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Cool-Spark Plasma Sintering: an opportunity for the development of molecular ceramics

Cool Spark Plasma Sintering recently emerged as an efficient approach to sinter thermodynamically fragile materials. In the context of an exploratory study aiming at the identification of new fragile ferroic materials, high density ceramics (98% of theoretical density) of copper acetate diamine Cu(CH3COO)2•2NH3 were obtained. The stabilization of its tridimensional framework by weak Hbonding qualifies this compound as a molecular material and limits its thermodynamic stability. However Cool Spark Plasma Sintering enables its efficient densification, through stabilization 90 °C beyond its decomposition temperature. This constitutes the first report of the sintering of molecular polycrystal, i.e. first example of molecular ceramic.

Solids are generally known to display ordering at various ranges, local in amorphous ones, extended in crystalline ones, and involve different types of bonding, covalent, ionic, metallic as well as intermolecular forces, frequently referred to as Van der Walls forces. Solids can generally be processed in different forms, single-or polycrystals, powders, films, ceramics. This latter dense and polycrystalline form is certainly the most convenient one to investigate and use solids' properties, control their shaping and integrate them in devices. Nonetheless processing dense and cohesive polycrystalline forms of molecular materials remains an unknown territory up to now, mostly due to their limited thermodynamic stability. In this regard, Cool Spark Plasma Sintering (Cool-SPS) recently emerged as an efficient method for the sintering of thermodynamically fragile materials [1-3] at low temperature without using liquid phase.

Here we will present the successful sintering of a molecular compound by Cool-SPS, copper acetate

diamine, and the subsequent investigation of the crystal chemical and physical properties of the obtained molecular ceramic. We will then discuss the opportunity concerning the development of molecular ceramics as well as that of low temperature sintering processes. Indeed important efforts have been undertaken to develop sintering techniques allowing operating temperatures reduction. Achieving such goal not only induces an important reduction of processing energy and costs, but also extends the range of sinterable materials. Indeed, developing low temperature sintering techniques such as Cold Sintering Process (CSP) [4,5], Cool-SPS [1][2][3] or Hydrothermal Sintering (HS) [6,7] enabled the sintering of many different materials, including composites [8][9][10][11].While CSP and HS sintering techniques rely on the presence of liquid to drive solid phase dissolution-precipitation [12], there is no need for liquid phase in Cool-SPS technique, which is the main difference between those techniques. The Cool-SPS technique relies on the application of uniaxial pressure in the order of typically 100-600 MPa and the use of an electric field to induce Joule heating, responsible for temperature increase in the sample. Due to the different materials conductivity, their reactivity may be altered and lead to different sintering pathways. In order to allow both electric current flow and pressure application, WC die and punches are usually employed. The use of SPS equipment to produce heating allows higher temperature ramps (> 100 °C/min) than in the case of Cold Sintering Processes (typically 10-20 °C/min). Comparing these aspects, it has been shown that the influence of heating ramp on ZnO leads to a different sintering pathway compared to CSP [13,14]. Processing functional devices by low temperature sintering is also within reach, as for example low [15] and ultra-low [16] temperature co-fired ceramics, which have been developed for more than a decade. However, sintering, generally speaking, non-inorganic materials, such as polymers, molecular materials or hybrid organic-inorganic (multi)materials remains an important challenge. As an example, no sintering has ever been performed on purely organic materials. Cool-SPS recently proved powerful for the sintering of thermodynamically fragile materials, i.e. materials facing melting, decomposition or an irreversible phase transition at low temperature, preventing their sintering by conventional, high-temperature methods [1]. The high degree of densification obtained using Cool-SPS and the preservation of both structural and magnetic properties after sintering [2,3] were tokens of the efficiency of this process. The present work pushes further the demonstration of Cool-SPS efficiency, with the successful sintering of a molecular material, introducing molecular ceramics. The definition of ceramic itself maybe questioned in this regard, as it is widely assumed (in many textbooks and academic communities) that it refers to materials that are inorganic in nature. The present paper does not aim at discussing the far-reaching question of whether an adjustment in the definition of a ceramic is needed or not. However, to clarify the concept of "molecular ceramic", the following is proposed: a molecular ceramic is a dense and cohesive polycrystalline solid in which intermolecular forces contribute, partially or totally, to bonding at the atomic (crystal structure) and microstructural (grain boundaries) levels. In this regard, the title materials, once turned into a dense and cohesive polycrystal, will inevitably be a molecular ceramic as intermolecular forces are the only ones at work for the cohesion of its atomic structure, and thus the only ones contributing to the cohesiveness of the dense polycrystalline edifice, i.e.

molecular ceramic.

