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Elastic coupling between spin-crossover particles and cellulose fibers
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Composite materials made of cellulose fibers and spin crossover micro-particles were investigated by magnetic measurements and dynamic mechanical analysis (DMA). The storage modulus of the cellulose handsheet (0.6 GPa at room T) is significantly enhanced in the composite (1.7 GPa). The latter also displays a reversible increase of ca. 10% when switching the magnetic spin state of the particles from the low spin (LS) to the high spin (HS) form. Around the spin transition temperature a loss modulus peak is also observed, highlighting the strong viscoelastic coupling between the particles and the cellulose matrix. These results pave the way for the development of a novel family of actuator materials based on spin crossoverpolymer composites.

Spin crossover (SCO) complexes of transition metal ions 1 have lately received increasing attention for their mechanical properties and in particular for the possibility of harvesting a very significant volume change, which accompanies the SCO phenomenon. Indeed, this property provides remarkable prospects for the use of SCO materials in mechanical actuator technology. 2 The spontaneous strain during the spin transition was recently exploited through the integration of SCO materials into bimorph cantilevers, which were actuated either thermally or by light irradiation. 3 Strain-mediated coupling of SCO with electrical, 4,5 optical 6 and magnetic properties 7-10 has also been reported in hybrid SCO materials. In this context, we realize that the development of ''artificial muscles'' using polymer-SCO composites appears to be particularly promising. An artificial muscle is a kind of actuator generally defined by analogy with the skeletal muscle, and as stated by Tondu, 11 any material or device whose shape can change in response to a stimulus can potentially be a candidate for the label ''artificial muscle''. This was clearly demonstrated through the development of an electromechanical actuator made of particles of the SCO complex [Fe(Htrz) 2 (trz)](BF 4 ) (Htrz = 1,2,4-4H-triazole and trz = 1,2,4-triazole) dispersed in a poly(methylmethacrylate) matrix. 12 For further progress with this novel class of actuator materials, it will be, however, crucial to understand how the elastic strain associated with the spin transition is transmitted to the macroscopic scale in composite materials.

Here we report on the mechanical analysis of cellulose-SCO composites, revealing remarkable elastic strain coupling phenomena. The linter cellulose fibre composite 1 with B50 w% loading of [Fe(Htrz) 2 (trz)](BF 4 ) microparticles was prepared using a procedure described in a previous article. 13 The fairly homogenous distribution of SCO particles over the linter cellulose surface is clearly observed on the SEM images in Fig. 1. The magnetic properties of the composite are shown in Fig. 2. At room temperature, the composite is diamagnetic, but upon heating it becomes paramagnetic around 110-115 1C. The return to the diamagnetic phase occurs around 80 1C with a large thermal hysteresis. This behaviour corresponds to the well-known spin transition of [Fe(Htrz) 2 (trz)](BF 4 ). 14 The spin transition of the composite is also accompanied by a pronounced thermochromism between the LS (pink) and HS (white) phases. 13 Fig. 1 SEM images of composite 1 (the inset shows a zoomed image). Scale bars are 10 mm.

The mechanical properties of the composite and pure cellulose handsheets were characterized by DMA, wherein an oscillatory force (stress) is applied to a material and the resulting displacement (strain) is measured. An ARES G2 rheometer from TA Instruments was used in tensile mode in the temperature range between 55 and 130 1C with heating/cooling rates of 2 1C min À1 , a preload force of 0.7 N, a static force/dynamic force amplitude ratio (''force tracking'') of 120%, and an oscillation frequency of 1 Hz. Samples were cut in a rectangular shape (25 Â 7 mm), with an approximate thickness of 170 mm, and were loaded at a starting gap height of 10 mm between the clamps. The composite was cycled several times before reaching stability. Preliminary tests were performed at 23 1C in a dry nitrogen atmosphere to determine optimal mechanical conditions as well as stress-strain curves (Fig. 3). The latter indicate a reinforcement, i.e. higher stiffness of the handsheets loaded with SCO particles. The slope of the stress-strain curves below B0.1% strain gives the Young's modulus, which increases from 0.6 GPa for the pure cellulose to 1.7 GPa for composite 1. Besides the intrinsically higher stiffness of the SCO material, one may suggest that the SCO particles also affect the free OH groups of the cellulose and thus participate in inter-fibre hydrogen bonding, which in turn increases the stiffness of the network. 15,16 Hence the reinforcement imparted by the [Fe(Htrz) 2 (trz)](BF 4 ) particles allows greater stress transfer from the cellulose to the SCO particles at the interface.

