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The Effect of the Surrounding Matrix on Spin Transition
Nanoparticles: How Shell Characteristics Alter Core Elastic
Properties in Core-Shell Particles

John M. Cain,” Wanhong He,® Mark W. Meisel,*® and Daniel R. Talham*®

A surrounding matrix is known to alter nanoparticle spin
transitions, the solid state structural phase changes associated
with transitions between high spin (HS) and low spin(LS) states.
To better quantify how the spin transition solid and surround-
ing matrix interact, several series of core-shell particles were
prepared based on Rb,Co[Fe(CN)],-nH,0, RbCoFe-PBA, as spin
transition core with isostructural shells of different compositions
and thicknesses. Synchrotron PXRD through the thermal high
HS to LS, the LS to photoexcited high spin (PXHS), and thermal
PXHS to LS transitions, show the activation energy is lowered as

Introduction

Spin transition solids, including spin crossover compounds,’?
are often explored for applications as sensors, photonic
switches, and information storage media,"*¥ stemming from
bistability switchable with external stimuli that include temper-
ature, light, pressure, and magnetic field, as well as by chemical
changes.®® Spin state changes in solid-state compounds can
alter magnetism, dielectric constant and color, but also
structure®'? when metal-ligand bond distances respond to the
switched electronic state, leading to further applications as
mechanical actuators.™ Mechanical actuation, as well as other
applications, require an interface with other materials and there
are  several studies of nanoscale or mesoscale
heterostructures"®'*'¥ combining the spin transition solids in a
polymer matrix®® or in thin films®"*? and core-shell particles
with another solid."*'®#! Experimental results, supported by
theoretical predictions, reveal that at small length scales a
surrounding matrix can have profound influence on the spin
transition properties.'*'*1925%1 Generally, the as-prepared spin
state, most often the high-spin (HS) state, is stabilized by the
interface or matrix lowering transition temperatures. However,
interfaces can also influence the mechanism and order of the
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shells become thicker and stiffer. Calorimetry data coupled with
transition state theory analysis indicate the core stiffens in the
core-shell particles relative to the uncoated particles. The
conclusion is supported by microstrain analysis that shows
stiffer shells limit the extent to which the core distorts as
individual sites transition, leading to the lower activation
energy. Finally, differences in lattice mismatch with different
shell materials are shown to alter the mechanism by which the
transition progresses.

phase change by altering the elastic properties of the spin
transition material.2%*"

The cobalt hexacyanoferrates, members of the cubic
Prussian blue analogue (PBA) family of network solids, are
among the more widely studied spin transition solids in
heterostructure architectures. Cubic PBAs have the general
formula M/A,[B(CN)e];-nH,O (abbreviated MAB-PBA or AB-PBA in
this article) where A and B can be divalent or trivalent transition
metals in ratios that depend on the relative charges of the
metal ions and the number of charge-balancing cyanometallate
vacancies or monovalent cations, M*, in the structure. The
cyanide bridged cobalt-iron pairs can exist as either Fe’"-CN-
Co** s or Fe*T-CN-Co’* 5, with the cobalt ion undergoing the
spin-state change when changing oxidation state.*>** The
transition between these charge states can be either thermally
or optically activated, with the thermal transition from HS to LS
occurring slightly below room temperature, while the light-
induced transition from the LS state to a metastable HS state
(photoexcited or PXHS state) is accessible below about 150 K,
depending on the composition.

Nanometer scale or mesoscale (hundreds of nm to microns)
particles can be readily prepared without surface modifiers®*?
enabling fabrication of core-shel®" 162324303740 ¢ = thin
film®2'%243 heterostructures with several isostructural PBAs. In
one of the more thoroughly studied architectures, the spin-
transition of a CoFe-PBA core changes the magnetization of a
magnetic shell through strain-induced changes to magnetic
anisotropy. Detailed structural studies have demonstrated the
interplay between the spin transition material and the structur-
ally coupled partner'>*+?*31404144 j|jystrating how significant
control over the elastic strain profile in spin-transition hetero-
structures can be exercised through deliberate design of the
heterostructure geometry.

© 2024 Wiley-VCH GmbH


http://orcid.org/0000-0001-7345-0983
http://orcid.org/0000-0002-5582-7473
http://orcid.org/0000-0003-4980-5427
http://orcid.org/0000-0003-1783-5285
https://doi.org/10.1002/ejic.202400446
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fejic.202400446&domain=pdf&date_stamp=2024-11-19

EurJIC

European Journal of Inorganic Chemistry

Research Article
doi.org/10.1002/ejic.202400446

Chemistry
Europe

European Chemical
Societies Publishing

While studying the strain-mediated photoinduced magnet-
ization switching in core shell particles, we observed the rate of
the photoinduced spin transition establishing the photoexcited
(PX) state in RbCoFe-PBA core increased by several orders of
magnitude when shell was grown on the surface of the
RbCoFe-PBA core, and increased further upon subsequent shell
addition.”*" The reverse process, thermal relaxation from the
PX high spin state back to the low-spin state, was also studied
and a dramatic decrease in the activation energy for the
relaxation process was measured upon surrounding the spin-
transition core with a shell. At the same time, the presence of a
shell restricts the change in core lattice constant, Aa, upon
transitioning between HS and LS states and we argued®” the
lower activation energies result from reduced elastic interaction
energy between transitioning sites, where, for example, a newly
formed LS site acts like a defect in the surrounding HS lattice.

