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Spontaneous Synthesis of [Fe"(Atrz);]SO, and its Analogues

Through Accelerated Ageing: New Insights from Small-

Scale Reactions

Rhona F. Lonergan,” Georgina A. Conway,” Patrick W. Doheny,” and Helena J. Shepherd*"

Abstract: Accelerated ageing reactions that take place
between two solid materials on contact in the absence of
added solvent have been used to synthesize two spin-
crossover-active 1D coordination polymers and one of their
Cu(ll) analogues. The hygroscopy of the ligands and the
relative humidity of the reaction chamber have been shown
to be particularly important factors in the rate of reaction.
Small-scale reactions between a few individual crystals have

\

allowed observation of deliquescence of the 4-aminotriazole
ligand at high humidity. The metal salt does not dissolve, and
the ligand diffuses into the crystal of the metal salt during the
reaction. In the case of the Cu analogue, the formation of the
product causes the crystal of the metal salt to deform with
the formation of pseudocrystals, which have a fibrous
structure.

J

Introduction

The search for cleaner, greener synthesis of the materials we
rely on in everyday life, as well as for the technologies of the
future, is a major concern within the chemical sciences. Key
strategies for achieving this include minimizing the number of
synthetic steps, employing catalytic processes, reduction of
energy consumption and reducing the amount of hazardous
waste produced, which includes solvents. One approach to
achieve this is mechanochemistry, which involves the use of
mechanical force to accomplish chemical transformations, many
of which would otherwise be achieved through more traditional
solution-state processes."” Mechanochemical reactions involve
very little (if any) solvent, substantially reducing waste, and can
also eliminate any solubility or stoichiometry problems that can
prevent recovery of a product in solution-state reactions'” and
as a result can lead to significant increases in yield.”

Frisci¢ et al. defines accelerated aging (AA) reactions as
“diffusion-controlled reactions that take place between initially
solid reactants, and are accelerated or directed by only mild or
short-lasting changes in their environment.” These reactions
are a further extension of the rationale behind mechanochem-
istry methods. AA reactions take advantage of the inherent
mobility of molecules and further reduce the energy require-
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ments of the reaction whilst retaining all of the benefits of
mechanochemistry. As suggested by the name, the initial
direction of AA research has been inspired by reactions present
in the natural world such as mineral weathering,” geological
biomineralization,” and mineral neogenesis,” which take place
over long periods of time. Over the last fifteen years, the true
potential of AA reactions has become apparent, as the
technique has been developed to synthesize zeolitic imidazo-
late frameworks (ZIFs),”” metal-organic frameworks (MOFs),®
nanoparticles,” and co-crystals,'®'" as well as being used in
catalysis"? and staple organic reactions such as Micheal
addition."™ The hygroscopy of starting materials has been
shown to be an important factor in the viability of some AA
reactions™ where, for example, in relation to the synthesis of
co-crystals,"™ the very hygroscopic malonic acid forms co-
crystals with caffeine but adipic and succinic acid (which are
much less hygroscopic) do not. This emphasis on the hygro-
scopy of the starting materials indicates that the deliquescence
of at least one starting material is an important aspect in the
mechanism of AA reactions. High relative humidity (RH) has also
been shown to be beneficial in several reactions®”'*'¥ and, in
some cases, evidence shows that the rate of reaction is
humidity dependent."®'"'® There are several reports of reac-
tions not proceeding at low RH (e.g., below <30% RH), slow or
incomplete reactions at moderate RH (e.g., ~50%) and fast
reactions with full conversion at high RH (e.g., >70% RH)."*"
In some cases, additives such as ammonium sulphate have
been used to control the rate of reactivity or control product
formation.”

