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Abstract

A series of core-shell heterostructures consisting of the spin transition Prussian
blue analogue Rb,Cop[Fe(CN)s].-mH20 (RbCoFe-PBA) as core with different shell
thicknesses of KjNik[ Co(CN)g]i'nH20 (KNiCo-PBA) has been prepared and studied as
the cores undergo both thermal and light-induced phase changes. Synchrotron powder
diffraction and SQUID magnetometry indicate the intersite cooperativity of the charge
transfer coupled spin transition (CTCST) in the RbCoFe-PBA core decreases while the
extent of lattice contraction is reduced relative to the uncoated particles. Isothermal
relaxation measurements from the photo-induced high-spin (HS) state to the low-spin
(LS) ground state of the RbCoFe-PBA core show that the energy barrier of the HS to LS
transition dramatically decreases when adding the KNiCo-PBA shells, becoming smaller
when the shell is thicker. The RbCoFe-PBA@KNiCo-PBA series is unique because the
lattice parameter of KNiCo-PBA grown on the high-spin RbCoFe-PBA core particle is
expanded relative to its equilibrium lattice parameter. As a result, the lattice mismatch is
relieved during the spin transition. Analysis of the structural microstrain in both core and
shell during the CTCST process reveals the different mechanisms by which the
heterostructure accommodates the strain.
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Introduction

Bistability in advanced materials, whether organic or inorganic, molecular or solid-state,
is crucial to many applications, and is no more elegantly demonstrated than in the work
of Rovira and Veciana.!”* Spin transition solids, including spin crossover compounds* >
exhibit bistability switchable with external stimuli including temperature,® light,’
pressure,® and magnetic field,” as well as by chemical changes,!® and attract interest for
potential applications in areas of sensors, photonic switches, and information storage.* '!:
12 Spin transition solids are often based on transition metal ions, meaning spin state
changes can be accompanied by alterations of magnetism, dielectric constant and color,
in addition to changes in structure.!*>'® The structural changes, a consequence of altering
metal-ligand bond distances as the metal ion’s electronic structure is switched, lead to
further applications as mechanical actuators.> !’

Increasingly, spin transition materials are studied at the nanoscale and mesoscale, as
well as in architectures placing the spin transition solids at interfaces with other
materials,'* 182 for example when included in a polymer matrix®* or combined with

25,26

another solid in a thin film* ¢ or particle heterostructure!®2%2’-3°, Experimental results,

backed up by theoretical predictions, reveal that at small length scales a surrounding
matrix can have profound influence on spin transition properties.'* 8 23:31-33 The
interface or matrix stabilizes the as-prepared spin state, most often the high-spin (HS)
state, causing transition temperatures to move to lower temperature, but can also
influence the mechanism and order of the phase change by altering the elastic properties
of the spin transition material. To experimentally probe matrix effects, it is helpful to use
a platform that allows systematic changes while controlling the nature of coupling at the
interface. Drastic differences in interface coupling can mask the influence of other
factors, such as the matrix elastic properties. The spin transition in cubic
cobalthexacyanoferrate Prussian blue analogues (PBAs) have been useful in this respect
because of the large family of isostructural PBAs that can form particle and thin film
heterostructures with consistent interfaces.

For many CoFe-PBA’s the cyanide bridged cobalt-iron pairs can exist as either Fe?'-
34-37

CN-Co’"(1s) or Fe*"-CN-Co** s with the cobalt ion undergoing a spin-state change.

The transition between these charge states can be either thermally or optically activated,



with the thermal transition occurring slightly below room temperature and the light-
induced LS to metastable HS transition accessible below about 150 K, depending on the
composition.>>37 Since its discovery, the combined electron transfer/spin transition
process has been commonly referred to as a charge transfer induced spin transition
(CTIST). However, a recent study of the light-induced transition in nanocrystals of
Cs0.7Co(Fe(CN)s)o.o demonstrates the Co-ion spin crossover precedes the charge transfer,
which occurs on the hundreds of fs timescale.® Although it is uncertain whether the
mechanism is the same for the thermal process, or indeed for all CoFe-PBA compositions,
the acronym CTIST is potentially incorrect and misleading. Therefore, in this article we
will use the acronym CTCST for charge transfer coupled spin transition. However, it is
important to recognize it is the same process referred to in other literature as CTIST.

