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Spin Crossover (SCO) particles at the nanometric scale provide an alternative point of view and a new per-
spective concerning the development of a new generation of spintronic, electronic, photonic and
mechanical devices. The coexistence of the SCO phenomenon with the accompanying hysteresis loop
enhances the functionality of future devices for storing and processing information. Despite all promising
facts, the SCO phenomena are greatly affected by cooperativity issues resulting in a direct relation
between the decrease of the size of nanopatricle and the overall decrease of cooperativity towards more
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gradual spin transitions. This minireview aims to summarise the synthetic techniques for the synthesis of
2-D Fe'' SCO particles at the nanometric scale, an underexplored area of research, highlighting the effects
of the size-reduction on the magnetic properties of the corresponding nanoparticles and hopefuly show-
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1. Introduction

The concept of functional nanodevices based on nanoscale
Fe" Spin Crossover (SCO) materials appears to be a promising
research topic based on the plethora of scientific groups
working in this field and the increasing attention in recent
years.' ® Due to the unique property of SCO materials of under-
going reversible switching between a high spin state (HS) and
a low spin state (LS), new spintronic, electronic, photonic,
mechanical devices can be fabricated where the SCO materials
will be used for storing and processing information and/or for
converting different forms of energy in actuators or sensors."
Important discoveries intensify the interest for SCO materials,
in particular: (i) the coexistence of SCO with hysteresis loop
providing the possibility of the memory effect;” (i) SCO tran-
sition at room temperature;® (iii) the triggering of the spin
state using a plethora of external stimuli;” " and (iv) the exist-
ence of bistable characteristics in SCO nanoparticles
(NPS).12_16
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casing the importance of studying in the context of 2D limit the SCO phenomena.

However, the interconnection of physical properties and
spin state, especially at the nanoscale, remains to be explored
and thoroughly studied, since SCO phenomena are greatly
affected by cooperativity issues among the SCO centres influ-
encing directly the abruptness of the SCO transition and even-
tually the width of the hysteresis."">™*® Therefore, experi-
mental and theoretical research is focused on the correlation
of the size effect and the first-order phase transition of SCO
systems and how the characteristics of the hysteresis are
expected to be influenced by the number of molecules forming
the nanoparticle. A crucial requirement for successful fabrica-
tion of devices is the preservation of the bistability and the
cooperativity between the SCO centers during the downsizing
experimental protocol.

So far, an extensive amount of studies refers to the
downsizing effects on nanoparticles (NP) of the 1-D iron tri-
azole polymers of the type [Fe(Htrz)(trz)]" and the 3-D
Hofmann polymer [Fe(pz)Pt(CN)4]-nH,O, where Htrz = triazole
and pz = pyrazine. The study of these systems revealed a direct
relation between the decrease of the particle size and the
decrease of cooperativity towards gradual SCO transitions,
lower transition temperatures, increase of the residual HS frac-
tion and narrower hysteresis phenomena.

The case of 2-D SCO NPs remains almost unexplored,
especially for systems consisting of ultra-thin 2-D nanosheets
as building blocks. Given the interest of the scientific commu-
nity for alternative chemical approaches of graphene and gra-
phene related products, 2-D SCO NPs provide an ideal platform
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for further research due to: (i) the highly accessible active sites
on the surface; and (ii) the rich synthetic chemistry based on
plethora of organic ligands and metal ions. The correlation of
the advantages of ultrathin 2-D nanosheets with the downsiz-
ing of SCO materials may provide an ideal fabrication protocol
for devices with well optimized SCO properties. The present
minireview focuses on the 2-D SCO Coordination Polymers
(CPs) describing some important nano synthetic methods
while in a parallel manner presents the effects of the size-
reduction on the magnetic properties of the corresponding
nanoparticles (nCPs). More explicitly, the covered nanosyn-
thetic techniques will be: (a) reverse micelle technique, (b)
Layer-by-Layer (LBL) method and (c) Liquid Phase Exfoliation
(LPE) method.

