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1. Introduction

Molecular spin crossover (SCO) complexes of 3d*-3d’ tran-
sition metal ions display a reversible switching between their
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Size-induced phase transformation at the nanoscale is a common phenomenon whose understanding is
essential for potential applications. Here we investigate phase equilibria in thin films and nanoparticles of
molecular spin crossover (SCO) materials. To calculate the size-temperature phase diagrams we have
developed a new nano-thermodynamic core-shell model in which intermolecular interactions are
described through the volume misfit between molecules of different spin states, while the contributions
of surface energy and surface stress are explicitly included. Based on this model, we rationalize the emer-
gence of previously-reported incomplete spin transitions and the shift of the transition temperature in
finite size objects due to their large surface-to-volume ratio. The results reveal a competition between
the elastic intermolecular interaction and the internal pressure induced by the surface stress. The pre-
dicted transition temperature of thin films of the SCO compound [Fe(pyrazine)l[Ni(CN),4] follows a clear
reciprocal relationship with respect to the film thickness and the transition behavior matches the available
experimental data. Importantly, all input parameters of the present model are experimentally accessible
physical quantities, thus providing a simple, yet powerful tool to analyze SCO properties in nano-scale
objects.

To promote these applications, in the past decade, SCO
materials have been successfully synthesized in the form of
nano-particles, nano-patterns, thin films and nano-
composites.”’® Remarkably, the experimental investigation of

low-spin (LS) and high-spin (HS) states, which can be induced
by various external stimuli such as temperature and pressure
change, light excitation and so forth."™ The SCO phenomenon
entails significant structural changes as well. Specifically,
when switching from the LS to the HS state, the metal-ligand
bond lengths increase considerably, giving rise to (typically)
1-10% expansion of the unit-cell volume.® As a result of these
drastic structural and electronic modifications, several physical
properties (magnetic, optical, vibrational, mechanical, etc.)
concomitantly change with the switching of the molecular
spin state, which confers to SCO materials a large scope of
applications in various technological fields (e.g. photonics,
robotics, electronics).®™®
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these SCO nano-objects revealed in many cases the existence
of noticeable finite-size effects, such as a downshift of the
equilibrium temperature (i.e. a stabilization of the HS state),
the appearance of residual HS or LS fractions, as well as a loss
of the cooperativity in small objects, manifested by increas-
ingly gradual and incomplete spin transitions.*’* Obviously,
understanding the physical origin of these size reduction
effects is of paramount importance with the aim of optimizing
the physical properties of SCO nanomaterials for the targeted
applications.

In order to understand the mechanisms behind these size
reduction effects, several theoretical investigations have been
conducted using atomistic models, solved by Monte Carlo
(MC) methods."** These approaches allowed to capture the
role of different physical ingredients involved in size reduction
effects, but it remains difficult to establish a quantitative link
between the model parameters and the experimental data. In a
different approach, some of us proposed a phenomenological,
nano-thermodynamic core-shell model, which takes into
account the surface energy variation (Ay) between the LS and
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HS states.** This simple model allowed reproducing the experi-
mentally observed downshift of the spin-state equilibrium
temperature as well as the disappearance of the thermal hys-
teresis loop with size reduction. It also provided a rationale to
explain why the molecules on the surface remain trapped in
the HS state.

In the first version of this SCO nano-thermodynamic
model, both inter-molecular interactions and surface thermo-
dynamics were described using phenomenological parameters.>*
Here, we propose a refined version of this approach in which the
inter-molecular elastic interactions are modeled by considering the
molecular volume difference accompanying the spin-state switch-
ing. In addition, in the present model, we explicitly consider the
consequences of spin-state-dependent surface energy and surface
stress on the phase stability of SCO nano-objects. Indeed, in the
solid state, the thermodynamics of surfaces can be expressed by
the surface energy (y) and the surface stress (6)>>*” since both para-
meters are thought to play important roles in the phase stability of
nanomaterials exhibiting a large surface-to-volume ratio.”*>' For
example, Drummy et al.** argued that the thickness-driven ortho-
rhombic-to-triclinic phase transformation in pentacene films is
driven by the low surface energy of the former polymorph.
However, latter work pointed out that the surface stress difference
between the polymorphs also provides a non-negligible driving
force to the size-induced transformation.”® Owing to the large
volume misfit between HS and LS molecules, one can expect that
this parameter also plays a crucial role in SCO nanometerials.*

The manuscript is organized as follows. In section 2, we
present the newly-developed nano-thermodynamic model. In
section 3, we discuss separately the effects of surface energy and
surface stress on the SCO properties of thin films and nano-
particles of the SCO compound [Fe(pyrazine)][Ni(CN),]. Then,
we investigate the size reduction effect on [Fe(pyrazine)][Ni
(CN),] thin films and, finally, in section 4, we conclude and
underline the main perspectives of the present work.

