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Abstract
Nucleation and growth phenomena associated with the thermally-induced spin transition was
studied using optical microscopy in single crystals of a cyanoheterometallic coordination polymer
[Fe(1,6-naphthyridine)2(Ag(CN)2).]. Despite the fact that the spin-crossover phenomenon occurs
near room temperature (ca. 290-300 K), the experimental results show the existence of
significant kinetic effects on the hysteretic behaviour of the spin transition in this compound.
Ultra-slow switching rates and phase-boundary propagation velocities were observed (down to
3 nm s71), several orders of magnitude lower than customary. Our observations indicate that
these peculiar spin-crossover properties (slow switching kinetics, scan-rate-dependent transition
temperatures) are presumably related to the presence of numerous microstructural defects in

the crystals, which is an intrinsic characteristic of this compound.
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1. Introduction

Iron (1) spin-crossover (SCO) complexes constitute one of the most interesting representatives
of switchable molecular materials [1-3]. The SCO phenomenon in these coordination complexes
is related to the ability of the central metal ion to change its spin state, in a reversible manner,
under the influence of external stimuli [4]. These complexes, which have the particularity of
exhibiting bistability properties, characterized by the possible emergence of hysteretic
phenomena at technologically relevant temperatures, constitute appealing molecular systems
for practical applications, for example, as active elements of information processing, energy

transducing and display devices [5].

Due to the drastic change of different physical (magnetic, optical, mechanical, electrical, etc.)
properties during the SCO, this phenomenon can be monitored by various techniques
(magnetometry, X-ray diffraction, Mdssbauer spectroscopy, differential scanning calorimetry,
optical microscopy, etc.) [4]. Among these techniques, optical microscopy (OM) occupies a
special place because it allows a real-time, non-destructive and non-contact detection of the SCO
in individual single crystals, combining high temporal and spatial resolutions. (N.B. Here we
primarily refer to OM in bright-field, transmission mode, which probes local absorbance changes
and allows for quantitative spatiotemporal studies of the spin-state transformation. It should be
noted, however, that OM has been also used to probe refractive index and luminescence
intensity changes, enabling to detect the spin transition in single SCO micro-nano-particles [6-8]).
OM studies on large single crystals (typically 50-100 um) help to better understand the
fundamental aspects of the spin-state switching process (nucleation and growth phenomenon,
spatiotemporal properties), which have an influence on the key characteristics of the spin

transition (switching temperatures, sharpness, completeness and hysteretic behaviour).

The first (visible-range) OM studies on SCO single crystals were performed by Jeftic and Hauser
[9]. These authors observed the spatiotemporal development of the high-spin (HS) to low-spin
(LS) relaxation in a single crystal of the SCO complex [Fe(ptz)s](BFa)2 (ptz = 1-propyltetrazole). The
observed inhomogeneous features were explained due to structural modifications and internal
stresses in the crystal associated with the spin-state transition. In the past decade, numerous OM
studies on different SCO single crystals allowed significant advances in the understanding of the
spatiotemporal properties of the spin transition with the identification of some general features,
which have been reviewed by different groups involved in this research [10, 11]. In summary, in

highly cooperative compounds exhibiting hysteretic behaviour, heterogeneous nucleation
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followed by the formation of a well-defined HS/LS interface and its slow propagation (typically
between 1-10 um s, but sometimes up to a few hundreds of um s') was observed in both
cooling and heating modes. Moreover, it was shown that the nucleation and growth
phenomenon significantly depends on the crystal morphology, the local microstructure and the
presence of internal defects. Several studies have indeed pointed out the prominent role of
crystal edges and defects on the nucleation process and the phase boundary propagation [12,13],
while the possibility of modulating the spatiotemporal dynamics of the nucleation and growth
phenomenon by the creation of artificial micrometric defects has been experimentally
demonstrated [14]. Another general observation is that the SCO is often accompanied by
irreversible damage (cracks, fractures, dislocations, etc.) upon subsequent switching cycles,
which mainly originate from the internal stresses generated by the transition process — due to
the relatively large volume change (and lattice mismatch) between the HS and LS phases. Overall,
the substantial volume change in SCO solids appears as a key parameter at the origin of the slow
phase-boundary propagation velocity and the rather low mechanical resilience of SCO crystals

[11].

