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ABSTRACT: We investigated the interplay between the thermomechanical and spin crossover 

(SCO) properties of a series of stimuli-responsive polymer composites consisting of 

[Fe(NH2trz)3]SO4 and [Fe(Htrz)(trz)2]BF4 particles (trz = 1,2,4-triazolato) embedded in 

thermoplastic polyurethane, TPU, and poly(vinylidene fluoride - trifluoroethylene), P(VDF-

TrFE) matrices. The effective thermoelastic coefficients, transformation stress and strain in the 

composites were assessed utilizing dynamical mechanical analysis (DMA), differential 

scanning calorimetry (DSC), thermal expansion and thermal stress measurements. Remarkably, 

the composites display a characteristic elastic softening and increased mechanical damping 

around the spin transition temperature, which arise from the significant spin state - volume 

strain coupling in the particles and scale semi-quantitatively with the pressure derivative of the 

low spin fraction (
𝜕𝑛

𝜕𝑃
)
𝑇
. Crucially, for a given particle volume fraction, the transformation 

strain (resp. stress) substantially increases (resp. decreases) in soft matrices, which was 

rationalized by micromechanical simulations. The results provide a fundamental understanding 

and a quantitative guideline for the design of SCO@polymer composites for applications in 

mechanical transducers.  
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1. INTRODUCTION  

Spin crossover (SCO) complexes of 3d4-3d7 transition metal ions are a prominent class of 

switchable molecular materials capable of undergoing a reversible transformation between two 

spin states of the metal center via thermal, chemical, photonic and/or mechanical stimuli.1-4 

Specifically, at high temperature the high spin (HS) form is favored with respect to the low spin 

(LS) state due to its higher entropy. This change of electronic configuration is also associated 

with a volume change of the crystal lattice, typically of ~1-10 % (up to 22 %).5-8 Because of 

this large transformation strain, in the past decade, SCO compounds have been increasingly 

considered as mechanical transducers in sensors, actuators and energy harvester devices.9-10 In 

order to provide an engineering solution, SCO materials are usually processed either as 

polycrystalline coatings11-12 or as particulate composites13, mostly in polymer matrices. The 

dispersion of SCO particles inside polymers not only increases the processability of the 

materials, but can also be the source of unprecedented properties thanks to the strain-driven 

coupling between the particles and the matrix. Hence, efforts into SCO composite mechanics 

have focused on utilizing the spin transition phenomenon in two ways – generating movement 

in actuators14-21 and creating strain-coupled hybrid materials that combine the characteristics of 

the constituents to achieve novel functionalities,22-29 notably, transduction between heat and 

electrical energy.30-34 

SCO@polymer composite actuators were first conceived by Shepherd et al.14 in the 

form of bilayer beams. In this initial investigation, SCO particles were embedded in a 

polymethylmethacrylate (PMMA) matrix, and the obtained SCO@PMMA film was then 

covered by an inert polyvinylpyrrolidone (PVP) layer. The resulting bimorph actuators 

generated significant movement upon heating, in large excess with respect to ordinary thermal 

expansion. In addition, the actuating properties could be tuned straightforwardly by changing 

the SCO-active material. Subsequent efforts focused on integrating electrothermal heating 

elements into the bimorph beams,15 characterizing their actuation response,19-21 and developing 

appropriate closed-loop control methods.35 Beyond simple engineering configurations (e.g., 

rods, beams), SCO@polymer composite actuators have also been successfully shaped into more 

complex forms by 3D printing,16 and integrated into more sophisticated structures, such as 

microelectromechanical systems (MEMS).17-18 

Based on these studies, within the vast portfolio of emerging soft actuator materials,36-

47 SCO@polymer actuators appear remarkable for their vast compositional versatility, 

multifunctionality, ample movements, good controllability and robustness. Nevertheless, their 
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further development requires a deep understanding of the complex thermomechanics governing 

the desired function. The effect of the large strain energy density associated with the SCO in 

the particles (up to a few tens of Jcm-3) is of particular interest.9 The resulting deformation of 

the composite materials, the generated stress and the variation of its thermoelastic properties 

must be investigated experimentally and analyzed by appropriate modeling. Initial experimental 

efforts towards this aim revealed sizeable changes in the elastic moduli at the spin transition (a 

few tens of percent), significant damping under dynamic loadings, large linear strains (up to 7 

%) and relatively small thermal stresses (~MPa range).48-51 However, the analysis and 

interpretation of these results has remained rather qualitative (i) for the lack of knowledge of 

thermoelastic properties of the SCO particles and (ii) for the lack of appropriate modeling 

methodology.  

The primary aim of the present investigation is to provide a more comprehensive, combined 

experimental - modelling approach for a deeper understanding of the mechanics of 

SCO@polymer composites and, as a result, for an advanced design and optimization of actuator 

devices. An essential input for this endeavor comes from our recent investigation of 

thermoelastic properties of nanocrystalline powders of the technologically relevant SCO 

complexes [Fe(NH2trz)3]SO4 (1) and [Fe(Htrz)(trz)2]BF4 (2) (trz = triazolato), providing us the 

bulk transformation strain, thermal expansion coefficients, elastic moduli, and their temperature 

dependence.52 For the present work, these powders were embedded into P(VDF80-TrFE20) and 

TPU matrices at different concentrations (0 - 50 wt. %). We choose these matrices for their 

substantially different elastic moduli (~1 GPa vs. ~10 MPa), which is a crucial parameter for 

optimizing the actuating properties (vide infra). In addition, these polymers and their 

composites can be easily processed by blade casting, affording homogeneous particle 

dispersions within large sample volumes, which are required for mechanical testing.19,21 It is 

also worth noting that the selected polymers do not exhibit any significant thermally-induced 

phenomena (e.g. relaxations or phase transitions) near the SCO temperatures of 1 and 2, 

avoiding thus potential complications from overlapping mechanical spectroscopy signals. This 

issue is particularly important for the P(VDF-TrFE) matrix, which is a ferroelectric polymer 

exhibiting intricate electromechanical properties on its own. Indeed, one of the reasons to use 

the 80%-20% VDF-TrFE copolymer in this work is that it exhibits a high Curie temperature 