2. Construction of the nano-
thermodynamic model

The total Gibbs free energy (Giora) of a SCO system can be
expressed as:

Giotal = G — TSmix + Gelastic + Gsurfaceu (1)

where G, Smix, Gelastic;, aNd Ggurface are the contributions of
non-interacting molecule Gibbs energy, mixing entropy, elastic
interaction and surface energy, respectively. In the following
part of this section, each contribution is discussed in details.

First, we consider a bulk SCO system consisting of N = Ny +
Nys molecules. The Gibbs energy of non-interacting molecules
is:

G = NusGus + NisGrs = Nus(Gus — Gis) + NGis
= Nus(Hus — His) — TNus(Sus — Sts) + NHis (2)
— TNSys,
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where H is the enthalpy, S the entropy and T the temperature.
The subscripts “HS” and “LS” stand for the HS and LS states,
respectively. Denoting x the HS fraction, the enthalpy variation
(AH) and entropy variation (AS) between the two states can be
written as:

Nus
=5 3
x =i, )
AH:HHS _HLS7 (4)
AS = Sug — Sis. (5)

The total contribution of non-interacting molecules to the
Gibbs energy (G) can be then written as:

G = Nx(AH — TAS) + N(Hys — TSis). (6)

The mixing entropy, Smix, stands for a loss of statistical
information, which arises from the different possible mixing
configurations to distribute Nys molecules among N. Under
the thermodynamic limit, it can be expressed as:>***

Smix = —Nk[x In(x) + (1 — x)In(1 — x)], (7)

where k is the Boltzmann constant. It should be noted that the
medium is assumed to be uniform and homogenous after the
mixing process, ie., the interface energy between the HS and
LS states is not included in the mixing entropy.

Therefore, all the molecules are assumed to have the same
volume during the spin-state switching. At the thermodynamic
equilibrium, this volume, called in the next Vi,;,, minimizes
the Gibbs energy Giota. As demonstrated through continuum
mechanics theory by Spiering et al,*® the elastic interaction
energy of the system can be obtained through:

Bys

ZVHS (Vmin - VHS)2

Gelastic = Nus (}’0 - 1)

(8)

B
+ Nis(7o — 1) —= (Vinin — Vis)?,
2Vis

where B is the bulk modulus, Vys and Vig are the equilibrium
volumes of the molecules in the HS and LS states, respectively.
Yo is the Eshelby’s constant, which corresponds to the contri-
bution of local volume change to the global volume change of
the whole crystal. It can be estimated through:*®

1—-v
140’

Yo =3 (9)
where v is the Poisson’s ratio. Further, we define the ratio of
HS to LS bulk moduli () and the volume mismatch between
the two phases (m) as:

Bys
_ ons 10
B (10)
Vus
m=—. 11
Vs (11)

The total elastic interaction energy of the bulk system is
then written as:

This journal is © The Royal Society of Chemistry 2024
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BusVus Vi 2
Gelastic :N(]/O - 1) T [x (% - 1)
HS

+1-n2 (me - 1)1.
B\Vas m

Let us now turn our attention to the surface thermo-
dynamics. Surface Gibbs energy Ggyrface is defined as the sum-
mation of two contributions: the surface energy G*° and the
surface stress G**. The surface energy corresponds to the work
per unit area involved in the formation of a surface, while the
surface stress is associated with the reversible work per unit
area needed to elastically stretch a pre-existing surface.
Accordingly, the total surface energy and the work against

surface stress in a flat thin film (Fig. 1(a)) with a surface area A
can be calculated by:

(12)

G* = 74, (13)

G% =odA, (14)
where y and o stand for the density of surface energy and the
surface elastic stress tensor, respectively. dA corresponds to a
infinitesimal variation of area.

It should be noted that the surface stress is considered to
be isotropic and independent of the strain in this study.