As Fris¢i¢ et al. have discussed, the time scales and relative
simplicity of AA reaction design can provide a useful platform
for mechanistic studies that may have wider ranging implica-
tions for other reaction types including mechanochemistry.”” An
increase in reaction rate that results from reduced particle size
has been shown,®'® and a device for monitoring of AA
reactions in situ using powder X-ray diffraction has also been
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demonstrated."” An optical microscopy study of an organic co-
crystallization AA reaction demonstrated the importance of
humidity, adding a deliquescent material to the reagents to
facilitate the dissolution of reactants from atmospheric water."®
Solid-state NMR"? and Raman spectroscopy™ have also been
integrated into the AA reaction to gain mechanistic insight. This
report focusses on the use of optical microscopy to gain
mechanistic insight into the synthesis of the spin crossover
(SCO)-active material [Fe"(Atrz);]SO, and its analogues.

While AA has been used to make supramolecular materials
such as MOFs and ZIFs, to the best of our knowledge, no
instances of the use of this method to synthesize stimuli-
responsive materials have been reported. SCO complexes are a
promising class of smart material which can switch between
high spin (HS) and low spin (LS) states upon application of
external stimuli such as changes in temperature, light irradi-
ation or pressure?! This change in spin state is often
accompanied by a dramatic change of color as well as changes
to the magnetic and structural properties. The binary nature of
these changes makes SCO materials suitable for a wide variety
of applications such as temperature or pressure sensors,”*” as
the active material in optical displays® and even in actuator
devices.”*® The simple and scalable nature of AA reactions as
well as the low-cost of the starting materials make these
reactions even more suited for these large-scale applications.

4-substituted 1,2,4-triazoles are a simple and versatile family
of ligands, which are often used in coordination chemistry and
in the synthesis of MOFs® but they also have interesting
properties and uses as organic materials. For example, these
ligands/molecules have been used in the creation of OLEDs,
organic photovoltaic cells and data storage devices.®” 1,2,4-
triazoles have several commercially available derivatives as well
as relatively simple synthetic pathways for more complex
derivatives,®” which makes them an easily accessible starting
material for large-scale commercial applications. They are used
in a ubiquitous family of one-dimensional SCO-active iron(ll)
triazole coordination polymers, of general formula [Fe(R-
trz);]1-A, (where R=substituent at 4-position, A=anion), as
shown in Scheme 1. The triple triazole bridges in these
polymers act as rigid but stable linkages due to a lack of strain
with a large family of these materials known.®"” They exhibit
attractive SCO properties, often featuring abrupt transitions
(where the SCO occurs over a few Kelvin), wide hysteresis (i.e.,
the temperature of the transition on cooling is lower than that
on warming, creating a form of molecular memory), and high-
temperature operation (>300 K).*'?? Recent work has also
shown the significant potential for post-synthetic modification
to alter the R-group of the triazole in the final SCO material.**!
This further expands the library of triazole functionalities that
can be incorporated into these compounds, which in turn
widens the tunability of the SCO properties of these 1D
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Scheme 1. Structure and general reaction scheme for the synthesis of the 1D [M(R-trz);]** coordination polymers and the synthesis of compounds 1-3.
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polymers. Despite the substantial advantages of [Fe(R-trz);]-A,
systems, a significant drawback is that they are notoriously
difficult to crystallize.®" As a consequence, relatively few solid-
state structures of these systems have been published from
powder diffraction data,***¥ with even fewer determined via
single crystal diffraction.>” Until recently, the best evidence for
their 1D chain structure was by examination of Cu analogues,
[Cu(R-trz);]-A,, which have a much higher propensity for growth
of single crystals.>

