymmetric space
group symmetry, they exhibit piezoelectric properties that
can be used to extract energy from ambient mechanical
vibrations. In the field of piezoelectric energy harvesting, we
find many applications converting ambient mechanical
stresses and strains into useable electrical power, including
harvesting energy from roadway traffic and railways,®** from
wind and waterflow,*™° and from movement of the human
body.”°>* Many of the devices made for these applications
use geometries in which knowing the elastic modulus of both
active and passive materials is paramount for designing
devices that have large power outputs.>* The elastic modulus
and Poisson's ratio of piezoelectric OIHMs are needed for the
coupled piezoelectric-circuit finite-element model, which can
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be used to model the power output of piezoelectric devices.*®
It is thus important to understand the relationship between
the chemistry and structure of these materials and their
elastic properties in order to help future engineers find the
ideal materials for a particular application.

There are some studies that have been conducted on the
elastic modulus of OIHP materials aiming to find connections
between the chemistry and microstructure of the perovskite
and their elastic properties by performing nanoindentation
experiments relative to different crystallographic axes or by
changing the inorganic component of the crystal structure. Sun
et al. found that the elastic modulus for CH;NH;PbX; (X =1, Br,
and Cl), which has a triperiodic network, depended on X and
was slightly anisotropic, whilst also finding correlations
between the metal-halide bond strengths, electronegativity,
and tolerance factors with the Young's modulus.*® The result
that the modulus depends upon the metal-halide bond
strengths agrees well with the common intuition that bond
strength in solids is proportional to their modulus of elasticity.
This intuition is further backed by considering the potential
energy, U, of two atoms separated by some equilibrium
distance r,. One finds that the elastic modulus, E = S,/ry, where
S, is the second derivative of the potential energy, S, = d>U/dr.
Rakita et al. also compared the elastic moduli of triperiodic
APbX; (A = Cs, CH3NHj3, X = I, Br) OIHMs with theoretically
calculated values and classified OIHMs based on their
mechanical properties.>” They found that the average Pb-X
bond distance was inversely proportional to the measured bulk
modulus from nanoindentation experiments, which agrees
well with the discussion above.

As the periodicity of the metal-halide bonded module
decreases from 3 to 2, there is a lower degree of halide
sharing between metal centers, resulting in more
anisotropic elastic behavior. Usually these materials are
layered, in the sense that the halide-sharing inorganic metal
tetrahedra form sheets that are separated by organic layers.
The anisotropy in this system has been demonstrated in a
nanoindentation and DFT study on the diperiodic layered
lead halide hybrid, (C¢HsCH,NH3)PbCl, by Wei et al., which
showed that the anisotropy in the calculated elastic
modulus from DFT calculations increases as the relative
number of the inorganic to organic layers decreases.*® Their
calculations also suggest that the ductility of this material
is a function of the number of inorganic layers present.
Since the organic layers in these materials mostly interact
via van der Waals and hydrogen bonding, which are weaker
than covalent bonds. It is also expected that the modulus
would be inversely proportional to the relative proportion of
organic to inorganic layers. This has been found in a study
by Tu et al, which looked at the mechanical properties of
diperiodic layered OIHMs using nanoindentation and found
that the elastic modulus decreased as the inorganic layers
were separated by larger organic layers.*® Elastic anisotropy
has also been found in mono-periodic (i.e., catemeric)
OIHMs. A study by Wei et al. performed indentation
measurements on a catemeric hybrid lead iodide single
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crystal specimen and found that the measured elasticity
depended on the relative orientation between the indentation
axis and the axis of the metal inorganic chains.*

Discrete-molecule OIHMs have no degree of halide sharing,
thus intermolecular forces such as hydrogen bonding, van der
Waals forces, and n-n stacking are ultimately what determine
their stiffnesses. Such systems are commonly found in organic
molecular crystals such as saccharin®® and aspirin.** These
crystals typically exhibit interesting and counterintuitive
mechanical behavior such as high mechanical flexibility*> and
large ferroelasticity,®** which drove the field to develop a
mechanistic understanding of their properties and to find
relationships between structure and elasticity. It was found that
the strength and topology of hydrogen bonding within the
molecular crystal is an important factor that determines the
strength and anisotropy of the elastic modulus of single crystal
specimens.?