In the present work, we report on OM investigations of SCO single crystals of [Fe(1,6-
naphthyridine)2(Ag(CN)2)2] (1). This two-dimensional (2D) coordination network exhibits a
reproducible, isostructural spin transition characterized by a wide thermal hysteresis loop
centred near room temperature (297 K) [15]. Here we show that this hysteretic region is
associated with singular kinetic effects and exceptionally slow switching rates, whose origin can

be traced back to the highly defective nature of the crystals.
2. Experimental

Single crystals of [Fe(1,6-naphthyridine),(Ag(CN)2)2] (1) were obtained by a slow diffusion
method as previously described by some of us [15] (see also the Supporting Information, Sl for
the synthesis details). OM studies have been performed on several single crystals of 1. The data
shown in the manuscript refers to a crystal with dimensions of 44 um x 39 um x 10 um. The
crystal was placed on a glass slide and then enclosed in a temperature-controlled heating-cooling
stage (THMS350V, Linkam Scientific Instruments). Before the experiments, the stage chamber
was purged with dry nitrogen gas for ca. 3 min at 373 K. Photographs were recorded in bright-
field transmission mode using an Olympus BX51 upright microscope equipped with a x50 long
working-distance objective (numerical aperture, NA = 0.5) and a CCD camera (Clara, Andor

Technology). Image acquisition was conducted either isothermally or at fixed heating/cooling
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rates (from 0.1 to 10 K min). A band-pass filter centred at A = 532 nm was used to obtain a
maximum optical contrast between the LS and HS phases. Image processing was performed using

the Image) software.
3. Results and discussion

Recurrent pitfalls for spatiotemporal studies on single crystals is the sample-to-sample
variation of the SCO properties due to different sample morphologies and microstructures and,
for a given crystal, the progressive formation of defects and associated drift of the measured
properties upon thermal cycling. These issues often make difficult the identification of the
transition mechanism as well as the quantification of the associated kinetics. As a first step, we
have thus carried out a series of preliminary measurements on different crystals of 1. The most
important findings are summarized in Figure 1. Overall, it appears that minor details of the
thermal SCO curves differ both from crystal-to-crystal and from cycle-to-cycle, but the SCO
behaviour appears sufficiently robust and reproducible to conduct more extensive investigations

on single crystals of 1.

The hysteretic behaviour stems from the existence of a macroscopic free energy barrier
(arising from cooperative intermolecular interactions), which defines a region of thermodynamic
meta-stability between the LS and HS phases. Close enough to the equilibrium temperature, the
macroscopic energy barrier is sufficiently high to make the lifetime of metastable states virtually
infinite (compared to the experimental time scale), thus defining a quasi-static hysteretic region.
However, as the lifetime of the metastable states progressively decreases as moving far from the
equilibrium temperature, a kinetic dependence of the thermal hysteresis can be observed,
characterized by an artificial increase of the hysteresis width. Indeed, numerous studies clearly
demonstrated the strong dependence of the shape, sharpness, width and/or position of the
hysteresis loop upon the temperature scan rate [16]. A spectacular example was reported on the
mixed crystal series of the two-dimensional network {[Zni«Fex(bbtr)s](ClOa4)2}- (bbtr = 1,4-
di(1,2,3-triazol-1-yl)-butane). In this compound, temperature scan-rate studies have revealed
that the apparent hysteresis loop emerging at low temperature (ca. 60-70 K) is of purely kinetic
origin, owing to the slow HS-to-LS relaxation rate at this temperature [17]. Another remarkable
example is that of the complex [Fe'(nBu-im)s(tren)](PFe)2 ((nBu-im)s(tren) = tris(n-butyl-
imidazol(2-ethylamino))amine), which is characterised by an unusual increase of the thermal
hysteresis width upon reducing the temperature scan rate (from 14-K-wide at 4 K min™ to 41-K-