2. Reverse micelle technique: shape
and size effects on 2-D Fe'' SCO
nanoparticles

The reverse micelle technique has been widely used as an
effective method for the synthesis of Fe SCO particles at the
nanometric scale. The first use of this method was reported by
Mann and coworkers® in an effort to prepare Prussian blue
nanoparticles. Although, many reviews until now"'“'®**
present the application of this nanosynthetic protocol in the
synthesis of 0-D, 1-D and 3-D Fe" SCO polymers, in this mini-
review our attention is paid exclusively on the limited 2-D Fe"
SCO systems.

In 2010 Martinez et al.> reported for the first time the
downsizing effect on 2-D SCO coordination polymer (Fig. 1a)
with the formula [Fe(3-Fpy),M(CN),] (M" = Ni, Pd", Pt" and
3-Fpy = 3-fluoropyridine).>® The resulting fabricated SCO nano-
crystals were synthesized by using two water in oil micro-
emulsions with the anionic sodium bis-(2-ethylhexyl)sulfosuc-
cinate (NaAOT) as stabilizer at constant [H,0]/[NaAOT] ratio.

Fig. 1 (a) Packing of the 2D layers of [Fe(3-Fpy),M(CN)4] (M" = Ni(1),
Pd" (2), Pt" (3) compounds along x-axis. Atom code: Fe, red; Ni/Pd/Pt,
orange; N, green; C, gray; (b) the effect of downsizing of [Fe(3-Fpy),Ni
(CN)4l on the magnetic properties from bulk crystals (red spheres) to
nanoplates with dimensions 400 X 400 x 30 nm (oil spheres) and nar-
rower size distribution of the same nanoplates (blue spheres). Adapted
from ref. 25 with permission from the American Chemical Society, copy-
right 2010.
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The dimensions of the so called “nanocrystals” were found
400 x 400 x 30 nm as evidenced by TEM microscopy (inset in
Fig. 1b). A better quality of nanocrystals was achieved by lower-
ing the temperature reaction at 0 °C which resulted in a nar-
rower size distribution. Fig. 1b shows the magnetic suscepti-
bility measurements for the bulk compound 1 (red solid
spheres) and the nanocrystals. It is clear that there is an expli-
cit trend in the decrease of the thermal hysteresis width (from
24 to 10 K) as the size diminishes revealing the dependence of
the cooperativity -between SCO centers- on the particle size
reduction. A well-defined square shaped hysteresis loop
appears for the bulk compound, while for the nanocrystals a
gradual hysteresis loop is present due to the large particle-size
distribution (olive oil color spheres). Concerning the nanocrys-
tals of the same dimensions but with smaller size distribution
a more symmetrical hysteresis loop is revealed (blue color
spheres). Furthermore an increase in the residual HS fraction
is also present for both cases of nanoparticles. The same
trends are also observed for the polymeric Pd"™ and Pt" ana-
logues. The SCO phenomenon is also accompanied by a color
change between the HS state (red) and LS state (yellow).
Further decrease of the size of the nanocrystals (70-200 nm)
was possible only with the use of polyvinylpyrrolidone (PVP).
However, the covering of nanoparticles with the protecting
polymer did not result in a hysteretic behavior and instead
took place an incomplete and continous second order spin
transition.

In 2019 Rubio-Giménez et al?>”*® prepared nanocrystals
with the formula [Fe(py),Pt(CN),]*° (Fig. 2a) in different sizes
(41 and 129 nm) and its bulk analogue (46 pm) observing the
same trend in their magnetic response (Fig. 2). It is worth
mentioning that in this case the nanoparticles were not syn-
thesized by the reverse micelle method but with direct
synthesis.