Copper acetate diamine has been synthesized by mixing copper acetate (Alfa Aesar, 99%) in a nearly saturated aqueous solution of ammonium bicarbonate NH4HCO3 (Sigma Aldrich, 99%). The mixture quickly leads to sub-cm sized crystals (see figure S1 inset). Obtained crystals are made of pure Cu(CH3COO)2•2NH3, otherwise named copper acetate diamine, for which only two references are available in the literature, both concerned with its crystal structure [17,18]. XRD Rietveld refinement performed on crushed crystals confirmed the proposed structural model and phase purity (figure S1 and table S2). However, copper acetate diamine appears rather sensitive, as after few hours in ambient atmosphere, a pale blue shell forms around the grains, corresponding to an unidentified phase. After few days, a major decomposition of the powder is observed (figure S3). Then, copper acetate diamine powder must be preserved from ambient atmosphere by storing it in a desiccator. Even after few months, no evolution has been observed in such conditions.

TGA measurement performed at 3 °C/min under air on crushed crystals shows two mass losses (figure 1a). A first mass loss occurs at 110 °C, and corresponds to 17.3 wt.% of the sample, which relates to the mass of amine groups in the material (17.6 wt.%). This is confirmed by mass spectroscopy data (figure1b)

showing an important release at m/z = 17, which corresponds to NH3 molecular weight. Therefore, the sample already underwent a partial decomposition. The second mass loss corresponds to the loss of 52.7 wt.% at 280 °C and can be associated to the loss of acetate groups, representing 52.0 wt.% of the material. This is confirmed by mass spectroscopy observation, showing an important peak at m/z = 59, corresponding to acetate group. This TGA measurement confirms the thermodynamic fragility of copper acetate diamine, induced by the weak H-bonding stabilizing the three-dimensional structure of this neutral complex [18], with a stability ranging from room temperature to around 110 °C.

To determine the maximum sintering temperature that could be used while preventing the decomposition of the phase, two experiments have been performed, at different pressures. The first one is performed at the minimum pressure allowed in our experimental setup, which is 40 MPa. The second one corresponds to an applied pressure of 600 MPa. To reduce the interaction between the powder and the surrounding protective layer, usually made of graphite paper, tantalum foil was used to cover all the powder's surface.

Figure 1c shows the gas pressure in the SPS chamber when the powder is heated up at a constant heating rate of 30 °C/min for the two different applied pressures. After removing the die from the SPS in both cases, no powder remains, total decomposition of the material occurred, which can be monitored by plotting chamber pressure as a function of temperature. In both experiments, a massive gas release is observed, which occurs at a higher temperature when a higher pressure is applied. This gas release is related to the decomposition of the material (figure 1b), and occurs at 110 ˚C under 40 MPa, matching TGA results. The application of 600 MPa helps stabilizing the phase up to 200 ˚C, i.e. 90 ˚C above decomposition observed in the previous conditions and from TGA. According to these observations, Cool-SPS has thus been performed at 180 °C under 600 MPa for 10 min. Relative density has been measured (geometrically) to be 98.0% of theoretical density (1.73 g/cm 3 ). SEM pictures displayed on figure 2 show highly densified microstructures, without visible intergranular porosity, confirming the high density of the pellet. This experiment has been reproduced on several occasions with similar microstructures and relative densities. Such as the initial powder, pellets are hygroscopic and had to be stored in a dry space. XRD profile refinements have been performed on powder and pellets (see table S2) and comparison with literature confirmed structure preservation upon Cool-SPS processing, while refined parameters show an excellent agreement between powder and pellet data, with discrepancies below 0.1%. No significant gas release was observed during sintering (figure S4, data at 300 MPa provided for comparison), confirming copper acetate diamine is perfectly stable during Cool-SPS processing at 180 °C and 600 MPa.

