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In this study, a simple, fast, one-pot approach for the isolation of
nanowires (NWSs) in coordination chemistry is reported. Nanowires
(NWs) of spin-crossover (SCO) materials are extremely rare. Here, an
innovative and easy synthetic process was developed to prepare NWs of
a switchable polymorph of the known complex trans-[Fe(NCS),(abpt),]
using a wet-chemistry approach for the first time; abpt is the bidentate
chelating ligand 4-amino-3,5-bis(pyridin-2-yl)-1,2,4-triazole. The
remarkable smoothness of the high-spin to low-spin transition, mon-
itored through variable-temperature (300-80 K) Raman microscopy,
compared with the sharp transition exhibited by the polycrystalline
material, demonstrates the effect of the topological properties on the
physical phenomena of the system.

With the discovery of carbon nanotubes, scientists have devel-
oped an intense interest in the preparation of other one-
dimensional (1D) structures, such as nanorods, nanobelts
and nanowires (NWs).' These structures exhibit better proper-
ties from those of bulk materials, because of the large surface-
to-volume ratios. NWs have many applications in photonic and
electronic, biomedical, and energy conversion and storage
devices.>*™® Strategies for the growth of NWs are available.>?”°
As concerns magnetic NWs, their preparation by imple-
mentation of thin film etching'®'" and template-assisted elec-
trodeposition routes’>™* has already been reported. All
these multiple step synthetic/preparation methods could be
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considered time-consuming and thus lack direct technological
prospects, while simple one pot methods are still scarce.

Spin-crossover (SCO) complexes'>?° present molecular bist-
ability due to the fact that the molecules can switch between
two electronic states differing in the number of unpaired
electrons (high-spin, HS, and low-spin, LS) which is caused
due to an external stimuli, e.g. temperature, pressure and light
irradiation. Several applications have been envisaged or rea-
lized, such as data storage as well as display technologies and
sensor uses.>">* SCO complexes have been reintroduced in the
last 15 years or so, based on the entirely new pathways opened
by controlling their properties and switching capabilities in the
nanoscale.>*° As stated in the now seminal review by Bous-
seksou, Molnar and co-workers,>® the new era is a consequence
of the development of synthetic routes to produce nanosized
SCO nanoparticles (NPs) and nanopatterned thin films, as well
as of the use of high-resolution experimental techniques and
theoretical approaches that enable the study of spatiotemporal
phenomena in cooperative SCO systems. The two routes widely
used for the preparation of SCO NPs, ie. direct fabrication
based on batch-mode synthesis,*" and the templating approach
which uses hard inorganic and organic templates,*"*> suffer
from some disadvantages.’" Recently the groups of Chastanet
and Aymonier reported a unique, template-free continuous
process to isolate NPs of a SCO coordination polymer using
supercritical CO, for both quenching the NP growth and drying
the powder. This method results in the isolation of well-defined
and dried NPs at large scale, while simultaneously reduces the
preparation time.*' Several nanosized (NPs and thin films) SCO
systems are described in the above mentioned review”® together
with the corresponding relationships between size-morphology
and switching characteristics. However, the authors wrote: “We
are not aware of any reports on one-dimensional (1D) SCO
nanomaterials, such as nanowires or nanotubes”. The only to
date successful report along this line is the smart synthesis of
NWs of a thermal SCO Fe(ur) complex by its template assembly
in nanoporous anodic aluminum oxide.*
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Scheme 1 General schematic structure of the trans-[Fe'(NCS),(abpt),]
molecules that are present in polymorphs A, B, C and D of this complex.

D—O:

Herein we report for the first time the synthesis of nanowires of a
known SCO complex through entirely wet chemistry. This extremely
easy, convenient and low-cost wet-chemistry synthetic approach
represents an advantage for potential future applications. In addi-
tion to the synthesis, we describe the full study of its switching
characteristics through Raman spectroscopy and DFT calculations.
Raman spectroscopy is a powerful technique with which
temperature-induced SCO behavior can be followed;**** however,
it has been rarely employed in coordination chemistry in the
nanoscale.”**>?° The known complex used is trans{Fe"(NC-
S).(abpt),] (Scheme 1), where abpt is 4-amino-3,5-bis(pyridin-2-yl)-
1,24-triazole. This complex is known to exist in four
well-characterized polymorphs (A, B, C, D).**** A has one indepen-
dent Fe" site in the asymmetric unit,'>** whereas C and D both
possess two crystallographically independent Fe™ ions.**** The only
polymorph that remains in the HS state in the whole 300-2 K range
is B.*! Polymorph A is a SCO system with a Ty, value of ~190 K.****
Since A contains only one unique Fe" site in the asymmetric unit
and exhibits a well-characterized, complete SCO transition triggered
by temperature, our studies focus on this polymorph. Another two
favorable parameters (which are also valid for some other poly-
morphs) are the significantly longer ¢ axis [a = 8.5367(4) A,
b =10.2206(5) A, ¢ = 16.4268(8) A at 270 K] compared with the other
two, and the presence of intermolecular n—n stacking interactions
between uncoordinated and coordinated 2-pyridyl rings with a short
centroid to centroid distance of ~3.6 A at room temperature with an
offset of ~1.3-1.4 A. In addition to the latter feature, the crystal
structure of A is characterized* by intermolecular H bonds along the
same direction (Fig. S1, ESIt) as the acceptor. These intermolecular
interactions boost the formation of a crystal expanded into a specific
direction along a certain axis. All these three characteristics were
giving us hope for the development of NWs.

