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Abstract:  The rate of the light-induced spin transition in a coordination polymer network solid dramatically increases 
when included as the core in mesoscale core-shell particles.   A series of photomagnetic coordination polymer core-shell 
heterostructures, based on the light-switchable RbaCob[Fe(CN)6]c·mH2O (RbCoFe-PBA) as core with the isostructural 
KjNik[Cr(CN)6]l·nH2O (KNiCr-PBA) as shell, are studied using temperature-dependent powder X-ray diffraction and 
SQUID magnetometry. The core RbCoFe-PBA exhibits a charge transfer-induced spin transition (CTIST), which can be 
thermally and optically induced.  When coupled to the shell, the rate of the optically induced transition from low spin to 
high spin increases.  Isothermal relaxation from the optically-induced high spin state of the core back to the low spin state 
and activation energies associated with the transition between these states were measured.  The presence of a shell de-
creases the activation energy, which is associated with the elastic properties of the core.  Numerical simulations using an 
electro-elastic model for the spin transition in core-shell particles supports the findings, demonstrating how coupling of 
the core to the shell changes the elastic properties of the system.  The ability to tune the rate of optically-induced magnet-
ic and structural phase transitions through control of mesoscale architecture presents a new approach to the development 
of photoswitchable materials with tailored properties.  

 
INTRODUCTION. 
Interest in solid state spin transition materials has long 
been associated with their spin-state bistability and the 
potential to record information readable with magnetic or 
colorimetric detection.1-4 Beyond memory effects, the sen-
sitivity of spin transitions to chemical changes, often 
when included in porous networks, has led to studies 
aimed at potential uses in chemical or environmental 
sensing and storage.5-11  However, an often overlooked 
feature of spin transition materials is the significant vol-
ume change associated with altered d-orbital occupancy 
and metal-ligand bonding in the two spin states.  Volume 
changes of 5-10% are common in spin transition network 

solids, with examples known up to 13%.12  Increasingly, 
attention has turned to the prospect of harvesting these 
significant volume changes, switchable with multiple 
stimuli, for use as mechanical actuators.13-19 
    Recent examples of exploiting the spontaneous strain 
developed during a spin transition include integration 
into hybrid materials to influence electrical,20, 21 optical15, 22-

24 or magnetic25-31 properties with external stimuli. The 
ability to change volume or shape in response to a stimu-
lus also opens the possibility of using spin transition ma-
terials as components of ‘‘artificial muscles’’32 as was re-
cently shown by Gural’skiy et al.17 through the develop-
ment of an electromechanical actuator made of particles 
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of the spin crossover complex [Fe(Htrz)2(trz)](BF4) (Htrz 
= 1,2,4-4H-triazole and trz = 1,2,4-triazole) dispersed in a 
poly(methylmethacrylate) matrix.   Using light as the 
stimulus, the direct conversion of light to work was 
demonstrated by coupling spin transition materials with 
an inert material in bilayer cantilevers,15, 18 which flex as 
the light induces the spin transition because of different 
coefficients of expansion.  In another example, controlled 
heating with light was used to adjust the position of the 
interface between high spin and low spin domains in a 
single crystal, demonstrating the potential to use spin 
transition materials for precise actuation and for micropo-
sitioning.19  Such ideas represent innovative strategies for 
light energy harvesting and for photomechanically re-
sponsive materials.  
    These emerging applications all require the spin transi-
tion material to physically couple to other components.  
An interface with another material can influence the be-
havior of the spin transition compounds, especially as 
materials approach the nanoscale.23, 33-36  For example, 
Mallah and coworkers33 showed the temperature and or-
der of the thermal spin transition can change when na-
noscale particles of the spin crossover network 
Fe(pyrazine)Pt(CN)4 are contained in different matrices.  
The thermal spin transitions in Fe(II) triazole-based na-
noparticles have also been shown to be affected by parti-
cle coatings.23, 35, 36  Several theoretical and numerical stud-
ies using different treatments have taken up the question 
of surface layers and matrix effects on spin transition par-
ticles, pointing to multiple effects.37-47  The elastic proper-
ties of both the active particle and the supporting matrix 
influence the mechanism of the cooperative solid-solid 
phase transition associated with the spin-transition.40-42  
Modifying layers and supporting matrices can also influ-
ence the internal effective pressure on the nanoparticles 
through changes in surface energy, contributing to chang-
es in the spin transition behavior.38, 45, 46  More work is 
required, both experimentally and theoretically, to fully 
understand the influence of surface modifiers and matrix 
effects on solid-state spin transitions. 
    The present study reports on the influence of a particle 
shell on a light-induced spin transition, showing for the 
first time that the speed of optical switching can be con-
trolled by the presence of a shell.  The active material is 
the cyanometallate coordination polymer, or Prussian 
blue analogue, RbjCok[Fe(CN)6]l·nH2O (RbCoFe-PBA) 
which exhibits a charge transfer induced spin transition 
(CTIST).48-52  The cyanide bridged cobalt-iron pairs can 
exist as either Fe2+-CN-Co3+

(LS) or Fe3+-CN-Co2+
(HS) with the 

cobalt ion undergoing a spin transition. The spin transi-
tion causes a significant change in the Co-N bond length 
and is responsible for a dramatic change in lattice con-
stant from approximately 9.96 Å in the low-spin phase to 
about 10.3 Å in the high-spin phase.  The transition be-
tween these charge states can be either thermally or opti-

cally activated, with the thermal transition occurring 
slightly below room temperature with significant hystere-
sis due to strong electron-lattice coupling.48-53  If the tem-
perature is low enough, below about 150 K, the metastable 
high-spin state can also be optically accessed and trapped.  
This optical CTIST is directly analogous to the light-
induced excited spin state trapping (LIESST) 54-56 transi-
tion seen in other spin crossover materials.  When a shell 
of another Prussian blue analogue, KjNik[Cr(CN)6]l·nH2O 
(KNiCr-PBA), is grown on the RbCoFe-PBA core, the rate 
of the optical CTIST is enhanced by as much as two orders 
of magnitude.  Experimental studies and application of 
theoretical modelling show the shell limits the extent of 
lattice contraction or expansion associated with the spin 
transition, changing the barrier to the thermal and optical 
transitions.  The behavior can be tuned by changing the 
shell characteristics.  The new findings show how varying 
the mesoscale architecture provides the ability to control 
the rate of optically-induced structural phase transitions 
of potential importance for new photomechanically re-
sponsive materials and light-induced mechanical actua-
tors. 
  
