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Stable aqueous dispersions of spin-crossover (SCO) doped
[Fe'(Htrz),(trz)1(BF,) nanoparticles (NPs) were prepared by using
water-soluble polyvinylpyrrolidone (PVP) as protecting polymer.
The metal or ligand substitution percentage regulated the ultra-
small size and morphology of the NPs. At the same time, the col-
loidal dispersions showed a complete conversion of the LS state to

the HS state of the Fe' ion.

In the last decade, nanosized spin crossover (SCO) materials
have been in the foreground as their miniaturization is prom-
ising for potential technological and medical applications.
Molecular switches, memory storage devices, and photonic/
electronic/mechanical devices compose one side of the
coin," while drug delivery, cancer therapy, and MRI bio-
imaging are the second one.'”™*® However, in all cases, the
preservation of spin transition cooperativity close to room
temperature during the downsizing of the compounds in the
nanoscale and the size control are considered of utmost
importance. For this reason, the scientific interest has been
recently focused on one-dimensional (1D) SCO Fe-triazole
coordination polymers of the type [Fe'(4R-1,2,4-Trz);]X,-nH,0
(R = H, NH,, X = BF,~, ClO,") and on their metal and ligand
substituted derivatives.">” The latter ones are considered
“doped” nanoparticles (NPs) with improved magnetic pro-
perties in the frames of narrower hysteresis centred closer to
room temperature.

One of the leading synthetic protocols used mainly for
synthesizing doped NPs is the reverse micelle method, which

“Department of Chemistry, Laboratory of Inorganic Chemistry, University of Patras,
26504 Patras, Greece. E-mail: chpolyzou@upatras.gr, vtango@upatras.gr

bRegional Centre of Advanced Technologies and Materials, Czech Advanced
Technology and Research Institute (CATRIN), Palacky University Olomouc,
Krizkovského 511/8, 77900, Czech Republic. E-mail: ondrej.malina@upol.cz

CEET, Nanotechnology Centre, VSB-Technical University of Ostrava, 17. listopadu
2172/15, Ostrava, Poruba 708 00, Czech Republic. E-mail: ondrej. malina@vsb.cz
tElectronic supplementary information (ESI) available: Experimental details, IR
spectra, pXRD data, TEM images, DSC measurements, UV-Vis spectra. See DOI:
https://doi.org/10.1039/d4dt02670e

This journal is © The Royal Society of Chemistry 2024

*@ Eleni Zygouri,
Michaela Polaskova,? Jiri Bednar® and Vassilis Tangoulis (2 *2

™ COYAL SOCIETY
ap OF CHEMISTRY

Water stable colloidal PVP coated spin crossover

*b,C

@ Nikolia Lalioti, =@ Ondrej Malina,

results in a rule in well-shaped and size-controlled NPs. In
2007, Coronado et al'® reported for the first time [Fe
(Htrz),(trz)](BF,) NPs with the smallest so far size of 10 nm
and the SCO doped [Fe, sZn, ,(Htrz),(trz)|(BF,) NPs using the
same synthetic approach leading to a shifted hysteresis loop
closer to room temperature. In 2019, Bello et al.>® reported a
series of SCO doped [Fe(Htrz),,_,(trz),_,(NH,trz),](BF,), NPs
with the precipitation method. Their spin-transition shifted
progressively toward room temperature with increasing the
percentage of 4-NH,-triazole, parallel with a decrease in hyster-
esis width and abruptness. A drawback of this method was the
absence of any surfactant or polymer in the synthetic pro-
cedure, which led to inhomogeneity and aggregation of the
doped NPs.

During the efforts to stabilize aqueous dispersions of the
doped NPs -an essential property for biological applications-
our research group recently reported a series of silicon-based
SCO doped [Fe,/Zn,_,(Htrz),, (trz),_,(NH,trz),](BF,), NPs*®
synthesized through the reverse micelle method, preserving all
the desired spin transition characteristics and stabilized
aqueous dispersions which make these promising for MRI
applications. Following a reverse micelle protocol, another
family of silica-based Fe/triazole NPs of the type [Fe(NH,trz);]
(NO3),@SiO, has been recently reported to remain stable in
water for up to two hours, revealing a water-induced spin tran-
sition.>® In light of these findings, we have embarked on the
challenge of developing facile, surfactant-free, and one-pot
syntheses of SCO NPs focusing on preserving the SCO charac-
teristics in aqueous dispersions for a long period of time and

avoiding time-consuming reverse micelle procedures
accompanied by several cleaning cycles of surfactant
residues.*®?°