There are currently several different methods for synthesis
of [Fe(R-trz);]- A, materials. The first is the addition of the two
starting materials in solution as established by Kréber et al., in
1994.57 Similar solution-state methods have since been used to
access a range of related materials.’'*® The reverse micelle
technique has been used to create SCO-active iron(ll) triazole
nanoparticles (NPs)®***? and flow chemistry has also been used
to synthesize iron(ll) triazole NPs, allowing fine control over
particle size, but requiring specialized experimental setups.'**¥
More recently, these iron triazole polymers have been synthe-
sized ‘direct from the metal’ using zero valent iron as the metal
precursor to form the complex in a one-step reaction.”!
Mechanochemistry has also been used to synthesize these
metal triazole systems.®¢*” This method removes any solubility
problems, increasing the yield, and is quick and simple, with
reaction times of minutes instead of hours or days. However,
additional washing is needed to obtain samples of high purity.
Another method currently in use for the synthesis of these
materials, is post-synthetic modification of products made using
the previously described methods either mechanochemically™®
or in solution.! *¥ This allows access to analogues containing
different anions and variations of the triazole ligands that could
not previously be synthesized ab initio, but it also adds an
additional step in the synthetic process and shares the same
problems as their respective parent methods. The synthetic
route to these materials is particularly important considering
the sensitivity of their switching properties to particle size,
solvent, matrix effects and preparation techniques.“**”

Here, we show the synthesis of the SCO-active compounds
[Fe(Atrz);]SO, (1), [Fe(Htrz);]SO, (2) and the Cu analogue of 1,
[Cu(Atrz);]SO, (3) (Atrz=4-amino-1,2,4-triazole, Htrz=4H-1,2,4-
triazole) via accelerated aging. The aim is to determine if
functional SCO materials may be synthesized using AA
methods, and more importantly, to gain mechanistic insights
into the AA process. The reaction schemes for compounds 1-3
are shown in Scheme 1. The solution-state synthesis of com-
pound 1 has been previously reported to show a reversible spin
transition at 355K, with a thermal hysteresis of 32 K" This
compound has also been synthesized mechanochemically,
showing similar SCO properties to the solution-synthesized
material.® High quality powder diffraction combined with
Rietveld refinement has previously produced a crystal structure
for compound 1%’ while compounds 2, and 3 have not
previously been reported in the literature.

Chem. Eur. J. 2022, 28, €202201823 (3 of 10)

Results and Discussion

Contact between crystalline Atrz and Mohr’s salt in the absence
of solvent results in the direct formation of compound 1, as
shown in Figure 1(a). The formation of the purple product,
which is typical of this family of Fe-triazole materials in the LS
state, from the colorless starting materials is readily visible, and
this has been used to follow the reaction as a function of time
using optical reflectivity measurements, vide infra. Time-lapse
recordings of the reactions used to synthesize compounds 1-3
on this bulk-scale can be found in the Supporting Information,
Videos 1-3.

Successful synthesis of 1 was confirmed via a Le Bail fit of
the powder diffraction pattern of the washed product with
those of the starting materials and the previously reported
crystal structure,*” as shown in Figure 2(a). The as-synthesized
product is contaminated with ammonium sulphate, which is a
by-product of the reaction. A simple washing step as described
in the experimental section removes this contamination to yield
a pure sample of 1. SQUID magnetometry (Figure 2b) indicates
an abrupt reversible spin transition which is accompanied by a
hysteresis of 12 K (T,, T =342 K, T, | =330). This is very similar to
the values obtained for the previously-reported solution-state®
and mechanochemically-synthesized materials.”! Thermal analy-
sis via TGA/DSC (Figure S1) shows SCO occurring as expected
on warming. A mass loss of approximately 5% at 390K is
attributed to the dehydration of the sample followed by

56 mins

28 mins

Figure 1. Photographs showing the formation of compounds 1,2 and 3 as a
function of time after mixing of solid reagents (t=0) at 99% RH and 23°C.
The reaction vessel is 19 mm in diameter in each case.
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Figure 2. a) Powder diffraction pattern and Le Bail fit of 1, b) SQUID
magnetometry of 1 showing a hysteretic spin transition. Inset shows a
polycrystalline sample of 1 in the LS (purple) and HS (white) states.

decomposition above 550 K. The similarity of the powder
diffraction pattern of 1 to that of the known anhydrous material
implies that this water is physically adsorbed onto the surface
of the product rather than incorporated into the crystal
structure. Comparison of the powder diffraction pattern and the
magnetometry to the reported literature of this previously
characterized compound clearly confirms that compound 1 has
been successfully synthesized simply by placing the solid
reagents into contact in this AA reaction.