Further investigation of the 2-D system [Fe(py),Ni(CN),] was
made also by Yang et al.?* in an effort to study the dependence
of SCO properties on the morphology of the nanostructures.
The reverse micelle technique was used in order to success-
fully prepare ultrathin nanosheets with a thickness less than
10 nm. Two water in oil microemulsions were mixed with the

=

xwT/emu mol 'K

Fig. 2 (a) Grid-like layers of [Fe(py),Ni(CN)4] along the b axis; color
code: Fe, red; Pt, turquoise; N, blue; C, grey; (b) the effect of downsizing
of [Fe(py)2Ni(CN)4] on the magnetic susceptibility. Adapted from ref. 28,
licensed under CC BY 3.0, published by the Royal Society of Chemistry.
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anionic NaAOT as stabilizer and n-octane as the oil phase.
Slight modifications in the experimental process, such as
varying reaction temperature/time and reagent concentration
ended up in different nanostructures such as square plate-,
cube- and box-like shapes. The magnetic susceptibility
measurements revealed that the spin-transition is strongly
influenced by the shape of the nanostructures as the hysteresis
width decreases in the order of nanoplates (ca. 22 K), nano-
cubes (ca. 16 K), nanoboxes (ca. 4 K) and nanosheets (ca. 2 K).
In the case of the two latter examples, the nano-effect is more
pronounced accompanied by the weakening of cooperativity
and diminishing SCO domain, due to the larger specific
surface area. However, size distribution in the case of
nanosheets could be an extra factor which might affect the
character of spin-transition, adopting a continous shape of the
hysteresis with higher than usual T..

The latter observation reported also by our group®' in
another example of nanofabrication using the reverse micelle
method. The synthesized 2-D SCO nanoparticles with the
formula [Fe"(2-mpz),Ni(CN),] (2-mpz = 2-methylpyrazine) were
also synthesized by using two water in oil microemulsions
with the NaAOT as stabilizer and n-hexane as the oil phase.
High Resolution TEM microscopy (Fig. 3a) revealed that the
nanoparticles adopt a platelet morphology with distinctive
almost square faces between 300 and 600 nm. Fig. 3b shows
the magnetic susceptibility measurements for the nano-
particles (blue solid spheres), as well as for the respective bulk
material (black solid spheres). Although the bulk material pre-
sents a two-step abrupt hysteresis, the downsizing effect on
this polymer leads to one-step gradual hysteresis with a much
smaller width. This behavior is considered a common trend in
2-D and 3-D coordination polymers when a size reduction is
present. Regarding the critical temperatures of the spin-tran-
sition for the nanoparticles, these are found to be between the
temperature range of the hysteresis width of the bulk material.
This behavior is closely related to the polydispersity and large
size distribution of the nanoparticles.

Recently our group®” reported an extensive variable-temp-
erature Raman study of these systems which certified not only
the dimensionality of the polymers, but also the spin tran-

180
T/K

Fig. 3 (a) TEM images of nanoplates of [Fe'(2-mpz),Ni(CN),4] and distri-
bution of their sizes; (b) temperature dependence of the susceptibility
data, in the form of yuT for the nanoplates (blue spheres) and the bulk
crystal (black spheres). Adapted from ref. 16 with permission from the
American Chemical Society, copyright 2019.
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sition. Micro- and nano-sized samples were compared display-
ing alterations in their transition curves with the latter ones
exhibiting smearing of the sharp transition implying the pres-
ervation of HS population in the low-temperature region and
the persistence of LS population in the high-temperature
region.