Let a° be the lattice parameter of the material. N* and N°
are defined as the number of molecules in the surface and in
the core, respectively. The contribution of the surface energy
and surface stress to the Gibbs free energy of the film is then
written as:

Vi Vi
Ggurface :N:[s |:aTHS Yus T <V§1/1?1 - aTHS) 6H5:|

HS HS (1 5 )
Vis 23 Vis
+ Nis [T?’Ls + (Vm/in — o )OLs|-
ais ais

On the other hand, in the case of a spherical particle
(Fig. 1(b)) of volume V and surface area A, according to the
Laplace-Young equation,®” the difference of internal and exter-
nal pressure (AP) is expressed as:

(a)

-

-

155

Lrat‘

ey

z

b,

x
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_ 20A

AP =—.
3V

(16)

In this case, the work against surface stress (G*°) is derived
from the pressure difference:

20A
G* = APAV = 222 qv. (17)
3V
Then the total contribution of the surface becomes:
Vs 2 (Vi
Gsurface :N:IS TH |:7HS += <ﬂ - 1) GHS]
aHS 3 VHS (18)
Vis 2 Vus (Vimin 1
N —== = -= .
s ais {hs e Vis (VHS m) GLS]
Vus Vis

In eqn (18), N&g +NESaT = 4nR*> stands for the total

agss LS
surface area of the system.

First, we calculate the above contributions in the case of a
flat thin film whose dimensions along the x and y directions
are L* and I”, respectively. The film consists of a bulk-like core
of thickness L' and two surfaces of identical thickness L°
along the z direction, as shown in Fig. 1(a). Under the con-
sideration that I*I” > L' and that all the molecules in the
system are in the HS state, the number of molecules in the

core (N°) and in the shell (N®) is given by:

LtOt _ ZLS
b _
N _NT, (19)
2L°
S __
N _Nﬁ' (20)

Assuming as a first approximation that the shell consists of
a monolayer, the number of molecules at the surface N° is
equal to the number of molecules in the shell N°. Accordingly,
Ny and Nig in eqn (15) can be calculated through:
218

A __ ASATS __ A8
Nygg = XN 7xNL—wt,

Nfs =1

— XN = (1 — X)N e

(b)

Fig. 1 Schematic representations of (a) the thin-film model and (b) the spherical core—shell model. The region in blue color represents the bulk-like

core, and the region in red color represents the shell.

This journal is © The Royal Society of Chemistry 2024
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where x° is the HS fraction in the shell (surface). Thus, the
total Gibbs free energy of the thin-film system can be
expressed as:

L — 21° BysVis
Gtotal(Vminvxbvxs) = NT 2 (70 - 1)

b Vmin > by M Vmin 1 >
(1) g (G ) |

2L BysV; Vini 2
+ N HS HS(yO_1)|:xs( mm_l)

[tot 2 Vs
2 s tot s
o (Vi 1 J2L5 Lt —2r
+(1_X)F<VHS _a +NXW+XT
Ltot _ 2LS

(AH — TAS) + N(Hs — TSis) + NKT =~
LS
[x*In(x") + (1 — x°) In(1 — x°)] —Q—NkTm
LS B R
1 In() + (1 — %) In(1 — x°)] 4 N DrsViasRy

Ltot anIS
a. T L’BysR
{xs +(1-x) algsmq N Vol [x* + (1 - 2%)al
LS
L°BysVusR a’.a
_N I;)S;B{S 6|:xs+(1_x5) (])—IS :|’
L'ag ajgm

(23)

where x" is the HS fraction in the bulk-like core. In eqn (23),
we introduce the LS-to-HS surface energy ratio Iy = @, the
YHS

. OLs ..
LS-to-HS surface stress ratio a = ——, and two characteristic

OHS
OHS

2
1 hs R; =
engths z

2
and R, = Vs
HS HS

tion of the model can be obtained by solving the following
non-linear system of equations:

. The exact stationary solu-

0 Grotal _
Oxb

0 Gtotal —
oxs

aGtotal _

0 Vimin

which gives a self-consistent set of equations at a given temp-
erature T (see the ESI} for details).