Compounds 2 and 3 were also synthesized in an analogous
manner to compound 1, as shown in Figure 1. Again, character-
istic color changes can be observed in each case as the reaction
progresses, videos of which can be found in the Supporting
Information (Videos 2 and 3). Neither compound 2 nor 3 have
been previously reported and so comparison of their properties
to literature values is not possible. However, a Le Bail fit of
powder X-ray diffraction data of 3 to the known unit cell of 1
revealed them to be structural analogues of each other
(Figure S9). A comparison of the powder X-ray diffraction
patterns of compounds 1 and 2, as shown in Figure 3a, reveals
that they are not structurally analogous. This is perhaps not
surprising given the significant differences in structure of the
Atrz and Htrz complexes formed with iron tetrafluoroborate,

Chem. Eur. J. 2022, 28, €202201823 (4 of 10)
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Figure 3. a) Powder diffraction patterns of 1 and 2, b) SQUID magnetometry
of 2 showing an irreversible spin transition on heating from room temper-
ature. Inset shows a polycrystalline sample of 2 below (purple) and above
(brown) the irreversible transition.

which have been thoroughly investigated.®*" While compound

3 (Cu*", &) is not expected to be SCO-active, compound 2
presents an irreversible SCO centered at 355 K on heating, as
shown in Figure 3(b). The spin transition is accompanied by a
color change from purple to a grey/brown. The HS state of
these materials is typically white, suggesting that this color
change may be the result of sample decay, which also prevents
the reverse spin transition. While heating to lower temperatures
was attempted in order to prevent decomposition, we were
unable to observe a reversible transition for compound 2.
Further information regarding the characterization of 2 and 3,
including thermal analysis can be found in the Supporting
Information.

Beyond the SCO properties of compounds 1 and 2, the
primary interest in these materials here is that they allow
insights into the effect of varying both the ligand and the metal
salt on the AA reaction itself. For example, Htrz, used in the
synthesis of 2, is much less hygroscopic than Atrz. Furthermore,
Cu(ll) triazole complexes such as 3 have been shown to form
single crystals more readily than their Fe(ll) analogues,® raising
the possibility of synthesizing single crystals using AA methods.
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The relative hygroscopies of Htrz and Atrz were evaluated
by comparing the mass of water they adsorb from a 99% RH a)E " &
environment as a function of time, as shown in Figure 4(a). Atrz ‘é m Atrz
fully deliquesces at this humidity, absorbing almost 1.5 molar 1&: 6.l : Htrz
equivalents of water over 24 h, while Htrz does not deliquesce £ (NH,),Fe(S0,),-6H,0
on this timescale, absorbing less than 0.5 molar equivalents. By 2 ¢ Cuso,-5H,0
contrast, copper sulphate crystals absorbed very little atmos- E -
pheric water at all. After an initial adsorption of 0.1 molar g g u" :
equivalents within the first hour, ammonium iron sulphate also g .A:A‘
absorbed very little atmospheric water. The increase in E 070_31!....; .
hygroscopy on moving from Atrz to Htrz is reflected in the 2 i . i : i
increased rate of reaction for 1 when compared to that of 2, as 0 2 A e 28 S0
shown in Figure 4(b). The effect of relative humidity on the Bl
formation of 1 and 2 was also evaluated using reflectivity b) 101
measurements, as shown in Figure 4(c and d). As RH increases,
the reaction occurs more quickly, supporting the positive 5 0.8+
correlation between RH and reactivity that has been previously i
noted in other AA reactions.””'%"¥ Ammonium sulphate, which § 067
is a byproduct of synthesis of both 1 and 2 has previously been #; —
used as a catalyst in the AA synthesis of various ZIF £ o4 —2
compounds.”’ In the interests of determining if ammonium ﬁ —3
sulphate may also be contributing to the reactivity through iz
increased hygroscopy, the reaction of Atrz with iron sulphate
was also investigated, as described in the Supporting Informa- S L Py . p.m oA
tion. The reaction with ammonium iron sulphate to form 1 Time (mins)
indeed proceeded more quickly than that with iron sulphate c) 10
and so it is possible that the ammonium sulphate is accelerat-
ing the rate of reaction. 5 0.8
The reaction to form compound 3 was the most rapid, <
although this increase in reaction rate compared to formation %‘ oLl
of compound 1 cannot be attributed to differences in E
hygroscopy of the starting materials alone as copper sulphate E il 442/0
and ammonium iron sulphate have comparable uptake of E _??uﬁ:
atmospheric water. Consequently, we tentatively attribute the & - —99%
increased reactivity to inherent differences in the stabilities of
the iron- and copper-containing products. The curves shown in 00 . . .

