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Abstract

Spin-crossover nanomaterials have been actively studied in the past decade for their
potential technological applications in sensing, actuating and information processing
devices. Unfortunately, an increasing amount of the metallic centers becomes inac-
tive at reduced sizes — presumably due to surface effects — limiting their switching
ability and thus the scope of applications. Here we report on the investigation of
‘frozen’ metallic centers in nanoparticles (2 - 80 nm size) of the spin-crossover com-
pound Fe(pyrazine)|Ni(CN)4]. Magnetic measurements reveal both high-spin and low-
spin residual fractions at atmospheric pressure. A pressure induced transition of the
high-spin residue is observed around 1.5 GPa by synchrotron Mdssbauer spectroscopy.
We show that it is equivalent to a downshift of the transition temperature by ca. 400
K due to the size reduction. Unexpectedly, small-angle neutron scattering experiments
demonstrate that these high-spin residual centers are not confined to the surface, which

contradicts general theoretical considerations.
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In recent years, study of nano-objects with first-order phase transitions has raised new
interesting questions since both the phase stability and the transformation kinetics are highly
dependent on the object size.! At the nanoscale, one of the major contributions to finite-
size effects is related to the large surface-to-volume ratio. Due to the surface free energies,
the equilibrium conditions of surface atoms or molecules may be considerably different from
those of the bulk material. This is observed in numerous well known phase transitions
such as the melting process in which the melting point of nanoparticles shifts as function
of the size and environment.? Strong surface effects can induce structural phase transition®
or surface relaxations which may lead to topological transitions (e.g., electric, magnetic,
morphological, electronic, etc.) with the size reduction.*” Consequently, the characterization
of the surface species is of paramount importance to understand the size-dependent properties
of the material.

In the past decade, the synthesis of Spin-CrossOver (SCO)®* nanomaterials and the
study of size reduction and surface effects have attracted much attention.®“* Unfortunately,
in many cases, the switching properties between the so-called low-spin (LS) and high-spin
(HS) states appear strongly affected by the size reduction. In particular, an increasing frac-
tion of the SCO centers becomes often inactive at reduced sizes, which limits the completeness
of the transition and thus the scope of applications.

This effect is particularly visible in nanoparticles of Fe(II)(pyrazine)[Ni(CN),] that is
a 3D-coordination network of the Hofmann clathrate family. ™35 [n this compound, a
decrease of the cooperativity, a stabilization of the HS state and the existence of a HS
residual fraction are observed at low temperature with size reduction. In addition, a LS
residual fraction is also observed at high temperature for particle sizes below ca. 10-20 nm.
Because the HS residual fraction fits with the estimated fraction of surface metallic centers,
these latter were assumed to be 'frozen’ in the HS state.

From a thermodynamical point of view, most observations made on SCO nanoparticules

larger than ca. 5-10 nm can be explained by a lower surface energy of the HS state, which is



thus stabilized on the surfaces." From a microscopic point of view, this stabilization of the
surface metallic centers in the HS state was modelled using three different approaches. The

20723 assuming

first approach assumes ad hoc that surface SCO sites are frozen in the HS state,
implicitly a drastic change of the ligand field of these surface metallic centers. To take more
explicitly into account the underlying mechanism, other models introduced an additional
surface free energy term in the Hamiltonian,**=" leading to potential multi-step transitions
(shift of the transition temperature/pressure of the surface metallic centers) tuned by the
surface energies. More recently, it was also suggested that elastic surface relaxations can be
also accounted for the emergence of HS surface states. In this last approach, surface and core
metallic centers are not affected by the same stress and strain, leading also to a multi-step
transition.”! Despite the predicted key role of this residual HS fraction in SCO nano-objects,
to our best knowledge, there is no experimental report on the switching properties and the
spatial distribution of the ‘frozen” HS molecules.

In this letter, we investigate the stability and spatial distribution of the HS residual frac-
tion in a set of nanoparticles of different sizes of the SCO compound Fe(pyrazine)[Ni(CN),]
by high-pressure Synchrotron Mossbauer Spectroscopy (SMS) and POLarized Small-Angle
Neutron Scattering (POLSANS).

The studied nanoparticles of Fe(pyrazine)[Ni(CN)4] have a typical parallelepipedic shape
with one dimension significantly shorter than the others (a &~ b > ¢). From Transmission
Electronic Microscopy (TEM) and POLSANS measurements, the average in-plane and out-
of-plane particle sizes were estimated to (a) = 41.14+6.5 nm and (¢) = 843 nm, respectively.
A second batch of particles with in-plane size (a) = 17.1+5.3 nm were additionally enriched
to ~ 90% in *"Fe in order to carry out synchrotron Mdssbauer spectroscopy with good statis-
tics in reasonable time. Particles are embedded in a NaAOT (dioctyl sodium sulfosuccinate)
polymer matrix (see ref.*” for synthesis and characterization). The as-synthesized particles
were carefully washed with ethanol and dried under vacuum. In all experiments, the particles

were used in their solvated form i.e. without prior heat treatment.