EXPERIMENTAL SECTION. 
RbCoFe-PBA and the RbCoFe@KNiCr-PBA core-shell par-
ticles were synthesized using methods previously reported 
by Risset et al.57  This successive seed-growth method uses 
a portion of the preceding sample as the seeds for the next 
stage of shell growth to ensure similar core and interface 
compositions in all core-shell particles, even as shell 
thickness changes.58  Two series of samples were prepared 
and studied. The first series is comprised of five samples, 
including uncoated RbCoFe-PBA particles, 1, and 
RbCoFe@KNiCr-PBA particles with four different shell 
thicknesses, 2-5.59  A second series was synthesized featur-
ing a similar RbCoFe-PBA core batch, 6, with three shell 
thicknesses, 7-9. 
Sample 1. Rb0.3Co[Fe(CN)6]0.8(1.4H2O)·1.8H2O. Particle 
Size 160 (SD20) nm. Purple powder. IR (KBr): 2159 cm-1 
(νCN, CoII

(HS)-NC-FeIII); 2113 cm-1 (νCN, CoIII
(LS)-NC-FeII); 

2094 cm-1 (νCN, CoII-NC-FeII). EDS (Co/Fe) 48.70:36.22. 
Anal. Calc’d for: C, 18.48; H, 2.07; N, 21.56. Found: C, 18.27; 
H, 2.12; N, 20.92.  
Sample 2. Rb0.3Co[Fe(CN)6]0.8(1.4H2O)·1.8H2O@ 
K0.3Ni[Cr(CN)6]0.8(1.4H2O)·nH2O. Particle size 200 
(SD20) nm.  Shell thickness 15 ± 5 nm.  Purple powder. IR 
(KBr): 2159 cm-1 (νCN CoII

(HS)-NC-FeIII); 2113 cm-1 (νCN, 
CoIII

(LS)-NC-FeII); 2094 cm-1 (νCN, CoII-NC-FeII); 2174 cm-1 
(νCN, NiII-NC-CrIII). EDS (RbCoFe/KNiCr) 68:32. 
Sample 3. Rb0.3Co[Fe(CN)6]0.8(1.4H2O)·1.8H2O@ 
K0.3Ni[Cr(CN)6]0.8(1.4H2O)·nH2O. Particle size 240 
(SD30) nm.  Shell thickness 40 ± 5 nm.   Purple powder. IR 
(KBr): 2159 cm-1 (νCN, CoII

(HS)-NC-FeIII); 2113 cm-1 (νCN, 
CoIII

(LS)-NC-FeII); 2094 cm-1 (νCN, CoII-NC-FeII); 2174 cm-1 
(νCN, NiII-NC-CrIII). EDS (RbCoFe/KNiCr) 50:50. 
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Sample 4. Rb0.3Co[Fe(CN)6]0.8(1.4H2O)·1.8H2O@ 
K0.3Ni[Cr(CN)6]0.8(1.4H2O)·nH2O. Particle size 280 
(SD20) nm.  Shell thickness 60 ± 5 nm.   Purple powder. 
IR (KBr): 2159 cm-1 (νCN, CoII

(HS)-NC-FeIII); 2113 cm-1 (νCN, 
CoIII

(LS)-NC-FeII); 2094 cm-1 (νCN, CoII-NC-FeII); 2174 cm-1 
(νCN, NiII-NC-CrIII). EDS (RbCoFe/KNiCr) 31:69. 
Sample 5. Rb0.3Co[Fe(CN)6]0.8(1.4H2O)·1.8H2O@ 
K0.3Ni[Cr(CN)6]0.8(1.4H2O)·nH2O. Particle size 350 
(SD40) nm.  Shell thickness 95 ± 5 nm.  Purple powder. IR 
(KBr): 2159 cm-1 (νCN, CoII

(HS)-NC-FeIII); 2113 cm-1 (νCN, 
CoIII

(LS)-NC-FeII); 2094 cm-1 (νCN, CoII-NC-FeII); 2174 cm-1 
(νCN, NiII-NC-CrIII). EDS (RbCoFe/KNiCr) 20:80. 
Sample 6. Rb0.19Co[Fe(CN)6]0.73(1.6H2O)·1.3H2O. Particle 
size 122 ± 12 nm. Purple powder. IR (KBr): 2159 cm-1 (νCN, 
CoII

(HS)-NC-FeIII); 2114 cm-1 (νCN, CoIII
(LS)-NC-FeII); 2093 

cm-1 (νCN, CoII-NC-FeII). EDS (Co/Fe) 58:42. TGA: 18.6% 
loss near 100°C. 
Sample 7.  Rb0.19Co[Fe(CN)6]0.73(1.6H2O)·1.3H2O@ 
K0.19Ni[Cr(CN)6]0.73(1.6H2O)·2.7H2O. Particle size 154 ± 13 
nm.  Shell thickness 15 ± 5 nm.  Purple powder. IR (KBr): 
2160 cm-1 (νCN, CoII

(HS)-NC-FeIII); 2113 cm-1 (νCN, CoIII
(LS)-

NC-FeII); 2094 cm-1 (νCN, CoII-NC-FeII) 2178 cm-1 (νCN, 
NiII-NC-CrIII). ICP (Co/Ni) 1:0.67. TGA: 22.2% loss near 
100°C. 
Sample 8.  Rb0.19Co[Fe(CN)6]0.73(1.6H2O)·1.3H2O@ 
K0.13Ni[Cr(CN)6]0.71(1.7H2O)·2.5H2O. Particle size 180 ± 13 
nm.  Shell thickness 29 ± 5 nm. Purple powder. IR (KBr): 
2160 cm-1 (νCN, CoII