A similar set of equations has been also derived for a
spherical core-shell model that consists of a bulk-like core of
radius R, and a shell of thickness (R — R;) as shown in
Fig. 1(b). The details of the algebra are given in the ESL}

As the sets of equations derived from the different models
are highly non-linear, it seems difficult to solve them analyti-
cally. The numerical solutions are obtained at given tempera-
tures T by means of the wvpasolve solver in MATLAB
(MathWorks® Inc. Natick, MA). It should be mentioned that
due to the strong coupling between different physical pro-
perties combined to the high nonlinearity of the equation set,
investigating the effects of different parameters on the SCO be-
havior turns out to be a challenging task. Thus, in the next sec-
tions, we will first explore the effects of surface energy (resp.
surface stress) on the SCO properties in a 5 nm thin film of the

7240 | Nanoscale, 2024,16, 7237-7247
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SCO compound [Fe(pyrazine)][Ni(CN),] in the case where o5 =
ors = 0 (resp. yus = yrs = 0). Then, the values of surface energy
and surface stress will be fixed to investigate the size reduction
effects.

3. Results and discussion
A. Bulk material

For our investigation we have selected the Hoffmann-like clath-
rate compound [Fe(pyrazine)][Ni(CN),], whose certain physical
properties are summarized in Table 1. This choice was motiva-
ted by the fact that the different properties of this compound
are relatively well documented thanks to the works reported in
ref. 38-40. Let us note also that the high symmetry of the
lattice in this compound (P4/mmm) allows us to neglect the
effects of anisotropy in a first assumption. The isotropic bulk
modulus B can be obtained from the isotropic Young’s
modulus Y as:**

Y

B:m.

(25)

We first calculate the temperature dependence of the HS
fraction for the bulk material, i.e., for L — +oo (R — +00). As
displayed in Fig. 2(a), if we neglect the elastic interactions
between the molecules (Gepastic = 0), a gradual spin conversion
is observed, as expected. However, if we include the inter-
molecular elastic interaction term, a sharp increase of the HS
fraction is observed at Ti; = 303 K in the heating mode,
whereas a sharp drop of the HS fraction is found at T, = 281 K
in the cooling process (Fig. 2(a)), giving rise to a thermal hys-
teresis loop whose width (AT =~ 22 K) which is close to the
experimentally observed value (AT = 25 K).*® The transition
temperature in the heating process is about 13 K higher than
that of the gradual transition (290 K). This difference arises
due to the existence of an extra elastic energy barrier associ-
ated with the inter-molecular interactions as shown in
Fig. 2(b). It is also interesting to notice in Fig. 2 that the
residual fraction of molecules in the LS state at high tempera-
ture decreases from ~16% to ~3% with the participation of
the inter-molecular interactions, indicating that the elastic
interaction between two molecules tend to stabilize the HS
state at high temperature.

Table 1 Physical properties of the compound [Fe(pyrazine)][Ni(CN)4]

Physical property Value Ref.
AH (J mol™) 14500 38
AS (J K™ mol™) 50 38
Yus (GPa) 10.4 39
m 1.1 40
a¥s (nm) 0.726 40

0.7300 38
v 0.33

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Calculated temperature dependence of the HS fraction in the

bulk material (red triangles) using the input physical quantities reported
in Table 1. The gradual conversion curve in black, corresponding to the
case where no elastic interaction is considered, is drawn for comparison.
(b) Dependence of the elastic interaction energy density with the HS
fraction.

B. Surface energy effect

From the simulation of the bulk material, we can conclude that
the model is able to reproduce with reasonable accuracy the
experimentally observed SCO behavior without using any adjus-
table, phenomenological parameters. We now turn our attention
to the investigation of the influence of surface energy/stress on
the SCO properties in finite-size systems. It should be men-
tioned that the results obtained for a thin film of thickness L**
=5 nm and those obtained for a particle of radius R = 5 nm lead
to similar conclusions. For this reason, in the following we only
show the simulations performed for the L' = 5 nm thin film of
the [Fe(pyrazine)][Ni(CN),] compound, while the results
obtained with the spherical model are provided in the ESL.}

The temperature dependence of the total HS fraction is first
calculated for different values of yyg varying from 10 to 190 mJ
m~2 with an increment of 10 mJ m~2 under the consideration

of oys = ors = 0. As two typical examples, the cases of I'y =

/1S _1.4and2.4 are displayed in Fig. 3. Only cases such as I,

YHs

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
(@ . x x r
08F
0.6F
=
04r
02} 7
0 A . .
150 200 250 300 350 400
Temperature (K)
(®) : : . :
0.8+ -
0.6 1
041 -
021 a J ]
0 / . . .
150 200 250 300 350 400