Fe(pyrazine)[Ni(CN)4] in its bulk form exhibits a first-order spin transition around 285
K.%2 Ag displayed in Figure [1] the LS-HS phase stability is strongly modified with size
reduction, leading to a sizeable downshift of the transition temperature (ca. 263 K) and
the appearance of “inactive” residual fractions since only 23% of the metallic centers exhibit
SCO. Tt is also interesting to note that the HS residual fraction is stable down to liquid

helium temperatures.
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Figure 1: Thermal dependence of the HS fraction ngg of the “°Fe(pyrazine)[Ni(CN),]
nanoparticles determined by magnetic measurements. Two Mossbauer spectra were used
at 300 K (ngs = 0.47) and 80 K (ngs = 0.24) to calibrate the HS fraction. Below 15 K,
the slight decrease of the magnetic susceptibility can be attributed to a zero-field splitting®?
(associated with magnetic anisotropy) and the HS fraction is not anymore relevant. Inset:
Size-distribution histogram and selected TEM image of the particles.

Fig. |(a) displays the Méssbauer transmission spectrum at 0.52 GPa and room temper-
ature (298 K). The extracted isomer shifts for the HS and LS state are ISyg = 0.9 £ 0.02
mm/s, IS;¢ = 0.41 + 0.01 mm/s and the quadrupole splittings QSys = 2.01 £+ 0.03 mm/s,
QSzs = 0.5740.01 mm/s are in good agreement with the values reported in the literature.'®
The proportion of each spin state was extracted from the absorption areas (area under the
baseline). Fig. 2[b) shows the pressure-dependence of the HS fraction at room temperature.
A conversion of the HS residual fraction is observed around 1.5 GPa. Above 4 GPa, the

HS fraction completely disappears. Similar observations were made with another enriched

3



1.0
g
208
L
§ 0.6 LS
[4v)
= 0.4 5L
— Total
B 2 4
(b) Velocity (mm/s)
40 + 7 A
§ 10
30 - 2
- 5
S g0.5-
e
= L
101 v (mm/s)
01 i : : Ij :*‘ +’ﬁiv—

0 1 2 3 4 5 24 925
P (GPa)

Figure 2: (a) Experimental Mossbauer spectrum obtained for 5"Fe(pyrazine)[Ni(CN),] par-
ticles at 0.52 + 0.2 GPa and 298 K (green dots). The red and blue solid lines denote the
contributions of the HS and LS states, respectively. The fitted curves take into account the
thickness effect of the experimental spectrum. (b) Pressure dependence of the HS fraction
and the corresponding Méssbauer spectra (inset).

nanoparticle sample under pressure (see Figure [S6/in Supporting Information).

Taking into account the Clapeyron-slope, which links the transition temperature to the
applied pressure (see the thermodynamical considerations in the SI), we can estimate that
the spin transition temperature of the HS residual fraction at ambient pressure is shifted
to —142 4+ 118 K. (The large standard deviation is due to the experimental uncertainties of
volume and entropy changes.) In other words, the HS residual centers are stabilized by ca.
400 K (3.3 kJ - mol™!') with respect to the bulk material due to the size reduction effect. In

the present case, this strong stabilization of the HS state leads thus to an incomplete tran-
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Figure 3: POLSANS measurements performed on the 5°Fe nanoparticles at 5 K. (a) I,.(Q) =
I.(Q)—1_(Q) signal obtained on the two-dimensional detector at 5 K and under a magnetic
field of 5 T. The arrow indicates the direction of the applied magnetic field. (b) Angular
evolution of the scattered intensity I,.(Q) for various values of the magnetic field. Solid lines
depict the fits using a sin? function as described in Equation . (c¢) Modulation amplitude
of I.(Q) with respect to the magnetic field. These amplitudes (circles) are compared with
magnetic data obtained from SQUID measurements (triangles). (d) Magnetic form factor
F3%(Q) of the nanoparticles extracted from the measured intensities 7, (Q) and I_(Q) at 5
T (see details in SI). Solid lines are the result of simulations using a core-shell parallelepiped
particle model whose thickness of the magnetic shell was varied from t = 10 A to that of a
homogeneous magnetic parallelepiped.