The main questions that this indentation study aims to
answer are as follows:

1. How does the elastic modulus of discrete-molecule
OIHMs depend upon the choice of the organic cation?

2. How does the modulus depend upon the metal-halide
bond strength?

Nanoindentation is a well-suited tool for investigating
questions such as these because it measures the elasticity of
small volumes of material, such as single crystals. We performed
indentation measurements and XRD on six different single
crystal discrete-molecule OIHM samples and report the
relationship between their elastic moduli and structure. To study
the metal-halide bond strength, we compare the elastic moduli
of histammonium ZnCl, (HistZn) with histammonium CoCl,
(HistCo). We then compare these results with indentation
measurements on 1-methylimidazolium ZnCl, (MIZn), (1,3)
dimethylimidazolium ZnCl, (DMIZn), 1-butyl pyridinium,ZnCl,
(1BPmZn), and  1-butyl-1-methyl pyrollidinium  ZnCl,
(1B1MPyZn) to study the effect the choice of organic cation has
on the measured moduli. Finally, we draw comparisons between
the different families of materials and their crystal structures
with the aim of determining what structural properties influence
the elasticity of samples the most and relate these conclusions
to published literature discussed above.

2. Methods
2.1. Materials

All chemicals used were acquired from commercial suppliers
and used as received with no further preparation. ZnCl, (VWR);
CoCl,-6H,0 (VWR); tetramethylammonium chloride (>98.0%,
TCI); trimethylammonium chloride (>97.0%,TCI); 1-butyl-1-
methylpyrrolidinium chloride (>98.0%, TCI); 1-butylpyridinium
chloride (>98.0%, TCI); methanol (VWR); reagent alcohol (95%,
VWR); hydrochloric acid (36.5-38%, VWR); diethyl ether (VWR).

2.2. Preparation of the metallates

1-Butyl-1-methylpyrrolidinium and 1-butylpyrridinium metalates
were prepared using 5 mL solutions of 90% reagent ethyl

This journal is © The Royal Society of Chemistry 2025
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alcohol and 10% of an aqueous 5% HCI solution in 1 dram
vials. Hydrochloride salts of the organic cations were mixed with
anhydrous ZnCl, or CoCl,:6H,O in ratios of two (2) organic
cation equivalents to one (1) of metal halide to achieve the
appropriate stoichiometry, i.e. A;MX,. With A representing the
cationic amine, M as the metal of choice, and X the halide
component; chlorine in this case. Metal halides were used at
7.5 mmol, 1.5 M concentration.

Each vial was warmed to 60 °C to dissolve the contents, then
kept at that temperature to encourage slow crystal growth. All
samples were monitored by eye for crystal growth and those
that produced no solids were dropped in temperature by
5-degree decrements every 24 hours until crystal growth was
observed. Small crystals that grew were removed, their growth
solution re-heated to dissolve the contents and the seed crystal
re-introduced at the temperature at which they grew until
uniform crystals of a suitable size were achieved.

Those samples that dissolved poorly or not at all at
elevated temperatures were charged with additional DI water
in 0.5 mL increments until full dissolution of the solids. The
growth time required for crystals of suitable size varied from
species to species, ranging from 24 hours to 2 weeks or more.
Crystal samples such as 1B1MPyZn and 1BPmZn, which did
not grow seed crystals even at room temperature, were
refrigerated as necessary to promote growth and the same
seeding process used.

The 1B1MPyZn species gave few seed crystals of acceptable
quality until the solvent was removed by evaporation and the
remnant solids were dissolved in a minimal amount of 100%
methanol. Performing a vapor-diffusion crystallization
against diethyl ether as an antisolvent yielded suitable
characterization specimens within 24 hours.

2.3. Characterization

All single crystal data was either available from the Cambridge
Crystallographic Data Centre (CCDC) or collected on a Bruker
D8 Venture dual-microsource x-axis diffractometer with large-
area ‘Photon’ CMOS detector equipped with a low-temperature
device at 90.0 K. The radiation source was Mo Ka. (0.71073 A).
Structures were solved by dual-space methods and refined by
full-matrix least-squares on F> using the Shelx programs. Even
though both 1-butyl-1-methylpyrrolidinium and 1-butyl
pyridinium,ZnCl, single crystals were grown, they were not
suitable for single crystal XRD.