(ca. 135 °C) avoiding thus possible ‘crosstalk’ between the Curie transition and the spin 

transition in the composites.33-34  

The manuscript is organized as follows. Section 2 provides details on sample preparation 

and analysis methods. Section 3 gathers the main experimental results, including sample 
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characterization by DSC, SEM and DMA with special focus on the temperature dependence of 

the elastic modulus of the composites as well as on the transformation stress and strain imparted 

by the SCO particles. In section 4.1 we use a thermodynamical approach of regular solutions to 

rationalize the pronounced elastic softening and mechanical damping observed at the spin 

transition. Finally, in section 4.2, we put in place a micromechanical model for the quantitative 

analysis of the SCO induced transformation stress and strain in the composites. The 

micromechanical homogenization approach we use here is based on general principles 

introduced by Hill53-54, which were adapted by Rosen and Hashin55 for computing the effective 

thermal expansion coefficients of multiphase materials and by McMeeking56 for phase 

changing particles embedded in a matrix. 

 

2. METHODS 

2.1. Sample fabrication. The synthesis and characterization of SCO particles of 1 and 2 

were described in ref. 16 and 57, respectively. P(VDF-TrFE) with a VDF:TrFE molar ratio of 

80:20 was provided by Piezotech, whereas TPU 85a was purchased from BASF. (See Scheme 

S1 in the Supporting Information, SI, for the chemical structures.) The SCO@P(VDF-TrFE) 

and SCO@TPU composites were blade cast with different particle concentrations (0, 15, 30 

and 50 wt. %, see Table 1) using the protocols reported in ref. 19 and 21, respectively.  

 

Table 1. Sample compositions. 

Mass Content 

(wt. %) 

Volume fraction 

in TPU 

Volume fraction 

in P(VDF-TrFE) 

Volume fraction 

in P(VDF-TrFE) 

 

 [Fe(NH2trz)3]SO4 [Fe(Htrz)(trz)2]BF4  

15  0.08 0.14 0.14  

30  0.16 0.28 0.28  

50  0.27 0.47 0.47  

 

2.2. Sample characterization. DSC thermograms were acquired using a Netzsch DSC 3500 

Syrius instrument with a heating/cooling ramp of ±10 °C/min and a nitrogen gas purge of 20 

mL/min. Temperature and enthalpy were calibrated using the melting transition of indium. 

Particle morphology was investigated by transmission electron microscopy (TEM) using a 

JEOL JEM-1011 instrument. TEM samples were prepared by placing a drop of the particles 

suspended in ethanol on a carbon-coated copper grid. Scanning electron microscopy (SEM) 
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images of the composites were obtained by means of a HITACHI S-4800 electronic microscope 

operated in secondary electron mode. The composite films were fractured at liquid nitrogen 

temperature and covered by a thin layer of Pt to study both their cross-section and surface by 

SEM. The film thickness was assessed using a Mitutoyo precision micrometer. 

2.3. Mechanical property analysis. Dynamic and static uniaxial tensile measurements were 

carried out using a DMA850 instrument (TA Instruments), providing resolutions of force to 10-

5 N, displacement to 0.1 nm and phase lag to 10-5 deg. Thermal expansion and thermal stress 

measurements were carried out in constant force and constant strain modes, respectively, 

between 15 - 95 °C (15 - 115 °C for composites of 2) at a heating/cooling rate of ±1 °C.min-1. 

DMA measurements were conducted between 15 and 95 °C (15 - 115 °C for composites of 2) 

at a heating/cooling rate of ±3 °C.min-1 using an initial static force of 0.1 N, which was 

continuously adjusted, proportional to the sample stiffness variation, to ensure the dynamical 

force remains inferior to the static force all along the experiments. From the DMA 

measurements, we assessed the static elongation (lS) and the dynamical elongation modulus 

(E*) as a function of the temperature. The modulus was measured in displacement control mode 

with an imposed sinusoidal strain of 1 Hz in frequency and 0.08 % in amplitude (except 

otherwise stated). Before the measurements, a preliminary stress-strain measurement was 

carried out to ensure the oscillation amplitude remained within the linear elastic range. Each 

sample was measured through (at least) two thermal cycles and for two different synthesis 

batches to verify the reproducibility of the results. From the dynamical data, we then extracted 

the storage and loss moduli (E’ and E”, respectively) defined by: 

𝐸∗(𝑇) = 𝐸′(𝑇) + 𝑖𝐸′′(𝑇) =
𝐹𝐷

∆𝑙𝐷
(
𝑙

𝑤ℎ
) cos 𝛿 + 𝑖

𝐹𝐷

∆𝑙𝐷
(
𝑙

𝑤ℎ
) sin 𝛿   (1) 

where lD is the amplitude of dynamic elongation of the sample, FD is the applied dynamic 

force amplitude,  is the phase difference between the imposed strain and the resulting stress, 

whereas l, w, and h are the initial length, width and thickness of the composite film, respectively. 

In our experiments, we used rectangular samples with typical values of l, w, and h equal to 10, 

8, and 0.05 mm, respectively. In order to inspect the possible anisotropy of the mechanical 

properties, several specimens were cut from each blade-cast sample with their length either 

parallel (//) or perpendicular () to the direction of the blade movement (see Scheme S2). 

 

3. EXPERIMENTAL RESULTS 
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In the following sections, we will show the results obtained with ‘parallel cut’ samples of the 

series 1@P(VDF-TrFE)// and 1@TPU//, whereas data obtained for the ‘perpendicular cut’ 

samples as well as for the 2@P(VDF-TrFE) samples are provided in the SI. 