Figure 4 give an indication as to the relative rate of formation 0 30 60 90 120
of each product based on the appearance of the colored Time (mins)

product as a function of time. Recording of these curves, d) 10
particularly for rapid reactions is somewhat complicated by
differences in ambient humidity that the reagents are subjected 5 08
to whilst weighing and mixing and thus detailed kinetic analysis <
is not possible. The results of repeated reactions to form £ 064
compound 1 at various humidities is shown in the Supporting 5
Information Figure S4. g 044
The role of solvent vapors on the crystallinity, morphology B
and spin crossover properties of SCO-active thin films has & o
previously been investigated for a molecular complex.®? It was
shown that above a specific threshold RH water, and indeed i . . . ‘ .
other solvents, were able to recrystallize the films in situ, 0 300 600 900 1200 1500 1800

modifying their properties. In this context, it is also worth Enig;{ming)

adding that evidence of reactivity for compounds 1, 2 and 3
has been observed in atmospheres of other solvents including Figure 4. a) Proportion of water gained by each reagent as a function of
time at 99% RH. b) Normalized reflectivity measurements showing the

dichloromethane and acetone, but not in ethanol in the case of formation of compounds 1-3 as a function of time at 99% RH. c) Effect of
1 and 2. We are currently investigating the role of different  RH on rate of reaction for compound 1. d) Effect of RH on rate of reaction for

solvents on the mechanisms and rates of these reactions, as  compound 2. Note the different timescales for (c) and (d).
well as on the crystallinity of the final product.
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In an effort to further investigate the mechanisms behind
the AA processes occurring in the formation of these metal-
triazole complexes, reactions were carried out on a smaller
scale, between individual crystals. Due to the difficulties
associated with accurately determining the mass of individual
crystals, particularly those which are highly hygroscopic, it is
not possible to accurately control the stoichiometry of such
reactions and as such the products may contain a significant
amount of unreacted starting materials. However, these small-
scale reactions are an opportunity to observe the processes
occurring during AA, a vital step towards controlling and
exploiting this reaction mechanism.

The formation of 1 from a single crystal of Atrz and a single
crystal of (NH,),Fe(SO,),-6H,0 is shown in Figure 5(a), and Video
4, where the crystals are both colorless prior to reaction. At
0 minutes they are first brought into contact, and within a few
minutes the Atrz crystal becomes noticeably smaller and a
sheen of condensation is apparent surrounding the crystals.
This is accompanied by development of the purple color that is
characteristic of 1 in the LS state, within the region of the
(NH,),Fe(S0O,),-6H,0 crystal only. As time progresses, an enve-
lope of water forms around the reagents and the Atrz crystal
completely deliquesces. At no point does the (NH,),Fe-
(SO,),-6H,0 crystal dissolve, demonstrating that this is not a
concentrated solution-state reaction as has been previously
observed for some AA co-crystallization reactions involving
deliquescence."® Instead, the formation of 1 proceeds at the
site of the crystal of the metal salt. On further standing the
water envelope dries and no further changes are observed. The
remaining purple solid is similar in shape to the crystal of the
Fe salt starting material but is significantly larger and is no
longer a single crystal, breaking into small microcrystalline