3. Layer-by-layer (LBL) method:
downsizing from bulk materials to 2-D
Fe'' SCO thin films

The Layer-by-Layer (LBL) method is known for the fabrication
of nanometer-sized coordination polymer thin films. This
step-by-step approach was evolved by Mallouk et al**7*° in
order to construct thin films of various CPs even though this
method was introduced for the first time around mid 60s’.*®
The LBL method uses structural components and self-
assembled monolayer (SAM)-functionalized substrates in
liquid phase. Solutions of metal ions and organic ligands are
available for the alternately immersion of the substrates
accompanied by intermediate washing steps with pure
solvent.’”*® At the end of immersion cycles the final thickness
of the film is determined along with all the desired character-
istics such as crystallinity, homogeneity and smoothness.
Rubio-Giménez et al.*® studied for the first time the effect
of nanostructuration on the spin-transition in crystalline ultra-
thin films of the 2-D SCO [Fe(py),[Pt(CN),]. The authors opti-
mized the LBL method by creating modifications in the syn-
thetic procedure reported by Kitagawa et al***° and this
resulted in the fabrication of controlled thickness films with
both higher efficiency and reproducibility. Fig. 4 shows the
process of the ultrathin film fabrication on the SAM-functiona-
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Fig. 4 (a) Temperature dependent XAS spectra for a 7-cycle [Fe(py),Pt
(CN)4] thin film; (b) temperature dependent of HS fraction for the
7-cycle film; (c) the dependence of the HS fraction on the number of
cycles at 100 K; 1 x 1 um? AFM topography images for a (d) 2-cycles; (e)
5-cycles; (f) 10 cycles thin film. The microstructure of each film is rep-

resented below each AFM image. Adapted from ref. 28, licensed under
CC BY 3.0 published by the Royal Society of Chemistry.
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lized Si/Ti/Au substrate. AFM and X-ray absorption spec-
troscopy (XAS) were applied for the investigation of the depen-
dence of the SCO bistability on the downsizing effect in films
with thickness in a range between 40 and 1 nm (30 to 1 layer).
Fig. 4 depicts the SCO behavior of the ultrathin films analysed
by XAS data and the correlation with the film microstructure.
Raman and magnetic studies were also performed for the
same scope but proved to be insufficient due to detection
limitations of SCO under 50 nm (ref. 41-43) and 40 nm,
respectively. From the XAS study it has been confirmed that
the critical value of 10 nm is the marked limit below which the
Fe' centers cannot exhibit spin-transition. Downsizing below
this critical value has shown a detrimental effect on the pro-
perties of the SCO ultrathin films, as the partially segregated
crystallites surrounded by a matrix of Fe'' centres are blocked
in the HS state. When the thickness of the film increases the
crystallites coalesce into a homogeneous film resulted in a
SCO behavior close to that of the bulk phase.”® Thus, the
dependence of the SCO properties from the thickness cannot
be attributed to a size effect, but to interparticle interactions
which improve the cooperativity and reduce the residual HS
fraction.

Sakaida et al.** moved on a more meticulous investigation
regarding the information which can be extracted from vari-
able temperature Raman Spectroscopy related to the monitor-
ing of SCO in thin films from epitaxial growth. This time LBL
method was used for the fabrication of various thickness films
of the 2-D SCO [Fe(py).[Pt(CN),] applying a number of cycles
from 20 to 150. Fig. 5 shows the comparison of variable temp-
erature dependent spectra of different thickness films and that
of the bulk material. From the graphics is obvious the down-
sizing effect on the SCO behavior. Starting from the bulk
material as the crystallite size decreases the hysteresis is
shifted to lower transition temperatures becoming less abrupt.
Quite remarkable also is the fact that the thin-film form pre-
sents a residual high-spin fraction which is about 20%.