3.1. Sample characterization. The SCO properties of the composites and neat particle 

powders were assessed using DSC (Fig. S1-S2 and Table S1) and variable temperature optical 

reflectivity measurements (Fig. S3) conducted for multiple heating-cooling cycles. Following 

the first heating, which is always anomalous to some extent, the SCO behavior of the samples 

becomes well reproducible on thermal cycling. Between the SCO behavior of the neat powders 

and the composites no substantial difference can be observed. As an example, Fig. 1 compares 

the DSC thermograms of the neat powder of 1 with that of the composites 1@P(VDF-TrFE) 

and 1@TPU for 50 wt. % particle concentration. The powder of 1 displays an endothermic 

(exothermic) peak around 72 °C (52 °C) on heating (cooling), denoting a ca. 20 K wide thermal 

hysteresis in agreement with the first-order nature of the transition. (Note that the apparent 

hysteresis widths are somewhat different in the DSC, thermoreflectance and DMA 

measurements due to the different heat transfer conditions.) The excess enthalpy associated 

with the spin transition in 1 is 48.2 ± 0.2 J/g. In the case of the composites, the DSC peaks 

associated with the SCO are comparable with the thermogram of the powder (Fig. 1). In 

particular, both the transition temperatures and enthalpies (scaled for the same particle weight) 

remain nearly unaffected by the presence of the polymer matrix (see also Table S1 and Fig. S1-

S2). Interestingly, for the P(VDF-TrFE) (resp. TPU) composites, we observed systematically a 

small downshift (resp. upshift) of the transition temperature in the heating (resp. cooling) 

branch of the hysteresis. This slight, but significant reduction of the hysteresis width indicates 

possible changes of the free energy barrier to the nucleation of the HS (resp. LS) phases in the 

composites in comparison to the neat powder. Overall, we can say, however, that the SCO 

properties remain well preserved in the different investigated composites. 

In agreement with our previous results,21,57 TEM observations confirmed that compound 1 

forms well-defined, rod-shaped particles with lengths of 1-2 m and an aspect ratio of ca. 10, 

whereas particles of 2 display irregular and polydisperse morphology with an average particle 

size of ca. 50 nm (see Fig. S4). The good dispersion of the particles in the polymer matrices 

was verified using SEM (see Fig. 2 and Fig. S5). In both matrices, the rod-shaped particles of 

1 appear partially aligned along the blade-casting direction. This finding is also corroborated 

by the observed anisotropy of the mechanical properties of composites of 1 (vide infra). For the 

small, irregularly shaped particles of 2, preferential orientation cannot be detected by SEM – in 
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agreement with the fact that the mechanical properties were found independent of the direction 

in which the tensile specimens were cut from the blade-cast film (vide infra). 

  

Fig. 1. Representative DSC thermograms (second thermal cycle) of the powder of 1 compared 

to 1@P(VDF-TrFE) and 1@TPU (50 wt.%). Arrows show heating (red) and cooling (blue). (In 

the P(VDF-TrFE) composites the Curie peak of the copolymer is marked by a * symbol.) 

  

Fig. 2. Representative SEM images of a 1@ TPU sample (a) surface and (b) cross-section.  

 

3.2. Dynamic elongation modulus of the composites. The temperature dependence of the 

storage and loss moduli of the 1@P(VDF-TrFE)// and 1@TPU// composite films is displayed in 

Figures 3 and 4, respectively, for different particle concentrations. For comparison, the 

thermomechanical behavior of the pure polymers is also shown. The storage modulus of the 

pure P(VDF-TrFE) films near room temperature is ca. 650 MPa, which decreases steadily to a 

value of ca. 80 MPa at 90 °C. The loss modulus displays a similar tendency with values between 

ca. 60 and 15 MPa in the investigated temperature range. As it can be expected, loading the 

polymer with stiff SCO particles increases both E’ and E” (see also Table 2), except for the 

highest particle volume fractions (ca. 0.5) for which particle aggregation may prevail. (N.B. It 

may be worth to recall here that the bulk moduli of 1 and 2 are ca. 13 and 20 GPa, 

30 40 50 60 70 80 90

1@TPU
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H
e
a
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w

 (
W

/g
)
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Endo
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respectively.52) The most apparent mechanical effect in the composites is a storage modulus 

dip, denoting elastic softening, and a concomitant loss modulus peak, denoting enhanced 

mechanical damping. One can also note a more or less pronounced asymmetry of both 

phenomena. These elastic anomalies appear close to the SCO temperatures, seen in DSC, and 

their amplitude clearly correlates with the particle concentration – confirming unambiguously 

that they arise due to the SCO phenomenon. These patterns of storage and loss moduli are very 

similar in all investigated samples, including the TPU composites (Fig. 4), composites of 

compound 2 (Fig. S6) as well as the ‘perpendicular cut’ samples (Figs. S7-S9). Nevertheless, it 

is interesting to notice that the elastic anomalies are systematically smaller in the ‘perpendicular 

cut’ samples of composites of 1, reflecting the preferential particle orientation. 

        

       

Fig. 3.  Temperature dependence of the storage modulus (solid lines) and loss modulus (dashed 

lines) of the 1@PVDF-TrFE// composites for particle concentrations of 0, 15, 30 and 50 wt. %. 

The SCO events are shown by vertical lines for heating (red) and cooling (blue). 
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One can also observe more pronounced storage modulus dips in the soft TPU composites, 

compared to the stiff P(VDF-TrFE) composites with the same particle concentration. For 

example, for the 50 wt. %, 1@TPU sample E’ decreases abruptly from 530 MPa at 65 °C to 

350 MPa at 55 °C, corresponding to 34 % drop, whereas in the 50 wt. % 1@P(VDF-TrFE) 

composite the change is only 20 %. On the other hand, the loss peaks do not show such marked 

differences between the two matrices. When comparing the different particle compositions, i.e., 

the 1@P(VDF-TrFE) and 2@P(VDF-TrFE) series (see Figs. 3 and S6), one can note similar 

elastic anomalies, although in the latter sample the peaks/dips are sharper. Interestingly, this 

feature allows to reveal the occurrence of two well-resolved loss peaks – on both sides of the 

storage modulus minimum (see Figs. S6 and S9), suggesting that more than one mechanisms 

may contribute to the elastic anomalies. 