wide at 0.1 K mint) [18]. Such an effect is explained by the fact that two distinct LS phases, with
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different structural organizations, can be kinetically formed from the same HS phase, depending
on the temperature sweep rate. Moreover, an important experimental fact is that the width of
the thermal hysteresis may also simply depend on the thermal exchange coupling with the
sample environment. As shown for single crystals of the SCO compound [Fe(HB(1,2,4-triazol-1-
yl)3)2], the transition temperatures, as well as the width of the thermal hysteresis loop, are
independent of the temperature scan rate (up to at least 5 K min) at atmospheric pressure.
However, by decreasing the air pressure down to P = 0.1 mbar, noticeable changes were
observed both on the thermal hysteresis width and on the switching kinetics of the crystal, due
to the reduced efficiency of convective heat exchange between the sample and its environment
[19]. The problem of heat exchange on the SCO hysteresis properties was also identified and
investigated in single crystals of the SCO compound [{Fe(NCSe)(py)2}2(m-bpypz)] (py = pyridine
and bpypz = 3,5-bis(2-pyridyl)pyrazolate) [20].

Figure 2 depicts the typical spin-transition curves of a single crystal of 1, obtained by varying
the temperature scan rate from 0.1 to 10 K min't. The values of the spin-transition temperatures
in both heating and cooling modes (T1/2™ and T1/2V, respectively) are summarized in Table S1 for
the different scan rates used. As shown in Figure 2a, the LS-to-HS transition (heating mode)
remains abrupt (AT < 10 K) whatever the scan rate. In contrast, the transition curves in the cooling
mode exhibit a more noticeable scan-rate dependence. Indeed, while the HS-to-LS transition is
rather abrupt at low scan rates (AT ~ 10 K at 0.1-1 K min!), much more gradual transitions are
observed for high rates (AT ~ 30 K at 5-10 K mint). Thus, the increase of the temperature scan
rate induces a pronounced enhancement of the asymmetry of the thermal hysteresis loop. This
observation may suggest the existence of different driving/frictional forces for the spin transition
in the two branches of the thermal hysteresis loop. As an example, the HS-to-LS and LS-to-HS
transitions might involve distinct frictional forces due to the difference of stiffness between the
LS and HS states. On the other hand, as depicted in Figure 2b, the shift of the transition
temperatures is similar in the two branches: T2V (respectively T12T) varies from 290.5 K
(respectively 298 K) to 280 K (respectively 308 K) for scan rates of 0.1 K min* and 10 K min?,
respectively. As a result, the width of the thermal hysteresis goes from 7.5 K up to 27.5 K when

increasing the scan rate from 0.1 to 10 K min™.

Obviously, the symmetric widening of the hysteresis loop might be indicative of thermalization
problems at high scan rates. However, our previous studies [19] using the same experimental

setup discard this “extrinsic” origin of the hysteresis broadening in the present study. To
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investigate the plausible origin of such kinetic effects in 1, isothermal relaxation experiments
were performed. The sample was cooled/heated at 1 K min to various given temperatures
within the hysteresis loop and the optical transmission across the crystal was monitored as a
function of time at constant temperature (Figure 3). Further details on these isothermal
experiments, including the relaxation curves, are provided in the Sl. It is worth noting that a
similar approach has been already used for other SCO systems to distinguish the quasi-static and
“apparent” hysteresis loop [21]. It is important to stress, however, that in most cases the
“apparent” hysteresis broadening has been observed at low temperatures (typically below ca.
100-120 K), mostly on the cooling branch, due to the slow spin-state interconversion rates at

those temperatures.

In the case of 1, as depicted in Figure 3a for the cooling mode, no relaxation is observed (hour
time scale) down to a temperature of 291.8 K, this temperature thus defining the descending
branch of the quasi-static hysteresis loop. For lower temperatures (for example, 291.0 K) a slow
relaxation is observed to the full LS state. One should note that the long relaxation times
encountered here (up to 1 hour) definitely exclude the extrinsic origin (sic thermalization) of the
observed phenomena. The same procedure in the heating mode allows to unveil a quasi-static 8-
K-wide hysteresis loop (Figure 3b). The width of this quasi-static hysteresis turns out to be
approximately the same as that observed at the slowest scan rate (AT = 7.5 K at 0.1 K min™'). Such

III

a quasi-static hysteresis implies the existence of a “real” thermodynamic bistability region
(characterized by long-lived metastable states) near room temperature in this SCO material,

which is an interesting asset for practical applications.

