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A synthetically controllable two-step spin transition was observed
in iron(n) spin crossover nanoparticles of the dehydrated one-
dimensional coordination polymer [Fe(NH,trz)z:1Br, (NHytrz =
4-amino-1,2,4-triazole) using the reverse micellar method. The
change from two-step to one-step hysteretic characteristics suc-
ceeded by changing the reaction time.

The temperature dependent spin state change of iron(u) from
low-spin S = 0 to high-spin S = 2, known as spin crossover
phenomenon (SCO), which is further accompanied by large
thermal hysteretic phenomena at temperatures close to RT or
above, has widened the horizons in the field of nano structura-
tion of molecule-based devices." It is therefore of utmost
importance to correlate the SCO properties as a function of the
size of SCO nanoparticles. Although there has been extensive
research study for the case of 1D coordination polymers (CPs)
of [Fe(Htrz)(trz),]BF4-xH,0 > ** less attention is paid to the 1D
CP of [Fe(NH,trz)s;](anion),-xH,O. Conclusions have been
drawn from studies in [Fe(NH,trz);] Br,-3H,0, according to
which NPs with dimensions 30-50 nm present considerably
reduced thermal hysteresis width to values close to 2 K and
critical temperatures T; = 312 K, T, = 310 K."*™*® For macro-
scopic or micrometric particles the upper limit of T; value was
found to be 320 K with thermal width of 15 K."*™*® For the
above mentioned NPs (will be referenced as NPL) a reverse
micellar method was followed using the non-ionic surfactant
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Lauropal playing the role of surfactant and oil. In 2002,
Berezovskii et al.'” described a dehydrated analogue of [Fe
(NH,trz);]Br, with higher critical temperatures 318 and 328 K
suggesting different phases but unfortunately, no p-XRD diffr-
actograms were presented. Recently, a two-step hysteretic
behaviour has been observed'® for the case of a single nano-
particle of [Fe(NH,trz);|Br, by means of surface plasmon reso-
nance microscopy (SRPM) and it was attributed to the exist-
ence of two physically contacted sub-regions behaving inde-
pendently in the spin transition processes. Inspired by the pre-
vious studies we decided to pursue this research by introdu-
cing another untested surfactant into the above-mentioned
system in order to enrich its poor nano-synthetic database as
well as to investigate the effect of the surfactant to control
crystal growth and size of the nano-products.

In the present work, we report the nano-synthesis and
characterization of the 1-D SCO CP [Fe(NH,trz];Br, using the
reverse micellar synthetic method where we used the non-ionic
TX100 as surfactant with n-hexanol as co-surfactant and cyclo-
hexane as the organic solvent. The elemental analysis per-
formed was consistent with the general formulas: [Fe(NH,trz);]
Br,-3H,0-0.02TX100 (NP1), [Fe(NH,trz);|Br,-3H,0-0.04TX100
(NP2), [Fe(NH,trz);]Br,-3H,0:0.02TX100 (NP3) indicating the
presence of surfactant percentage (Table S17).

The morphology and dimensions of the SCO NPs have been
determined by Transmission Electron Microscopy (TEM)
(Fig. S1 and Table S2t). For all cases, the particles are plate-
like starting from well-defined elongated plates (NP1, mean
size = 70 nm) to more irregular elongated plates (NP2, mean
size = 70 nm) and discoidal-like (NP3, mean size = 60 nm).
Similar sizes have been observed for NPL particles with 77% of
Lauropal presenting completely spherical morphology while
increasing the percentage of Lauropal to 85%, isolated spheri-
cal particles of 30 nm were obtained."® The structural charac-
terization has been carried out by means of IR spectroscopy
(Fig. S2 and Table S31) and p-XRD (Fig. 1). Due to the poor
crystallinity of the products no reliable indexing can be carried
out. Nevertheless, NP1-2 have similar diffractograms with very
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Fig.1 p-XRD diffractograms of the SCO NP1-3. The highlighted
regions are focused on the differences between the patterns of the NPs
1-2 and NPs 3. NPL represents the diffractogram from ref. 15.

close intensities while NP3, interestingly, share similar charac-
teristics with the NPL particles (especially the case of 85% of
Lauropal)"® and distinctive differences from NP1-2 in three
different 26 regions (depicted as I, II, II in Fig. 1). Calculation
of the crystallite sizes has been carried out using the Scherrer
equation and the apparent size of the crystallites, (Ly), was
derived in Table S2t1 along with the diameter of the average
domain, (D), assuming spherical domains. Also, taking into
account that the volume occupied by an entity of [Fe
(NH,trz];Br,-3H,0 in the crystal solid™ is close to 40 A® it was
possible to calculate the average number of domains per par-
ticle, (Np). According to the findings, the particle size seems
to be inversely proportional to the diameter of the coherent
domain in agreement with the literature.'®