       

       

Fig. 4. Temperature dependence of the storage modulus (solid lines) and loss modulus (dashed 

lines) of the 1@TPU// composites for particle concentrations of 0, 15, 30 and 50 wt. %. The 

SCO events are shown by vertical lines for heating (red) and cooling (blue). 
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The elastic anomalies detected in our composite samples can be directly compared with those 

reported for the neat particle samples in ref. 52. Figure 5a shows variable frequency storage 

modulus and loss tangent data reported for the powder of 1. Besides the obvious resemblance 

of the asymmetric shape of the storage modulus dip between the powder and composite 

samples, one can note also the negligible frequency dependence of the elastic softening effect 

in both samples (Figs. 5a-5b). This contrasts with the behavior of the loss peak, whose 

amplitude drastically decreases for increasing frequencies. Indeed, elastic anomalies 

accompanying phase transitions are known to display characteristic changes with the frequency 

of the applied mechanical stress (f) and with the temperature scan rate of the experiment 

(dT/dt).58 To investigate the effect of the temperature scan rate, we compared DMA data 

obtained for a fixed temperature rate (3 K/min) with a thermogram constructed from a sequence 

of isothermal measurements (0 K/min) for the sample 1@P(VDF-TrFE) (30 wt. %). The latter 

was achieved by keeping the sample at each temperature step for 3 min. As shown in Fig. 5c, 

the loss peak intensity is drastically reduced in isothermal conditions and the elastic softening 

becomes also less pronounced. 

  

Fig. 5. Frequency dependence (1, 10 and 100 Hz) of the storage modulus (solid lines) and the 

loss tangent (dashed lines) for (a) the powder of 1 (data taken from ref. 52) and (b) the 30 wt. 

% 1@P(VDF-TrFE) composite, acquired in the cooling mode. (c) Comparison of the 

temperature dependence of the storage and loss moduli of 1@P(VDF-TrFE) (30 wt.%) obtained 

from a series of isothermal measurements and from a constant rate (3 K/min) thermal cycle.  
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the spin transition, the thermograms show ordinary linear thermal expansion, whereas the SCO 

phenomenon is characterized by abrupt changes and a thermal hysteresis of the strain. 

Following the first heating, this hysteresis becomes well reproducible. The transformation strain 

associated with the SCO phenomenon (T) is tabulated in Table 2 for the different samples. 

First, we note a neat correlation between the particle concentration and the effective strain, but 

the changes are not linear. There is a strong orientational anisotropy for composites of 1, which 

systematically exhibit higher SCO strains in the ‘parallel cut’ samples. On the other hand, 

samples of 2 appear basically isotropic in this respect.  

 

     

   

Fig. 6. Top panel: Thermal strain (2nd cycle) in the 1@P(VDF-TrFE)// composites (15, 30 and 

50 wt. %). Bottom panel: Thermal strain (2nd cycle) in the 1@TPU// composites (15, 30 and 50 

wt. %). Samples with similar particle volume fractions are connected by double-arrows. 
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obviously not the experimental case) one would expect maximum 0.8 % strain in the composite 

on a simple volumetric basis, which is only half of the measured value (1.7 %). The volumetric 

transformation strain in compound 2 is ca. 11 %.52 Since the particles are randomly oriented in 

the composites, for a 28 vol. %  2@P(VDF-TrFE) composite, the expectation on a volumetric 

basis would be  T = 1.0 %, which is again inferior to the experimental value of 1.3 %. Besides, 

we have also observed a systematically higher transformation strain in the TPU matrix 

compared to P(VDF-TrFE), for similar particle volume fractions. As it will be discussed in 

section 4.2, these findings can be clearly rationalized by taking into account the particle – matrix 

elastic modulus contrasts in the different samples. 

 

Table 2. Storage and loss moduli at 20 °C and the SCO-related transformation strain in the 

‘parallel cut’ (//) and ‘perpendicular cut’ () samples. 

Sample Particle 

vol. % 

E’20°C 
//

 

(MPa) 

E”20°C 
//

 

(MPa) 

T //  

(%) 

E’20°C ┴ 

(MPa) 

E”20°C ┴ 

(MPa) 

T
 ┴  

(%) 

P(VDF-TrFE) 0 630 60 0 850 70 0 

1@P(VDF-TrFE) 14 1200 80 0.9  1600 110 0.6  

1@P(VDF-TrFE) 28 2700 160 1.6  2200 110 1.2  

1@P(VDF-TrFE) 47 2300 150 2.4  2500 120 1.8  

TPU 0 26 3 0 16 2 0 

1@TPU 8 64 8 0.8 65 7 0.7  

1@TPU 16 240 27 1.7  145 17 0.7  

1@TPU 27 760 80 2.0  500 45 1.3 

2@P(VDF-TrFE) 14 750 40 0.7  860 55 0.6  

2@P(VDF-TrFE) 28 2000 95 1.3  1900 85 1.3  

2@P(VDF-TrFE) 47 1600 110 1.8  1500 100 1.8  

 