Temperature (K)

Fig. 3 Calculated temperature dependence of the HS fraction (heating
mode) in a 5 nm thin film of [Fe(pyrazine)l[Ni(CN)4] in the case of (a)

ry= 7S _ 1.4 and (b) ry= 7S _ 2.4 for different values of 7Hs Varying
THS THS
from 10 to 190 mJ m~2 with an increment of 10 mJ m~2. The red curve

represents the bulk material. Green and red arrows are guides for the
eye to follow the evolution of the residual HS fraction and the equili-
brium temperature, respectively, with increasing values of yys.

> 1 are considered because it is known that the surface energy
in the HS state is lower than in the LS state due to a smaller
cohesion energy in the HS state.

In both cases, one can notice an increase of the residual HS
fraction at low temperature for increasing values of yyg (indi-
cated by green arrows in Fig. 3). Interestingly, this residual HS
fraction reaches a maximum value of x ~ 0.28, which is close

S
to the proportion of the molecules in the shell % = 0.286. We
can thus conclude that the transition temperature of the mole-
cules at the surface is considerably downshifted with the size
reduction and, eventually, they remain trapped in the HS state.
Furthermore, as indicted by the red arrows in Fig. 3, the spin
transition in the core also shifts gradually to lower tempera-

Nanoscale, 2024,16, 7237-7247 | 7241
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tures as yys increases. In fact, the molecules in the shell,
which undergo SCO at lower temperatures, have the effect of
stabilizing the HS state in the core of the system due to the
existence of elastic inter-molecular interactions between the
molecules in the shell and the core. Indeed, there is a
minimum value of the equilibrium temperature at ~266 K
with the increase of yys since the effect of elastic interactions
between the shell and the core becomes maximum when all
the molecules in the shell are blocked in the HS state.

As it can be seen in Fig. 3(b) for I', = 2.4, the molecules in
the shell completely switch into the HS state for lower values
of yus in comparison to the case I', = 1.4, which signifies that
the surface effects arise by increasing either the absolute value
of the surface energy or the ratio of LS-to-HS surface energies.
Indeed, both effects give rise to an increase of the surface
energy difference between the LS and HS states (yis — 7us)-
This quantity can thus be considered as a primary driving
force of finite size induced effects on the SCO phenomenon.>*

C. Surface stress effect

Different from the surface energy which is always positive, the
surface stress can be either positive (tensile stress) or negative
(compressive stress), depending on the variation of distances
between atoms at the surface.>>” To avoid any ad hoc hypoth-
esis, we have thus computed the thermally induced spin-tran-
sition curves of a 5 nm thin film for different values of oyg
varying either from +10 to +410 mJ m™> (assuming tensile
stresses) or from —410 to —10 mJ m™~> (assuming compressive
stresses) with an increment of 20 mJ m™>. On the other hand,
as the denser LS phase is expected to be stiffer than the HS
phase, one can assume that |ors| > |ous|. To avoid the impli-
cation of too many parameters in this study, two ratios of LS-

O .
to-HS surface stress (@ = —> = 1.4and2.0) are considered
OHS

while the surface energies in both spin states are set to yys =
71s = 0.
Fig. 4(a) and (b) summarize the temperature dependence of

the HS fraction calculated through positive surface stress in

o . e
the cases of @ = —> = 1.4and 2.0, respectively. As indicating

OHs
by the green arrow in Fig. 4(a), increasing the value of oyg

leads to a rise of the residual HS fraction at low temperature -
similar to the effect of an increasing value of yug discussed
above. Again, the highest residual HS fraction is found to be
x = ~0.28 denoting that the equilibrium temperature of the
molecules in the shell is shifted downwards when increasing
ous until a complete blocking of the shell in the HS state is
observed. The existence of a non-zero surface stress during the
spin-state switching exerts a stress/pressure to the surface of
the material. When considering a positive surface stress, the
two surfaces of the thin film are under tensile stress, which
favors the HS state, leading to a downshift of the transition
temperature of the molecules in the shell (surface).