Thermogravimetric measurements performed for NP1-3 in
the temperature loop 20-130-20 °C revealed the same overall
behaviour (Fig. S31). An abrupt loss of 2-5% weight is noticed
at room temperature and complete dehydration which corres-
ponds to the removal of approximately three lattice water mole-
cules, (loss of almost 10% weight) is succeeded during the
heating mode at temperatures close to 120 °C."> DLS measure-
ments for the ethanolic dispersion of NPs (Fig. S4t) revealed
mean sizes of 155 nm, 155 nm, and 120 nm for NP1-3 respect-
ively. The estimated PDI values are close to 0.23 for all cases
suggesting good quality of the colloid in ethanol.

To avoid any influence of the lattice water molecules within
the iron chains a modified experimental protocol was followed
for the magnetic measurements according to which: (a) the
sample is pre-heated to 400 K for 2 h and (b) three thermal
cycles were performed in the temperature sequence (400 K-
200 K-400 K) with a rate of 1 K min~". The third thermal cycle
of the NP1-3 in the temperature range 200-400 K is presented
in Fig. 2. Quite unexpectedly, NP1-2 reveal for the first time, a
two-step hysteretic behaviour where the first high temperature
step (HT step) is well above the usual critical temperatures
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Fig. 2 Temperature dependence of the susceptibility data of the de-
hydrated SCO NP1-3 (third cycle) for the sweep rate of 1 K min™™. The
onset of the second step is defined with the percentage of the HS frac-
tion as a solid bar. The first derivatives of the thermal hysteresis are
shown as red lines for the heating mode and blue lines for the cooling
mode.

expected for the [Fe(NH,trz);]Br,-xH,0."**® More explicitly,
the critical temperatures of the high temperature (HT) step
derived from the temperature dependence of the first deriva-
tive are: Ty,,1 = 332 K/336 K and T}/,| = 309 K/318 K with hys-
teresis widths of 22 K/18 K while for the second low tempera-
ture (LT) step are: Ty,,1T = 296 K/296 K and Ty/,| = 283 K/278 K
with hysteresis widths of 13 K/18 K for NP1-2 respectively. The
SCO NP3 reveal a one-step hysteretic behaviour with Ty,1 =
333 K and Ty} = 306 K and width of 27 K. For all the SCO
NP1-3 the y\T at room temperature is 3.1 emu mol™" K close
to the value expected for an iron(n) compound in the HS state
while at temperatures lower than 250 K, where the LS state is
populated, the y\T is close to 0.25 emu mol " K suggesting
that 10% of the NPs remains in its HS state. The high spin
fraction observed after cooling is attributed to the weakening
of iron(n) ligand field due to the replacement of nitrogen
atoms by water ligands."*™® Interestingly, the onset of the
second step is close to 50% of the HS fraction for the case of
SCO NP1-2 and disappeared for the case of SCO NP3.

Fast sweep-rate dependent magnetic measurements at 5
and 10 K min~" have been performed to further investigate the
two step behavior and the results are shown in Fig. 3, Fig. S5
and Table S4.f For the case of NP1-2, the two steps are
smeared out at 10 K min~" with critical temperatures Ty,1 =
326 K/328 K; Tyl = 292 K/292 K and width of 34 K/36 K
respectively. The SCO NP3 retains its one step behaviour in all
three different sweep rates and although the critical tempera-
ture of the heating branch remains almost the same at ca.
335 K the Ty,,) is shifted to 290 K at 10 K min™" revealing the
largest width, 45 K, ever observed for this family of SCO NPs.
For the case of NP3 long metastable state lifetimes are
involved®®?" while for NP1-2 the disappearance of the steps at

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Temperature dependence of the susceptibility data of the dehydrated SCO NP1-3 (third cycle) for sweep rates of 1 K min~%, 5 K min™

10 K min™%,

high sweep rates implies the occurrence of a phase transition
that takes place more slowly than the spin transition.