The CTCST of the CoFe-PBA core in core-shell particles has been shown to alter the
properties, notably magnetization, of shell materials. Light-induced changes are seen for
NiCr-PBA, CoCr-PBA and CrCr-PBA when grown as shells, with persistent
photomagnetism up to 125 K for the CrCr-PBA shell, ultimately limited by the thermal
relaxation of the spin transition core.!®2% % In these examples, the volume change of the
CoFe-PBA (AV/V ~ 10%) induces a magnetomechanical response in the shell
components through elastic coupling across the heterostructure interfaces. Structural
studies show the distortion of the shell as well as the changes in microstrain in both core
and shell as the CoFe-PBA core undergoes the thermal or optical spin transition.!®- 283
At the same time, the core-shell architecture allows changes to the spin transition core to
be quantified through varying shell thickness. An important finding was that a KNiCr-
PBA shell changes the kinetics of the core spin transition.*’ Isothermal relaxation
measurements of the decay of the light-induced HS state revealed a dramatically reduced
activation energy in core-shell particles relative to the uncoated CoFe-PBA particles, and
the activation energy decreased as the shell became thicker. The shell restricts the ability
of the HS core to contract, reducing the HS to LS volume change of the core, thereby
decreasing the elastic intersite interactions that contribute to the activation barrier.*’

In these earlier examples of core-shell particles based on HS CoFe-PBA, the lattice
constants of the PBA shell materials have all been well-matched to, or slightly larger than,

that of the core lattice. In each of these cases, as the core undergoes the HS to LS



transition, it induces strain in the shell. The present study looks at a different core-shell
combination, with shells of KNiCo-PBA whose equilibrium unit cell constant of 10.14 A
is intermediate between those of the RbCoFe-PBA core in the HS and LS states. When
compared to the RbCoFe-PBA@KNIiCr-PBA series studied earlier, the influence of the
core-shell lattice matching on the core spin transition can be assessed. Furthermore, as
there is clear interplay between core and shell during the phase change, the influence of

the smaller shell lattice constant on the distortion of the shell can also be evaluated.

Experimental Section

Materials
All chemical reagents were purchased from Sigma-Aldrich and used without further
purification. Deionized water was obtained from a Barnstead NANOpure filtration

system.

Synthesis
All PBA particles were synthesized and isolated under ambient laboratory conditions.

The procedure for coating RbCoFe-PBA particles with KNiCo-PBA shells is modified
from the method reported by Risset et al.!” Instead of using a portion of a thinner shell
sample as the starting particles for the next stage of shell growth in a separate synthesis,
samples with different shell thickness were isolated from a single reaction by separating a
portion of the particle suspension at different stages during of the addition of the shell
precursors. This method allows similar core and interface compositions in all core-shell
particles, even as shell thickness changes.

RbCoFe@KNiCo core-shells

RbCoFe-PBA. In a typical experiment, 200 mL of an aqueous solution containing
CoCl2-6H>0 (99.8 mg; 0.42 mmol) and RbC1 (96.1 mg; 0.79 mmol) was added dropwise
(4 mL/min) to an equal volume of an aqueous solution containing K3[Fe(CN)g](158.6
mg; 0.48 mmol). After combining the solutions, the reaction matured for 4 h under
vigorous stirring. Particles were then centrifuged at 10000 rpm for 10 min and
subsequently washed with 450 mL of water. A fraction of the sample (8 mg) was used for
characterization, and the rest (103 mg) was redispersed in 400 mL of water for

subsequent shell addition. Rbo.2sCo[Fe(CN)s]0.7s-mH>0. Particle size 151 (SD 12) nm.



Purple powder. IR: 2160 cm™' (vVCN, Cous)-NC-Fe'); 2113 cm™! (vVCN, Cos)'-NC-
Fe"); 2094 cm™ (VCN, Co"-NC-Fe™). ICP: 1: 0.76 (Co: Fe).

RbCoFe@KNiCo-7 nm. A 70 mL aqueous solution containing NiCl,-6H>O (119.8 mg;
0.504 mmol) and another 70 mL solution of K3[Co(CN)e](124.4 mg; 0.336 mmol) were
simultaneously added (8 mL/h using a peristaltic pump) to the core suspension under
vigorous stirring. After 3 h 45 min since the first drop of shell precursors is added, 150
mL of the suspension is withdrawn and added to another container while continuing the
addition of precursors to the original reaction. The withdrawn fraction is then stirred for
an additional 14 h 15 min before isolating by centrifugation at 10000 rpm for 10 min and
subsequently washing with 240 mL of water. The product was isolated and air-dried. The
mass of the product is 15 mg.

Rbo.2sCo[Fe(CN)s]0.76@ {Ko.01Ni[Co(CN)s]0.67}0.34nH>0. Particle size 166 (SD 15) nm.
Shell thickness 7 nm. Purple powder. IR: 2161 cm™! (vVCN, Cogs)-NC-Fe''); 2113 cm™!
(VCN, Cocs)™-NC-Fe'!); 2097 cm ™! (vCN, Co''-NC-Fe'); 2182 cm™! ( vCN, Ni''= NC—
Co'™. ICP: 0.94: 0.57: 0.26 (Co: Fe: Ni).