On the other hand, the surface stress must be balanced by
a volume stress in the bulk-like core since there should be no
net force in the system.*’** As a result, an obvious change of

7242 | Nanoscale, 2024, 16, 7237-7247
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Fig. 4 Calculated temperature dependence of the HS fraction (heating
mode) in a 5 nm thin film of [Fe(pyrazine)][Ni(CN),4] in the case of (a) a =

%S _14 and (b) a=25_20 for different positive values of ops
OHS OHS

ranging from +10 to +410 mJ m~2 with an increment of 20 mJ m~2. The
red curve represents the bulk material. Green and red arrows are guides
for the eye to follow the evolution of the residual HS fraction and the
equilibrium temperature, respectively, with increasing values of oys. The
black circle highlights an abrupt spin transition in the shell brought into
by the tensile stress.

the SCO behavior of the bulk-like core can be observed.
Indeed, as shown by the red arrows in Fig. 4(a), the equili-
brium temperature first downshifts when increasing oys until
it reaches its lowest value (~290 K). Similar to the surface
energy effect, this downshift can be attributed to the elastic
intermolecular interaction between the HS molecules in the
shell and the LS molecules in the bulk-like core. However, this
minimum of the equilibrium temperature (~290 K) remains
higher when compared to the case of the surface energy effect
(~266 K) because the molecules in the bulk-like core are under
compression, which stabilizes the LS state. In other words, the
surface stress induces two competing effects, favoring either

This journal is © The Royal Society of Chemistry 2024
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the HS or the LS state. However, the stabilization of the HS
state is limited by the thickness of the shell. As a result, when
the molecules in the shell are fully blocked in the HS state, a
further increase of oy will give rise solely to an increase of the
compressive stress in the bulk-like core, which is manifested
in Fig. 4 by a clear upshift of the equilibrium temperature. As

shown in Fig. 4(b), similar features can be observed in the case

of g =755 = 2.0, i.e., a downshift of the equilibrium tempera-

OHs
ture as well as a growing of the residual HS fraction at low

temperature as oyg increases. Interestingly, an abrupt spin
transition could be found in the shell as highlighted by the
black circles. On the contrary, as oyg increases, the SCO behav-
ior of the bulk-like core changes from abrupt to gradual tran-
sition. Such enhancement/loss of the cooperativity in different
regions of the SCO nano-object induced by tensile/compressive
pressure is well known in the SCO literature, including both
theoretical studies as well as experimental observations per-
formed under high pressure.****

Fig. 5(a) displays the thermally induced spin transition for

negative (compressive) values of the surface stress in the case of
c .

a=-"2=1a4. Globally, the observed effects “mirror” the case
oHs

of tensile surface stress, though some differences occur as well.

On one hand, as indicated by the green arrow in Fig. 5, a
progressive increase of the residual LS fraction at high temp-
eratures can be observed with the increase of the magnitude of
ous. The residual LS fraction at high temperature peaks at a
value of ~0.2, indicating that the molecules in the shell are
blocked by the compressive stress (i.e. their thermal transition
is shifted to high temperatures).

On the other hand, to ensure the mechanical equilibrium,
a tensile stress exists in the bulk-like core, balancing the
surface stress. Similar to the case of positive surface stress, two
competing effects can be noticed. The tensile stress in the core
tends to stabilize the HS state, whereas the elastic interaction
with the shell tends to stabilize the LS state. As shown in
Fig. 5(a), first a slight increase (~3 K) of the equilibrium temp-
erature can be seen when the magnitude of oyg is small.
Though the blocked LS molecules in the shell tend to stabilize
the LS state in the bulk-like core via elastic intermolecular
interactions, the tensile stress, which favors the HS state,
becomes quickly dominant as oy increases, leading to an
obvious downshift of the equilibrium temperature (shown by
the red arrow). It is thus not surprising to see from Fig. 5(b)
that a clear abrupt spin-state switching appears in the bulk-
like core when the surface compressive stress is large
(<=310 mJ m™?). It is interesting to remark that this type of
surface stress effect might thus contribute to the re-appear-
ance of a thermal hysteresis loop at reduced sizes, as reported
in ultra-small nanoparticles of the compound [Fe(pyrazine)][Ni
(CN),].*° In previous reports, this phenomenon was attributed
to the modification of the surface elastic properties and/or par-
ticle-matrix interactions,>**° but the present work indicates
that the existence of a negative (compressive) surface stress
can also give rise to such effects.