Recently Bartual-Murgui et al*® reported two new
Hofmann-type 2-D SCO polymers with general formulae
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Fig. 5 The effect of downsizing using variable-temperature Raman
spectra of bulk-Ptpy (black), film-Ptpy-150L (red), film-Ptpy-60L (cyan),
and film-Ptpy-20L (blue). Adapted from ref. 44 with permission from the
American Chemical Society, copyright 2019.
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{Fe"(pym),[M"(CN),}-xH,0}, and {Fe"(isoq),[M"(CN),]}, (pym
= pyrimidine, isoq = isoquinoline; M" = Ni", Pd", pt") syn-
thesized in the bulk form. Their respective Pt counterparts
were chosen for the fabrication of thin films through the LBL
method. Following the same bottom up approach Rubio-
Giménez et al.*® had already reported the fabrication of ultra-
thin films using the same optimized LBL method in order to
study the influence of the different axial nitrogen ligands on
the structural flexibility and charge transport properties of the
films. However, in this work an intensive structural and mag-
netic analysis was followed for the crystalline bulk materials
showing that both series exhibit strong cooperative thermal
induced SCO properties. In the case of films their SCO behav-
ior was investigated through magnetization measurements
and then compared with the corresponding samples of the
already reported 2-D SCO [Fe(py),[Pt(CN)4] polymer. Although
different cycles for the fabrication of the three films were
applied -60 for the FepyPt and 90 for FepymPt and FeisoqPt-
all showed that it is possible to monitor their SCO behavior.
Fig. 6 shows the magnetic susceptibility measurements for
FepyPt, FepymPt and FeisoqPt thin films displaying spin-tran-
sition. Downsizing of the primitive samples resulted in thin
films where the appearance of the hysteresis occurs at lower
temperatures than those reported for the corresponding bulk
samples. Besides, it is clear that the FepyPt film presents an
abrupt and complete hysteresis in comparison to the FepymPt
and FeisoqPt films where a remarkable increase of inactive HS
Fe'' centers is observed. The former exhibits an incomplete
and asymmetrical hysteresis, while the latter a complete loss
of cooperativity. This is due to the different growth mecha-
nisms-developed for their fabrication- which affect severely
their SCO properties. A further confirmation on the effect of
SCO properties was given from the thermodynamic parameters
extracted from simulation of the magnetization measurements
when moving from microcrystalline bulk solids to nanometric
thin films.

4. Liquid phase exfoliation (LPE)
method: downsizing from bulk
materials to 2-D Fe' SCO nanosheets

Liquid Phase Exfoliation (LPE) is known as a top-down
approach?” for the fabrication of coordination nanosheets, the
so called “CONASHs” consisting of both metals centers (in-
organic part) and ligands (organic part). These are 2-D mole-
cule-based polymeric materials created from bulk crystalline
layered materials, which exhibit intriguing properties and
functionalities. For their preparation, ultrasonication is mostly
applied in an appropriate solvent where the weakly held
together layered structure can be separated. Detection of
Tyndall scattering is an initial evaluation of the presence of
stable CONASH dispersions. In 2010 Zamora and co-workers*®
reported the first example of the liquid-phase exfoliation of a
Metal-Organic Framework (MOF).

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 Temperature dependence of the susceptibility data of the whole mass contained in the thin films and solid red lines present the results of
the magnetic simulations. Adapted from ref. 45 with permission from the American Chemical Society, copyright 2020.