(HS)-NC-FeIII); 2113 cm-1 (νCN, CoIII
(LS)-

NC-FeII); 2095 cm-1 (νCN, CoII-NC-FeII) 2176 cm-1 (νCN, 
NiII-NC-CrIII). ICP (Co/Ni) 1:1.78. TGA: 24.0% loss near 
100°C. 
Sample 9.  Rb0.19Co[Fe(CN)6]0.73(1.6H2O)·1.3H2O@ 
K0.08Ni[Cr(CN)6]0.69(1.8H2O)·2.1H2O. Particle size 227 ± 18 
nm.  Shell thickness 52 ± 5 nm.  Purple powder. IR (KBr): 
2162 cm-1 (νCN, CoII

(HS)-NC-FeIII); 2118 cm-1 (νCN, CoIII
(LS)-

NC-FeII); 2098 cm-1 (νCN, CoII-NC-FeII) 2176 cm-1 (νCN, 
NiII-NC-CrIII). ICP (Co/Ni) 1:4.49. TGA: 24.2% loss near 
100°C. 
    Transmission electron microscopy (TEM) was per-
formed using a JEOL-2010F high-resolution transmission 
electron microscope at 200 kV.  TEM samples were pre-
pared by adding dropwise 40 μL of a water solution (1 mL) 
containing 2 mg of product dispersed by sonication to a 
grid (400 mesh copper with holey carbon support film 
from Ted-Pella, Inc.) and allowing each grid to dry.  Ener-
gy-dispersive X-ray spectroscopy (EDS) was performed 
using an Oxford Instruments EDS X-ray Microanalysis 
System, which was coupled to the TEM microscope.  No 
fewer than three scans were recorded on different parts of 
each sample and then averaged to give relative atomic 
percentages for the metallic elements.  Inductively cou-
pled plasma atomic emission spectroscopy (ICP) was per-
formed on a VARIAN VISTA RL simultaneous spectrome-
ter (Agilent Technologies, Santa Clara, California, USA) 
with a CCD-detector.  The wavelengths used for quantita-

tive determination of cobalt were: 230.786 nm, 237.863 
nm, and 238.892 nm; for chromium: 267.716 nm, 276.653 
nm, and 357.868 nm; for iron: 238.204 nm, 259.940 nm, 
and 261.187 nm; and for nickel: 221.648 nm, 230.299 nm, 
and 231.604 nm.  The wavelengths were chosen so as to 
eliminate interferences from analyte and non-analyte spe-
cies present in the sample. Standard solutions of 100, 10, 
and 1 ppm concentrations for each element measured 
were prepared from 1000 ppm standard solutions ob-
tained from Fluka Analytical.  Thermal gravimetric anal-
yses (TGA) were performed on a Perkin Elmer TGA 7 
Thermogravimetric Analyzer (10 K/min heating rate in 
nitrogen atmosphere).  Average molecular formulas for 
samples 1-5 were determined based on relative metal rati-
os obtained from EDS as well as CHN or TGA to deter-
mine water content. Average molecular formulas for sam-
ples 6-9 were determined based on relative metal ratios 
obtained from ICP and water content from TGA.  Alkali 
cation content was determined based on electroneutrality.  
Water content is reported as coordinated water, (mH2O), 
calculated based on relative metal ratios, and zeolitic wa-
ter, nH2O, which is the remaining water composition as 
found by TGA.  Particle size was measured for at least 150 
particles using ImageJ imaging software60 from TEM im-
ages taken of various areas in the sample.  Shell thickness 
was determined by considering the difference between the 
average core-shell size and the average core particle size 
and dividing by two to reflect thickness on a per side ba-
sis.  Fourier transform infrared (FTIR) spectroscopy was 
performed using a Nicolet 6700 Thermo Scientific spec-
trophotometer.  Measurements were taken between 2500 
and 1800 cm-1.  Samples were prepared for FTIR measure-
ments by suspending 1 mg of each sample in acetone, de-
positing onto the surface of a KBr pellet, and allowing it to 
dry. 
    Synchrotron powder X-ray diffraction (PXRD) data 
were collected at beamline 17-BM at the Advanced Photon 
Source at Argonne National Laboratory.  A flat-panel 
amorphous-Si area detector was positioned 500 mm from 
the sample.  Calibration was performed using an NAC 
standard.  Samples were loaded into polyimide capillaries 
(0.64-mm i.d.) and exposed to X-rays of λ = 0.72808 Å for 
no less than 5 s while the capillary was rocked a total of 5°.  
Temperature was regulated using an Oxford Cryosystems 
Cryostream nitrogen blower.  Three sequences were used 
for PXRD data collection.  For sequence 1, data were col-
lected as temperature was ramped at 2 K/min from 300 to 
100 K, allowed to equilibrate, and ramped back to 300 K at 
2 K/min. For sequence 2, samples were irradiated at 100 K 
using a MEIJI FL-150 (21 V, 150 W) dual fiber optic source, 
delivering approximately 400 mW to the sample, for at least 
30 min and up to 3 h.  During this time, the CTIST of the 
RbCoFe-PBA was observed, and irradiation was continued 
until the transition completed. For the uncoated particles, 
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Figure 1.  TEM images for samples 6 – 9.  (A) Uncoated RbCoFe-PBA particles, sample 6.  (B-D) RbCoFe@KNiCr-PBA 
core-shell particles, samples 7 – 9, shown with scale bars of 1 μm and corresponding images (E-G) at higher magnifica-
tion clearly revealing the core-shell morphology. 