The spatiotemporal observation of the thermally induced spin transition in 1 also provides
crucial information for the rationalization of the slow transition kinetics associated with the
hysteresis. Figure 4 displays a set of selected images and movies showing the nucleation event(s)
and the real-time evolution of the phase transition in the cooling and heating modes (see also
the Sl). These visual demonstrations reveal that the presence of numerous defects in the crystal
undoubtedly impacts the spin-transition process. Indeed, the crystals of 1 appear systematically
imperfect and can be better represented as a system consisting of many, small structural
domains, which are more or less randomly oriented. This high degree of mosaicity was observed
both via optical microscopy and single-crystal X-ray diffraction.t These different observations
illustrate the so-called multi-scale causal chain of the SCO process proposed recently [22].

Indeed, it appears that microscopic details (defects, mosaicity) can have a huge impact on the
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macroscopic behaviour of the material, in particular here concerning the spin-state switching

dynamics.

In the cooling regime, inhomogeneous nucleation of the LS phase simultaneously occurs in
different places of the crystal, mostly near the edges, and several, non-consecutive phase
boundaries propagate across the entire sample. On the contrary, in the heating mode, the
nucleation of the HS phase always takes place in the middle of the crystal and a better-defined
phase boundary propagates toward the edges of the crystal in a roughly circular manner. These
features are found well reproducible for different crystals and for several consecutive thermal
cycles. However, it should be noted that after typically more than 10 cycles some irreversible

damage were observed in certain crystals (defects, cracks, etc.).

The singular spatiotemporal dynamics of the spin-state transformation in crystals of 1 can be
qualitatively reproduced by kinetic Monte Carlo simulations, using a dynamic version of a spin-
phonon model. This class of models is known to be relevant for the theoretical investigations of
the spatiotemporal development of the spin transition [23], since the lattice degree of freedom
and the structural differences between the HS and LS phases are explicitly considered (see details
in the SI). By introducing structural inhomogeneities within the system (i.e., a local tensile stress
in the middle of the crystal lattice), we show that we are able to qualitatively reproduce some
key features of the nucleation and growth phenomenon experimentally observed in crystals of
1. In particular, distinct nucleation sites for the LS (edges) and HS (middle of the crystal) phases
as well as the existence of a quasi-circular phase-boundary propagation across the crystal can be
depicted in the simulated images (Figure S6). This however raises questions about the possible
origin of such a residual elastic stress gradient within the crystals of 1, especially in view of the
synthesis method (slow diffusion), which might possibly lead to the build-up of stress

inhomogeneities within the crystals.

A distinctive feature of the spin transition in crystals of 1 is the exceptionally slow kinetics of
the growth process of the nucleated phase. Table 1 displays typical switching times (At),
temperature ranges (AT) and phase-boundary propagation velocities recorded in a crystal of 1.
Remarkably, the switching time at low scan rates (0.1 K min) is ca. 30-50 min, which is ca. 4
orders of magnitude longer than the switching times (50-100 ms) previously reported for crystals
of the SCO complex [Fe(HB(1,2,4-triazol-1-yl)3)2] (2) [19] — in closely comparable experimental
conditions. The difference of switching times clearly parallels the difference of phase-boundary

velocities typically observed in the two materials. In crystals of 1, we observe propagation
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velocities in the range of 102-10" um s, down to 3 nm s (Table 1), whereas these velocity
values fall in the 102103 um s range in crystals of 2 [19]. Previous studies of the nucleation and
growth phenomenon in various SCO systems indicate that the average propagation velocity of
the LS/HS phase boundary is typically 1-20 um s, which is in between the two extreme cases

represented by compounds 1 and 2 (Table S2) [10, 11].