RbCoFe@KNiCo-20 nm. From the original reaction, a further 170 mL was withdrawn
after 6 h 15 min of shell precursor addition and transferred to a separate flask and stirred
for 11 h 45 min. The particles were isolated by centrifugation at 10000 rpm for 10 min
and subsequently washed with 240 mL of water. The product was isolated and air-dried.
The mass of the product was 27 mg.

Rbo.2sCo[Fe(CN)s] 0.76@{K0.04Ni[Co(CN)s] 0.68}0.66nH>O. Particle size 191 (SD 13) nm.
Shell thickness 20 nm. Pinkish purple powder. IR: 2162 cm™! (vCN, Cogus)'-NC-Fe'!");
2114 cm™' (VCN, Cos)™-NC-Fe'); 2097 cm™!' (vCN, Co-NC-Fe'); 2182 cm™! ( vCN,
Ni''l- NC— Co™™). ICP: 0.82: 0.43: 0.37 (Co: Fe: Ni).

RbCoFe@KNiCo-55 nm. After addition of the KNiCo-PBA shell precursors was
complete, the reaction matured for 9 h 15 min under vigorous stirring. Then the particles
were centrifuged at 10000 rpm for 10 min and subsequently washed with 240 mL of
water. The product was isolated and air-dried. The mass of the product was 41 mg.
Rbo.2sCo[Fe(CN)s] 0.76@{Ko.07Nif Co(CN)s] .69} 2.42nH>O. Particle size 191 (SD 13) nm.
Shell thickness 55 nm. Pink powder. IR: 2164 cm ™! (vVCN, Cogus)'-NC-Fe'); 2114 cm™



(VCN, Cors)"=-NC-Fe'); 2098 cm™! (vVCN, Co''-NC-Fe'"); 2182 cm™! ( vCN, Ni'= NC—
Co'™); 2129 cm™ ( vCN, Co™-CN terminal). ICP: 1.38: 0.39: 1.25 (Co: Fe: Ni).
KNiCo-PBA. A 50 mL aqueous solution of NiCl,-6H>0 (86.3 mg; 0.36 mmol) was
added dropwise (8 mL/min) to an equal volume of an aqueous solution of
K3[Co(CN)s](80.4 mg; 0.24 mmol). The reaction was stirred for 18 h. The particles were
isolated by centrifugation at 10000 rpm for 10 min and subsequently washed with 450
mL of water. The product was isolated and air-dried. The mass of the product is 60 mg.
Ni3[Co(CN)g] >'nHO. Particle size 128 (SD 19) nm. Light blue powder.
Characterization. Fourier transform infrared spectra (FTIR) was performed using a
Nicolet 6700 Thermo Scientific spectrophotometer. A background reference of 32 scans
was taken between 4000 cm™ and 1500 cm™ with a multi-reflection silicon ATR crystal
using a Harrick ATR accessory. To prepare the FTIR sample, 200 pL of an acetone
suspension (1 mL) containing 0.5 mg of sample powder was dropped onto the surface of
the ATR crystal and allowing the solvent to evaporate. Transmission electron microscopy
(TEM) was performed in a JEOL-2010F high-resolution transmission electron
microscope at 200 kV. TEM samples were prepared by adding dropwise 80 pL of an
acetone suspension to a TEM grid (400 mesh copper with holey carbon support film from
Ted-Pella, Inc.) and allowing each grid to dry. Here, the suspension was prepared by
dispersing 0.5 mg of product in 1 mL of acetone via sonication. TEM was also conducted
in a Hitachi H-7000 conventional transmission electron microscope at 100 kV to obtain
low-resolution images. Average particle size was measured using ImageJ imaging
software based on TEM images taken of various areas in the sample. At least 100
particles were measured to obtain the average values and standard deviations. Shell
thickness was one half of difference between the average core-shell size and the average
core particle size. Inductively coupled plasma atomic emission spectroscopy (ICP) was
performed on a VARIAN VISTA RL simultaneous spectrometer (Agilent Technologies,
Santa Clara, California, USA) with a CCD-detector. ICP standard solutions containing 1
ppm, 10 ppm, and 100 pm of tested elements were used to create a calibration line. The
ICP solutions were prepared by diluting the Honeywell Fluka Analytical standards (1000
ppm). Chemical formulas are based on the metal compositions from ICP. Alkali cation

content was determined based on electroneutrality.