In the present study, we have discovered a simple one-pot
procedure that leads to the isolation of NWs of A. Reaction of a
Me,CO solution of FeSO,-7H,0 and a Me,CO solution of KSCN
(molar ratio 1:2), removal of the precipitated K,SO, by filtra-
tion and addition of a MeOH solution of abpt (2.0 equiv.),
followed by strong stirring, resulted in the rapid formation of a
pink crystalline solid. The product was isolated by filtration
after 25 min of stirring and washed with cold MeOH and Et,O.
All manipulations were performed in an inert atmosphere (N,).
Typical yields were in the 25-30% range. The crystals were
analyzed perfectly for [Fe(NCS),(abpt),]. The procedure is abso-
lutely reproducible. It should be mentioned at this point that
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Fig. 1 SEM images of the polymorph A of trans-[Fe(NCS),(abpt),] at two
different magnifications. The dashed circles indicate the presence of
white-greyish grains assigned to polymorph B (see text).

single crystals (i.e., not nanosized material) of A had been
obtained either from MeOH/H,0* or from MeOH/CH,Cl,;*°
in both cases the crystallization period was long (up to 4 weeks).

Scanning electron microscopy (SEM) images of the isolated
material at two different magnifications are shown in Fig. 1. With
respect to its morphological characteristics, the material appears
fairly homogeneous consisting of highly anisotropic NWs; typical
diameters range from ~40 to ~160 nm and the associated length
is at least a few hundred times larger. Statistics on the measured
diameters for 150 NWs resulted in the diameter distribution
depicted in Fig. S2 (ESIf); the most typical diameter found is
~65 nm. Although bundling of a small number of wires is seen
in some cases (this indicates the existence of intermolecular inter-
actions along the wires), isolated NWs are also clearly observed. The
material contains a very low concentration of white-greyish grains
(dashed circles in Fig. 1a); these grains were removed under a
stereomicroscope and proved to be polymorph B based on the
temperature variation of their Raman spectrum (Fig. S3, ESIT).

UV/Vis, ATR/FT-IR and Raman spectra at room temperature
(Fig. S4 and S5, ESIt) provide strong evidence that the obtained
pink NWs represent polymorph A. Upon cooling, the color of
the NWs changes to purple, indicative of the SCO transition.
Since identification of A and B is straightforward from their
distinctive Raman spectra (Fig. S3, ESIt) and additionally any
color discrepancies could be readily observed through the high
magnification images of the optical microscope coupled to the
micro Raman setup, the temperature dependence of the Raman
profile of the NWs can be safely considered as describing the
SCO transition of the polymorph A NWs.

The raw variable-temperature Raman spectra of a single spot
on the NWs (Fig. S6, ESIt) are characterized by the progressive
intensity enhancement of some vibrational peaks (additional
and/or already existing ones at the room-temperature spectrum) as
the temperature decreases. Three spectral regions show clearly this
dependence (Fig. 2). In the region below 500 cm ™" associated with
the Fe"-N vibrational modes, two new bands at 165 cm ™~ * (assigned
to the NFeN bending vibration involving the axial FeH_Nisothiocyanato
bonds of the LS form) and 464 cm ' (assigned to a stretching
vibration of the equatorial Fe"™-N bonds in the LS species) appear as
the temperature decreases from RT to 76 K and subsequently their
intensity progressively increases, being able to be easily distin-
guished even at 273 K. The full HS — LS transition upon cooling
to 80 K is furthermore indicated by the intensity alterations and
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Fig. 2 In situ temperature-dependent Raman spectra of the polymorph A of
trans-[Fe(NCS),(abpt),] in the three spectral regions discussed in the text.

shifts of bands attributed to internal vibrations of the coordinated
abpt (at ~1300 and ~1510 cm ') and to the carbon-nitrogen
stretching mode of isothiocyanato ligands (in the 2080-2130 cm ™"
region). The experimental results are in agreement with the DFT
calculations on both the HS and LS states (see ESL 1 Fig. S7-S9 and
Tables S1-S3).