However, we still lack a clear understanding of the shell
characteristics that influence the core elastic properties and
how the core spin transition is affected by changes to its elastic
properties. In the present study, we focus on this problem by
comparing RbCoFe-PBA core-shell particles with different shell
compositions, each across a series of shell thickness. The core-
shell particles are synthesized at room temperature where the
RbCoFe-PBA is in the HS state. CoCr-PBA (a=10.55A) and
KNiCr-PBA (a=10.45 A), both have larger cubic bulk lattice
constants than HS RbCoFe-PBA (a=10.30 A)."** |n contrast,
the bulk lattice parameter of KNiCo-PBA (a=10.10 A) is smaller
than the HS RbCoFe-PBAP” As the shell modulus should
change with shell type (usually scaling inversely with the lattice
parameter)?*?” and with shell thicknesses, the study allows us
to interrogate the effects of shell rigidity on the core lattice as
well as the influence of lattice mismatch at the core-shell

interface. Our results identify the reduced misfit volume of spin
transition nucleation sites, resulting from the shell-stiffened
lattice of the core, as the primary contribution to the rate
acceleration. However, differences in lattice mismatch between
core and shell, which affect the as-synthesized strain state of
the nanoparticle heterostructures, also contribute to mechanis-
tic differences.

Results

The formulas and dimensions of the Rb,Co[Fe(CN)4],-nH,O core
particles and the corresponding core-shell particles used in the
study are listed in Table 1. The particles were synthesized using
procedures established previously,*?*****%! based on method-
ology originally described by Catala et al.?*® The uniformity of
the size and shape of the particles is demonstrated with TEM
images, exemplified in Figure 1 for the 132 nm Rb,,,Co[Fe-
(CN)glg74-nH,O cores, sample 4, and the corresponding
Rby5,Co[Fe(CN)gly 74 NH,0@(K; ;6CO[Cr(CN)lo 73)1 .04 NH,O core-
shell sample 5, with a 19 nm shell. TEM characterization of all
samples is provided in Figure S-1. The chemical formulas in
Table 1 are based on ICP-AES analysis and show good
consistency both within and across batches.

Figure 2 illustrates the generalized thermal and light-
induced behavior as Rb,Co[Fe(CN)¢l,-nH,O undergoes its spin
transition, along with the strategy employed in this study to
interrogate how the shell alters the core spin transition. The HS
to LS transition was evaluated by following the thermal process,
upon cooling from room temperature, as well as by following
the isothermal relaxation of the metastable photoexcited HS
(PXHS) back to the LS state. For the thermal process, PXRD

Table 1. Sample composition and particle dimensions.

Sample Sample composition

Core size @ (nm) Shell thickness (nm)

—_

Rby36Co[Fe(CN)¢lo75+ 4H,0

5 1@(Ky,05C0LCr(CN)elo5)o70- 8H,0

3 1@(Ko.0:COICI(CN)glo )05+ 16H,0
4 Rby2,COlFe(CN)glo74-nH,0

5 4@(Ky15C0[Cr(CN)gly 7)1 04 NH,0

6 Rby 3,ColFe(CN)gloze-nH,0

7 6@(Kq 37COICr(CN)glo76)425 - NH,0
s Rbg ,5ColFe(CN)glo 76+ nH,0

9 8@(Kq2sNilCO(CN)glo )07 NH,O

10 8@(K,28Ni[CO(CN)glo7)2.42 NH,0

n Rbg15C0lFe(CN)gloz3- 3H,0

12 11@ (Ko 1oNilCH(CN)glo75)067 - 5.8H,0
13 11@(K4,13Ni[Cr(CN)glo 7)1 78+ 10H,0
14 11@(Ko,6sNI[Cr(CN)glo 60440 20H,0
15 Rby3sColFe(CN)gly,; - 4H,0

16 15@(Ko1Ni[Cr(CN)glo7)1.44- 11H,0
17 15@(Ky,0sNi[Cr(CN)glo 7)a01 - 23H,0

159+13 0
159+13 22
159+13 34
132+12 0
132412 19
151+£14 0
151+£14 47
147 +£13 0
147+13 22
147 +£13 57
122412 0
122412 15
122412 29
122412 52
170+12 0
170+£12 39
170+£12 79

[a] Uncertainty in core size corresponds to standard deviation in particle distribution.
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Figure 1. TEM micrographs of, (A) sample 4, uncoated 132 nm particles of Rb,,Co[Fe(CN)¢lo-4-nH,O and, (B) sample 5, core shell particles derived from sample
4 with a 19 nm shell of (K, ,0Co[Cr(CN)cly3)1.04 NH,0. Scale bars are 200 nm. Images from all samples studied are presented in Supporting Information.
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Figure 2. Rb,Co[Fe(CN)],-nH,O structure, left, and general scheme showing the thermal and light-induced spin-state switching processes, right. The blue line
is the HS to LS transition upon cooling from room temperature and the green line is the reverse process, showing thermal hysteresis. Light-induced LS to HS
switching at low temperature generates the PXHS state, the orange line, which thermally relaxes upon warming. The vertical lines indicate isothermal
relaxation, that when conducted at different temperatures allows determination of the PXHS to LS activation energy.

patterns were collected every 2 K between room temperature
and 100 K. The PXHS-to-LS relaxation was studied by first
establishing the PXHS state 100 K then warming to several
predetermined relaxation temperatures and monitoring the
isothermal relaxation, either with PXRD or magnetometry.?*#”!