sample 6, each exposure was 20 s, and patterns were only 
acquired once per minute to avoid X-ray induced relaxa-
tion back to the LS state.  For sample 7, with the 15 nm 
shell, each exposure was 8 s.  For samples 8 and 9, with 
the 29 nm and 52 nm shells, respectively, each exposure 
was 5 s.  No dark frames were collected in between subse-
quent light exposures of the core-shell samples in order to 
collect the next pattern as quickly as possible.  For se-
quence 3, samples were irradiated at 100 K for at least 30 
min and up to 3 h.  During this time, the CTIST of the 
RbCoFe-PBA was observed, and irradiation was continued 
until the transition appeared complete.  The temperature 
was then ramped to the isothermal relaxation tempera-
ture at 5 K/min and held to monitor the relaxation of 
RbCoFe-PBA from the optically-induced HS state back to 
the LS state.  Diffraction images were integrated using 
GSAS II,61 based on calibration parameters from a 
LaB6 standard. Stack plots were generated using Fit2D 
software.62   Unit-cell analysis was performed based on 
peak positions determined by Pawley refinement of each 
pattern. 
    Magnetization was performed on a Quantum Design 
Magnetic Property Measurement System (MPMS) model 
XL-7 superconducting quantum interference device 
(SQUID) magnetometer.  Samples were field cooled from 
300 K to 100 K at 2 K/min in a field of 100 Oe.  They were 
then allowed to sit at 100 K for no less than 20 minutes 
before irradiation with a Fiber-Lite tungsten halogen lamp 
(EKE 21V 150 W), delivering nominally 4 mW to the sam-
ple, using an optical sample rod described elsewhere.63  
The samples were irradiated for at least 2 hours, and then 
allowed to sit at 100 K with the light off for at least 1 hour, 
to demonstrate the persistent photo-induced effect.  For 
isothermal relaxation studies, the samples were warmed 
at 2 K/min to the temperature of interest, and held for up 

to 24 hours to observe the relaxation from the optically-
induced metastable HS state back to the LS state. 
 
RESULTS 
 Core–shell particles comprising the two Prussian 
blue analogues were prepared using the heterogeneous 
precipitation30, 57 approach first developed by Catala and 
co-workers.58, 64  In this method, the shell component pre-
cipitates at the surface of suspended particles of the pre-
formed core. To ensure the cores are uniform within a 
series with differing shell thicknesses, the product of one 
core–shell batch is used as the seed in the next batch.57 
Two series of samples were prepared for this study.  The 
first series, samples 1 – 5, with an average core size of 160 
nm, was used to study the thermally-induced CTIST.  A 
second series, samples 6 – 9, was prepared in order to per-
form more in-depth time-dependent studies on the opti-
cally-induced CTIST and has an average core size of 122 
nm.  The core-shell architecture of the particles is clearly 
visible in TEM images, Figure 1.   Pawley refinements of 
PXRD patterns of each sample are consistent with two 
face centered cubic lattices, corresponding to the RbCoFe-
PBA cores and the KNiCr-PBA shells, Figure S1.   
    Temperature dependent PXRD patterns were collected 
on samples 1 – 5 according to sequence 1 described in the 
experimental section, where data were collected upon 
cooling from 300 K to 100 K and then again upon warming 
back to 300 K.  The resultant lattice parameters measured 
on the cooling part of the cycle are plotted in Figure 2.  
Since the particles are synthesized at room temperature 
with the RbCoFe-PBA in the HS state, the 300 K core lat-
tice parameter is approximately the same for each sample, 
near 10.30 Å. Upon cooling, the RbCoFe-PBA contracts as 
it undergoes the thermal CTIST, but only the uncoated 
particles contract to the expected 9.96 Å lattice constant 
below the transition. As a shell is added and its thickness 
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increases, the contraction of the core is reduced.  For the 
95 nm shell sample, 5, the core lattice parameter at 100 K 
is 10.09 Å, significantly larger than for the uncoated parti-
cle. Therefore, the change in lattice parameter upon going 
through the CTIST transition is smaller for the core-shell 
particles and smallest for the thickest-shell sample.  It is 
important to keep in mind that even though the structural 
changes differ, the magnetic spin transition is complete in 
each case, as was demonstrated in earlier work.59  The 
total change in lattice parameter for both the core and 
shell for each sample are compared in Figure 3.   

 

Figure 2.  The unit cell parameter, a, vs. temperature for 
RbCoFe-PBA in the uncoated particles, sample 1, and the 
core-shell particles, 2 – 5, obtained while cooling. The change 
in lattice parameter of the core is restricted with increasing 
shell thickness.  Representative uncertainties are shown for 
high and low temperature data points 

 

Figure 3. The difference in the unit cell parameter (Δa) vs. 
shell thickness for samples 6-9 between particles with the 
RbCoFe-PBA core in the HS phase measured at 300 K and in 
the LS phase measured at 100 K.  Changes in both the 
RbCoFe-PBA core and KNiCr-PBA shell are plotted.   Changes 
to both the core and the shell are dampened with increasing 
shell thickness. 

Figure 4.  Stack plots show the evolution of the 200 reflection 
as a function of temperature for (A), the uncoated RbCoFe-
PBA, sample 6 and (B) RbCoFe@KNiCr-PBA core shell sample 
8, from 300 K (bottom) to 150 K (top). The thermally-induced 
transition of the uncoated particles is discontinuous, while 
the transition of the core-shell particles is continuous.  The 
uncoated RbCoFe-PBA particles undergo a highly cooperative 
transition, with HS and LS regions detectable by PXRD during 
the transition.   For B, reflections from both the core, high 2θ, 
and shell, low 2θ, are seen.  The presence of the shell reduces 
the cooperativity of the RbCoFe-PBA spin transition.  

 

Figure 5. Plot of the progress of the photo-induced transition 
at 100 K as a function of time, monitoring the 200 reflection 
for (a) uncoated RbCoFe-PBA, (b) RbCoFe@KNiCr-PBA core-
shell sample with 15 nm shells, and (c) RbCoFe@KNiCr-PBA 
core-shell sample with 29 nm shells.  The transition of the 
uncoated particles takes several minutes to complete, whereas 
the core-shell samples are complete in seconds. 

    The structural change associated with the thermal 
CTIST is first order for the uncoated particles, but the 
nature of the transition changes in the core-shell particles, 
as seen in the comparison in Figure 4.  For the uncoated 
particles, the transition is completed over a relatively nar-
row temperature range, between approximately 255 K and 
240 K, through which distinct diffraction from both the 
HS and LS phases is observed, indicating the coexistence 
of coherent domains of both phases.   
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Table 1.  Isothermal relaxation data for samples 6 through 9. 

