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Here we present efficient and scalable mechanochemical
formation of hybrid organic-inorganic perovskites of the form
[TPrA]l[M(dca)s] (M = Mn%*, Co?*) and the subsequent
formation of their bulk melt-quenched glass samples. The
thermal, chemical and adsorptive properties of the materials
are also investigated.

Hybrid organic-inorganic perovskites (HOIPs) with the formula
ABX3 (A = organic cation, B = metal cation and X = anion) are
highly important materials within the field of materials science
and display characteristics from both metal-organic
frameworks (MOFs) and the parent perovskite family.[!l HOIPs
have attracted considerable attention due to their multiferroic
properties, 2] their
photovoltaics.[45! The inclusion of anionic bridging ligands on
the X-site such as formate [HCOO-],!¢l hypophosphite [H,PO,],17]
or dicyanamide (dca, [C2N37]),[89] further expand the structural
diversity and functionality of this family.

In addition to the previously reported melting of 2D-layered
HOIP series such as [(BA),Ml,] (BA = butylammonium [C4H12N*],
M = Ge2, Sn2*, Pb2+),100 and [(AA)Pbl] (AA =
alkylammonium),[111 HOIPs with composition [TPrA][[M(dca)s]
(TPrA = tetrapropylammonium [Ci2H2sN*], M = Mn2*, Co2* and
Fe2*) were very recently shown to melt at ca. 250 °C. Upon
cooling from the liquid state, glass analogues were produced,
which  displayed interesting thermal and electrical
properties.[12l These, along with glasses formed from zeolitic
imidazolate frameworks (ZIFs), both belong to the hybrid glass
family, though the latter melt at higher temperatures of ca.
400 °C.[13] These latter species have shown interesting optical
and mechanical properties,[14151 and display potential in
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applications such as and  battery
technology.[16.17]
Mechanochemical synthesis involves solvent-free grinding

to induce a chemical reaction and has been utilised for the

gas separation

green and efficient formation of several families of hybrid
materials, mostly coordination polymers and MOFs.[18.19] Until
now, only the most conventional HOIPs with composition
MAPDbI; (MA = methylammonium [CHgN*]) and similar mixed
cation species with the general formula [(MA)«(FA)1«xPbls], (FA =
formamidinium [CHsN,*]) have been synthesised via
mechanochemistry.[20.21]

HOIPs are predominantly prepared by slow crystallisation
from layered solutions over several weeks.89] Such techniques
are somewhat inefficient and commonly rely on the use of high-
vapour-pressure organic solvents, resulting in energy-
consuming work-ups and the production of organic solvent
waste. This long and costly processing, in turn, impacts the
availability and potential cost of HOIP-based materials, such as
their glasses, particularly on larger scales. The lower melting
temperatures (Tms) of HOIPs mean that processing into the bulk
scale is, in theory, easier. Therefore, routes to increase the
efficiency of and to scale-up the synthesis of the crystalline
precursors are actively sought.

Here we present the first mechanochemical synthesis of
HOIPs of the form [TPrA][[M(dca)s] as a rapid, green and
efficient method for producing perovskite materials and the
subsequent formation of their melt-quenched glasses on a
larger scale. Two members of the [TPrA][M(dca)s] family of
HOIPs: [TPrA][Mn(dca)s],[8 and [TPrA][Co(dca)s]!®! were studied
in this work. [TPrA][Mn(dca)s] forms in the tetragonal space
group P42;c, while [TPrA][Co(dca)s] forms in the orthorhombic
space group Pnna. Both structures contain bridging dca ligands,
which bind through the N atoms to the transition metal cations
(Figure 1a).

In a typical mechanochemical experiment, crystalline HOIP
samples were formed after 30 minutes of milling (see methods),
where the quantity of the liquid additive was optimised for the
synthesis of [TPrA][Mn(dca)s] (Figure S1). The reaction was
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Figure 1a. Simplified structure of [TPrA][Mn(dca)s], showing one of the
Bossible orientations within the average crystal structure.l®l H atoms have

een omitted for clarity and only the TPrA ion located on the body-centre
position is visible. b. DSC traces of [TPrA][Co(dca);] and [TPrA][Mn(dca)s],
showing the first and second up-scans recorded at a heating rate of
10 °C mint. The T,, and T are shown for each sample and a, denotes the
glass-phase. A second melting peak is observed close to the T, for
a,[TPrA][Mn(dca)s] due to significant recrystallisation within the sample upon
cooling. The endothermic features at ca. 50-70 °C represent previously
reported solid-solid phase transitions.82]