Instrumented indentation was employed to determine the
elastic modulus of single crystal samples (Fig. 1). Single crystal
specimens were first mounted onto small glass 2.5 x 2.5 cm
squares using a stereomicroscope, an acupuncture needle, and
5 minute epoxy (JB Clear Weld). The glass squares were then
epoxied onto pucks and transferred to a G200 Agilent Nano
Indenter that was housed within an argon-filled glovebox. All
indentation measurements took place under dry conditions
inside the glovebox with <0.1 PPM H,0/O,. Depth-controlled
indentation measurements were performed down to 2 um with
a constant target strain-rate of 0.05 s' with a diamond
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Load, P (mN)

Displacement, h (nm) hm

Fig. 1 Example of a load-displacement curve obtained from an
indentation experiment. Inset shows a physical picture of a sharp
indenter being pressed into a sample. Note that this picture shows
material sinking in around the tip rather than piling up.

Berkovich tip. The tip was held at the maximum displacement
for 15 seconds before unloading to remove any potential rate-
dependent plastic deformation from influencing the modulus
and hardness measurement. The reduced modulus was
calculated from the slope of the unloading curve at the
maximum load, S:

5o SUh)VE
2/Alhe)

where £ is a geometric constant determined by the geometry of
the indenter (4 = 1.024 for a Berkovich tip) and A(h,) is the
projected contact area of the tip at contact depth at maximum
load, ., which is obtained using the Oliver-Pharr method:*®

(1)

P
hc:h—e? [2]

where ¢ is a geometric constant (¢ = 0.72 for a Berkovich tip).

The hardness is determined by dividing the max load, Py,

by the contact area at the contact depth:
Py

7y

(3)

Indentation was performed on two to three separate single
crystal specimens at different spots across the crystal surface.
Three spots, each containing 5 indents, were chosen for each
crystal to determine how the modulus may vary across the
crystal. The validity of this methodology was verified on two
small crystals of 99% pure NaCl salt purchased from Sigma
Aldrich and showed excellent agreement with literature
values (see Fig. S17).

3. Results and discussion

Fig. 2 shows the load-depth curves for every compound in
this study. The data in each of the plots includes data from
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Fig. 2 Load-displacement curves of all indents from all crystals in this study: (a) histammonium ZnCl,; (b) histammonium CoCl,, (c) (1,3)
dimethylimidazolium ZnCly, (d) 1-methylimidazolium ZnCly, (e) 1-butyl pyridinium,ZnCly, and (f) 1-butyl-1-methyl pyrollidinium ZnCl,.

all two or three crystals that were measured. Note the  indentation, resulting in a lower average hardness, as
differences in scale along the y-axis. 1BPyZn and 1B1IMPmZn  reported in Table 1. These two compounds also show a
required significantly lower force to reach the same depth of  significantly lower elastic modulus compared to the others

Table 1 Summary of the average modulus and hardness obtained from the indentation study along with the density as obtained from the solved crystal
structure

Crystal Elastic modulus (GPa) Hardness (GPa) Density (g em™)
(Hist)znCl, (HZn) 10.70 + 1.09 0.48 = 0.05 1.813
(Hist)CoCl, (HCo) 11.19 + 1.61 0.53 + 0.11 1.775
Dimethylimidazolium ZnCl, (DMIZn) 6.78 + 1.11 0.17 + 0.04 1.568
1-Methylimidazolium ZnCl, (MIZn) 9.83 +1.73 0.18 £ 0.03 1.677
1-Butyl-pyridinium ZnCl, (1BPmZn) 1.99 + 0.24 0.05 + 0.01 N/A
1-Butyl-1-methyl-pyrollidinium ZnCl, (1BIMPyZn) 1.09 + 0.07 0.07 + 0.01 N/A
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Fig. 3 Summary of the measured elastic moduli for every compound presented in this study along with relevant statistical t-tests which compared

certain compound averages.