fragments in response to even small, externally applied forces.
Clearly, the reaction is occurring at the site of the metal salt,
with ligand molecules (in this instance dissolved in water)
reacting with the metal salt. On the bulk scale it was seen that
no unreacted starting materials remain in the product and so it
can be assumed the ligand diffuses into the crystal of the metal
salt, destroying its integrity as a single crystal as it does so. It
should however be noted that these iron-containing coordina-
tion polymers are notoriously difficult to grow single crystals of,
and the powder-like nature of the product may be intrinsic to
this class of material rather than a result of the AA process.

The reaction was repeated to form compound 2, with a
similar sized single crystal of (NH,),Fe(SO,),-6H,0 and a few
crystals of Htrz (necessary due to the smaller crystallite size of
this starting material and a desire to preserve broadly similar
stoichiometry between the two reactions). As shown in Fig-
ure 5(b) and Video 5, no condensation of atmospheric water
can be observed at ambient humidity, and the reaction
proceeds much more slowly than in the case of 1. Careful
inspection of the images reveals the formation of the purple
product, 2, only at the interfaces in which the crystals are in
direct contact. These areas are highlighted with arrows in the
final panel of Figure 5(b). From this, it can be concluded that
the increased hygroscopy and resultant deliquescence of Atrz
allows for much more rapid diffusion of the ligand onto, and
indeed into, the metal salt crystal. As was shown previously in
the case of bulk materials, the rate of formation of both 1 and 2
can be significantly increased as RH increases, and thus the
optimal humidity for any given AA reaction is liable to be highly
dependent on the hygroscopy of the specific starting materials.

The reaction between copper sulphate and Atrz was also
carried out on a single crystal scale to produce 3, as shown in

Atrz

Cu salt

Figure 5. Images showing reactions between single crystals of the metal salts and triazole ligands as a function of time to afford compounds (a) 1, (b) 2 and
(c) 3. Arrows in the final panel of (b) highlight areas of product formation as described in the text. The scale bar represents 1 mm, all experiments were

conducted at ambient temperature and humidity.
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Figure 5(c) and in supporting Video 6. Formation of the product
is indicated through the appearance of the dark blue product
from colorless and pale blue starting materials. In a similar
manner to the analogous small-scale synthesis of the iron-
containing analogue, 1, the Atrz crystal deliquesces and an
envelope of water forms around the crystals during the
reaction, allowing for the rapid synthesis of 3. Again, at no point
does the crystal of the metal salt dissolve during the reaction.
However, unlike in the case of 1, the shape of the solid
remaining after the reaction looks significantly different from
the initial crystal of the metal salt. The small-scale synthesis of 3
was repeated several times, including with an excess of Atrz to
ensure a complete reaction, as shown in Figures 6(a) and S11.
At high and low humidities the product formed tends to be
polycrystalline and disintegrates on the application of pressure,
as was seen in the formation of compound 1. However, at
intermediate humidities around 55% RH, a pseudocrystal is
formed. A pseudocrystal is an object that appears crystalline
when observed with a microscope but does not produce the
diffraction pattern associated with a single crystal. The shape of
this pseudocrystal is very different to the parent copper
sulphate crystal, with numerous cracks and regions of it having
expanded significantly and splayed outward. When viewed
under a polarizing microscope with the polarizer and analyzer
crossed, the pseudocrystal 3 transmits light, as would be
expected from a single crystal (Figure 6b). On rotation of a
section of the pseudocrystal perpendicular to the plane of the
polarizers, the transmitted light extinguishes every 90°, again
showing optical activity expected from an ordered crystalline
material rather than an amorphous glass or polycrystalline
agglomerate. While the parent copper sulphate crystal has the
diffraction pattern expected from a single crystal, the diffraction
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pattern of a pseudocrystal of compound 3 shows a pattern
more usually associated with diffraction from a fibrous material.
Diffraction patterns of both the parent copper sulphate crystal
and the pseudocrystalline compound 3 are shown in Figure 6(c)
and (d), respectively.