As indicated in Figure 2, there is a significant reduction in
RbCoFe lattice constant when transitioning from HS to LS. As
was noted in earlier studies,*?**'*” the extent of core contraction
decreases upon addition of a shell and Figure 3 plots the
change in core lattice constant, Aa=a,s—a,, for the bare core
and for two members of each series studied here. As expected,
Aa of the core decreases as shells become thicker.

Our previous study of a RbCoFe@KNiCr-PBA series corre-
lated the extent of core contraction with the suppression of the
spin transition activation energy.”® Activation energies are
most easily acquired by monitoring the isothermal relaxation of
the photoexcited HS state.”® The PXHS-to-LS relaxation was
studied by first cooling samples to 100 K to establish the LS
state in the RbCoFe-PBA core and then irradiating with white
light for up to 3 h to achieve the PXHS state. Samples were
then quickly warmed to one of several predetermined temper-
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Figure 3. Changes in core lattice constant, Ag, during the spin transition of
RbCoFe particles as a function of shell thickness for different shell materials.
Lines connect samples with the same shell material.

atures between 100-145 K, and allowed to isothermally relax
back to the LS state (Figure 2). The HS fraction as a function of

© 2024 Wiley-VCH GmbH

85U801 SUOWWOD BAIERID 3(gedl|dde 8y Aq peusenob ae e YO 8SN Jo Sajni Joj Akeid1T8UIIUQ A3 UO (SUONIPUOD-PUR-SLLIBIWO A8 | 1M Afe.d jeulUo//SdNy) SUORIPUOD pue sWwie 1 84} 88S *[520z/c0/0] Uo Ariqiauliuo A8|im ‘AiseAlun S1eIS epLo | Ad 900120z 91/Z00T 0T/I0p/W00 A8 | Ate.d 1 ul|uoadoune-A1is IWsyo//:sdny wouj pspeojumod ‘Se ‘vzdz ‘9z890660T



EurJIC

European Journal of Inorganic Chemistry

Research Article

doi.org/10.1002/ejic.202400446

Chemistry

Europe

European Chemical
Societies Publishing

time was monitored using PXRD for the RbCoFe@KCoCr-PBA
and RbCoFe@KNiCr-PBA series, and with magnetometry for the
RbCoFe@KNiCo-PBA series as well as for the uncoated RbCoFe-
PBA cores. These latter two samples were not studied with
PXRD because the uncoated RbCoFe-PBA undergoes a discon-
tinuous transition which is difficult to fit reliably, while the core
and shell reflections of RbCoFe@KNiCo-PBA extensively overlap
when the core is in LS state. Figure4 provides data for
RbCoFe@KCoCr-PBA with 19 nm shell, 5, showing change in the
lattice constant of both core and shell at three different
temperatures. Isothermal relaxation data for the RbCoFe@K-
CoCr-PBA sample 7 and the RbCoFe@KNiCo-PBA samples 9 and
10 are included in Figures SI-2. Data for the RoCoFe@KNiCr-PBA
series is taken from reference 29.

The core-shell isotherms indicate exponential decay, and
the solid lines in Figures 4 and S2 are fits to an exponential
decay function,

y = Aexp(—x/1) + o , M

where A is the amplitude, y, is the baseline, and 7 is the time
constant for the decay (reciprocal of the rate constant k), which
monotonically decreases with increasing temperature for all
samples. Arrhenius plots, Figure S3, were constructed using
these time constants, and the resulting activation energies as a
function of shell thickness for each series are plotted Figure 5.
For each of the core-shell series, the deposition of a shell clearly
has an enormous impact on the activation energy associated
with the core PXHS to LS relaxation. The similarity of the
activation energies across shell thicknesses for KNiCr-PBA and
KNiCo-PBA shells, as well as the dissimilar response for CoCr-
PBA shells, are also noteworthy, and is discussed further, below.