Application of a dynamic, vibrational load to paper sheets will result in a combination of elastic and viscous responses. Various theoretical approaches were suggested to model this behaviour. Researchers usually employ linear and non-linear continuum models in order to explain stress relaxation and creep, since these are the standard methods for investigation of paper viscoelastic properties. [17][18][19][20][21] In the visco-elastic model the dynamic modulus E* is the ratio of stress to strain under vibratory conditions defined as: [START_REF] Mark | Handbook of Physical Testing of Paper[END_REF] E* = E 0 + iE 00

The real part E 0 , the storage modulus (elastic response), is proportional to the energy stored by the material upon reversible elastic deformation. The imaginary part E 00 , the loss modulus (viscous response), is proportional to the energy dissipated as heat (mainly) by the friction of macromolecular chains. The latter is an irreversible phenomenon. Fig. 4 shows the temperature dependence of the storage and loss moduli of the pure cellulose and composite sheets for a complete heating-cooling cycle. As can be expected, the storage modulus of the pure cellulose sheet exhibits a gradual decrease while increasing the temperature from 55 to 130 1C. This phenomenon is mostly related to the increase in polymer chain mobility at higher temperatures. While the magnitude of the storage modulus obviously depends on the type of fibre and its refining state, the decreasing storage modulus is a general tendency. The composite sheets display a similar monotonous decrease of the storage modulus up to ca. 110 1C, wherein E 0 abruptly increases by ca. 10%. Upon cooling, these phenomena are reversible with a decrease of E 0 around 80 1C. This hysteresis of the elastic modulus in Fig. 4(ii) is obviously correlated with the magnetic properties (Fig. 2). We can thus conclude that the spin transition leads to a reversible change in elastic properties of the whole cellulose composite. At first glance, the increase of the storage modulus in the HS state of the composite might seem to be surprising since the stiffness of the SCO material itself decreases at the same time. [START_REF] Fe ´lix | [END_REF] However, one should also consider that the volume fraction of the spin crossover particles increases by ca. 11% while going from the LS to the HS state. 24 The strain induced by this volume change on the cellulose fibres seems to be the main contribution to the storage modulus increase upon the SCO in this particular case.

In addition to the elastic response to time dependent stress, irreversible plastic deformation and associated energy dissipation will also take place in the composite -mainly due to the mechanical relaxation processes of the cellulose fibres as they are stretched. These phenomena are reflected by the loss modulus whose temperature dependence is also shown in Fig. 4 for the two samples. The E 00 curve of the sheet made from the as received cellulose fibres shows a decrease of the loss modulus with increasing temperature. According to the results obtained by Roylance et al., this tendency can be associated with the high temperature part of a broad mechanical relaxation centred around À50 1C which is related to the relaxation of restricted amorphous chains in the crystalline phase of cellulose. 25 The mechanical losses are weak between 80 and 130 1C, indicating that no significant relaxation occurred in this range reflected also by the weak temperature dependence of E 00 . The E 00 curves of the composite material reveal two well defined loss peaks around the spin transition temperatures. These two peaks can be assigned to heat dissipation due primarily to the friction of cellulose fibres during the spin transition.

In summary, DMA analysis revealed an abrupt and reversible stiffening of the cellulose-[Fe(Htrz) 2 (trz)](BF 4 ) composite when going to the high temperature HS phase and an associated peak in the mechanical losses. These results demonstrate that it is possible to combine the functionality of compliant, free-standing polymer materials with the actuating force arising upon the spin transition in SCO particles. This approach thus provides access to functionalities (e.g. manufacturability), which are not easily attainable with monolithic spin crossover materials and, vice versa, it also allows endowing the matrix with advanced mechanical and optical properties. As a perspective, it is important to notice that by simply changing the filler microstructure (particle shape, arrangement, etc.) one may obtain very different mechanical couplings with the matrix. In the case of highly oriented high aspect ratio particles, one may even anticipate opposite responses (i.e. DE HS-LS 0 4 0 or DE HS-LS 0 o 0) depending on the direction in which the force is applied to the composite. The empirical Halpin-Tsai equations 26 may provide a very useful frame for the design of these systems with tailored mechanical responses.
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Fig. 2

 2 Fig. 2 Magnetization of composite 1 as a function of the temperature recorded at 4 1C min À1 . Arrows indicate heating and cooling.

Fig. 3

 3 Fig. 3 Stress-strain curves of the pure and composite cellulose sheets at 23 1C. The error bars are smaller than the symbol size.

Fig. 4

 4 Fig. 4 Storage and loss moduli of the pure (i and iii) and composite (ii and iv) cellulose sheets at different temperatures in the heating (red open symbols) and cooling (blue closed symbols) modes. Arrows indicate heating and cooling.