3.4. Transformation stress in the composites. Besides the stroke, another essential 

characteristic of an actuator is the stress it can generate. To investigate this property, thermal 

stress measurements were carried out, which consist in measuring the force generated when 

changing the temperature of the sample under an imposed constant tensile strain. Since the 

compressive thermal stress generated on heating tends to cancel the initial tensile stress, which 

maintains the sample stretched between the clamps, these measurements must be conducted 

using relatively large initial stresses. For this reason, one must use samples, which can resist to 

this stress and which produce relatively low thermal expansion. Taking into account these 

constraints, we could investigate only the 1@P(VDF-TrFE)// composites with 15 and 30 wt. % 

particle concentrations (see Fig. 7 and Fig. S14). The transformation stress (T) associated with 
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the SCO phenomenon in these two samples is ca. 0.8 and 1.6 MPa, respectively. In agreement 

with our previous findings,51 these values appear relatively small when considering the elastic 

modulus of these samples and the effective transformation strain (see Table 2). For example, in 

the sample 1@P(VDF-TrFE) (30 wt. %), far from the spin transition, the ratio of thermal stress 

( = 0.1 MPa/°C) and thermal expansion ( = 10-4 °C-1) coefficient is - /  = 1.0 GPa, which 

can be interpreted as an effective modulus. On the other hand, the ratio of transformation stress 

and transformation strain at the SCO is only -T/T = 0.12 GPa, denoting a significantly reduced 

effective modulus around the spin transition temperature. The correlation with the softening 

behavior of the storage modulus at the spin transition (Fig. 3) appears here very clearly. 

  

(a) (b) 

Fig. 7. (a) Stress under 1.5 % applied strain and (b) strain under 0.1 N applied force measured 

for a 30 wt. % 1@P(VDF-TrFE)// composite over a complete thermal cycle (heating in red and 

cooling in blue). The applied stress and strain are shown in black. The ordinary thermal stress 

() and thermal expansion () coefficients as well as the transformation stress (T) and strain 

(T) associated with the SCO phenomenon are also shown. 

 

4. Numerical modelling and discussion 

In the following sections, we present numerical analysis and discussions of the two major 

experimental observations in our SCO@polymer composites, i.e. the elastic anomalies at the 

spin transition and the amplification (resp. reduction) of the transformation strain (resp. stress) 

in the soft matrices. 

4.1. Elastic softening and internal frictions at the spin transition. Elastic anomalies 

accompanying phase transitions in different materials are ubiquitous and often spectacular due 
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to the drastic change of the structure and physical properties of matter in the vicinity of the 

transition temperature.58-60 Such anelastic effects have been already reported for spin-state 

transitions in iron-bearing minerals and for a few molecular spin crossover complexes as 

well.52,61-65 Since the volume of SCO materials differs in the two spin states, the proportion of 

HS and LS species will be modified to some extent by any externally applied stress. The spin-

state of the material provides therefore an indirect link between stress and strain, in addition to 

the ordinary elastic response. Because the relaxation of the spin state of the system facilitates 

the deformation, the material appears softer near the spin transition temperature. In addition, 

since the relaxation process is irreversible, energy is dissipated giving rise to mechanical 

damping.  

Carpenter and Salje discussed the elastic softening phenomena at structural phase 

transitions using the Landau formalism,59 which was then adapted to analyze isostructural spin 

transitions as well.52,63 Here we used a different approach, described by Wu et al.61, based on 

the thermodynamics of regular solid solutions to estimate the magnitude of elastic softening in 

compounds 1 and 2. This phenomenological model is better suited for quantitative modeling of 

thermodynamical properties, even if the description of the SCO phenomenon remains rather 

simplified. We start our analysis from the well-known Gibbs free energy expression proposed 

by Slichter and Drickamer,66 including a phenomenological nonlinear term Γ𝑛(1 − 𝑛), which 

describes deviations from the ideal solid solution (see Section S1 in the SI for more details): 

𝐺(𝑛, 𝑃, 𝑇) = 𝑛𝐺𝐿𝑆(𝑃, 𝑇) + (1 − 𝑛)𝐺𝐻𝑆(𝑃, 𝑇) + Γ𝑛(1 − 𝑛) − 𝑇𝑆𝑚𝑖𝑥(𝑛) (2) 

where 𝐺, 𝑆𝑚𝑖𝑥, Γ, 𝑛, 𝑃, 𝑇 are the Gibbs free energy, mixing entropy, interaction parameter, LS 

fraction, pressure and temperature, respectively. The condition for equilibrium (
𝜕𝐺

𝜕𝑛
|
𝑃,𝑇

= 0) 

yields: 

𝑇 =
−Δ𝐻 − 𝑃Δ𝑉 + Γ(1 − 2𝑛)

𝑁𝐴𝑘𝐵ln (
1 − 𝑛
𝑛 ) − Δ𝑆

 (3) 

where 𝑘𝐵 , 𝑁𝐴, Δ𝐻, Δ𝑆, Δ𝑉 are the Boltzmann constant, Avogadro number, enthalpy, entropy, 

and volume changes associated with the SCO, respectively. Since the SCO phenomenon in 1 

and 2 does not involve shear strains, the bulk modulus is the elastic constant of primary interest. 

The total volume is given by: 

𝑉 = (
𝜕𝐺

𝜕𝑃
)
𝑇
= (

𝜕𝐺

𝜕𝑃
)
𝑛,𝑇

= 𝑛𝑉𝐿𝑆 + (1 − 𝑛)𝑉𝐻𝑆 (4) 
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The isothermal bulk modulus 𝐾𝑇 ≡ −𝑉(𝜕𝑃 𝜕𝑉⁄ )𝑇 can then be obtained by taking the derivative 

of Eq. 4 with respect to pressure: 

𝑉

𝐾𝑇
= −(

𝜕𝑉

𝜕𝑃
)
𝑇
= 𝑛

𝑉𝐿𝑆

𝐾𝑇
𝐿𝑆 + (1 − 𝑛)

𝑉𝐻𝑆

𝐾𝑇
𝐻𝑆 + (𝑉𝐻𝑆 − 𝑉𝐿𝑆) (

𝜕𝑛

𝜕𝑃
)
𝑇
 (5) 

In the case of compound 1, the experimental SCO curve can be satisfactorily simulated using 

equation 3 with ∆𝐻 = 19500 𝐽 𝑚𝑜𝑙−1, ∆𝑆 = 58.2 𝐽 𝑚𝑜𝑙−1𝐾−1 and 𝛤 = 6800 𝐽 𝑚𝑜𝑙−1, leading 

to an equilibrium temperature of 𝑇𝑒𝑞 = 337 𝐾. These enthalpy and entropy changes are in 

reasonable agreement with the reported calorimetry data.52 Figure 8a shows the computed 

variation of the LS fraction versus temperature for compound 1 (see Fig. S15 for compound 2). 