Shell Thickness,  

measurement  

technique 

1/τ0, 120 K  

(s-1) 

1/τ0, 125 K  

(s-1) 

1/τ0, 130 K  

(s-1) 

1/τ0, 135 K  

(s-1) 

1/τ0, 145 K  

(s-1) 

Ea  

(kJ mol-1) 

Uncoated,    SQUID 1.8 x 10-4 8.7 x 10-4 3.6 x 10-3 -- -- 39.4 ± 1.0 

15 nm shell,  SQUID  5.9 x 10-4 -- 1.9 x 10-3  16.7 ± 1.8a 

15 nm shell,  PXRD -- 9.9 x 10-4 -- 3.4 x 10-3 -- 17.2 ± 1.9a 

29 nm shell, PXRD -- 6.4 x 10-4 -- 1.7 x 10-3 3.0 x 10-3 12.0 ± 1.3 

52 nm shell, PXRD 2.4 x 10-3 3.2 x 10-3 -- 3.4 x 10-3 --   7.9 ± 0.4 

a Based on measurements at two temperatures. 

In contrast, the transition in the RbCoFe@KNiCr-PBA 
particles is gradual, completing over a much wider tem-
perature range from approximately 260 K to 175 K,  with 
only a single diffraction pattern recorded at each tempera-
ture corresponding to lattice parameters intermediate to 
the HS and LS limits.   
   The light-induced CTIST was monitored by recording 
time-dependent PXRD patterns of samples 6 – 9 at 100 K, 
cooling the sample according to sequence 2 described in 
the experimental section.  Figure 5 shows the 200 reflec-
tion of patterns taken before the samples are irradiated 
with white light and monitors changes at increasing radia-
tion times for the uncoated CoFe-PBA, sample 6, and two 
core-shell samples, 7 and 8.  Upon irradiation, it takes 2 to 
3 minutes for the uncoated particles to switch completely.  
In contrast, the core-shell particles show a markedly faster 
transition, completing in less than 20 s for sample 7, and 
less than 5 s for sample 8, effectively before the first X-ray 
scan was complete.   
    The intrinsic kinetics of the light-induced LS-HS transi-
tion are difficult to quantify, requiring quantitative deliv-
ery of light to powdered samples.  The light-induced tran-
sition rates can change with slight differences in sample 
packaging or sample mounting, for example.  Further-
more, the efficiency of light absorption by the CTIST ac-
tive material can change with the addition of shell.  With 
the characteristic rate for the forward process difficult to 
quantify, isothermal relaxation studies were used to study 
the reverse process, the return from the metastable light-
induced HS state back to the LS state.  Following cooling 
of the sample to 100 K and irradiation to generate the 
light-induced HS state according to sequence 3 in the ex-
perimental section, samples were warmed to different 
target temperatures and PXRD patterns were collected at 
regular intervals to determine unit cell parameters as a 
function of time.  For each of the core-shell samples, the 
starting and ending values of the cell parameters were 
used to generate plots of HS-state fraction as a function of 
time, Figure 6 and Figure S2, which could then be fit with 
an exponential decay to determine time constants for 
each sample at each of the target temperatures, Table 1.  
Arrhenius plots, Figure S3, were then used to determine  

 

Figure 6. The normalized cubic lattice parameter vs. time 
monitoring the isothermal relaxation from the metastable HS 
state of RbCoFe@KNiCr-PBA sample 8, with a 29 nm shell, at 
three temperatures.  Lines through the data are single expo-
nential fits, parameters for which are reported in Table 1. 

 

Figure 7. The normalized cubic lattice parameter vs. time 
monitoring the isothermal relaxation from the metastable HS 
state of uncoated RbCoFe sample 6 at three temperatures. 
The relaxation shows a distinct sigmoidal shape, unlike the 
single exponential decay observed for the core-shell particles.  
The sigmoidal deviations reflect the strong cooperativity of 
the spin transition in the uncoated particles. 
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the activation energies for the HS to LS thermal decay, 
also shown in Table 1. 
    For the uncoated particles, sample 6, magnetometry 
was used to monitor the HS to LS relaxation as it proved 
easier than fitting and quantifying each PXRD pattern 
with two distinct structures corresponding to the coexist-
ing phases as a function of time.  To verify the magnetom-
etry and structural measurements monitor the same pro-
cess, HS to LS relaxation of the core-shell sample 7 was 
also followed by magnetometry, Figure S4, and Arrhenius 
analysis, Figure S5, confirms both measurements yield the 
same activation energy (Table 1).  The shape of the relaxa-
tion curve of the uncoated particles is different from those 
of the core-shell particles, displaying a sigmoidal shape 
seen before for CoFe-PBA analogues,65 and other spin-
crossover solids, 45, 49 which reflects a high level of cooper-
ativity associated with structural change, Figure 7.  Fur-
thermore, the activation energy for the isothermal relaxa-
tion process is significantly higher for the uncoated parti-
cle, 39.4 kJ/mol, compared to 16.7 kJ/mol for the core-
shell sample with the thinnest shell.  The activation ener-
gy decreases even further as the NiCr-PBA shell becomes 
thicker, reaching 8.3 kJ/mol for the sample with the 52 nm 
shell as seen in Figure 8, which shows the activation ener-
gy as a function of shell thickness.  

 

Figure 8. Activation energy vs. shell thickness for the relaxa-
tion from the metastable HS state of RbCoFe-PBA as extract-
ed from Arrhenius plots for samples 6-9.  The activation ener-
gy associated with the RbCoFe-PBA core transition decreases 
with increasing shell thickness.  The points in black are de-
termined using PXRD data, while the points in red are deter-
mined from SQUID magnetometry 

 
DISCUSSION  
The key finding of the present study is the rate of the pho-
to-induced CTIST in RbCoFe-PBA particles increases 
when the particles are coated with a NiCr-PBA shell.  The 
rate enhancement can be attributed to a decrease in the 
elastic barrier to the structural phase change associated 
with the spin-transition.  The normally large difference in 

lattice constant between HS and LS states of CoFe-PBA, 
Δa = 0.34 Å, decreases to as little as Δa = 0.14 Å in the 
core-shell particles, which reduces the rigidity of the LS 
state, lowering the elastic barrier between the LS and HS 
phases.  These conclusions are discussed in more detail in 
the following sections and are supported by an electro-
elastic model for solid-state spin transition networks ap-
plied to a 2D lattice model of the core-shell particles.  We 
begin by introducing the electro-elastic model and then 
discuss the changing elastic properties of the lattice as 
observed in the experimental measurements. 
 