successfully scaled-up by 5x, limited only by the size of milling
jar. Samples were initially formed containing sodium chloride
and sodium bromide salt by-products (Figure S2, S3), which
were readily removed by washing with ice-cold distilled water
(Figures S4 and S5). The mechanochemical formation of both
[TPrA][Mn(dca)s] and [TPrA][Co(dca)s] was monitored using in-
situ synchrotron PXRD (see methods).l221 [TPrA][Mn(dca)s]
forms directly within 10 minutes (Figure S6), whereas
[TPrA][Co(dca)s] formed almost immediately, in under 1 minute
of milling (Figure S7). These facile and efficient, laboratory-scale
mechanosyntheses demonstrate the potential for further scale-
up, or continuous synthesis using extrusion.[23]
Thermogravimetric analysis (TGA) was performed under
both argon (Ar) and nitrogen (Nz) on [TPrA][Mn(dca)s] (Figure
S8, S9) and [TPrA][Co(dca)s] (Figure S10, S11) prior to
differential scanning calorimetry (DSC) measurements (Figure
1b), where the two samples were heated, cooled and heated
again under Ar, using a heating/cooling rate of 10 °C min'.
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Significant recrystallisation was observed in the case of
[TPrA][Mn(dca)s] (Figure S12) and the glass transition
temperature (Tg) was situated close to the second melting peak.
This is likely due to the sample beginning to decompose
immediately after melting. [TPrA][Mn(dca)s] was then cooled
at 3 °C min! (Figure S13) in an attempt to reduce the extent of
recrystallisation upon cooling, which was ultimately successful.
The sample showed little to no recrystallisation on the cooling
step, and a Ty was again evident. Comparable DSC analysis was
performed on [TPrA][Co(dca)s], where one sample was heated,
cooled and heated at a rate of 10 °C min! (Figure S14) and
another where [TPrA][Co(dca)s] was cooled at 3 °C min-! (Figure
S15). Cooling at a slower rate again reduced the extent of
recrystallisation in the sample. A T; was observed for the sample
cooled at 10 °C min, though not for the sample cooled at
3 °Cmin’l. The mechanochemically synthesised samples both
melted at lower temperatures than samples produced by slow
crystallisation (Table S1), likely due to the significantly lower
particle size of mechanochemically produced samples. Similar
behaviour has been observed in nanoscale materials.[24]
Similarly, mechanochemically synthesised samples displayed
lower decomposition temperatures (Tgs) than traditionally
synthesised HOIPs (Table S1). The Tgs for both samples were
higher than those reported in the literature (Table S1). Low-
temperature DSC was also performed under N, (Figure S16,
S17), where samples were heated to the desired temperature,
cooled to -60 °C, then heated again. Both samples displayed
broadly comparable Tns and Tgs to those determined under Ar
(Table S1).

HOIP glass samples produced by Shaw et al.l[2l were formed
on a small-scale inside an SDT (simultaneous TGA-DSC) furnace,
which limited batches to ca. 15 mg. SDT was also used here to
investigate the optimum temperature and heating/cooling rate
to minimise recrystallisation in samples, where samples were
heated to close to their Tq to minimise recrystallisation. The
samples were heated at 10 °C min‘l, before being cooled at
either 10 °C mint or 3 °C min'l. In agreement with the previous
DSC analysis, considerable recrystallisation was observed upon
cooling at 10 °C min, for ag[TPrA][Mn(dca)s], while cooling at
3 °C min lead to a fully amorphous ag[TPrA][Mn(dca)s] sample
(Figure S18). No recrystallisation to the original phase was
observed for ag[TPrA][Co(dca)s] upon cooling at 10 °C min- or
the slower rate of 3 °C min, regardless of the cooling rate (Figure
S$19). However, some extremely minor Bragg peaks, attributed
to impurities, were observed in the sample cooled at 3 °C min-L.

To produce bulk glass samples, crystalline HOIPs were
heated to 260 °C for [TPrA][Mn(dca)s] and 240 °C for
[TPrA][Co(dca)s] within a tube furnace and under flowing Ar.
The sample was then cooled to room temperature naturally
over several hours. Very minor oxidation was evident in both
glass samples at ca. 45°, though no recrystallisation was
observed for either (Figure 2). From the previous analysis, it
appeared that slow cooling of samples, especially
[TPrA][Mn(dca)s], helped limit recrystallisation. This is
somewhat contradictory to traditional glasses, where rapid
cooling of the melt is typically required for glass formation.[25]
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Figure 2. PXRD patterns of both the crystalline and bulk glass forms of
[TPrA][Mn(dca)s] and [TPrA][Co(dca)s].

In glasses derived from HOIPs, there appears to be a complex
interplay between glass-formation, decomposition and
recrystallisation. With slower cooling, HOIP samples are held at
close to their T4 for extended periods, which leads to minor
sample decomposition and reduced likelihood of a return to the
original, ordered crystalline state.

The initial crystalline sample [TPrA][Mn(dca)s] consisted of
block-like crystals (Figure 20a, b), which appeared to flow
together upon glass-formation to give a material with clear
surface porosity (Figure S20c, d). Similarly, crystalline
[TPrA][Co(dca)s] also consisted of rounded ‘blocky’ crystals
(Figure S21a, b). The sample also appeared to have undergone
significant flow upon glass-formation, to provide a relatively
smooth material with minor surface porosity (Figure S21c, d).