Herein, we present the synthesis of highly dispersed doped
surfactant-free NPs based on the already known 1D SCO
coordination polymer [Fe"(Htrz),(trz)](BF,) controlled by poly
(vinylpyrrolidone) (PVP) as a protecting polymer.*>* It is also
essential to notice that in the aqueous dispersions of PVP-sup-
ported doped NPs, the evolution of the SCO phenomenon
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results in the complete conversion of the LS state to the HS
state of the Fe' ion. In the literature, PVP is well-known for
preventing aggregation of NPs,*” while its solubility in water
makes it promising for biomedical and pharmaceutical
applications.>™* This is also due to its biocompatibility and
potential to stabilize aqueous dispersions of protected NPs.>®
PVP was chosen as the macromolecule polymer substrate due
to its solubility, film-forming properties, environmental friend-
liness, and ability to form hydrogen bonds with compounds. A
composite film [Fe(NH,trz);(ClO,4),]-PVP was synthesized from
a solution of PVP, NH,trz, and Fe(ClO,), in ethanol to create a
homogeneous film with a regular nano-scale structure exhibit-
ing regular striped patterns in the nano-scale, indicating a
crystalline structure different from typical amorphous solid
compounds.’® PVP-coated nanoparticles of [Fe(hptrz);](OTs),
(hptrz = 4-heptyl-1,2,4-triazole, Ts = para-toluenesulfonyl) were
synthesized in homogeneous media by preparing solutions
with specific components, leading to nanoparticle precipi-
tation and the formation of 200-400 nm crystals of the spin-
crossover complex.®”

The general formula of the synthesized NPs is [Fe
(Htrz),(trz)](BF,)@1.4PVP (NP1); for the metal substituted NPs:
[Feq.sZng 5(Htrz),(trz)|(BF,)@1.3PVP (NP2); for the ligand sub-
stituted ~ NPs:  [Fe(Htrz),(trz)o ,(NH,trz), 3](BF4); ;@0.6PVP
(NP3). All the NPs were synthesized at room temperature using
an ex situ synthetic method.>® The aim is to investigate the
influence of the metal/ligand substitution on the size, shape,
and spin transition properties of these nanoparticles and the
effect of the PVP on the homogeneity of the NPs and their
stabilization of aqueous dispersions. Their physical and struc-
tural characterization was carried out by FT-IR and UV-Vis
(UV-vis) spectroscopy, Elemental Analysis (EA), and powder
X-ray diffraction (p-XRD). The SCO behavior was determined
using magnetic and differential scanning calorimetry (DSC)
studies, while the size, morphology, and distribution of the
NPs were determined with Transmittance Electronic
Spectroscopy (TEM) and Dynamic light scattering (DLS).

NP1 was prepared by an ex situ reaction method mixing a
suspension of Fe(BF,),-6H,O and PVP in EtOH with a solution
of Trz and PVP in EtOH. The metal/ligand molecular ratio was
1:3. NP2 and NP3 were synthesized using an analogous experi-
mental procedure by partial replacement of Fe(BF,),-6H,0 and
the deprotonated trz ligand by Zn(BF,),-6H,0 and the NH,trz
ligand, respectively. In particular, partial replacement of 20%
of the Fe(BF,),-6H,0 by the Zn" analog resulted in doped NP2.
In comparison, partial replacement of 30% of the deproto-
nated trz ligand by the NH,trz derivative resulted in doped
NP3. The molar ratios of Fe/Zn"/Trz and Fe'/Trz/NH,trz
reagents used for their syntheses were 0.8:0.2:1 and
1:2.7:0.3, respectively (the percentage of the Zn dopant ion
was confirmed by EDS analysis shown in Fig. S17}). In all cases,
the NP1, NP2, and NP3 were coated with the same quantity of
PVP, forming well-shaped spherical nanoparticles. P-XRD and
EA were used to support the identity and purity of all com-
pounds (Fig. 1, Fig. S1 and Table S17). The IR spectra of all
NPs showed very strong stretch vibrational modes at around
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1650 cm™, which can be attributed to the presence of the
C=0 group of PVP (Fig. S2t). According to the reported mag-
netic properties of the 1D coordination polymer
[Fe"(Htrz),(trz)](BF,), two different polymorphs (I and II) have
been identified® which are crystallized in the same space
group, Pnma. Polymorph I with lattice parameters (a, b, ¢, V) =
(17.294(6) A, 7.337(2) A, 9.182(3) A, 1165.1(6) A®) reveals a large
hysteresis of 40 K centered at 370 K while a smaller one of
15 K is centered at 330 K and corresponds to polymorph II
where the lattice parameters are: (a, b, ¢, V) = (16.691(6) A,
7.338(2) A, 9.482(3) A, 1161.3(5) A%). The Le-Bail method was
used to calculate the lattice parameters of the NP1-3, and the
obtained values are shown in Table S2. According to the diffr-
action pattern profiles of NP1-3 (Fig. 1), where a single peak
appears at around 10.6° in 26 values denoting the proximity of
101 and 200 hkl reflections, all final products are characterized
as polymorphs II. The TEM images and size distributions of
the NP1-3 are presented in Fig. 1 and S3,1 and the calculated
mean diameter of sphere-like NPs is 30 nm, 20 nm, and
10 nm, respectively.