The Electro-elastic model. 
The structural interplay between the core and the shell, 
observed experimentally, was supported by numerical 
simulations based on an electro-elastic model.66 Details of 
the model appear in earlier papers41, 42, 66 so the current 
discussion is limited to a brief outline of the approach, 
including some alterations specific to the light-induced 
process.  The core-shell nanoparticle is modelled by a reg-
ular 2D square lattice whose nodes are coupled via springs 
moving only inside the plane. Each node has four nearest 
neighbors (nn) and four next-nearest neighbors (nnn), 
except those at the surface. Each node of the core repre-
sents a spin transition atom that may have two spin states, 
high-spin (HS) or low-spin (LS) described by the respec-
tive eigenvalues +1 and -1 of an associated fictitious spin S.  
Metal-ligand bond distances are larger in the HS state 
than in the LS state so the equilibrium distance between 
nodes, R0, differs depending on spin state of its neighbors. 
The nn, 𝑅0(𝑆𝑖 , 𝑆𝑗), and nnn, 𝑅′0(𝑆𝑖 , 𝑆𝑘), distances will have 

different values depending on the local spin states and the 
nn distances are designated 𝑅0(+1; +1) = 𝑅𝐻𝐻, 
𝑅0(+1;−1) = 𝑅0(−1; +1) = 𝑅𝐻𝐿 and 𝑅0 (−1;−1) = 𝑅𝐿𝐿, 
corresponding to separations between HS-HS, HS-LS and 
LS-LS sites.  In contrast, the shell is assumed to be mag-
netically inactive and assigned a lattice parameter similar 
to that of the core in the HS state.  
    The model links the atoms by springs whose stiffness, 
𝐴𝑖𝑗(𝑆𝑖 , 𝑆𝑗) for nn and 𝐵𝑖𝑘(𝑆𝑖 , 𝑆𝑘) for nnn, depend on the 

instantaneous distance between the nodes. Hence, the 
total Hamiltonian has the following form, 
 

𝐻 = ∑
(∆−𝑘𝐵𝑇 ln𝑔)

2
𝑆𝑖 + ∑ 𝐴𝑖𝑗[𝑟𝑖𝑗 − 𝑅0(𝑆𝑖 , 𝑆𝑗)]

2
+𝑖,𝑗𝑖

∑ 𝐵𝑖𝑘[𝑟𝑖𝑘 − 𝑅0
′ (𝑆𝑖 , 𝑆𝑘)]

2
𝑖,𝑘  .         (1) 

 
The first term on the right-hand side contains the effec-
tive contribution of the ligand field energy, ∆,  and favors 
the LS state. This contribution competes with the entropic 
term 𝑘𝐵𝑇 ln 𝑔, which stabilizes the HS state at high tem-
perature, where 𝑘𝐵 is the Boltzmann constant, 𝑇 the tem-
perature, and 𝑔 is the degeneracy ratio between the HS 
and LS states. The second and third terms describe the 
elastic interactions between nn and nnn sites, respective-

ly, using 𝑟𝑖𝑗  =  ‖𝑟𝑖⃗⃗ − 𝑟𝑗⃗⃗ ‖ (or 𝑟𝑖𝑘 ) as the instantaneous dis-
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tance between two nn (or nnn) sites. Monte Carlo proce-
dures are run over the spin and position variables, repeat-
ing several times to reach the equilibrium mechanics.  
Visiting all the nodes of the lattice for a spin change is 
defined as one Monte Carlo step, MCS. For temperature 
sweeps, 103 MCS were implemented for each tempera-
ture. 
    The thermal transition was modeled using a core with a 
side length of 𝐿𝑐 = 19 nm (19 nodes) while varying the 
thickness of the shell, 𝜔, in the range [0-13] nm. The 
thermal variation of the HS fraction, 𝑛𝐻𝑆, as function of 
the shell thickness is summarized in Figure 9a, clearly 
illustrating how increasing the shell thickness results in 
lowering the transition temperature.  Furthermore, the 
cooperativity within the active core is affected since the 
transition transforms from first-order for uncoated parti-
cles to gradual conversion for core-shell systems, in excel-
lent qualitative agreement with experimental results of 

Figure 2. The transition temperature, 𝑇𝑒𝑞, estimated by 

the average of the transition temperatures on the cooling 
and heating branches of the cycle, are plotted vs. ω in the 
inset of Figure 9a showing a continuous decrease when 
the thickness of the shell is increased.  
    Figure 9b plots the zero temperature lattice parameters 
of the core and the shell as functions of the shell’s thick-
ness. As expected, the thinner shells are impacted to a 
larger extent by the volume shrinkage of the core upon its 
spin transition from HS to LS.41, 67  The shell lattice param-
eter decreases following the trends observed experimen-
tally in Figure 3.  However, the LS value for the core, set at 
1 nm in the absence of a shell, steadily increases as the 
shell gets thicker, again qualitatively in agreement with 
the experimental observations.  The larger LS lattice con-
stant results in a smaller difference between LS and HS 
values when the core is coupled to the shell, thereby low-
ering the elastic interactions between the spin-crossover 
units67 and significantly impacting both the thermal and 
light-induced spin transitions. 
    The present electro-elastic model can also be extended 
to study the photoexcitation process.  We investigated an 
uncoated core as well as particles surrounded by 3 nm and 
13 nm shells and the corresponding results are presented 
in Figure 10a. To include the photoexcitation process in 
the MC simulation, an additional term is introduced in 
the LS to HS transition probability of the MC detailed 
balance (see SI).  This new term depends on the intensity 
of the light and is equal to zero for the reverse HS  LS 
process. As depicted in Figures 10a and S7, the efficiency 
of the photoexcitation process depends on the shell’s 
thickness, in very good agreement with the experimental 
observations of Figure 5. Indeed, the uncoated particle 
shows a slow and sigmoidal transformation, which accel-
erates significantly as the shell thickness increases, be-
coming almost exponential. The model also qualitatively 
reproduces the experimental trends in isothermal relaxa-

tion with the core-shell particles relaxing faster and the 
sigmoidal relaxation seen for the uncoated particles be-
coming exponential when coupled to a shell, Figure S8. 
 