Synchrotron powder X-ray diffraction (PXRD) data were collected at beamline 28-ID
-2 at the National Synchrotron Light Source-II at Brookhaven National Laboratory. A flat
-panel amorphous-Si area detector was positioned 1400 mm from the RbCoFe@KNiCo
core-shell samples. The X-ray wavelength of L = 0.187156 A was used for
RbCoFe@KNiCo core-shell samples. Calibration was performed using LaBs and Ni
metal. Samples were loaded into borosilicate capillaries (0.1-mm i.d.) and exposed for 5 s
per pattern while the capillary was rotated at 1 Hz. Variable temperature PXRD (VT-
PXRD) data were collected as temperature was ramped at 2 K/min from 300 to 100 K.
Diffraction images were integrated using GSAS-IL*! based on the LaBg standard.*! The
structural analysis was performed via Pawley fitting within GSAS-II (v. 4570). For the
anisotropic microstrain refinements, a custom refinement routine utilizing the GSAS-II
scriptable package*? was run through Anaconda Jupyter notebook v. 6.0.3.

Magnetization was performed on a Quantum Design Magnetic Property Measurement
System (MPMS) model XL-7 superconducting quantum interference device (SQUID)
magnetometer. The dark state measurements were performed with the sample in a gel cap
inside a drinking straw in a commercial sample rod. The field-cooled temperature
dependence of the magnetization was measured in an applied field of 100 G while
warming in the 5-300 K region. The temperature sweep rate was 2 K/min. For the
isothermal relaxation measurements, samples were field cooled from 300 to 100 K at 2
K/min in a field of 1 T. They were then allowed to sit at 100 K for about 1 hour before
irradiation with a Quartzline tungsten halogen lamp (400—2200 nm), delivering
nominally 4 mW to the sample, using an optical sample rod described elsewhere.** The
samples were irradiated for at least 5 hours, then warmed quickly to the temperature of
interest and held for up to 20 hours to observe the relaxation from the optically induced

metastable HS state back to the LS state.

Results

Synthesis and characterization.

RbCoFe-PBA nanoparticles were prepared as a self-stabilized suspension in water, using
a heterogeneous precipitation method first developed by Catala and co-workers.** to yield

uniform particles in the mesoscale size regime (50 =500 nm).!3 1°-44-4° Shell layers of



KNiCo-PBA were formed by slowly adding low concentration precursor solutions to
suspensions of the uncoated RbCoFe-PBA core particles, leading to the heterogeneous
precipitation of the shell material while preventing side nucleation.'® 127 All the core-
shell heterostructures in this study were prepared using the same batch of core particles to
maintain uniformity of size and ensure consistency of the core-shell interface.

The particle morphology within the series is shown in TEM images (Fig. 1). The
uncoated RbCoFe-PBA particles are cubes with sizes uniformly distributed around 151
nm (Fig. 1A). After addition of the KNiCo-PBA shells the particles remain cubic, now
with slightly round corners (Fig. 1B-D). The difference in contrast between core and shell
shows the clear interface between two PBA components, confirming the core-shell
architecture. Chemical composition is determined by ICP, and Pawley refinements of
PXRD patterns (Fig. S1) of each core-shell sample are consistent with two face centered

cubic lattices, corresponding to the RbCoFe-PBA cores and the KNiCo-PBA shells.** 46
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Fig. 1. TEM images and size dispersions of (A) uncoated RbCoFe-PBA particles; and
core-shell particles of samples (B) RbCoFe@KNiCo-7 nm; (C) RbCoFe@KNiCo-20 nm;
and (D) RbCoFe@KNiCo-55 nm.

High temperature magnetization.

Magnetization measurements, presented as molar magnetic susceptibility (ym) times
temperature versus temperature, show that the RbCoFe-PBA CTCST is retained in each
of the RbCoFe@KNiCo core-shell samples. From 280 K to 160 K, the ymT value
decreases, mainly due to the thermal CTCST in the RbCoFe-PBA core. The transition
temperature, defined from the derivatives of the ymT vs. T plots, moves lower with
increasing shell thickness and the transition becomes more gradual. The trend is similar
to that seen in a previous study on RbCoFe-PBA particles coated by KCoCr-PBA
shells.!” The higher room temperature ymT values in particle samples with thicker shells
can be ascribed to the larger contribution from the paramagnetic KNiCo-PBA shell (Fig.
S3A). The magnitude of the decrease of ymT associated with the thermal CTCST is
slightly lower in the samples with thicker shells, indicating the level of residual non-
transitioning HS Co"-NC-Fe' pairs increases with increasing shell thickness (Supporting

Information).
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Fig. 2. ymT vs T plots under a field of 100 G in the region of the thermal CTCST for the

core-shell heterostructures. The derivatives of ymT are plotted as solid lines.

Detailed structural studies.

Lattice parameters derived from Pawley refinement of the core-shell and single phase
particles at temperatues above and below the RbCoFe-PBA thermal spin transition are
recorded in Table 1.