and were the most difficult samples to crystallize and
characterize with XRD. The fact that the crystals were difficult
to crystallize lends credence to the idea that the
intermolecular forces in 1BPyZn and 1B1IMPmZn are
significantly weaker than the other samples, which also leads
to the materials having a lower elastic modulus. We also
observe that the loading curves in DMIZnCl, shown in Fig. 2¢
contain pop-in events. Pop-in events have been previously
observed in other hybrid organic-inorganic perovskites.
Reyes-Martinez attributed the first pop-in event to the onset
of plastic deformation in their report on Cs-based
perovskites.*” Other reports attribute these events to the
breaking of hydrogen bonds.*®?° The latter attribution may
be possible in our results, given that dimethylimidazolium
does not contain many suitable hydrogen bonding sites, as
will be discussed later, making the intermolecular
interactions from hydrogen bonding for this crystal
substantially weaker than the case of methylimidazolium and
histammonium, which contain one and three nitrogen-
hydrogen pairs that act as hydrogen bond donor sites. There
was no clear indication of cracking in DMIZn (see the Fig.
S4t1), but pop-in events have also been attributed to
fracturing, especially chipping.

Fig. 3 presents a comparison of the elastic modulus for
all materials presented here. A Student's ¢test was
performed to compare the average modulus of HZn with
HCo, where it was found that they do not differ
significantly. This is interesting because the Cl-Co bond
has an enthalpy of formation of AH; = 398 kj mol™ while
the Cl-Zn bond has AH; = 229 kj mol.** One would
therefore expect that HCo to have a higher modulus than
HZn since the bond strength is higher. This result can be
explained by the fact that the crystals are non-periodic
discrete molecules, leading to a lack of long-range order
for the metal-halide bonds. When the ligands are shared,
as is the case for CH3;NH;PbX;2° the bond strength
between the metal center and the halogen atom will play
a more prominent role in the elastic deformation of the

This journal is © The Royal Society of Chemistry 2025

crystal since large scale deformations relative to the unit
cell include significantly more halide-metal
interactions.

We also compared the average moduli of DMIZn and
IMIZn and found that the two moduli differ with
statistical significance (p < 0.05), where 1MIZn was
found to be larger than DMIZn. This can be rationalized

would

by comparing the chemical structure of (1,3)
Tetrachlorocobaltate
20 Tetrachlorozincate
Cl ¢ 20
| P ¢l ¢
Co—Cl| |/
AN~
Cl
Cl
Histammonium
H 2@ 1-Methylimidazolium
| ®
NH:
N CH
A ey
/ { )
Y J—
H
(1,3) Dimethylimidazolium 1-Butyl Pyridinium
) k2
CHs CHs
CH
S SN~ 9

1-Butyl-1-Methyl Pyrollidinium

®
( S Hydrogen Bond Donors
N CHs Hydrogen Bond Acceptors
c H/ NN

Fig. 4 Chemical structure for all the different inorganic and organic
components in the single crystal samples.

CrystEngComm, 2025, 27, 5743-5751 | 5747


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ce00716j

Open Access Article. Published on 25 July 2025. Downloaded on 4/3/2026 8:43:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Fig. 5 Solved crystal structure as obtained from crystal XRD for (a)
histammonium ZNnCly, (b) histammonium CoCly, (c)
1-methylimidazolium ZnCly, and (d) (1,3)dimethylimidazolium ZnCly.

dimethylimidazolium (DMI) with 1-methylimidazolium
(1-MI) (Fig. 4). Since the methyl groups are bonded to the
nitrogen atoms in the imidazole, there are no hydrogen
bonding donor sites available on the organic cation. This
results in an overall decrease in the interaction strength
between the organic and inorganic parts of the crystal
structure, leading to a lower elastic modulus. 1-MI has a
single nitrogen atom taken by a methyl group, leaving the