This journal is © The Royal Society of Chemistry 2024
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Fig. 5 Calculated temperature dependence of the HS fraction (heating
mode) in a 5 nm thin film of [Fe(pyrazine)][Ni(CN),] in the case of (a) a =

%S _1.4 and (b) a=2%_20 for different negative values of ops
OHs OHs

ranging from —410 to —10 mJ m~2 with an increment of 20 mJ m~2. The
red curve represents the bulk material. Green and red arrows are guides
for the eye to follow the evolution of the residual LS fraction and the
equilibrium temperature, respectively, with increasing values of os.

To summarize our findings on the surface energy/stress
effects, it is interesting to remark that the incomplete spin
transitions experimentally observed in nanoscale objects may
be attributed to the double effect of the surface energy and the
surface stress. The contribution of surface energy is associated
with both electronic and structural surface relaxations, which
has been discussed in previous studies.'>'®***! On the other
hand, the contribution of surface stress is related to the
mechanical equilibrium of the system, which is the result of
competing forces acting at the free surface and in the bulk-like
core during the spin transition. In other words, a controlled
modification of the surface/interface elastic properties or of
the chemical nature of the surface could potentially allow one
to tune the SCO properties at the nano-scale. The present work
provides some general guidelines for this endeavor.
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D. Size effects

To our best knowledge, there is no reported value of the
surface energy or surface stress of any SCO material. In the
interim, we used molecular dynamics (MD) simulations, based
on a recently built force field, to calculate the surface energies
of the compound [Fe(pyrazine)][Ni(CN),] in the two spin
states.’>>* (see the ESI{ for more details of the MD calcu-
lation.) Through these calculations, the obtained surface ener-
gies in the LS and HS states are E5. = 49 mJ m~> and EIS =
21 mJ] m™>, respectively. It is interesting to note that these
numerical values are comparable with surface energies of
organic and polymeric materials, such as polytetrafluoroethyl-
ene, poly(methyl methacrylate) and poly(vinyl chloride), whose
reported values of y range between ca. 20 and 40 mJ m™> at

room temperature.”® Considering the link between surface

.. . oLs .
stress and elasticity, the ratio a = 5 is set to 1.43, to match
OHS

the reported ratio of the Young’s moduli of [Fe(pyrazine)][Ni
. Y

(CN),] in the LS and HS states (is

Yus

size reduction usually leads to a downshift of the equilibrium
temperature and the appearance of a residual HS fraction at
temperatures in the compound [Fe(pyrazine)|[Ni
(CN)4],**** the surface stress is assumed to be positive in the
present work. For most solids, the surface stress is generally of
the same order of magnitude as the surface energy,”’>° so
that the surface stress in the HS state is finally fixed arbitrarily
to oys = 100 mJ m™> for further calculations.

The calculated temperature dependence of the total HS frac-
tion is shown in Fig. 6 in the case of the thin-film model of
different thicknesses whereas results obtained with the spheri-
cal model are provided in the ESL{ On the whole, an increase
of the residual HS fraction as well as a downshift of the equili-
brium temperature are clearly observed with the size
reduction, which is in qualitative agreement with experimental

).39 Moreover, since the

low
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7.3 nm
15.2 nm
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—<&— Bulk

08F
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Fig. 6 Calculated temperature dependence of the total HS fraction
(heating mode) for different film thicknesses of the compound [Fe
(pyrazine)][Ni(CN),].
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observations on different SCO compounds.*®**° In particu-
lar, a gradual spin conversion with a transition temperature of
~266 K as well as a residual HS fraction of x = 0.4 at 200 K was
derived from the calculation for a 5-layer (~3.5 nm) thin film
(Fig. 6). This result can be compared with a recent experi-
mental study using variable-temperature Raman spectroscopy,
which revealed a gradual SCO curve centered at ~260 K
accompanied by a residual HS fraction of ~0.45 at 200 K for a
5-layer thick film of [Fe(pyrazine)][Ni(CN),].®® Such good agree-
ment between the results from our model and the experi-
mental observations is promising, but it is important to
remind that we lack extensive experimental data both on size-
reduction effects and on the surface thermodynamical para-
meters for [Fe(pyrazine)][Ni(CN),] and, in general, for any SCO
compounds. To validate the model and establish a real predic-
tive capability, dedicated experimental approaches will there-
fore need to be developed.