Representative SEM microscopy of two pseudocrystals of
compound 3 is shown in Figure 7. The overall appearance of
each object shows a multitude of cracks, undulations, and
growths from the surface. Baleen-like fibrous structures are
visible as growths from the surface of the pseudocrystal shown
in Figure 7(a and b). The pseudocrystal in Figure 7(c) had been
cut in half prior to imaging and Figure 7(d) shows that the
internal structure also features fibrous regions as evidenced by
the diffraction pattern. EDX measurements reveal the presence
of carbon and nitrogen throughout the cross-section of the
pseudocrystal, indicating complete ligand penetration through-
out the product, which was formerly the single crystal of the
metal salt, as shown in Figure S10. Fibrous or rod-like
morphologies have been previously observed for [Fe(R-trz);]-A,
complexes®*¥ and is possibly related to their anisotropic 1D
coordination polymer structure. Further investigations into the
nature of these fibers and their possible relationship to the
crystallographic orientation of the parent crystal of the metal
salt is underway.

In addition to the hygroscopy of the starting materials,
there are several other factors that may influence the rate of
these AA reactions. In this case, the starting materials for both
the bulk- and small-scale reactions were not ground prior to
use in order to allow optimal imaging of the ligand and metal
salt during the reaction. However, particle size and efficient
mixing of reagents in the solid state has already been shown to
have a significant effect on the rate of reaction,®'® and it is

Figure 6. a) Side view of copper sulphate and Atrz crystals before reaction and then of compound 3 after the reaction at 55% RH, b) a pseudocrystal of
compound 3 imaged between crossed polarizers, demonstrating its ability to transmit plane-polarized light c) a reconstruction of the hk0 plane from the

copper sulphate starting material and d) diffraction pattern of compound 3.
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Figure 7. SEM images of two pseudocrystals of 3 showing evidence of fibrous formations. Highlighted region in a) corresponds to the region imaged in b),

highlighted region in c) corresponds to the same region imaged in d).

likely that similar results would be found here. Relative
crystallographic orientations of the individual crystallites may
also influence the rate of the reaction at smaller scales,
particularly in cases where the ligand does not fully deliquesce.
While a number of other factors may influence the rate of the
reaction, the observation of the product forming at the site of
the parent metal salt is important and deserves further
investigation on a range of coordination polymers and metal-
organic framework materials.

Conclusion

We have shown that compounds 1-3 can be synthesized via
accelerated ageing through contact of the starting materials in
a humid environment in the absence of added solvent and
without grinding of either the reagents or the reaction mixture.
The formation of products with a color that is distinctive from
the starting materials allows the reactions to be imaged in situ
and reaction progress to be quantified using reflectivity
measurements. Compounds 1 and 2 both show spin crossover
properties in the solid state. The role of humidity in facilitating
the reactions has been demonstrated and it is seen that the
relative hygroscopy of the ligands in particular is an important
factor in determining the rate of the reaction.

Chem. Eur. J. 2022, 28, €202201823 (8 of 10)

Using time-dependent optical microscopy, small-scale reac-
tions between single crystals of the starting materials have
allowed crucial insights into the mechanism of the accelerated
ageing process for the first time. In all cases, the formation of
the product takes place at the site of the metal salt, with ligand
molecules diffusing into the crystal. This results in significant
expansion of the crystal as the product is formed, and in the
case of compound 3, a pseudocrystal may be produced. While
these pseudocrystals appear crystalline using polarizing micro-
scopy, they have been shown to be fibrous in nature. These
results are expected to have significant implications for the
interpretation of solvent-free syntheses of coordination poly-
mers and related framework materials and demonstrates the
importance of optical microscopy measurements in mechanistic
studies.