Generally, the appearance of a two-step ST in the case of 1D
iron(u) chains is related to: (a) antagonistic intrachain inter-
actions between equivalent or non-equivalent iron(u) centres
due to zigzag chain structure; (b) the presence of non-equi-
valent iron(n) centres in the chain; and (c) chain length distri-
bution of short and long chains.?>** The first case is excluded
for the understudy 1D polymer based on the crystal structure
of the 1D CP [Fe(NH,trz);](NO;)-xH,O *° while both the other
cases are possible reasons for the two-step ST behaviour.
According to the above-mentioned crystal structure analysis
the solid is crystallized in the triclinic space group P1 with two
non-equivalent iron atoms to be located on adjacent centres of
inversion along the a direction. Furthermore, the possibility of
different polymorphs, cannot be excluded.

The reaction system was studied in two different w, (4, 10)
i.e. different proportions of the oily phase components and
also different completion times of the micellar exchange. The
procedure was repeated several times to confirm the reproduci-
bility of NPs synthesis. NPs characterization suggested that
changing the o, from 4 to 10 mainly affects the percentage of
TX100 that remains attached to the NPs i.e. NP1 and NP3 have
a smaller percentage of TX100 than NP2 where the organic
phase mixture contained a larger amount of TX100. The reac-
tion time seems to be decisive both in the high yield of the
product and in better morphological uniformity as seen in
NP3 where the reaction time was twice as long (2 days). The
high solubility of FeBr,-6H,0O and NH,trz in water makes it
difficult to prepare saturated aqueous phases.

From the magnetic point of view the two-step hysteretic
phenomena are observed at low magnetic sweep-rates and only
for the case of NP1-2. A drastic change in the magnetic charac-
teristics of the thermal hysteresis occurred for the case of NP3
(@ = 10 and reaction time = 2 days) where a single step thermal
hysteresis is observed at all sweep rates.

The SCO phenomenon of NP1-3 was further investigated by
differential scanning calorimetry over the temperature range

This journal is © The Royal Society of Chemistry 2023
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250-400 K at 10 K min~
shown in Fig. S6f in agreement with the magnetic results
(Table S471). To avoid the lattice water molecules that remain
trapped during the warming-cooling cycles we performed the
DSC measurements in a pin-hole hermetic aluminum pan
under an inert gas flow.>**’

A Raman laser power-assisted protocol was used to investi-
gate the SCO phenomenon of the NP1-3 according to which
the LS state was monitored for all the NPs through exposure of
150 s at laser power equal to 84 pW while the HS state was acti-
vated by increasing the laser power to 340 pW at the same
exposure time. Raman spectra of NP1-3 in the LS and HS
states are shown in Fig. 4 and S7t while the peak assignment
of the LS spectra is presented in Table S5.1 According to the
assignment the bending mode of the amino group is located
at 1616 cm™" while the coupled stretching modes of C-C and
N-N of the triazole ring are presented in the range
600-1545 cm ".>® Bending and torsion vibrations of intra-
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Fig. 4 Comparison of HS Raman spectra (blue line) and LS Raman
spectra (red line) of NP1-3 in the range of 150-500 cm™ and
850-1700 cm™.
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molecular nature depending strongly on the strength of the
Fe-N interaction give rise to a small number of low-intensity
bands in the range of 150-500 cm™". The peaks in the range
150-300 cm™" of the LS Raman spectra are used as a “finger-
print” of the spin transition since these peaks disappear in the
HS state'® in accordance with the experimental results pre-
sented in Fig. 4 for the NP1-3.

In conclusion, we presented a synthetically controllable
two-step spin transition in iron(n) SCO NPs of the dehydrated
type of 1D CP [Fe(NH,trz);|Br, using a reverse micellar method
with a non-ionic surfactant TX100. According to our study
changing the o, from 4 to 10 mainly affects the percentage of
TX100 that remains attached to plate-like NPs of 60-70 nm.
The two-step hysteretic phenomena are observed at low mag-
netic sweep-rates of 1 K min~" and for reaction time of 20 h
(NP1-2). A drastic change in the magnetic characteristics of
the thermal hysteresis occurred for the case of NP3 (w = 10
and reaction time = 2 days) where a single step thermal hyster-
esis is observed at all sweep rates. In all cases the critical temp-
eratures observed are well above the usual values expected for
the [Fe(NH,trz);|Br,-xH,O. For the case of NP1-2, the two-
steps are smeared out at 10 K min~" while NP3 retains its one
step behaviour in all three different sweep rates and although
the critical temperature of the heating branch remains almost
the same at ca. 335 K the T;,,| is shifted to 290 K at 10 K
min~" revealing the largest width, 45 K, ever observed for this
family of NPs. A Raman laser power-assisted protocol was used
to monitor the SCO phenomenon of the NPs. Further study is
underway on both the (w, t) synthetic factors as well as FORC,
modulate DSC and Mdssbauer measurements.
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