sition, but our results indicate that multi-step transitions may occur in SCO nanoparticles
in agreement with theoretical predictions.?#%1
In a second step, we have characterized experimentally the spatial distribution of this

paramagnetic residual HS fraction within nanoparticles of *Fe(pyrazine)|Ni(CN)4] by POL-

SANS. This latter constitutes a technique of choice for analysing the magnetic form factor



of nano-objects in non-magnetic matrices as well as magnetic structures and correlations
on the nanometer length scale.?#3% POLSANS experiments were carried out at the PA20
spectrometer at LLB-Orphée at 5 K and under a variable magnetic field. Figure [3{(a) shows
the typical anisotropic signal I,.(Q) obtained on the two-dimensional detector at 5 K and 5
T, defined by the difference of the two scattered intensities I, (Q) and I_(Q) collected when
neutron spins of the incoming beam are aligned antiparallel and parallel to the external
magnetic field, respectively. I,.(Q) represents a magnetic-nuclear cross term which is pro-
portional to the magnetic form factor F/(Q) of the nanoparticles (see details in Supporting
Information).

Measurements performed under various values of the magnetic field (see Figure [3[(b-c))
unambiguously demonstrate the magnetic nature of this signal, which disappears at zero field
and whose magnitude follows the magnetization curve obtained from SQUID measurements
at 5 K. This magnetic scattering can only originate from the SCO sites whose spin state is
‘blocked’ in the paramagnetic HS state at low temperature, and thus constitutes the signa-
ture, in terms of POLSANS patterns, of the residual HS fraction within the nanoparticles.

Fig. [3[(d) shows the square of the magnetic form factor F(Q) of the *Fe nanoparticles
derived from I,.(Q) at 5 K and 5 T (see details in Supporting Information). To analyse the
magnetic POLSANS data, we have considered a core-shell parallelepiped particle model in
which a shell of variable thickness ¢ only contributes to the total magnetization and where all
the structural parameters (size and size distribution) are fixed to their values obtained from
the analysis of the nuclear form factor of the particles Fix(Q) (see Figure [S4 and Table
in Supporting Information). When small shell thicknesses are considered, a large mismatch
occurs above Q ~ 0.04 A~ since an enhanced scattered intensity is expected in the Q = 27 [t
range associated with the characteristic thickness ¢ of the shell.

Fig. Bd) shows that the simulation is substantially improved (in particular in the large-
@ range) when the thickness of the magnetic shell is increased and, finally, it appears that

the best fit to the data is obtained when a uniform magnetization density is considered



throughout the particles. Similar results were obtained for two other non-enriched particle
batches with different sizes (a) = 14.4 £ 1.7 nm and 79.1 £ 16.9 nm (see Figure |S5| in
Supporting Information).

These POLSANS results tend to show that the magnetization associated with the residual
HS sites is uniformly distributed within the particles rather than concentrated at the surface.
These experimental observations are in disagreement with the theoretical predictions, but
obviously call for further confirmations through different experimental techniques.

In the case of the present 3D-coordination network particles, an important aspect is the
presence of both HS and LS residual fractions. While the general thermodynamical trend
would be the stabilization of the HS state on the surface due to its lower surface energy,
we may suggest that the coordination of certain species as well as the existence of surface
distortions/deformations might be possible contributions that favor the strong ligand field
configuration (LS state) on the particle surface. As for the residual HS fraction and by
analogy with Prussian blue analogue materials in which the influence of lattice defects and
vacancies is well established,**7 the porous 3D network may contain defects and/or guest
molecules, which may locally stabilize the HS state of a certain amount of iron ions within
the whole particle volume.

In conclusion, we have studied the stability and the spatial distribution of the high-spin
residual fraction in spin-crossover nanoparticles of Fe(pyrazine)|Ni(CN)4| by synchrotron
high-pressure Mossbauer spectroscopy and polarized small-angle neutron scattering. These
experiments revealed that the ‘frozen’ HS centers are actually SCO active and can be switched
to the LS state at room temperature by applying a pressure of 1.5 GPa. This result indicates
that initially fully LS materials can become SCO active at reduced sizes. Surprisingly, the
HS residual centers appear homogeneously distributed within the particles - in contrast to
what is assumed in general from theoretical considerations. We have tentatively ascribed this
finding to the particular porous 3D network structure of the investigated compound. While

these considerations remain necessarily speculative at this stage, our results clearly show



that beyond the general considerations of phase stability, the specific chemistry and crystal
structure of each SCO compound must be carefully taken into account when interpreting
size effects. Powerful experimental techniques, such as POLSANS, will certainly play an

increasing role in this respect in the future.
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