For comparison, the SCO curve of an ideal HS/LS solution (i.e., 𝛤 = 0) is also shown. For the 

latter, the SCO occurs in a gradual manner over a broad temperature range, whereas in 

compound 1, the phase transition is abrupt with thermal hysteresis behavior.  

     

Fig. 8. (a) Simulation of the thermo-induced spin transition for compound 1 (heating in red, 

cooling in blue) and for an ideal solid solution (black). (b) Simulation of the concomitant 

changes of the bulk modulus. 

 

Using equation 3, one can also compute the pressure dependence of the LS fraction and then 

asses the derivatives (
𝜕𝑛

𝜕𝑃
)
𝑇
 for different temperatures. From previously published variable 

temperature and pressure crystallography data for 1,52 the volume in the LS state is 𝑉𝐿𝑆 =

3.9024𝑒−4 𝑚3 𝑚𝑜𝑙−1, the volume change at the SCO is ∆𝑉 = 0.0462𝑉𝐿𝑆 and the bulk modulus 

at 293 K is K = 13 GPa. By injecting these data into equation 5, we computed the bulk modulus 

variation as a function of the temperature for 1, as shown in Fig. 8b (see Fig. S15 for compound 

2). The bulk modulus exhibits considerable softening both for the gradual and abrupt SCO. For 
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the gradual conversion, the softening is less pronounced (ca. 50 %), but spans over a broad 

temperature range. For the abrupt spin transition, one can observe sharp dips of the bulk 

modulus at the transition temperatures, with values of K falling to ~1 GPa. Compared to the 

bulk modulus at room temperature (13 GPa), this represents ca. one order of magnitude drop. 

Clearly, in the frame of our model, this softening arises because the depression of the bulk 

modulus is proportional to (
𝜕𝑛

𝜕𝑃
)
𝑇
 (see Eq. 5). This calculation, based on the thermodynamics 

of solid solutions, remains of course just a crude, initial approach, neglecting notably the effects 

of phase separation. Nevertheless, it provides at least a gross estimate of the bulk modulus 

anomaly in the particles and confirms the importance of this phenomenon in modeling the 

thermomechanical properties of SCO@polymer composites. 

From a mechanical perspective, anelastic behavior is a fully recoverable mechanism, 

but from a thermodynamic perspective it is irreversible. After an external perturbation, the 

associated approach to internal equilibrium is known as anelastic relaxation. The related energy 

absorption ΔW during a cycle, divided by the maximum stored elastic energy W during that 

cycle, defines the inverse quality factor Q-1 = ΔW/2πW, which is the most general measure of 

internal friction. An equivalent measure of the damping is the loss tangent, which is directly 

assessed from DMA measurements as the ratio of the loss ans storage moduli: 

𝑄−1 =  𝑡𝑎𝑛 𝜑 =  
𝐸"

𝐸′
      (6) 

The mechanical damping at the spin transition can be phenomenologically divided into three 

contributions:58 

1) a transient component occurring under non-isothermal conditions and at sufficiently low 

frequencies. This component is related to the amount of transformed volume fraction 

per unit time (
𝑑𝑛

𝑑𝑡
) and appears dominant in our experimental conditions (see Fig. 5b 

and 5c). 

2) a stationary component occurring under isothermal conditions. This part is also visible 

in Fig. 5c. 

3) an intrinsic component, which is the algebraic average of the damping generated in the 

two coexisting phases. This contribution is expected to be minor in our case. 

The interpretation of internal friction data is complicated by the fact that the mechanical 

damping may have various origins, such as intrinsic spin-state relaxation, interface motion, 

defects/dislocations-related relaxation phenomena, as well as static hysteresis.60 For first-order 

transitions, most authors consider that the primary contribution to 𝑄−1 at low frequencies 
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should arise from the motion of a phase interface across the sample.58 Such mechanisms are 

indeed expected to occur in SCO single crystals wherein the coexistence of the HS and LS 

phases and the displacement of the interface(s) between them were repeatedly observed,67 but 

the occurrence of a HS/LS interface in SCO nanoparticles remains an open question.68 One 

additional source of internal friction may occur in SCO polymer composites, which arises from 

a change in the size and shape of the particles affecting particle-matrix interfacial properties. 

Further studies on bulk and composite samples displaying various types of SCO phenomena 

(gradual, abrupt) will be necessary to assess the importance of these different contributions. 

 

4.2. Effective transformation stress and strain at the spin transition. Our goal is to provide 

general diagrams from which we can predict the overall mechanical behavior of the composite 

with varying SCO particle concentration, shape, orientation and contrast of mechanical 

properties between the matrix and the particles. The considered variations will cover a broad 

and relatively complete range of composites. For the calculations, our attention is restricted to 

the case of linear elastic problems in two-phase particulate composites, in which the spheroidal 

(𝑎1 = 𝑎2 ≠ 𝑎3) inhomogeneities could be distributed randomly or aligned (see Fig. 9), such 

that the overall behavior of the composite at the macroscale could vary from isotropic to 

transversely isotropic (see Section S2 for more details). Following the method discussed by 

Hashin55,69 and McMeeking,56 we have generalized their approach to compute the effective 

phase transformation stress, 𝛔𝑇 and strain, 𝐞𝑇 in the two-phase composites with transversely 

isotropic base materials and spheroidal particles. To this end, first, we need to compute the 

effective bounds of mechanical properties, by choosing proper comparison media and 

calculating the Hill’s tensor53 (see Section S3 for more details). On the basis of the calculated 