Consequently, a phase pure, high quality, and high density molecular ceramic has been obtained from this molecular compound.

Magnetic measurement (figure 3a) have been performed on both initial powder and molecular ceramic, showing a perfect match, thus confirming magnetic properties conservation upon Cool-SPS processing.

Magnetic measurements show an antiferromagnetic transition at 2.8 K with a maximum magnetization of 0.27 emu/g. High temperature paramagnetic phase follows a Curie-Weiss behavior with C = 0.4 emu.K/mol, μeff = 1.77 μB and θ = -1.59 K, confirming the antiferromagnetic nature of the interactions. Both the low transition temperature and low magnetization are likely the result of weak magnetic interactions due to the long Cu-Cu distances. Indeed Cu(CH3COO)2 • 2NH3 crystallizes in monoclinic space group P21/c [18] and consists of Cu(CH3COO)2 • 2NH3 neutral complexes weakly linked by H-bonding, with the smallest Cu-Cu distance being 5.43 Å along (100). The neutral complex forms an elongated octahedron around the Cu 2+ ions, with the square plane formed by 2 Cu-O (2.005(2) Å) and 2 Cu-N distances (1.977(1) Å), and 2 long Cu-O distances (2.680(3) Å), defining two acetate groups and two amine groups, as described by Euler et al [18].

The availability of dense ceramics also allowed for dielectric measurements that were performed down to 2 K, with and without magnetic field. The collected data show remarkably small loss factor (< 0.04% for 2 K < T < 200 K, see figure S5), reflecting the very small contribution of grain boundaries to dielectric response, therefore confirming the high quality of the final ceramic. Temperature dependent measurements only revealed a small anomaly of the loss factor, observed around 110 K. When a magnetic field is applied on the ceramic at a constant temperature of 2 K, in the antiferromagnetic phase, (figure 3b) dielectric permittivity is affected, since a reduction of 0.01% is observed. This evolution is reversible and has also been confirmed by cycling magnetic field. Dielectric losses remain remarkably constant over the whole range of magnetic field, confirming the quality of the sample, and suggests that the magnetocapacitive effect observed is intrinsic and supports the existence of a magnetoelectric coupling mechanism in Cu(CH3COO)2 • 2NH3, that could not be probed without the successful processing of this material in the form of a molecular ceramic.

Prior to this work, molecular materials were mainly studied as powder and single-crystals [17], and possibly as thin films [20]. The present work fills the gap of molecular ceramics, among the solid forms available for molecular materials. Indeed, the main takeaway from the study of Cu(CH3COO)2 • 2NH3, successfully densified by Cool-SPS, is that its three-dimensional cohesion at the atomic level is assured by hydrogen bonding. This means that intergranular bonding is due to intermolecular forces. Thus the obtained dense and cohesive polycrystal of copper acetate diamine constitutes the first example of a molecular ceramic. As previously reported [1], Cool-SPS has been used and proved to be very effective at unexpectedly low temperatures for the sintering of thermodynamically fragile materials. The unforeseen sintering efficiency of Cool-SPS for molecular materials extends the panel of materials eligible to low temperature sintering by this technique. Indeed, the ability to operate in such a temperature range paves the way to the elaboration of ceramics from materials that were up to now considered impossible to sinter (thermodynamically fragile, molecular materials…). Now, not only one can consider the use of ceramics for the exploration of physical and functional properties of thermodynamically fragile phases, but also of

molecular materials, as presented above. The development of devices from functional molecular materials will likely be eased by relying on molecular ceramics. It remains to be explored if reactive sintering can be triggered and used for the elaboration of molecular ceramics, as it was for fragile materials, but we see no reason it should not be the case.

Following the breakthrough presented here, we expect that the development of molecular ceramics will enhance the application potential of molecular materials, especially in the field of functional molecular materials, where many interesting physical properties are already reported [19,[21][22][23]. The present demonstration of the potential of Cool-SPS for the elaboration of molecular ceramics bridges several gaps by completing the range of sinterable materials by this technique, enabling a previously inaccessible ceramic form for molecular materials, and opening the puzzling question of the sintering mechanism. But more than anything, we feel the discovery of the first molecular ceramic will prove a game-changer for the study of functional molecular materials and their future integration into functional devices.