12 A
o 104
o
e
3 81
3 {
3
S 6 B Hzn
~§ T HCco
8 4 4 DMizn
X 1mizn
24 L ® 1BPmMZn
[ + 1B1MPyZn
0 1 2
# Hydrogen Bond Donors
Fig. 6
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other nitrogen free to act as a hydrogen bond donor. The
result is a crystal structure that is stiffer when the organic
cations crystallize with tetrachlorozincate, as it contains
several hydrogen bond acceptor sites. Evidence for this
hypothesis is further corroborated when comparing HZn
with MIZn. The average modulus for MIZn is measured to
be statistically significantly lower than HZn. This can be
explained by noting that HZn contains two more hydrogen
bond donor sites than MIZn, since both the lone nitrogen
in the imidazole and the ammonium in the
histammonium organic cation can also participate in
hydrogen bonding. The distance of these hydrogen bond
interactions (N-Cl) is measured at 3.295 A and 3.269 A,
the lengths of which indicate a relatively longer H-bond
and longer than was found for HZn and HCo (3.129 A
and 3.206 A).

The elastic modulus of the crystals containing 1-butyl
pyridinium (1BPm) is found to be lower than 1-butyl-1-
methyl pyrrolidinium (1B1MPy), despite both organic
cations containing no hydrogen bond donor sites, while
both samples were found to have the lowest elastic
modulus in the entire data set, likely due, in part, to the
lack of hydrogen bonding sites. 1BPm contains 3 double
bonds in its aromatic carbon ring whereas 1B1MPy
contains neither double bonds nor aromatic rings. As
such, the net intermolecular n-m interactions present
between the 1BPm cations is expected to be higher than
that of 1B1MPy. Since we find that the elastic modulus of
1B1MPy is higher than 1-butyl pyridinium, we conclude
instead that the van der Waals interactions of the 1B1MPy
must play a larger role in determining the elasticity when
comparing these two cases than does the
(interactions).

The solved crystal structures are presented in Fig. 5.
We were unable to obtain the structures for 1BPmZn and
1B1MPyZn due to issues with crystal quality. The two

T—T

13
B HZn
12 I HCo
A DMIZn
&114 X 1MIZn
1)
L_glo~
>
B
o 9
b
L
n 81
©
w
7-
6.
1.60 1.65 1.70 1.75 1.80

Density (g/cm3)

(left) Relationship between the elastic modulus and number of hydrogen bonding donor sites present on the organic cation. (right) A

comparison of the modulus and density of each crystal as obtained from XRD measurements.
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superimposed organic cations shown in Fig. 5d for DMIZn
indicate that the crystal contained orientational disorder,
meaning that some percentage of unit cells contained
DMI cations in one orientation while the rest contained
cations in a second orientation. This disorder along with
the fact that 1BPmZn and 1B1MPyZn structures could not
be satisfactorily resolved may also be explained in part by
poor intermolecular interaction strength between the
cations and anions due to a lack of hydrogen bonding,
which tracks with the measurements of their elastic
moduli.

The theoretical densities calculated from the crystal
structure, elastic moduli, and hardness values of each
compound are listed in Table 1. For organic crystals, a
correlation was found between the elastic modulus and
density.*" This makes sense given that a higher density would
imply that the average equilibrium distance between
molecules would be lower. As discussed in the introduction,
this is known to be inversely proportional to the elastic
modulus, hence a higher density leads to a higher modulus.
Fig. 6 shows a plot of the density versus elastic modulus for
all crystals in this study. We find a correlation between the
modulus and the density, which agrees well with the
established view that density is proportional to elastic
modulus. Also plotted in Fig. 6 is the relationship between
the number of hydrogen bond donors in the organic cation
and the elastic modulus. While the trend is generally
upwards, when there are no hydrogen bond donors in the
organic cation, the relationship is less clear.

4. Conclusions

We have established a relationship between the elastic modulus
of single crystal hybrid discrete-molecule chlorometallate crystals
with their crystal structures. Among the six different crystalline
materials, the elastic modulus and hardness of five of them have
not been previously reported. We found that the elastic modulus
of such structures seems to depend mostly on intermolecular
forces and less on intramolecular forces, due to the lack of long-
range order in covalent bonding. Specifically, we determined
that using organic cations containing possible hydrogen
bonding sites leads to crystals with higher elasticity. We did not
find any trends in the resulting hardness values, except that
denser crystals tend to be harder. These results should provide
better insight into the ways crystal engineers fine tune the
mechanical properties of hybrid halide-metallate crystals for
future applications.
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