Hashin-Shtrikman bounds70 of effective mechanical properties (see Section S4 for more 

details), we can then compute the effective thermal expansion coefficients or effective 

transformation strains and stresses in the composite (see Section S5 for more details). The 

formal basis of the method is outlined in detail in the SI, here we restate only the equations used 

to calculate 𝛔𝑇 and 𝐞𝑇. The elasticity law for the non-transforming polymer matrix is: 

𝝈𝑚 = 𝐂𝑚𝐞𝑚 (7) 

where 𝝈, 𝐞, and 𝐂  are stress, strain and the stiffness matrices, respectively. The elasticity law 

for the transforming SCO particles before and after transformation is: 

𝝈𝑝 = 𝐂𝑝𝐞𝑝 (8) 

𝝈𝑝 = 𝐂𝑝(𝐞𝑝 − 𝐞𝑝
𝑇) (9) 
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where 𝐞𝑝
𝑇 is the homogeneous particle transformation strain. The subscripts m and p denote 

matrix and particles, respectively. The overall behavior of the particulate composite before and 

after transformation is determined by 

𝝈 = 𝐂𝐞0 (10) 

𝝈 = (𝐂𝐞0 − 𝐞𝑇) (11) 

where 𝐞𝑇 is the effective transformation strain of the composite. Combining equations 7-11, an 

exact result for the overall phase transformation strain when the sample is free to expand can 

be obtained as:56 

𝐞𝑇 = 𝐂−1(𝐂 − 𝐂𝑚)(𝐂𝑝 − 𝐂𝑚)
−1
𝐂𝑝𝐞𝑝

𝑇 (12) 

This equation refers to our thermal strain experiments shown in section 3.3. For the case that 

the material is completely fixed in all directions, the transformation stress is then computed as: 

𝛔𝑇 = −𝐂𝐞𝑇 = −(𝐂 − 𝐂𝑚)(𝐂𝑝 − 𝐂𝑚)
−1
𝐂𝑝𝐞𝑝

𝑇 (13) 

In the case that the material is just fixed in the axial, 𝑥3 direction, as in our thermal stress 

experiments (see section 3.4), we have: 

𝛔 =

{
 
 

 
 
0
0
𝜎3
0
0
0 }
 
 

 
 

;        𝐞 =

{
 
 

 
 
𝑒1
𝑒2
0
0
0
0 }
 
 

 
 

;          𝐞𝑇 =

{
 
 

 
 
𝑒1
𝑇

𝑒2
𝑇

𝑒3
𝑇

0
0
0 }
 
 

 
 

 (14) 

 

Fig. 9. Scheme of a composite with spheroids oriented in the 𝑥3  direction and definition of the 

particle aspect ratio using the minor and major semi-axes of the spheroid (a1 = a2) 

 

As a starting point, we consider the 1@P(VDF-TrFE) composites, for which we possess the 

most complete data set, and we consider all particles aligned in the 𝑥3  direction as shown in 

Fig. 9. Despite considering the constituents isotropic, the overall behavior of the composite will 

be transversely isotropic due to the spheroidal shape of the particles, with the 𝑥3 axis as a normal 

axis to the plane of symmetry. The mechanical, thermal and phase transformation properties of 

this matrix and particles are given in Table 3. From TEM data (Fig. S4), the particle aspect ratio 

is estimated as 𝜂 =
𝑎3

𝑎1
= 10. In the first calculations, the bulk modulus of the particles will be 

a3 

a1  

=a3 



19 

 

assumed constant for simplicity, but in a second stage, the experimentally observed elastic 

softening will be also introduced. From a methodological point of view, we first compute the 

effective mechanical properties of the composites and then we use this information to calculate 

the effective phase transformation strains and stresses. 

 

Table 3. Thermomechanical properties of [Fe(NH2trz)3]SO4 and P(VDF-TrFE). K, 𝜈, 𝛼 and 𝑒𝑝
𝑇 

stand for the bulk modulus, Poisson’s ratio, thermal expansion coefficient and particle 

transformation strain along the particle long axis.  

Material 
K (GPa) 

 T=20 °C 

K (GPa) 

 T=65 °C 
𝜈 𝛼 (

1

°𝐶
) e𝑝

𝑇 

P(VDF-TrFE) 0.63 0.24 0.34 7.45e-4 0 

[Fe(NH2trz)3]SO4 13 13 | 1.0* 0.3 5e-7 0.05 

* Considering elastic softening at the SCO (see Fig. 8b). 

 

First, we analyze the effect of the contrast between the mechanical properties of the particles 

and the matrix. We define the dimensionless parameter Κ∗ =
𝐾𝑝

𝐾𝑚
 , which is the ratio of the bulk 

modulus of the particles to that of the matrix. In the case of an arbitrary isotropic mixture, there 

are no general results for the elastic moduli of a composite. Hence, bounds or estimates must 

be used. Figure 10a shows the variation of the elastic modulus k of the composite (see section 

S2 in the SI for the definition of k) as a function of the particle volume fraction (p) calculated 

using the Hashin-Shtrikman bounds70. When the mechanical properties of two phases approach 

each other, i.e., when K∗ → 1, the bounds of mechanical properties become narrower until they 

coincide with each other. In this case, the effective behavior of the composite can be computed 

from a simple algebraic rule of mixtures. On the contrary, for K∗>1 and K∗<1 the uncertainty 

of the solution increases, i.e. the zone between the upper and lower bounds of the overall 

properties becomes wider. It is important to remark that the mechanical contrast, K∗ governs 

not only the overall mechanical properties, but also the overall transformation stress and strain 

(see Eq. 12-13). This is seen both for the SCO-induced strain 𝑒3
𝑇 when the sample is free to 

expand (Fig. 10b) and for the SCO-induced stress 𝜎3
𝑇 when the sample movement is constrained 

in the 𝑥3 direction (Fig. 10c). (See also Section S6 in the SI for more computational results.) 