Seemingly contradicting our earlier observation based on a
study of only the RbCoFe@KNiCr-PBA series,” the activation
energies across the three core-shell series (Figure 5) do not

40t % RbCoFe-PBA
* ® RbCoFe@KNiCr
B RbCoFe@KCoCr
= 30 A RbCoFe@KNiCo
S | i
E .
: |
:\ﬁ/ _
- 20} + | ]
w ° 1
10} * oh

0 20 40 60
Shell thickness (nm)

Figure 5. Activation energies from Arrhenius plots as a function of shell
thickness, obtained using PXRD for RoCoFe@KCoCr-PBA and RbCoFe@K-
CoCr-PBA samples, and magnetometry for uncoated RbCoFe-PBA and
RbCoFe@KNiCo-PBA samples.

simply correlate with the core Aa values (Figure 3), which were
assumed to reflect the stiffness of the shell. However, the
relative stiffness of the shell materials can be directly
determined by monitoring both the core and shell unit cell
parameters as the core contracts, which we analyzed by
monitoring the thermal HS to LS transition. The thermal CTCST
is particularly relevant to the study of the relaxation rate
because, while it occurs at a higher temperature than the
isothermal relaxation measurements, the atomic-scale mecha-
nism is the same.”**® Choosing examples of similar particle size
and shell thickness from each core-shell series, plots of g vs.
dore are shown in Figure 6. The slopes of these plots character-
ize the response of the shell to a given volume reduction in the
core and, therefore, reflect the relative compressibility of the
shells. The slopes, B, are proportional to the shell compressi-

10.18 ; ' ; . s
10.20- % 115K 1 L = 120K 2 125K
[ 1004,
.
1014 % = .
1015 = 5 =3000 = | =
< T=62005s o 5 £S5 s o ' L1500
g g ! 8 E
8 S %, S 10.10 L 1
S 1010 10.10- k
e
10.05¢ : 10.06__ i . . 10.06l s . :
0.0 2.0 40 6.0 80 0.0 1.0 2.0 3.0 0.0 1.0 20
Time (h) Time (h) Time (h)
10.47F 115K . 120K . 125K
Y 10445 % 10472 ., |
_ LY . N s
g 10.46 T=8800s < . T=3600s << F e, TS000s
3 : 5 10.440¢ - 1 = *
k= o o o) < F
<'10.45¢ * S ot & 10.468 L MT T
Soghe - . o
e’ hd e e ., ,
e Vet L “e & o
10.44F 10.435¢ Y e . e
4
. . L . . L \ L 10.4641 L L \ L
00 20 40 60 80 0.0 1.0 2.0 3.0 0.0 1.0 2.0
Time (h) Time (h) Time (h)

Figure 4. Plots of the normalized RbCoFe-PBA and KCoCr-PBA lattice constant during isothermal relaxation from the PXHS state for 5, the RoCoFe@KCoCr-PBA
sample with 19 nm shell. Top row: RbCoFe-PBA core. Bottom row: KCoCr-PBA shell. Fits to Equation (1) are shown using a solid line, and the resulting time
constant are provided in each plot.
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< " " Rb,Co[Fe(CN)4],-nH,O spin transition of the core, then it is the
‘% 10.40 ¥ B=0.3 = force coming from the gradient of the elastic energy stored in
t:ﬁ the shell that keeps the core from fully contracting, and AHcsr
10.20 F 8=04 for the heterostructure should be much less than for the bare
« RbCoFe@KNICr, 15-nm . n® cores since part of the energy from the exothermic HS-to-LS
10.15- RbCoFe@KNiCo,, P ' - transition is used to do work on the shell instead of being
= RbCoFe@KCoCr, 19-nm released as heat. The thermodynamic data in Figure 7 showing
10.10 e L the decrease in AHqcsr for the core-shell samples supports this
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Figure 6. Lattice parameter of the shell plotted vs. the lattice parameter of
the RbCoFe-PBA core while the core undergoes the thermal spin transition.
The slope of the fit to the linear region, B, characterizes the response of the
shell to a given volume reduction in the core.

bility and were determined from the linear portions of each
plot, where a greater value of  corresponds to a softer shell.
Figure 6 shows the relative stiffness of the shells is in the order
KCoCr-PBA > KNiCr-PBA > KNiCo-PBA. Referring back to
Figure 3, we see that the stiffest shell, KCoCr-PBA, does indeed
produce the smallest values of Aa in the core, while the softest
shell, KNiCo-PBA, allows the core to contract to the greatest

extent.

Differential scanning calorimetry (DSC) was used to measure
the thermodynamic potentials corresponding to the thermal
CTCST for samples with different shell thickness from the
RbCoFe@KCoCr-PBA and RbCoFe@KNiCr-PBA series and AHcrcsr
and ASqcsr are plotted vs. shell thickness in Figure 7. The
magnitude of both the enthalpy and the entropy of the phase
transition are suppressed in the presence of a shell to a similar
extent for both series. Notably, the differences between the
kinetics of the RbCoFe@KCoCr-PBA and the RbCoFe@KNiCr-PBA
series in Figure 5 are not reflected in the calorimetry results,
which appear very similar across the range of shell thickness.

AHcregr (ki/mol)
[ [ )
o «x o

w

A

" M RbCoFe-PBA

B RbCoFe@KCoCr-PBA
W RbCoFe@KNiCr-PBA

0 20 40 60 80
Shell thickness (hnm)

understanding.