As-grown particles. The lattice parameters of the RbCoFe-PBA cores in the core-shell
samples are very close to that of the uncoated RbCoFe-PBA, a = 10.30 A, whereas the
shell lattices show evidence of structural distortion as grown at room temperature. The
cubic lattice parameter of the 7 nm KNiCo-PBA shell is a = 10.20 A, significantly
expanded relative to its equilibrium lattice parameter of @ = 10.14 A, Table 1.’ For
thicker shells, the measured lattice parameter decreases to a = 10.17 A in the 20 nm shell
and eventually recovers its equilibrium lattice parameter for the 55 nm shell. The larger

lattice parameter of KNiCo-PBA in the thinner shell indicates there is a non-negligible



strain induced by the lattice mismatch as the shell grows on the core. This 0.06 A
difference between the lattice parameter of the 7-nm KNiCo-PBA shell and its
equilibrium value is strikingly large compared with other as-prepared PBAs core-shells.'”
28,39 For example, in a case where the equilibrium shell lattice is larger than that of the
core PBA, a 15 nm shell in a RbCoFe@KNiCr core-shell sample shows a = 10.45 A, just
0.02 A smaller than the KNiCr-PBA equilibrium lattice parameter.>® A similar shell
compression was reported by Risset et al,!® for a RbCoFe@KCoCr-PBA core-shell
heterostructure, in which the equilibrium lattice parameter of the shell is even larger,
10.55 A, and is still compressed by only 0.02 A in an 11 nm shell. In a case where the
shell is grown on a RbCoFe-PBA core in the LS state with @ = 9.943 A, Adam et al.?®
reported the lattice parameter of a 11.5 nm KNiCr-PBA shell is effectively unchanged

compared to its equilibrium lattice parameter.

Thermal transition. The structural changes associated with the thermal CTCST of the
core-shell heterostructures are shown in Fig. 3 with a series of PXRD patterns taken upon
cooling from 300 K to 100 K. In each case, the core (400) reflection gradually shifts to
higher diffraction angle, attributed to the transformation from the larger lattice spacing of
the HS state to the smaller lattice parameter of the LS state. The gradual shift in the core-
shell particles contrasts with single phase RbCoFe-PBA samples for which the phase
change is discontinuous, with LS domains growing as HS domains shrink, but with both
present as the transition proceeds. The change from a discontinuous to a continuous
transition has been observed before in other spin transition heterostructures, including
CoFe-PBA core-shell particles and is attributed to a decrease in cooperativity during the
phase change. 1% 3% 40,4849

At the same time, the (400) reflection of the KNiCo-PBA shells also shifts, signaling
the phase transition in the core induces structural changes in the shell, and the changes
are strikingly large. Unit-cell analyses were performed for the core-shell heterostructures
at high and low temperature, and lattice parameters are included in Table 1. For the
thinnest shell sample, Aagen = 0.17 A, shifting from a = 10.20 A, larger than the KNiCo-
PBA equilibrium value of @ = 10.14 A | to @ = 10.03 A, which is compressed. This

change is significantly larger than has been observed for other PBA core-shell



examples.!” 3 *° For example, a RbCoFe-PBA@KCoCr-PBA core-shell heterostructure
with an 11 nm shell undergoes only an 0.08 A decrease after the thermal HS to LS
transition of the core is completed.'® Other examples have shown similar changes. !> 3% 4°
The unusual response here for the RbCoFe-PBA@KNiCo-PBA case is a result of the
KNiCo-PBA equilibrium cell size falling between those of the HS and LS core lattice
constants. The shell is expanded when grown on the RbCoFe-PBA HS phase and is then
compressed when core is in the LS state. The magnitude of the change in the KNiCo-
PBA shell (Aashen) is smaller with increasing shell thickness, Aashen =0.11 for the 20 nm
shell and Aagpenn = 0.04 for the 55 nm shell, indicating the shell is less compliant as it
becomes thicker.

The change in the core also varies with shell thickness, with the lattice parameter of
the LS state increasing for the thicker shells, resulting in a decrease of Aa of the core.
Similar trends have been reported in other RbCoFe@PBA core-shell examples, attributed
to the influence of the core-shell interface restricting compression.!'® 3233340 However,
in the present example, the presence of residual HS fraction below the thermal transition
should also contribute, making it difficult to separate the two influences by comparing
lattice constants. Interestingly, for each of the core-shell samples, the (400) peaks from
core and shell appear to merge together as a single set of reflections, suggesting the
lattice mismatch between the core and shell disappears during the HS state to LS
transition. As the temperature further decreases to 100 K, the peak shape turns
asymmetric, seen most clearly in the RbCoFe@KNiCo-20 nm where the peak intensity of
the shell is somewhat discernible at low temperature (Fig. S3), indicating the lattice
mismatch reappears with the core value now smaller than the shell when the core

contracts further.
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Fig. 3. PXRD patterns showing the evolution of the 400 reflections for both core and
shell as a function of temperature for the core-shell heterostructures: (A)
RbCoFe@KNiCo-7 nm; (B) RbCoFe@KNiCo-20 nm; (C) RbCoFe@KNiCo-55 nm.
Upon cooling, the peak of the core shifts to higher 20 angle and overlaps with that of the
shell.