(a)

o
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Fig. 7 Computed equilibrium temperature of (a) [Fe(pyrazine)][Ni(CN),]
films as a function of the film thickness L', (b) [Fe(pyrazine)l[Ni(CN),]
particles as a function of the particle radius R. The inserts in (a) and (b)
show the reciprocal relationship.
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To conclude this study, Fig. 7(a) displays the computed
equilibrium temperature given by:

Teq — M7 (26)
2

as a function of the thickness of the [Fe(pyrazine)|[Ni(CN),]
films, where T1;, and T3y denote the transition temperatures in
the heating and cooling modes, respectively. Starting from the
equilibrium temperature of the bulk material (292 K), one can
clearly see that Teq first slightly decreases with size reduction
down to a film thickness of ca. 10-15 nm, while a more dra-
matic decrease occurs when L' < 10 nm. Such algebraic decay
of the equilibrium temperature with size reduction indicates
the emergence of more significant surface effects in relation to
the increased surface-to-volume ratio. To substantiate the
importance of this latter parameter, the blue curve in the
insert of Fig. 7(a) shows a linear fit of the equilibrium temp-
erature as a function of i, from which a clear reciprocal
relationship can be established between these two quantities:

1
tot
Teq(LO)OCF.

Moreover, Fig. 7(b) displays the computed equilibrium
temperature as a function of the radius of the [Fe(pyrazine)][Ni
(CN),] spherical particle. Similar to the thin-film case, T.q
shows algebraic decay as the size of the particle is reduced.
Meanwhile, the calculated equilibrium temperature of the
spherical particle also follows a clear reciprocal relationship
with respect to the radius (see the insert of Fig. 7(b)). It should
be noted that the 1 (% in the case of the spherical nanoparticle)
dependence of the equilibrium temperature with the thickness
(radius) is a common finding for various nanoscale materials,

(27)

which can be ubiquitously linked to the variation of the
r’r 1
=— in
DIz 12
the case of thin film). In particular, this relationship could be
also derived from different atomistic/thermodynamic studies
dealing with finite-size effects in SCO objects.'*'**

. . A
surface-to-volume ratio of the object (e.g. v

4. Conclusions

We developed a nano-thermodynamic core-shell model
describing the effects of surface energy and surface stress on
the SCO properties of thin films and spherical particles. The
study of the surface energy effect shows a decrease of the equi-
librium temperature as well as the occurrence of a residual HS
fraction at low temperatures, which agrees well with previous
experimental reports. A positive (resp. negative) surface stress
give rise to a residual HS (resp. LS) fraction at low (resp. high)
temperature, due to the pressure acting on the shell (surface
layer). Remarkably, both positive and negative values of
surface stress can lead to either an upshift or a downshift of
the equilibrium temperature, depending on their magnitude.
This behavior is the result of a competition between elastic
inter-molecular interactions between the core and the shell

This journal is © The Royal Society of Chemistry 2024
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and the build-up of internal pressure in the core induced by
the surface stress. Besides, such a competition could entail a
change of the cooperativity of the system with size reduction,
which may further lead to the emergence of multistep tran-
sitions and the re-opening of hysteresis loops at ultra-small
sizes. The present model reveals that the appearance of incom-
plete spin transitions and the shift of the transition tempera-
ture at the nano-scale may be attributed to the double contri-
bution of the surface energy (from an energetic point of view)
and the surface stress (from a mechanical point of view). With
these general conclusions in hand, we conducted a more
specific investigation of the size-reduction effects on nano-
metric films of the SCO compound [Fe(pyrazine)][Ni(CN),]. To
this aim, we first calculated the surface energies through MD
simulations and made a rough estimation of the surface stress
in the two spin states. At this stage, the latter quantity thus
appears as an adjustable parameter in our model. As such, the
good agreement between our computational results and the
experimental observations in the literature should not be over
interpreted. Nevertheless, the model is already able to grasp
the experimentally observed SCO behaviors at the nano-scale
and provides physical insights to their origin. The very impor-
tant point to be stressed is that, potentially, each input para-
meter of the present model is experimentally accessible. This
fact combined with the simple numerical procedure, provides
a powerful tool to analyze and even predict SCO behaviors of
different compounds at finite sizes.
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