Classically, the fact that the RbCoFe-PBA core is contracting
against a “negative pressure” from the shell suggests the LS
state of the core should be stiffer in the core-shell hetero-
structure than in the bare cores. A simplified model can be
developed representing the core and shell as “springs,” each
one with a spring constant, w; In a core-shell heterostructure,
the springs for core and shell will be connected in series, such
that the equivalent spring constant against which the HS or
PXHS state of RbCoFe-PBA must contract in order to transition
to the LS state is given by

1/Weq = 1/Wcore + 1/W5hell . (2)

This relationship is illustrated in Figure 8 as a function of
When/ Weore Starting from large values of wy,.,/w.,., the thick-shell
scenario, the stiffness of the shell is equal to its bulk value. As
we observed previously,?""" decreasing the thickness of the
shell reduces the stiffness of the shell, moving along the plot to
lower values of wg,.,/W.,. As the shell softens, the equivalent
spring constant that the spin centers in the RbCoFe-PBA must
contract against in order to relax weakens. That is, the core
lattice also softens. The bare-core is represented somewhere on
the left-hand side of the plot, but does not go to zero, since
there is always some resistance to contraction, even if only from
the RbCoFe-PBA lattice itself. This very simple model also helps
explain why, if the core is being stiffened, it would be less

60 | B RbCoFe-PBA
= B RbCoFe@KCoCr-PBA
£ 40t .
= M RbCoFe@KNiCr-PBA
vy
3]
£ 20t . .
vy
< B " — S
oL , ‘ \ .

Shell thickness (nm)

Figure 7. Phase transition thermodynamic potentials for Samples 1, 2, 3, 15 and 16. The magnitude of both the enthalpy (A) and the entropy (B) of the phase
transition are suppressed in the presence of a shell in both the RoCoFe@KCoCr-PBA series and the RoCoFe@KNiCr-PBA series.
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Figure 8. Scheme representing the core and shell as springs illustrating how
the equivalent spring constant, w,,, changes as the spring constant of the
shell (wy,,;) increases in strength (i.e., the shell becomes stiffer).

pliable with a thicker shell than with a thin shell, leading to
smaller Aa for the core in the thick-shell samples. Further, the
elastic energy in the spring model above is partitioned
according to the following formula:

E core Wiheir ( 3)
E shell Weore

In general, the elastic energy resulting from the contraction
of the core in a thin-shell sample is primarily stored in the form
of strain in the shell, but for thicker shells the elastic energy is
distributed more evenly between the core and shell.

Eyring Plots

While we were already able to extract the activation energies
from the rate data constants using the Arrhenius plots above,
transition state theory provides a framework to extract more
useful information from the trends in k with temperature. In
transition state theory the reactants and transition state are
assumed to be in pre-equilibrium, and statistical mechanics is
used to calculate the population of each state. The following
derivation follows Anslyn and Dougherty.*® The assumption of

T ¥ T * T ¥ T

40 W RbCoFe-PBA

= B RbCoFe@KCoCr-PBA
W RbCoFe@KNiCr-PBA
W RbCoFe@KNiCo-PBA |

w
o
T

AH* (kJ/mol)
N
o

10F A % "

0 20 40 60
Shell thickness (nm)

pre-equilibrium allows the rate constant for the reaction to be
represented as

k=KK, @

where k’ is the rate constant for the formation of products
from the transition state, and K is the equilibrium constant for
the pre-equilibrium. Since the formation of products from the
transition state is associated with a specific vibrational mode, k’
can be replaced with the frequency of the mode, v, times a
transmission coefficient (k) describing the efficiency of product
formation.

Because it is not a true equilibrium, K must also be modified
to account for the lifetime of the transition state:

kgT\

where k; is Boltzmann'’s constant and h is Planck’s constant.
*
This new equilibrium constant K can be represented as
exp(—AG* /RT), allowing Equations (4 and 5) to be recast:

k= (K%T)exp(—AG*/RT) . (6)

As in the case with the Arrhenius equation, this equation is
most useful to us in its linearized format, expanded into AH*
and AS™ terms:

(Kb _ _AH AS
"k,T) = " RT TR @)

Eyring plots were constructed for each of the samples in
Figure 5, to extract the the enthalpy (AH) and entropy (AS™)
of the transition state, and the results are plotted vs. shell
thickness in Figure 9. The AH™ values follow the same trend as
the E, values (Figure 5) as expected, since they can be shown to
differ only by the addition of RT. However, the AS™ trend gives
more information. The trend in AS™ is clearly similar to the
trend in AHT, but the reason is not immediately apparent. For
example, if the decrease in AH™ is due to the center of the

T T T T
B RbCoFe-PBA
or * B RbCoFe@KCoCr-PBA -
B RbCoFe@KNiCr-PBA
B RbCoFe@KNiCo-PBA
S-100 1
E []
S~
2 u'P
% -200 T 7
_300 1 o 1 N 1 . 1

Shell thickness (nm)

Figure 9. Transition state enthalpy (A) and entropy (B) as a function of shell thickness for samples from Figure 5.
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electronic wells describing the HS and LS states moving closer
together along the internuclear axis, a smaller activation
volume (V,) closer to the center of the HS well would be
expected. Because the relaxations are isothermal, a simple
relationship results:

V,
AST = kil
e (VHS) ®)

In place of In< ) we can substitute In<a“) from the PXRD
refinements to represent the shift of the electronic wells. A plot
of AS™ values from Figure 9 vs. In(;’%) (Figure S4) shows the

opposite trend from what would be expected by this argument
that the differences in AS™ depend only on changes to the
alignment of the electronic energy wells. On the other hand the
stiffening of the core lattice with increasing shell thickness,
predicted using the equivalent spring constant model, provides
an alternative explanation for the decrease in AS*. If the HS
center is contracting against a stiffer lattice, the number of
thermally-accessible vibronic pathways to complete the tran-
sition will be decreased, leading directly to a reduction in AS*.
Coupled with the calorimetry data, the transition state theory
analysis provides support for a stiffened core in the core-shell
particles relative to the uncoated particles.