Table 1. Switching temperature range (AT), switching time (At) and typical phase-boundary propagation velocities

(v) measured for a single crystal of 1 at various scan rates (dT/dt) in the heating and cooling modes.

dT/dt AT At v dT/dt AT At v
(Kmin?) | (K) | (min) | (hms?) (Kmin?) | (K) | (min) | (nms?)
0.1 3 30 13 0.1 5 50 3
Cooling mode 0.5 9 18 23 Heating mode 0.5 11 22 14
1.0 13 13 32 1.0 11 11 24
5.0 35 7 160 5.0 10 2 140
10 35 3.5 160 10 10 1 240

The exceptionally slow switching kinetics in crystals of 1 must certainly come from the
existence of particularly strong resistive forces in this compound, whose effect is to hinder the
phase-boundary motion. The main contribution of resistive forces commonly arises from the
emergence of internal frictions and mechanical stresses during the phase-boundary propagation,
due to the structural mismatch between the LS and HS phases. In addition, the role of crystal
defects appears more dramatically in the present study. Cracks, failures and structural domain
boundaries are numerous in crystals of 1 and obviously represent additional energy barriers for
the propagation of the LS/HS phase boundary, making the domain growth mechanism a
thermally-activated process at the origin of the “anomalous” hysteretic behaviour. The role of
crystal defects is exemplified in Figure 4 (blue arrow), where a large failure is shown to open and

close in a crystal during the spin transition.
4. Conclusions

In conclusion, we have performed an optical microscopy study of the thermally induced spin
transition in single crystals of the SCO compound [Fe(1,6-naphthyridine)2(Ag(CN)2)2], including
temperature scan-rate measurements, the assessment of the quasi-static hysteresis loop as well
as the spatiotemporal investigation of the spin-state switching phenomenon. Despite the high
transition temperatures (around room temperature), the thermal hysteresis loop is marked by
pronounced kinetic effects, which appear to be related to the exceptionally slow growth rate of

the nucleated phases. This slow switching process, which is a well-reproducible, general feature



of this compound, is characterized by extremely slow propagation velocities of the LS/HS phase
boundary (down to 3 nm s?), the slowest known to date. Our OM studies reveal the critical
influence of the unusually high number of microstructural defects in the crystals, which
constitute a myriad of energy barriers to overcome, making the transition properties strongly
dependent on the temperature scan rate. An important perspective of this work will be the
investigation of size reduction effects on the switching kinetics. Indeed, as the number of
structural domains decreases one can expect a significant acceleration of the switching rate —

approaching the intrinsic limit, represented by a perfect single crystal.
Notes

tFor the single crystal described in Chem. Commun. 2019, 55 (23), 3359-3362 [15] the
mosaicity parameters are 2.54 (e1 =2.35,e2=1.10,e3 =4.16) and 2.46 (e1 = 1.82,e2=1.09, e3

= 4.48) degrees in the LS and HS forms, respectively (CrysAlisPro).
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Figure 1. (a) Reproducibility of the SCO in four different single crystals of 1. (b) Reproducibility of
the SCO in a single crystal of 1 for three subsequent thermal cycles. All data were acquired at 1 K

mint. Heating and cooling are indicated by arrows.
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Figure 2. (a) Temperature scan-rate study (0.1-10 K min™!) of the spin transition (normalized

optical transmission vs. temperature) in a single crystal of 1. (b) Scan-rate dependence of the

spin-transition temperatures in the heating and cooling modes.

13



Q
—

Path:
3M18.0K=» X K

(held for 45 min)

X corresponds to:
—eXxp. at 307.5 K
—— exp. at 300.3 K
—— eXxp. at 295.5 K
—— exp. at 291.8 K
—eexp. at 291.0 K
—— aXxp. at 289.0 K
- const cooling rate

Normalized transmission

0 10 20 30 40 50 60 70
time (min)

b) 1.0

0.4 -

0.2

Normalized transmission

0.0
T ' I B I ¥ T * I Y I d T L I
280 285 290 295 300 305 310 315

Temperature (K)

Figure 3. (a) Isothermal HS - LS relaxation measurements on a crystal of 1 at selected
temperatures. A reference curve acquired at constant cooling rate (1 K min) is included (violet
line). (b) Quasi-static hysteresis loop (green region) extracted from the isothermal relaxation
experiments. Two reference curves, recorded in heating and cooling modes at scan rates of 1 K

min~! (black line) and 0.1 K min™! (grey line), are also shown.
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Figure 4. Snapshots of the spin-state transformation of a crystal of 1 in the cooling and heating
modes at 0.1 K min'l. Red arrows indicate the propagation of phase boundaries. The blue arrow

shows the opening and closing of a failure in the course of the phase transition.
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