 

 

 

Figure 9.  Predictions of the electro-elastic model.  (a) The 
effect of shell thickness on the temperature dependence of 
the HS fraction, 𝑛𝐻𝑆.  Inset:  the equilibrium temperature, 𝑇𝑒𝑞, 

as a function of the shell thickness, 𝜔.  (b) The lattice parame-
ters of the core and the shell at 0 K as a function of shell 
thickness.  Inset:  0 K histogram of the lattice parameters for 
the particle with a 13 nm shell over the entire particle, show-
ing the broad distribution of distances. (c) The local pressure 
field distribution over a core-shell nanoparticle with 5 nm 
shell determined from the LS configuration at 0 K. The fol-
lowing parameter values were used in the simulation: Δ =

1500 K, 𝑔 = 150, 𝐴 = 2105 K.nm-2 and 𝐵 = 0.3 × 𝐴. 
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c
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Evidence for changes in elastic properties. 
The relative rigidity of the CoFe-PBA core in the LS state 
can be correlated with the change in lattice parameter 
upon undergoing the HS to LS transition.  Cafun et al.68 
have pointed out the lattice is less rigid in the HS state 
with longer and weaker cobalt-ligand bonds.  In the core-
shell particles, increasing shell thickness reduces the net 
contraction of the core upon cooling to the LS state, with 
the total change in lattice parameter decreasing from 
~0.34 Å for the uncoated particles to ~0.14 Å for thicker 
shells, Figure 3.  In fact, the dimensions of the relatively 
expanded LS lattice in the core-shell particles are closer to 
the HS CoFe-PBA lattice than the fully contracted LS state 
of uncoated particles.  Therefore, as the net contraction of 
CoFe-PBA is limited in the core-shell particles, the rigidity 
corresponding to the LS phase decreases and hence the 
internal elastic forces responsible for the cooperative na-
ture of the transition diminish.   The change in lattice 
parameter and, as a result, the lower rigidity of the ex-
panded LS CoFe-PBA phase correlate with the increased 
rate of the optically-induced transition in core-shell parti-
cles, shown experimentally in Figure 5 and modelled in 
Figure 10.  The less rigid core is better able to accommo-
date the change in volume associated with the transition, 
leading to faster rates.  

 

Figure 10. (a) High spin fraction vs time determined by the 
electroelastic model for 100 K photoexcitation of the core for 
various values of the shell thickness, 𝜔.  Snapshots of the lat-
tice during the photoexcitation process corresponding to 
𝑛𝐻𝑆=0.5 for an uncoated core (b) and a core decorated with a 
shell of 13 nm width (c). Red, blue and green points stand for 
the HS, LS and shell sites, respectively. 

    Another influence of the shell is to exert stress on the 
core, favoring the HS state. These effects are predicted by 

the electro-elastic model and are seen experimentally 
when analyzing XRD data.  The shell, with the larger lat-
tice constant, exerts a tensile stress on the core while ex-
periencing a compressive stress due to the core’s smaller 
lattice constant.    The misfit between core and shell com-
ponents, f, is expressed as 
 

𝑓 =
𝑎2−𝑎1

𝑎1
× 100% ,  (2) 

where a1 and a2 are the cubic lattice constants of the shell 
and core, respectively. For RbCoFe@KNiCr-PBA, the lat-
tice parameter of the shell, ~10.45 Å, is relatively close to 
that of the HS state of the uncoated core, ~10.30 Å, result-
ing in a misfit of f = -1.7% under the room temperature 
conditions used to prepare the particles.  On the other 
hand, the magnitude of f changes when the core contracts 
upon transitioning to the LS state.  If the RbCoFe-PBA 
achieves the dimensions of the pure phase LS state, a ~ 
9.96 Å, the misfit becomes as large as f = -4.7%.  It can be 
seen in Figures 3 and 9 that both core and shell are im-
pacted by the contraction of the core, with changes ob-
served in both lattices.  The tensile force applied by the 
shell is seen in the restricted contraction of the core and 
the compressive force of the core results in distortion of 
the shell.   These effects can be visualized in a pressure 
field distribution calculated by the electro-elastic model 
and shown in Figure 9c for a core-shell particle in the LS 
state. 42, 67  
    Experimentally, the strain each lattice experiences can 
be quantified from structural data via a Williamson-Hall 
analysis.69-71  Earlier work quantified the strain based on 
peak broadening in both CoFe-PBA and NiCr-PBA com-
ponents before and after the CTIST of the core.59  The 
magnitude of microstrain, ε, in the NiCr-PBA shell at 100 
K in the dark, with the CoFe-PBA in the LS state, is great-
est for thin shells (εhkl = 3.2%; εh00 = 1.4%) and decreases 
with increasing shell thickness (εhkl = 0.6%; εh00 = 0.2%).59  
The analysis can be related to the ability of the shell to 
apply a stress on the core.  The thinner shell is more plia-
ble, so as the core contracts, the shell distorts and ac-
commodates some of the compressive stress as lattice 
strain.  As the shell becomes thicker it is less susceptible 
to distortion, marked by a decrease in strain in the shell 
component, and the result is greater tensile force on the 
core, restricting its contraction.  The tensile force influ-
ences the light-induced LS to HS CTIST.  Once the transi-
tion is initiated by light, the tensile stress applied by the 
shell accelerates the associated structural changes.  As the 
shell becomes thicker, the stress is larger, further acceler-
ating the transition. 
 