As shown in Fig. 10b, when Κ∗>1, the transformation strain 𝑒3
𝑇 steadily increases for a given 

particle volume fraction. This finding explains obviously why we observe systematically higher 

transformation strain in the composites when compared to the volume-weighted particle 



20 

 

transformation strain as well as why the transformation strain is enhanced in the softer TPU 

matrix in comparison with the P(VDF-TrFE) (see Table 2). Remarkably, for Κ∗ = 100, the 

value of 𝑒3
𝑇 can potentially approach the maximum value of 0.05 for a particle volume fraction 

as small as 0.1. 

  

Fig. 10. Variation of the (a) effective elastic constant k, (b) transformation strain 𝑒3
𝑇 and (c) 

transformation stress 𝜎3
𝑇  as a function of the particle volume fraction in composites of 1 for 

selected values of Κ∗. Particles are assumed to be aligned in the 𝑥3  direction. The matrix and 

particle properties are tabulated in Table 3. 

 

Figure 10 also illustrates that as Κ∗ → 1 (zero contrast between the mechanical properties) the 

effective transformation strain and stress in the composite will be simply the particle 

transformation strain multiplied by the particle volume fraction. On the other hand, when the 

matrix becomes much stiffer than the particles, i.e., when Κ∗ → 0, the transformation strain 

goes to zero. In summary, when the matrix becomes softer, the transformation strain induced 

by the particles can give rise to an enhanced deformation in the matrix and, as a result, in the 

composite. The price to pay, however, is a reduced transformation stress. In the opposite limit, 

a rigid matrix will resist against the deformation and most of the transformation strain converts 

to transformation stress. It may be worth noting here that 𝜎3
𝑇 in Fig. 10c was computed for a 

sample constrained only in the 𝑥3 direction. For a fully constrained sample, the resulting stress 

would be approximately doubled (see Fig. S24). 

Figure 10 illustrates general tendencies, but the computed data does not match the 

measured values of 𝑒3
𝑇 and 𝜎3

𝑇 for the experimental case of Κ∗ = 17 in 1@P(VDF-TrFE). To 

reproduce the experimentally observed values, we need to consider two essential parameters, 

which are (i) the ‘true’ particle orientation within the composite and (ii) the softening of the 

elastic modulus of the particles (vide supra). Using the ImageJ software71, we have evaluated 

the average particle orientation in some of our samples using SEM images (see Fig. S5 for an 
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example). From the constant strain measurements shown in Fig. 7, we could also estimate the 

effective softening of the particles of 1 during the spin transition (see Table 3), whose validity 

was also supported by the simulations shown in Fig. 8. By introducing these two ingredients 

into our micromechanical model, we reevaluated the transformation stress and strain as a 

function of the particle volume fraction for our 1@P(VDF-TrFE) composites, which are shown 

in Fig. 11. For completeness, this figure also displays the results obtained for fully aligned (in 

the 𝑥3 direction) and for randomly oriented particles. The computed data are now in reasonably 

good agreement with the experimental results, confirming notably the role of elastic softening 

in the effective mechanical behavior of SCO composite materials. These calculations can thus 

provide a valuable, quantitative tool to predict actuating properties of SCO@polymer 

composites. For example, for different applications, one may want to take advantage of either 

large values of produced strain or stress, which can be tuned by changing the Κ∗ parameter. The 

effect of the particle aspect ratio and orientation on the overall properties of the composite are 

also crucial. The limiting case will be a composite filled with high aspect ratio (𝜂 ≫ 1) long 

fibers in the 𝑥3 direction. It is obvious that, in this case, the 𝑒3
𝑇 can reach for low particle volume 

fractions the limiting value of 0.05, in particular for high values of Κ∗ (see Fig. S24).  Some 

further examples for the predicted thermomechanical behavior of SCO@polymer composites 

are given in Sections S6-S8 of SI. 

      

Fig. 11. Variation of the transformation strain 𝑒3
𝑇 (a) and stress 𝜎3

𝑇 (b) as a function of the 

particle volume fraction in composites of 1@P/VDF-TrFE) for different particle orientations 

(fully aligned, random and the experimental case) by considering the elastic softening of the 

particles. The matrix and particle properties are tabulated in Table 3. The experimental data are 

shown by red stars.  
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5. Conclusions 

Using a combined experimental and theoretical approach, we have investigated the effective 

thermomechanical properties of spin-crossover@polymer composites made of different 

polymer matrices and SCO particles at various concentrations. The results allow us to reach 

two important conclusions. First, we confirmed our previous hypothesis21,51 in that a soft (resp. 

stiff) matrix enhances the effective transformation strain (resp. stress), which is clearly 

demonstrated here by comparing soft TPU and stiff  P(VDF-TrFE) matrices. We also show that 

these responses can be quantitatively predicted using appropriate micromechanics 

homogenization methods, which allow to assess also the impact of particle shape, orientation 

and concentration on the effective mechanical behavior of the composite upon the SCO 

phenomenon. Second, we uncovered significant anelastic phenomena in the composites, 

characterized by elastic softening and associated damping at the spin transition. We highlight 

that these effects are inherent properties of the SCO particles: they occur due to the sensitivity 

of the spin-state equilibrium to applied mechanical stress. We believe that the enhanced 

dissipation may be a useful asset in vibration damping applications.72 On the other hand, the 

elastic softening phenomenon results in reduced actuating performance and should be therefore 

more quantitatively investigated on bulk SCO samples. Finally, this work also highlights that 

when SCO particles are embedded in an environment with a lower elastic modulus, the internal 

stresses generated at the spin transition remain too low to impact the SCO behavior sizeably. 

This might be different, however, if the particles are loaded into rigid environments, which 

should be investigated in further works. 
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