Correlating a Stiffer Core Lattice with Lower E,,

To understand how the stiffened lattice lowers the HS to LS
transition barrier, PXRD linewidth analysis was performed on
data collected for each sample as it underwent its thermal HS
to LS transition. During the early part of the transition from the
HS to LS state, for example, the LS centers can be treated as
defects in the lattice, with volume too small for the site they
occupy.”®>" Neglecting image effects, this defect will produce a
distribution of distortions in the surrounding lattice propor-
tional to the volume misfit, with the magnitude decreasing as
the inverse square of the distance from the defect.”® These
distortions change the average distance between scatterers in

|
|
no shell / |

80000

400901 59 hm shell f ‘./
\_? |

=

e
PR a8 FH "
— I_D_Lmﬂj-;:j:r e

S0 (10° Ad/d)

Moo

[\ 15nmshell ]

160 180 200 220 240 260 280 300

T (K)

PXRD, referred to as microstrain, and contribute to diffraction
peak broadening.®? Finite crystallite size also broadens PXRD
peaks, and Williamson-Hall plots® were used in an earlier study
of RbCoFe@KNiCr-PBA to deconvolute the two contributions,
finding the microstrain was anisotropic, with the hk/ reflections
exhibiting much greater microstrain than the h00 reflections."”
A more robust method for determining the anisotropic micro-
strain is to incorporate it into the refinement process, especially
since strain broadening tends to be Lorentzian,* blending very
gradually into the background. A method for refining the
anisotropic microstrain using the fewest parameters appropriate
for the crystal system was described by Stephens and
incorporated into GSAS-IL®* For cubic systems, there are only
two parameters describing the generalized microstrain, S,,, and
Sy20- The Sy term is the only contribution to the microstrain of
the h0o reflections, whereas both S, and S,,, contribute to hk/
reflections. Figure 10 shows S,,, and S,,, for the RbCoFe-PBA
reflections in the bare cores and the first two samples in the
RbCoFe@KNiCr-PBA series. As the sample is cooled from 300 K,
there is a large spike in the microstrain representing the
thermal CTCST of the core. This spike is clearly most
pronounced in the bare cores, then is suppressed in the 15-nm
shell RbCoFe@KNiCr-PBA sample and suppressed even further
in the 29-nm shell RoCoFe@KNiCr-PBA sample. This suppression
represents a reduction in the distribution of elastic distortions
resulting from the introduction of LS defects into the HS
lattice,”? a result of the stiffened RbCoFe-PBA core lattice. In
the uncoated particles, the lattice can “collapse” around the LS
defect, leading to a large magnitude, long-range distortion. In
the core-shell samples, however, the stiffness imparted by the
shell prevents this collapse, leading to a much smaller distortion
around the LS defect. The magnitude of the distortions still
drops off as ~ 1/r* however, so the total distortion of the lattice
during the transition is reduced in the core-shell heterostruc-
tures, which is reflected in the microstrain plots of Figure 10.
Microstrain analysis of the RbCoFe@KCoCr-PBA series is
summarized in Figure 11. From the low values of Aa in the core
(Figure 3), we would expect the microstrain peak should be the
most suppressed in this series, as is observed. The fact that the
activation energy for the RbCoFe@KCoCr-PBA series in Figure 5
changes very little with increased shell thickness is also justified

T T T T T T T
L / B ]
“
120000 no shell w 1
I
5, - Il 1
2 ‘
80000 [ \ 1
3 w , 15 nm shell
S [ 29 nm shell 1
= 40000} } .
E |em R A o d—u 1
%) s
e {El‘lj:trﬁ.'u'lTrEn
L L L 1 1 1 1 1

160 180 200 220 240

T(K)

260 280 300

Figure 10. (A) S, and (B) S,,, for the RbCoFe-PBA reflections in the bare cores and the first two core-shell samples from the RbCoFe@KNiCr-PBA series. The
spike in each plot for the uncoated cores (Sample 11) when undergoing the thermal CTCST is reduced in the 15-nm shell sample (Sample 12), and attenuated

even further in the thicker shell 29-nm shell sample (Sample 13).
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Figure 11. Left: S,, and Right: S,,, for the RbCoFe-PBA reflections in the RoCoFe@KCoCr-PBA series. The spike seen in Figure 10 for the uncoated particles is
barely visible in Sample 5 (19 nm shell), and not resolvable in the thicker shell, Sample 7 (47 nm). In contrast to Figure 10, the similarity of the plots indicates

there is very little increase in core strain with the added shell volume.