Experimental Section

Bulk-scale synthesis: All reagents were purchased from Fisher
Scientific and used as received. All accelerated aging reactions at
the bulk scale were carried out with a 1:3 metal salt:1,2,4-triazole
ligand stoichiometric ratio, typically on the scale of 1.30 mmol of
metal with 3.90 mmol of ligand (ca. 0.1 g to 0.3 g). The reagents
were combined before being gently shaken and left uncovered,
either under ambient conditions or at specific relative humidities (~
37%, 55%, 70% and 99%), to react for 24 h. An air-tight humidity
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chamber was built from a repurposed desiccator with a flat plate
glass window to allow monitoring of reaction progress using a
microscope and camera. Relative humidity within the chamber was
controlled using binary salt solutions®™ and monitored using a
Tempo Disc Bluetooth wireless smart sensor inside the chamber.
Images of the reaction were recorded every 3-10 seconds after
mixing using a Brinno TLC200 Pro time-lapse camera. Data analysis
was performed using Imagel,*® where each image was converted
to grey scale and an average grey value was extracted within a
specified region of interest containing the sample. A background
correction was applied to negate the automatic white balance
adjustments of the camera. Data were normalized between 0 and 1
to obtain values representing relative change in darkness of the
sample as a function of time and inverted such that 1 is the darker
colored end of the scale, corresponding to the formation of
product. Image) was also used to create the time-lapse videos as
shown in the Supporting Information.

Samples were then analyzed without any further experimental
steps. Selected samples were then washed gently with water to
remove impurities. Washing of individual samples is always clearly
indicated in the relevant figure. The samples produced through this
bulk synthesis method were used for TGA/DSC, SQUID magneto-
metry, PXRD and elemental analysis.

Caution: Compound 3 undergoes high energy decomposition at
high temperatures, extreme caution should be taken when
heating.

Single crystal synthesis: Single crystals of each starting material
were placed in contact at ambient conditions (~40% RH, ~19°C)
on a glass slide. They were left open to air for the duration of the
experiment and were monitored using a stereo microscope
equipped with a digital camera. Images were captured every
3 seconds. ImageJ) was used to create time-lapse videos as shown
in the Supporting Information.

Hygroscopy of reagents: The hygroscopy of the starting materials
was investigated by determining the mass of the materials
immediately after opening the reagent bottle. They were then
placed into a humidity chamber at 99% RH and their mass was
measured at regular intervals. This data was used to calculate the
molar proportion of water adsorbed as a function of time.

SQUID Magnetometry: The samples were loaded into gelatin
capsules and placed into plastic straws with a uniform diamagnetic
background. Magnetic susceptibility measurements were per-
formed using a Quantum Design MPMS SQUID magnetometer.
Temperature dependent measurements were made using a
1000 Oe magnetic field across the stated temperature ranges (in
sweep mode), while ramping the temperature at 2 K/min.

Elemental analysis: Elemental analyses were conducted through
the Elemental Analysis Service at London Metropolitan University
using a ThermoFlash 2000 analyser.

Diffraction data: Powder XRD data were collected on a Rigaku
Miniflex 600 using a Cu radiation source and measurements were
performed at room temperature. Le Bail fits®” were performed
using the Rietica® software with an automatic smoothed back-
ground function. Diffraction data used to generate images shown
in Figure 6 were collected on a Rigaku Oxford Diffraction Super-
Nova S2 single crystal diffractometer using a Cu radiation source.
The fibre-like diffraction image of the pseudocrystal of compound 3
was collected using a 10 degree phi scan.

SEM/EDX: SEM images were collected using a Hitachi S-3400
microscope. Samples were fixed to a carbon mount and scanned
without sputtering.
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