Crystalline and glass samples of [TPrA][Mn(dca)s] and
[TPrA][Co(dca)s] were exposed to acidic, neutral or basic
conditions (see methods) to assess the effect of pH on the
chemical stability of HOIPs and their glasses. Similar studies
have been performed both on inorganic glasses and MOF
glasses to determine their stabilities.[26:27] g,[TPrA][Mn(dca)s]
was stable in solutions with pH 2, 5, 7 and 10, with no
recrystallisation to the original crystalline phase, though very
minor impurity peaks were present (Figure S$22). Like
ag[TPrA][Mn(dca)s], ag[TPrA][Co(dca)s] was also stable in
strongly acidic, mildly acidic, neutral and mildly basic solutions,
with no evidence of recrystallisation (Figure $23). Most of the
crystalline samples dissolved in solutions regardless of pH,
though as with glasses, crystalline samples of unknown origin
were recovered solely from strongly basic solutions (pH 13,
Figure S24, S25). These differences in stability reflect the
different local structure present in the crystalline and glass
samples.

Pellets of both crystalline and glass samples were
synthesised (see methods) (Figures S26 and S27). Optical
microscope images of the two glass pellets highlighted the
significant differences in the form of the materials upon
heating, where ag[TPrA][Co(dca)s] formed as a mostly flat pellet
with an almost pearlescent appearance (Figure S28a). The

ag[TPrA][Mn(dca)s] glass pellet, however, expanded vertically to
form a stratified sample with surface cracks (Figure S28b).

The hydrophobicity of pelletised ag[TPrA][Co(dca)s] was
investigated using water contact angle measurements (see
methods, Figure S29). The glass surface was found to be fairly
hydrophilic, with a mean water contact angle of 57.53 + 1.38".
Measurements were not attempted on ag[TPrA][Mn(dca)s] due
to the very fragile pellet, which fragmented upon handling.

HOIPs are typically non-porous materials and consequently,
gas adsorption is not normally performed. It was proposed by
Shaw et al. that the melting mechanism in [TPrA][M(dca)s]
HOIPs involved the movement of the TPrA cation during the
melting process, leading to a large structural change. Gas
adsorption measurements were subsequently performed to
investigate whether this change in conformation upon melt-
quenching may introduce a degree of porosity into the samples.
It is known from work on MOFs that N, gas cannot enter
micropores with a width of less than 4.5 A due to kinetic
restrictions,281and as HOIPs are usually non-porous, the smaller
kinetic diameter CO, molecule was used as an analyte in this
study to maximise the likelihood of adsorption. The CO;
adsorption isotherms for both the crystalline and glass forms of
[TPrA][Mn(dca)s] and [TPrA][Co(dca)s] are shown in Figures 3a
and 3b respectively, where CO; uptakes were recorded up to a
relative pressure of 0.035 P/Po. [TPrA]l[Mn(dca)s] and
[TPrA][Co(dca)s] provided CO; uptake values of 3.44 cm3 g1 and
3.22 cm3 g1 respectively, where the very low levels of
adsorption highlighted the non-porous nature of the crystalline
HOIPs. ag[TPrA][Mn(dca)s] and ag[TPrA][Co(dca)s] provided CO,
uptake values of 14.90 cm3 g1 and 9.00 cm3 g1 respectively, and
though they are still not considered particularly porous, the CO,
capacities were considerably higher than their crystalline
counterparts. This is especially true for ag[TPrA][Mn(dca)s],
where the CO, uptake upon glass formation increased by a
factor of 4. The shapes of the isotherms also changed upon glass
formation. Whereas the change was minor for
ag[TPrA][Co(dca)s], the isotherm of ag[TPrA][Mn(dca)s] more
closely resembled that of a type | isotherm-indicative of a
microporous material such as a MOF. This may be due to the
greater extent of surface porosity visible in ag[TPrA][Mn(dca)s]
when compared to ag[TPrA][Co(dca)s]. The significant increase
in gas uptake in the glass forms of the HOIPs when compared to
their crystalline counterparts is consistent with a large change
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Figure 3. Carbon dioxide adsorption isotherms recorded for a
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in structure, for example the previously proposed movement of
the TPrA cation upon melting.

In this work, we have shown the mechanochemical
synthesis of the HOIPs [TPrA][Mn(dca)s] and [TPrA][Co(dca)s]
and the subsequent formation of bulk samples of their glass
forms. Mechanochemical synthesis was used as an alternative
to traditional slow-crystallisation and offered a green, rapid and
scalable synthetic route to dicyanamide HOIPs of the form
[TPrA][M(dca)s]. Bulk samples of ag[TPrA][Mn(dca)s] and
ag[TPrA][Co(dca)s] were formed in a standard tube furnace and
the glasses were stable to all except strongly basic aqueous
solutions. ag[TPrA][Co(dca)s] displayed moderate
hydrophilicity, with a mean water contact angle of
57.53 £ 1.38°. The CO; values of the HOIP glasses were higher
than those of the corresponding non-porous crystalline
samples, suggesting a significant structural change upon glass
formation, such as the movement of A-site TPrA cations
suggested in prior promising
thermoelectric properties previously investigated for the
glasses, the scalable synthesis of the materials may promote
their applicability in real-world applications.
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