The population of the LS and HS states as a function of
temperature may be at least semi-quantitatively extracted by Raman
spectroscopy after proper assignment of peaks associated with LS
and HS species, respectively, and subsequent calculation of their
intensities at various temperatures.”®*® However, since the intensity
of the Raman peaks depends not only on the population of the
scattering species and the inelastic scattering cross section of each
vibrational mode but also on the temperature, the extraction of
species population should be handled with caution. Thus, quanti-

tative results can be obtained using the general formula LSR =

a

I
ST (HS® + LS® = 1), where I* and P° are the reduced Raman

intensities*® of the a and b vibrational modes that describe LS and
HS species, respectively, and K is a proportionality constant intro-
duced in order to compensate for the difference in the Raman cross
section between the two vibrational modes. The modes a and b
should be in principle chosen so that I* ~ 0 and /> ~ 0 at high and
low temperatures, respectively (see ESLt Fig. S10). A set of peaks
that could be used for the extraction of the HS population as a
function of temperature in the case of A NWs is the one used for
[Fe{N(CN),},(abpt),] NPs,*® ie. the bands at 165 cm ' (LS) and
190 cm™' (HS), both assigned to a deformation NFeN mode.
However, the intensity of a very weak peak at ~190 cm™ " in the
Raman spectra of A NWs (which could be assigned to the HS
species) decreases quickly upon cooling and it is hardly observed at
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203 K. Due to the low intensity of this {FeNy} peak in the HS state,
the HS — LS transition can not be adequately monitored through-
out the 300-80 K range using this pair of peaks.

Two peaks that could be used for the demonstration of the
transition are the 165 cm™' peak and the one at 2090 cm ™,
whose intensity dependence upon temperature is converse. The
results shown in Fig. 3 were obtained after appropriately
introducing the reduced representation and after approximat-
ing the K value by normalizing the reduced Raman intensities
of 1'% at 80 K and I”°°° at ambient temperature.”” In the same
figure, HS population data points using different pairs are also
given, i.e. the 165, 1288 cm™ " pair and the 2128, 2090 cm™ " one.
The respective magnetic susceptibility data®® for powdered
single-crystal samples of A are also included for comparison.
The curves obtained from the three different pairs of Raman
peaks indicate a gradual SCO transition in the case of NWs that
is in contrast to the sharp transition characterizing the poly-
crystalline sample. The vibrational modes indicative of the LS
species are clearly visible even at temperatures 10 K below the
room temperature and their intensities increase progressively
upon cooling. It is not valid to give a certain value for T},
because data below 80 K are required. In spite of this, the T,
value derived from Raman spectroscopy appears to be close to
that derived from magnetic data. The phenomenon of severe
smoothness of the SCO transition temperature profile in 1D
nanostructures has previously been reported for NWs of a
mononuclear Fe(u) complex with a {Fe"™'N,O,} coordination
sphere.*” Therefore, in our case the smoothness of the SCO
transition observed, when downsizing from micro to nanoscale,
is attributed to the fact that at the nanoscale the cooperativity,
which stabilizes the spin states, decreases, reinforcing a ten-
dency of their uncertainty. The synergistic morphology effect, due to
the NW formations, further intensifies this smoothening. With two
examples at hand (polymorph A and the {Fe'N,0,} compound) it
appears that the confinement of a SCO system in 1D nanostructures
affects the SCO transition in a similar manner. If this behavior is
universal for 1D SCO nanostructures or even for other types of NW
formation remains an open question.

In summary, the important messages of our work are: (a) a
simple one pot route for the synthesis of NWs of molecular
materials has been achieved for the first time. More specifically,
the use of exclusively wet chemistry appears unprecedented for the
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Fig. 3 Temperature dependence of the HS population (in the form of
HSR) extracted from reduced Raman spectra for three different pairs of
vibrational bands of trans-[Fe(NCS),(abpt),] NWs (polymorph A). Magnetic
susceptibility data®” of the same polymorph (powdered single crystals) are
also presented for comparison.
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preparation of NWs of a SCO system. (b) The SCO transition has
been monitored by temperature-dependent micro-Raman spectro-
scopy which indicated strong deviation from the sharp transition of
the polycrystalline samples of A at approximately the same T, value
(~190 K). The smearing out of the transition is attributed to the
morphological characteristics of the sample and it is so strong that a
measurable amount of the LS component has been detected at
temperatures close to ambient; and (c) the reduced Raman repre-
sentation was introduced for the first time in SCO systems in order
to obtain the temperature-dependent HS population from different
sets of vibrational peaks attributed to HS and LS states. Further
support of our belief that a remarkably longer unit cell axis appears
to favor rapid formation of NWs through entirely wet chemistry (see
our selection criteria in the introduction) comes from the prepara-
tion and preliminary characterization of a mononuclear Mn(ur) SCO
complex [monoclinic, Cc, a = 14.9671(4) A, b = 22.9481(5) A,
¢ = 14.3590(4) A at 293 K].*
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