Several years later Y.-H. Luo et al.*® reported the ultrasonic

force-assisted liquid exfoliation of the bulk van der Waals para-
magnetic material [Fe(1,3-bpp),(NCS),], (1,1,3-bpp = 1,3-di(4-
pyridyl)propane) into single-layered 2D nanosheets displaying
a two-step SCO behavior. The application of the LPE method is
considered the first reported in the literature for a 2-D SCO Fe"
coordination polymer. Fig. 7a shows the crystallographic
description of the rhombic-grid repeating unit of the 2-D
sheets. Single-layered 2-D nanosheets have been fabricated
from 3-D SCO van der Waals MOF, with thickness of sub-
2.0 nm. From the downsizing aspect it is clear that the mag-
netic response changes from paramagnetic to a two-step SCO
behavior while passing from the bulk material to the
nanosheets (Fig. 7b). These hybrid systems might be promis-
ing for near infrared (NIR) light-triggered molecular switching
applications under ambient conditions. In a recent report,
three dimensional (3-D) nanoparticles were synthesized by
combining the, previously mentioned, 2-D SCO Fe"
nanosheets with transition metal ions (Cu", Ag"). The copper
and silver ions were selected as they create strong coordination
bonds with the sulfur atoms on both surfaces of the
nanosheets. Further modification of the 3-D nanoparticles
with loading of Yb™-sensitized hexagonal phase upconversion
nanoparticles (UCNPs) was led to an aqueous colloidal suspen-
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Fig. 7 (a) 2-D sheets are generated by the rhombic-grid unit of (4, 4) Fe
(1, 3-bpp), color code: Fe, red; N, purple; S yellow; C, grey; (b) tempera-
ture dependence of the susceptibility data, in the form of ymT, of the
exfoliated flakes (blue cycles) and the bulk crystals (black cycles) along
with the temperature dependent color changes. Adapted from ref. 49
with permission from the American Chemical Society, copyright 2018.
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sion with characteristics such as stability, nontoxicity and
environmentally friendly behavior. These elements are con-
sidered challenging for NIR light-activated molecular conver-
sion under environmental conditions.

Another example of an exfoliated 2-D SCO material using
the LPE method is the polymer [Fe(L,),](ClO,), (L, = tris(2-(1H-
tetrazol-1-yl)ethyl)amine) reported by Suarez-Garcia et al.>' In
this case delamination of crystals from the 2-D SCO Fe"
polymer resulted in the formation of flakes with controlled
thicknesses, down to 1-2 nm after 12 hours of sonication.
Fig. 8a-c shows the crystallographic description of the 2-D
polymer and the packing of the 2-D sheets along the b-axis.
Various spectroscopic techniques and theoretical study
revealed that the flakes retain their chemical identity upon
size reduction. Magnetic measurements and temperature
dependent absorption spectra outlined that the flakes also pre-
serve the SCO behavior of the bulk state as their size is close to
single molecule level (Fig. 8b). From the aspect of their inte-
gration in switchable devices, it is interesting to note that the
flakes can be stabilized as an aqueous colloidal dispersion for
an appreciable time period and then can be deposited on
various solid substrates targeting to the formation of thermo-
chromic thin films.
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Fig. 8 (a) The tris-tetrazole ligand (L1); (b) the representation of the
FeNg chromophore in [Fe(Ly),](ClO4) where Fe(i) is shown as a red
sphere; (c) packing of the 2D sheets along the b-axis; (d) temperature
dependence of the susceptibility data, in the form of yuT, of the exfo-
liated flakes (orange) and the crystals (blue) confirming the spin tran-
sition phenomenon. Adapted from ref. 50 with permission from the
American Chemical Society, copyright 2018.
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5. Conclusions

This minireview has highlighted the most important synthetic
methodologies for obtaining 2-D Fe SCO particles in the
nanometric scale and their SCO magnetic behavior. It is clear
that the database is still in its infancy and new 2-D nano-
materials need to be synthesized to shed light in fundamental
questions related to the influence of downsizing at the nano-
scale and the so- called 2-D limit. From the magnetic findings
so far, it is clear that even for the 2-D SCO NPs the hysteresis
property is strongly affected by cooperativity issues when the
size of the nanoparticle is decreased. This result is in agree-
ment with the magnetic behavior of the 3-D SCO NPs.
Interestingly the bistable behavior is retained in the cases of
2-D SCO thin films for specific ranges of the film thickness
denoting the non-existence of any size reduction effects for
these ranges and underlying the fact that specific limitations
may exist towards the fabrication of ultra-thin films. In a paral-
lel manner the LPE processing of 2-D SCO materials towards
atomically thin nano-sheets, retaining their hysteretic SCO
character seems to be another promising route towards a new
generation of SCO hybrid devices.

We sincerely hope that the pioneering work of the research-
ers in the area of 2-D SCO nanomaterials become an inspi-
ration pole for the scientific community to envisage their tech-
nological potential.
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