Table 1. Particle Dimensions and Lattice Parameters for RbCoFe@KNiCo core-

shell heterostructures and the corresponding single phase PBAs

300K 100K Aa (&)
Acore (A) Ashell (A) Acore (A) Ashell (A) Aacore Aashen
RbCoFe-PBA® 10.30(6) - 9.95(3) : 0.34(3) -

RbCoFe@KNiCo-7nm  10.30(8) 10.20(7)  9.99(7)  10.03(4)  031(1)  0.17(3)

RbCoFe@KNiCo-20nm  10.29(5) 10.17(6)  10.01(0)  10.05(7)  0.28(5)  0.11(9)

RbCoFe@KNiCo-55nm  10.28(6)  10.14(7)  10.05(5)  10.10(6)  0.23(1)  0.04(1)
KNiCo-PBA 10.14(1)

Isothermal relaxation.

The presence of a shell has been shown to influence the light-induced spin transition of
RbCoFe-PBA particles.*” Whereas it is difficult to experimentally quantify the
characteristic rate of the light-induced LS to HS transition in a solid-state sample, the
reverse process, isothermal relaxation from the light-induced HS state (Fig. 4), can be
reproducibly measured and used to characterize the effect of a shell on the kinetics of the
spin transition in the core.*” %52 Samples are first cooled from room temperature to
below the thermal spin transition temperature to achieve the LS state (100 K in this work)
and then excited to the metastable HS state upon exposure to the light. After the sample
reaches equilibrium, the light is turned off and the sample is quickly warmed to one of
several target temperatures where the decay of the HS fraction is then monitored. Results
for the RbCoFe@KNiCo-20 nm and RbCoFe@KNiCo-55 nm samples are plotted in
Fig.s S4 and S5 using magnetization to monitor the change in HS fraction. The time

constants of exponential decay at different temperatures are used to determine activation



energies from Arrhenius plots, as in Fig. S6. Complete kinetic data are displayed in
Table S2 and the activation energies are plotted as a function of shell thickness in Fig. 4.
The activation energy decreases significantly in the core-shell materials. For the
RbCoFe@KNiCo-20 nm sample, Eact = 13.5 kJ/mol, which is greatly reduced relative to
the uncoated RbCoFe-PBA with E.t = 39.4 kJ/mol. The activation energy decreases even
further as the KNiCo-PBA shell becomes thicker, reaching Eact = 8.6 kJ/mol for
RbCoFe@KNiCo-55 nm. The changes to the core spin transition, from metastable HS
state to LS state, are very similar to what was observed for RbCoFe-PBA@KNiCr-PBA
core shell heterostructures studied previously. For example, the value of E,.; measured
here for the RbCoFe@KNiCo-55 nm sample is nearly the same as for a RbCoFe-
PBA@KNiCr-PBA sample with a 52 nm shell on a similar size core particle.*’ Even
though the relationship between equilibrium lattice constants in the core and shell are
different in the two systems, the KNiCr-PBA lattice constant is larger than the HS

RbCoFe-PBA, the influence on the activation energies of the core spin transition is

similar.
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Fig. 4. (A) Schematic of the isothermal relaxation process. The sample is first cooled
from room temperature (blue line) and the metastable HS state is established by light
irradiation (yellow). The sample is then warmed to target temperatures (blue dots),

where the decay of the HS state is monitored (blue arrows). (B) Activation energy vs

shell thickness for the relaxation from the metastable HS state of RbCoFe-PBA as



extracted from Arrhenius plots for the uncoated RbCoFe-PBA core and the core-shell

heterostructures.*

Discussion

Effect of shell on core spin transition.