by the microstrain plots, since S, and S,,, plateau at the same
value for both KCoCr-PBA shell thicknesses, in contrast to the
RbCoFe@KNiCr-PBA series, Figure 10, where the plateau at low
temperature increases with shell thickness. The similar behavior
of two shell thicknesses when measuring Aa,,., the magnitude
of LS strain, and the PXHS to LS activation energy is consistent
with previous work on RbCoFe@KCoCr-PBA particles that
identified the strain depth in the KCoCr-PBA shell as 21 nm for a
similar dimension core, meaning both samples are at or above
the strain depth."™

Role of Core-Shell Lattice Misfit

Nevertheless, the defect volume misfit argument does not
explain why the activation energy for the PXHS to LS relaxation
is higher in the RoCoFe@KCoCr-PBA series relative to RbCoFe@-
KNiCr-PBA and RbCoFe@KNiCo-PBA. Therefore, there must be
another factor which influences the relaxation rate, so we next
assess the influence of the core-shell lattice misfit. The micro-
strain plots for the shell reflections during the thermal CTCST
are compared in Figure 12 for members of each of the three
core-shell series (for the RbCoFe@KNiCo-PBA series, the analysis

T
-
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.. | B | < m
-
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g 8000 F \ 4 .
m KNiCr-PBA shell .i.
6000 | . g
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was limited to the temperature region where the core and shell
peaks in the PXRD are well-resolved from one another). It is
important to note when looking at these plots that the
microstrain is normalized by the volume of shell material, which
differs between each sample, so the magnitudes are not directly
comparable. The most striking aspect of these plots, though, is
the relaxation of the microstrain in the shell upon initial cooling
for the series with negative lattice mismatch RbCoFe@KNiCo-
PBA, while the two series with positive lattice mismatch,
RbCoFe@KCoCr-PBA and RbCoFe@KNiCr-PBA, show an increase
in microstrain upon cooling. Clearly each of the heterostruc-
tures is in a state of strain in the as-synthesized state due to
lattice mismatch between the core and shell, and this state is
expected to be present in the PX state of the RbCoFe-PBA core-
shell heterostructures as well.

To show that this lattice mismatch strain has an influence
on the RbCoFe-PBA core in the HS state, we return to Figures 10
and 11. There, we noted that S,,, and S,,, showed the same
behavior with decreasing temperature. However, this similarity
does not imply isotropy, because these two terms are not
weighted equally in their contribution to the reflection line-
width. Figure 13 displays a series of 3D-plots showing the total
microstrain at 300 K calculated from S,,, and S,,, for the

{ N R S S SR N (TN S RN TR S S N P

350000 |em—s .
- M KNiCr-PBA shell
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Figure 12. (A) S,00 and (B) S,,, for the shell reflections in Samples 7, 9, and 13. The difference in magnitude reflects, in large part, the different shell volumes in
each sample. While the shells with lattice parameter a larger than the HS RbCoFe-PBA core become more strained upon initial cooling, the strain is relieved in
the KNiCo-PBA shell, which has a lattice parameter smaller than the HS RbCoFe-PBA.
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Figure 13. 3D plots showing the total microstrain in the RbCoFe-PBA core, presented as a function of reciprocal space scattering vector for (A) the as
synthesized RbCoFe-PBA (Sample 11), and for core-shell samples (B) RbCoFe@KNiCo-PBA (Sample 10), (C) RoCoFe@KNiCr-PBA (Sample 13), and (D)
RbCoFe@KCoCr-PBA (Sample 7). The anisotropy is accentuated in the RbCoFe@KNiCo system relative to the bare core, but the microstrain is more isotropic in
the RbCoFe@KNiCr-PBA and RbCoFe@KCoCr-PBA samples. A sphere would represent isotropic strain.

RbCoFe-PBA reflections in uncoated RbCoFe-PBA, and for the
core in RbCoFe@KNiCr-PBA, RbCoFe@KCoCr-PBA and RbCoFe@-
KNiCo-PBA as a function of crystallographic direction. As
required, these plots each show cubic symmetry. However,
while the total RbCoFe-PBA microstrain in RbCoFe@KNiCr-PBA
and RbCoFe@KCoCr-PBA is less anisotropic than in the un-
coated RbCoFe-PBA, the total microstrain in RbCoFe@KNiCo-
PBA is more anisotropic than in the bare cores. This result
shows that the lattice mismatch pressure first identified in the
shell microstrain plots, Figure 12, has a measureable effect on
the strain state of the RbCoFe-PBA core at 300 K.

Generally the activation energy for nucleation of a LS center
in a HS lattice is much smaller on a corner or near the edge of
the lattice than in the center of the lattice,*® because the
surface of the lattice is able to freely contract to accommodate
the defect, whereas the lattice must absorb the entirety of the
elastic energy associated with the defect in the center of the
lattice. With a shell deposited on the surface of the spin-
transition lattice, though, we have changed the ability of the
lattice edges to accommodate defect strain. Considering the
conversion of a single spin center to LS in a PXHS lattice, the
contraction is working 1) against the void pressure and against
a small lattice mismatch pressure in the RbCoFe@KNiCr-PBA
samples, 2) against the void pressure and against a large lattice
mismatch pressure in the RbCoFe@KCoCr-PBA samples, and 3)
against the void pressure and with the lattice mismatch
pressure in the RbCoFe@KNiCo-PBA samples. This combination

Eur. J. Inorg. Chem. 2024, 27, €202400446 (9 of 11)

of forces explains why, despite exhibiting the smallest core Aa
value of any of the series, the RbCoFe@KCoCr-PBA series has
the highest activation energy barrier to relaxation.