Changes to the order of the spin transition in the 
core. 
In general, as solids undergo spin transitions, domains of 
the new spin state nucleate and grow and the interplay 

a

b c



10 

between nucleation of new domains and growing estab-
lished domains depends on the elastic properties of the 
lattice.  During either the thermal or light-induced CTIST, 
the single phase CoFe-PBA exhibits coherent domain 
growth, characterized by the coexistence HS and LS do-
mains during the transition, detectable with X-ray diffrac-
tion.  Domain sizes on the order of 1000-3000 Å have been 
measured for the light-induced HS state.72, 73  The sizeable 
mismatch between the lattice parameters of the HS and 
LS states results in considerable structural distortion, 
leading to a highly cooperative transition with long-range 
order.74  For the core-shell particles, the X-ray data indi-
cate the NiCr-PBA shell reduces the CoFe-PBA domain 
size during the thermal transition, Figure 4.  In contrast to 
the uncoated particles, X-ray diffraction from the core-
shell particles shows a continuous evolution of lattice 
constant through the transition, indicating the absence of 
large, well-defined HS and LS regions as the phase change 
progresses.  Instead, the gradual transition is characteris-
tic of a higher number of randomly distributed nucleation 
sites. The presence of the shell influences domain for-
mation in the core by restricting the ability of the core to 
contract, thereby modulating inter-site interactions.  Co-
operative interactions provide a barrier to new domain 
formation, so the reduction of these interactions results in 
a larger number of domains.75 The different behaviors are 
clearly demonstrated with the electro-elastic model in 
Figure 10, giving the spatial distribution of the HS and LS 
sites during the light-induced transition, showing the 
growth of larger domains for the uncoated particle and 
more ramified pattern of HS and LS structures for the 
nanoparticle with a thick shell.  
    The shell around the spin transition particle impacts 
two features known to influence the mechanism of the 
transition.  First, cooperative spin transitions are often 
observed to initiate at low elastic energy sites, typically at 
a corner or edge of a particle or crystal.66, 76 The shell mod-
ifies the core, changing the coordination sphere of those 
CoFe-PBA surface, edge, or corner sites that would other-
wise serve as nucleation points for the transition in un-
coated particles.  Figures 10 b and c illustrate these differ-
ent behaviors.  The electro-elastic model also shows 
thicker shells broaden the distribution of nearest-
neighbor distances in the LS core, Figure 9b inset, facili-
tating nucleation of new sites. 
    Restricting the ability of the core to contract is a second 
impact the shell has on the mechanism of the thermal 
spin transition.  As the net contraction of the core is re-
duced, the difference between the energies of the HS and 
LS CoFe-PBA lattices decreases, which can be directly 
related to the extent of interaction between neighboring 
sites.42  The interaction parameter, J, which is commonly 
used to describe such nearest neighbor interactions has 
been defined for spin crossover systems as  
 

𝐽 = 𝐴0𝜌1
2 (3) 

 
where A0 is derived from the experimental bulk modulus 
and ρ1, which relates to the lattice misfit between the HS 
and LS lattice constants, is42    
 

𝜌1 = 
1

4
 (𝑅𝐻𝐻 − 𝑅𝐿𝐿). (4) 

 
By expressing the interaction parameter in terms of the 
bulk modulus, it becomes apparent that a reduction of 
rigidity can lead to a decrease in the interaction parame-
ter, or the tendency for neighboring sites to be in similar 
spin states.  A reduced net contraction of the core is ex-
pected to influence the interaction parameter in the same 
way.  The result is that the presence of a shell, which 
modifies both the elasticity and the change in lattice pa-
rameter of the core, inhibits large single domain for-
mation during the transition.   

 

Figure 11. Monte Carlo simulations based on the electro-
elastic model showing isothermal relaxations of the photoex-
cited metastable HS fraction for different temperatures for (a) 
an uncoated particle and (b) a core-shell particle (shell width 
= 5 nm). The sigmoidal character of the relaxation curves for 
the uncoated particles result from the domain nucleation and 
growth of the stable LS state, whereas the exponential decay 
observed for the core-shell particles ramified structure result-
ing from many random LS nucleation events. 

    Further evidence that the shell facilitates the formation 
of core nucleation sites is seen in the different shapes of 
isothermal relaxation plots for the uncoated versus core-
shell samples, Figures 6 and 7.  The reduced barrier is 
quantifiable via the isothermal relaxation from the meta-
stable high-spin state, Figure 8.  The activation energy is 
at its maximum for the uncoated particle and decreases as 
the shell is added and becomes thicker. In addition, the 
relaxation curves for uncoated RbCoFe-PBA particles are 
sigmoidal, in contrast to those for core-shell particles, 
which show a simple exponential decay.  A sigmoidal re-
laxation from the metastable high-spin state is attributed 
to a highly cooperative transformation, which self-
accelerates once points of nucleation form.3, 41, 42, 77-80  The 
simple exponential form of the core-shell relaxation 
curves suggests a smaller level of cooperativity, consistent 
with the reduction of the inter-site interaction parameter, 
and smaller volume change during the transition.   In the 

a b
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case of core-shell systems, the lack of an initial plateaued 
region, also called the incubation regime, suggests that 
nucleation is a faster, lower-energy process for the core-
shell particles that takes place at very early times.80  These 
trends are well supported by the electro-elastic model. 
Starting from the initial photoinduced HS state, the iso-
thermal relaxation of the uncoated nanoparticle shows 
sigmoidal behavior observed experimentally with the 
presence of an incubation time, characteristic of a cooper-
ative system, Figures 11 and S8. In the case of the core-
shell nanoparticles, the corresponding relaxation curves 
are exponentially-shaped (see Figure 11b, Figure S8b), in 
excellent agreement with experimental data.  
 
CONCLUSIONS. 
The addition of a shell to mesoscale particles of the cy-
anometallate spin-transition network, Rba-

Cob[Fe(CN)6]c·mH2O, dramatically alters the rate of the 
characteristic light-induced CTIST.   The behavior can be 
attributed through experiment and modeling to modifica-
tions of the elastic properties of the core by the shell.  The 
normally large difference in lattice constant between HS 
and LS states of CoFe-PBA core is reduced in the core-
shell particles.  The larger low-spin lattice constant lowers 
the rigidity of the LS CoFe-PBA phase, correlating with 
the increased rate of the optically-induced transition in 
the core-shell particles.  The smaller magnitude of the 
core expansion/contraction upon undergoing the spin 
transition, as mediated by the particle shell, also impacts 
the thermal CTIST processes.  The smaller change directly 
relates to the extent of interaction between neighboring 
sites changing the cooperativity associated with the phase 
change.  These trends are well supported by the numerical 
simulations.  The findings are the first report of using het-
erostructure architecture or control of particle environ-
ment to influence the rate of an optically-induced spin 
transition and should impact new strategies for using spin 
transition materials as photomechanical actuators. 
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