Temperature-dependent magnetic and DSC measurements
were carried out on NP1-3, and the third thermal cycle is
shown in Fig. 1. Upon cooling, abrupt thermal hysteresis
occurs for NP1. At 300 K, the value of the y\T product equals
3.0 emu K mol™" for all NPs, which is typical for Fe' in the
high-spin (HS) state. The hysteresis appears at critical tempera-
tures T.| = 323 K and 7.t = 355 K for 1 with width of ca. 32 K.
However, doped NP2 and NP3, where metal and ligand substi-
tutions occur, shift the hysteresis clearly toward room tempera-
ture with loss of its abruptness and narrowing of its width.
The critical temperatures are T.] = 294 K, T.1 = 309 K for NP2
and T.| =299 K, T.1 = 314 K for NP3, respectively, with hyster-
esis loop widths both of ca. 15 K. The SCO behavior exhibited
by all the NPs was also confirmed through DSC measurements
(Fig. 1, S4 and Table S37).

UV-vis measurements were carried out to verify the reversi-
bility of the SCO phenomenon in water following a protocol
described in Fig. S4.1 According to this protocol, SCO NPs syn-
thesized without PVP coating revealed sedimentation issues,
accompanied by discoloration of the solution, verifying the oxi-
dation of the Fe(u) ions (Fig. S51). Fig. S61 shows the UV-vis
absorption spectra of NP1-3 when the samples are dispersed
for the first time in H,O, while Fig. 2 presents the temperature
dependence of the UV-vis spectra during the thawing pro-
cedure (—20 °C to RT). In both cases, the absorption band
around 280 nm -corresponding to an MLCT transition-showed
a drastic reduction of its intensity as the samples switched
from the LS to the HS state of Fe, accompanied by a color
change in the dispersion from purple to yellow (Fig. 2, Fig. S4
and Fig. S61). The mechanism of spin crossover in water for Fe
(1) complexes with triazoles* involves several critical factors,
such as: (a) Hydration effects according to which water mole-
cules interact with the metal centre of the complexes, influen-
cing the coordination environment and altering the energy
levels of the metal d-orbitals. This interaction can stabilize or
destabilize specific spin states, impacting the equilibrium

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 TEM images of (a) NP1 (scale bar 200 nm), (d) NP2 (scale bar 100 nm) and (g) NP3 (scale bar 100 nm); third thermal cycle of the magnetic
susceptibility ymT(T) (black spheres) and DSC curve (red line) at 10 K min~ of (b) NP1, () NP2 and (h) NP3 SCO NPs; p-XRD diffraction data (black

crosses) and Rietveld refinement using the Le Bail method (red line) of (c) NP1, (f) NP2 and (i) NP3 SCO NPs. The difference (/caic —

as green line, and the theoretical peaks are presented as violet bars.
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(A) Temperature dependence of UV-Vis spectra of NP1-3 in water solution during the thawing procedure. (B) The evolution of the colour in

the water dispersion of NP1-3 during the thawing procedure (from left to right). (C) DLS particle size analysis of NP1-3.

between low-spin and high-spin states; (b) Stabilization by
hydrogen bonding, according to which the presence of hydro-
gen bonds between the solvent and the complex leads to a
more pronounced stabilization of the low-spin state, affecting

This journal is © The Royal Society of Chemistry 2024

the spin crossover behaviour. Quite significantly, freezing and
melting processes in aqueous solutions containing Fe(u) com-
plexes can induce structural changes in the complexes,
affecting their spin states. It has been found that compression
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of polymeric molecules during freezing may lead to transitions
into low-spin states, contributing to the observed spin cross-
over phenomena in solution.*" Similar phenomena have been
described in our previous report where SCO NPs of the same
family where synthesized using a reverse micelle method and
successfully covered/protected with silica.?®

DLS measurements (Fig. 2 and Fig. S7t) showed particles
agglomerates with Z-average 109 nm and PDI 0.11 for NP1;
Z-average 98 nm and PDI 0.14 for NP2; Z-average 174 nm and
PDI 0.16 for NP3. Long term size distribution measurements
(Fig. S8) confirmed good stability of samples, which main-
tained PDI below 0.17 after ~2 days. The control measurement
after 7 days showed just slight change in Z-average and PDI
(see Fig. S97).

In conclusion, an ex situ method is presented for the prepa-
ration of PVP-coated doped SCO NPs of the general formula
[FexZn, _,(Htrz),(trz)](BF,)@PVP and [Fe(Htrz);_;x(NH,trz);X]
(BF,)@PVP. The sphere-like NPs adopted sizes close to ultra-
small, with NP3 between 5 and 10 nm exhibiting SCO hystere-
tic behavior close to RT. Stable aqueous colloidal dispersions
were prepared with apparent reversibility of the SCO phenom-
enon and complete conversion from LS to HS state
accompanied by a color change from purple (LS state) to yellow
(HS state) due to the protecting PVP polymer.

Our present communication describes an effective experi-
mental method for preparing downsized PVP-coated doped
NPs presenting stable aqueous colloidal dispersions with hys-
teretic SCO behavior close to RT essential for future drug deliv-
ery and MRI-bioimaging perspectives.
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