Thermal HS to LS transition. The magnetization results (Fig. 2A) show the thermal
CTCST process in the RbCoFe-PBA core becomes more gradual and the transition
temperature decreases with increasing shell thickness. This behavior has been seen in

19, 39, 40

other core-shell systems, or for spin crossover nanoparticles embedded in a

matrix,>*>>

and matches well with predictions from simultations using an electro-elastic
model for spin-crossover nanoparticles.’* *° Alteration of the elastic stress reduces
cooperativity and changes the order of the structural phase transition. Rather than
seeding and growth of LS domains resulting in the coexistence of both coherent HS and
LS domains as the transition progresses, the reduced elastic barrier leads to the random
appearance of LS sites and a gradual shift in properties.®!-3%4°

The gradual structural transition is seen in the temperature dependent PXRD of Fig. 3
and is also reflected in the temperature dependence of the microstrain. Microstrain can
be quantified during pattern refinement using methodology introduced by Stephens>®
yielding two independent strain parameters, Sz220 and S0, characterizing the effect of
anisotropic strain on the reflection profiles of the cubic systems. The S4pp parameter
describes the microstrain from 400 reflections, while both S4pp and S229 describe the
microstrain from 4kl reflections. Using this method, the microstrain in both the RbCoFe-
PBA core and the KNiCo-PBA shell are able to be followed as a function of temperature,
as shown in the plots of Fig. 5. The plots are limited to analyses above ~230 K because

the diffraction patterns overlap when the lattice constants converge below this

temperature, removing the ability to distinguish the core and shell diffraction peaks.

Fig. 5C summarizes the changes of microstrain in RbCoFe-PBA cores during the
thermal CTCST process, comparing the RbCoFe@KNiCo-20 nm and RbCoFe@KNiCo-
55 nm core-shell samples to the the uncoated RbCoFe-PBA particles. The magnitudes are

not readily compared between samples, so the intensities of the S4p and S22 are



normalized in these plots to compare the temperature dependence of the changes. When
RbCoFe-PBA particles are not coated by the shell, the microstrain shows a sharp spike
below 250 K which is due to the discontinuous first order transition. Below the transition
temperature, the microstrain in RbCoFe-PBA gradually decreases when the thermal
CTCST process approaches completion. For both the RbCoFe@KNiCo-20 nm and
RbCoFe@KNiCo-55 nm samples, the change is more gradual, consistent with the lattice
constant and magnetometry temperature profiles. The more gradual change of microstrain
is consistent with tensile stress on the core as it undergoes the HS to LS transition.
Together, the magnetometry, unit cell changes and strain analyses all reflect how the
shell hinders the contraction of the core during the structural phase transition, leading to a

32,33,40,57, 58

modulation of the intersite interaction, and the thicker shell has a larger effect.

When the intermolecular interactions in the core become weaker, the cooperativity
decreases.’!
Metastable light-induced HS to LS transition. Furthermore, the energy barrier of the
isothermal relaxation process in the RbCoFe-PBA core is significantly reduced after
being coated by KNiCo-PBA shell (Fig. 4B). As discussed in the simulation reported by
Slimani et al,*! the lifetime of the metastable HS state decreases as a function of the
intersite interaction parameter, and the reduction of energy barrier of the HS to LS
relaxation process is consistent with weakening of the intersite interaction by coating
with the shell. Additionally, the isothermal relaxation curves of the core-shells particles
can be fit with a single exponential decay (Fig. S5 and S6), indicating an alteration of
how the spin-transition progresses®' compared to the uncoated RbCoFe-PBA, which
follows sigmoidal decay characteristic of high cooperativity.3? 4

When compared to the KNiCr-PBA shell series reported by Felts et al.,*’ the results
from the KNiCo-PBA series indicate the relative core and shell lattice constants, or lattice
mismatch, does not have a significant influence on the spin transition activation energy,
at least at this length scale. Whereas the thickness of the shell has a significant effect, the
two series show nearly identical values of Ea at similar shell thickness. As will be
discussed in the next section, the lattice mismatch may alter the phase change for core

sites near the core-shell interface, but does not to change the overall kinetics at the 100

nm — 200 nm length scale of the core particles in the present series.



Effect of the lattice mismatch and volume change in the core on the microstrain in

the shell.

Microstrain in the as-grown core-shells. For both the RbCoFe@KNiCo-20 nm and
RbCoFe@KNiCo-55 nm samples, the microstrain in the shell at room temperature is
much larger than in the corresponding core, reflecting how the KNiCo-PBA overlayer
distorts as it grows to match the RbCoFe-PBA lattice, primarily the (100) face, while the
core lattice is not significantly affected. At the same time, the shell microstrain is
anisotropic, with the S22 value higher than the Sy in each of the examples. Anisotropic
microstrain has been observed in related PBA core-shell examples and attributed to the
presence of dislocations at the core/shell interface.?” The influence of shell thickness can
be compared by looking at the ratios between the strains of the shells to that of the
corresponding cores (the ratios are evaluated because the magnitude of the microstrains
in Fig. 5 are normalized by the volume of the material during the refinement process so
cannot be directly compared between different samples). It is found that the strain is
much higher in the thinner shell. The Sy of the 20 nm KNiCo-PBA shell sample is 133
times higher than that of its corresponding core while the Sy of the 55 nm KNiCo-PBA
shell is only about twice of that of its core. Similarly, the S229 of the 20 nm shell and the
55 nm shell are 24 times and 3 times those of their corresponding cores, respectively. The
larger strain in the 20 nm shell is consistent with its more expanded lattice parameter.
Also, the reduction of mictrostrain with increasing shell thickness suggests the effects of
lattice mismatch are diluted by the bulk region of the thicker shell.>