The influence of the lattice mismatch pressure can also be
seen when comparing the relaxation rates of the core lattice to
that of the shell lattice in the core-shell particles. The lattice
mismatch pressure is expected to have its greatest influence on
the relaxation of the RbCoFe-PBA spin centers near the inter-
face. Due to the 1/r* scaling behavior of the distortion
produced by a LS defect in a PXHS lattice, the lattice constant
of the shell is more sensitive to the relaxation of the spin
centers near the interface than those in the bulk of the core.
Additionally, the change in RbCoFe-PBA lattice volume as
determined via the RbCoFe-PBA PXRD reflections is more
sensitive to defects in the bulk of the core than those near the
interface.® By fitting the relaxation rates of both the core and
shell, we can compare the interfacial relaxation rate to the bulk
relaxation rate, and these comparisons are shown in Figure S5.
For the RbCoFe@KNiCr-PBA samples, the core and shell
relaxation time constants are quite similar. On the other hand,
there is consistently a larger difference between the time
constants for core and shell in the RoCoFe@KCoCr-PBA samples,
with the shell relaxing more slowly relative to the core,
indicating the HS to LS transition initiates within the core
lattice, away from the interface. The situation is reversed for the
RbCoFe@KNiCo-PBA sample, reacting to the lattice mismatch
that favors the lower volume LS state of the core. The different
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behavior across the three core-shell series shows the influence
of both the shell stiffness and the lattice mismatch pressure on
the activation energy for the PXHS relaxation.

Comparison with Uncoated Particles

Slimani et al.®*® found in their MC study of the effect of long-
range interactions in a relaxing spin-transition crystal that the
long-range interactions between LS defects were key to getting
the correct spatiotemporal evolution of the lattice, and in turn
the correct relative activation energies for the relaxation. The
interaction energy between two defects in a continuous
medium with cubic symmetry follows Equation (9):

15d o

V77 (9)

B = = 8ry2" P

where AV is the volume misfit of each defect, r is the
distance between them, y is the Eshelby constant, and d and I”
are defined according to Equations (10 and 11):

d = ¢y —Cy— 2y, (10)

3
I'=F4+m‘+n*— z (11)

where ¢; are the elastic stiffness constants and (,m,n) are

the directional cosines of r” If we treat the medium as
isotropic, the interaction energy between defects can be
represented as E;,, = prAV, where p; is the pressure due to one
defect evaluated at the position of the other and AV is the
volume misfit of the defect."” Additionally, if the effects of the
surface are negligible, the interaction energy can be approxi-
mated by E,, = KAV?, where K is the bulk modulus. We can
now understand why Slimani et al.”*® in their study of the bare
cores found that the activation energy was decreased in a
softened lattice due to the reduction in E,, resulting from a
lower value for K. The value for AV remained relatively constant
due to the ability of the free surface to accommodate the
change in volume without a significant energy cost. In the
presence of a shell, however, we no longer have this free
surface and, as a result, the magnitude of AV is dramatically
reduced due to the resistance from the shell. So while our
system shows an increase in the stiffness with the addition of a
shell, which Slimani®® correlated with an increased activation
energy barrier, we observe a suppression of the activation
energy barrier because of the quadratic dependence on AV in
Equation (9). Finally, the directional dependence of Equation (9)
also helps explain observations of the reemergence of a
discontinuous relaxation in Sample 10, where anisotropic
stiffening of the lattice (Figure 13) can result in the interaction
between defects becoming attractive.™
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Conclusions

The addition of a shell to spin-transition nanoparticles dramat-
ically alters the spin transition behavior, changing the mecha-
nism of the solid-solid phase change from a discontinuous to a
continuous transition and lowering the activation energy
leading to faster kinetics. The present study attributes changes
to the CTCST of RbCoFe-PBA particles to the influence of the
shell on the core lattice elastic properties and correlates
different shell characteristics with changes to the elastic core
and the altered spin-transition. The activation energy for the
relaxation of the PXHS state of RbCoFe-PBA to the LS state was
found to depend on the shell thickness and the shell type in
core-shell heterostructures. Evidence suggests that the LS state
of the RbCoFe-PBA core is stiffened by the addition of a shell,
and it is the elastic resistance from this shell that reduces the
magnitude of the core’s contraction during the thermal CTCST
from the HS to LS state. The reduction in volume misfit for
relaxing spin centers in the core-shell particles reduces the
distortion of the lattice during the transition and decreases the
interaction energy between LS defects in the lattice, which had
earlier been shown in MC simulations to lower the activation
energy for the relaxation. However, due to the lattice mismatch
between the core and shell, the heterostructures are strained in
the as-synthesized room-temperature state, and this lattice
mismatch introduces a second, anisotropic pressure which
contributes to the activation energy for relaxation through
modifications to the image field, demonstrated through meas-
urements of the relative relaxation rates of core and shell lattice
reflections.
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