Change of microstrain during the thermal HS to LS transition. As the core undergoes the
thermal CTCST, the strain resulting from the lattice mismatch in the as-grown shells is
relaxed. With the onset of the thermal spin transition the S22 and the S4po of the
RbCoFe@KNiCo-20 nm sample decrease, and these changes correlate with the
contraction of the lattice constant of the core, Fig. 5. It is the first time the volume
contraction associated with a spin transition is seen to relieve strain at the interface with
another material. In all other examples, the thermal spin transition induces strain in core-

shell or bilayer assemblies.!*® 12262839 The effect is smaller, but a similar trend is



observed for the thicker shell sample, RbCoFe@KNiCo-55 nm. A decrease of S22
indicates the relief of the microstrain in the early stage of the core thermal CTCST for the
thick shell sample as well, even though its as-grown lattice parameter is only slighty
altered from the equilibrium value. The smaller changes in microstrain show the
influence of the lattice mismatch is diluted in the thicker shell heterostructure.

However, a significant difference between the thin and thick shell is evident when
comparing the temperature profiles of the shell microstrain to the respective cores. For
the 20 nm shell sample, the S229 parameter of the KNiCo-PBA shell begins to
dramatically decrease near 260 K upon cooling with the change largely complete by 240
K. On the other hand, the core microstrain is nearly unchanged over this same
temperature range, before rising significantly only below 240 K. In contrast, for the 55
nm shell case, the changes in the S»29 parameter of the core and shell effectively mirror
each other, the shell microstrain decreases while that of the core increases, with both
undergoing significant changes over the same temperature range beginning near 260 K.

Shell diffraction in the thin shell sample will contain significant contributions from
material near the core-shell interface, whereas the larger dimension of the core means
diffraction will largely reflect the state of the core interior. The fact that the microstrain
in the 20 nm shell decreases before significant changes are seen in the core is evidence
that the spin transition may indeed initiate near the interface before switching in the bulk
of the particle. However, the continuous core transition, observed in magnetometry and
structural studies, means even if the transition does first occur near the interface, it does
not necessessarily seed domain growth.?!

The different temperature profiles of the core and shell microstrain in the thin and
thick shell samples indicates that within the thin shell heterostructure, the structural strain
from the volume change associated with the core phase transition is first accommodated
by shell, whereas with a thicker shell, more of the strain is maintained in the core.®® This
experimental result is predicted by both continuum mechanics and atomistic models.** >’
With increasing shell thickness, up to the limit of the strain depth, the elastic energy
density of the shell decreases. At the same time, the elastic energy density of the core
increases. The stiffness of the shell increases with thickness, forcing the core to

accommodate a greater fraction of the elastic energy.®!
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Fig. 5. (A) The change of lattice parameters of the core and the shell in
RbCoFe@KNiCo-20 nm upon cooling. (B) Microstrains (Sz20) of RbCoFe@KNiCo- 20
nm. (C) Microstrains (S220) of RbCoFe@KNiCo- 55 nm. (D) Comparison of microstrains
(S220) in the uncoated RbCoFe-PBAs*’ and RbCoFe-PBA coated with shells. The y-axis
of (D) is normalized for the purpose of comparing the changes of microstrains within

different samples.

Conclusions

Core-shell particles of Prussian blue analogues remain a useful platform for
experimentally probing the interplay between a spin transition material and a surrounding
matrix. Thin shells grown on RbCoFe-PBA spin transition core particles are generally
strained due to small differences in the lattice constants of the different PBA’s and the
KNiCo-PBA shells, with equilibrium lattice constant in between those of the HS and LS
phase of RbCoFe-PBA, are expanded in the as grown particles. As the core contracts, the
shell approaches its equilibrium structure, the first time the RbCoFe-PBA thermal HS to
LS transition has been observed to relieve strain at an interface. In other examples, the
thermal transition has always induced strain. Furthermore, the RbCoFe@KNiCo system
provides a new example of a coordination polymer heterostructure in which the kinetics
of the spin transition of the core can be controlled by addition of a shell. The shell limits
the extent to which the core can contract, thereby lessening intersite interactions that
contribute to the elastic barrier of the structural phase change. Finally, structural analyses
of both the core and the shell as the RbCoFe@KNiCo particles undergo the thermal spin
transition reveal the complexity of the elastic behavior of the heterostructure.

Microstrain in the core and shell change over different temperature windows during the

thermal transition, suggesting the spin transition initates near the core-shell interface.
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