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Introduction

Understanding the dynamics of nanoconfined water, especially in terms of molecules trapped in nanocavities or strongly bonded to the material surface, is a theme of great interest across numerous scientific fields [1][2][3][4][5][6][7][8] . The features of nanoconfined water are highly dependent on the surface interactions and confinement geometry and are further modified by the presence of different chemical environments. [9,10] In this context, CaO-SiO2-H2O minerals represent an extremely good system for investigating the effect of the chemical network surrounded by the water molecules. This family of minerals consists of approximately thirty different layered crystalline structures with different calcium-to-silicon (Ca/Si) ratios containing intrinsic interlayer water. Calcium silicate hydrate minerals can form in nature as a consequence of geological hydrothermal processes in which hyperalkaline fluids react with basic igneous rocks or as a product of chemical reactions that take place during cement hydration. In the latter case, the calcium silicate hydrate (C-S-H) gel represents the principal hydration product of cement paste. The extensive interest in the study of this system is due to the strong influence of the water molecules at the microscopic scale on the macroscopic properties of the cement, such as resistance, strength and durability. [11] At the microscale, C-S-H gel adopts a semi-amorphous phase consisting of Ca(OH)2 layers and isolated silicate chains with variable lengths and numbers of hydroxyl units attached to Si atoms linked by water molecules. This material is characterized by short-range order, variable stoichiometry and a Ca/Si ratio ranging from 0.7 to 2.3. [12] A general formula for describing C-S-H gels is CaxH2(N+1-x)SiNO(3N+1)•zCa(OH)2•mH2O, where N is the silicate chain length, 2(N+1-x) is the number of -OH groups linked to the chain and z is the number of calcium hydroxide units surrounded by m water molecules. [13] Several previous studies have investigated the dynamics of nanotrapped water in C-S-H materials using different experimental techniques. Among these techniques, broadband dielectric spectroscopy (BDS) is a nondestructive experimental technique commonly used for the investigation of the dynamics of confined water, [14,15] in both biological systems, [16][17][18] and porous materials (such as clays, [19][20][21][22] molecular sieves, [23][24][25][26] and zeolites [27,28] ). In fact, due to its large frequency (10 -6 -10 12 Hz) and temperature (100-670 K) ranges, this technique allows us to explore the dynamic features of water over an extremely broad time range, from 10 2 to 10 -8 s. [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF] In the literature, three main water dynamics were observed in C-S-H gel in the supercooling region (100 K-250 K). [11,[START_REF] Cerveny | [END_REF] The weak and broad components at low temperature (110 K) were independent of the amount of water and were the only dynamics observed in the sample dried at 120 °C; for these reasons, this contribution was associated with the dynamics of hydroxyl groups. On the other hand, the processes observed at a higher temperature (190 K) presented dynamical features typical of water in confined systems and, consequently, were associated with the dynamics of water molecules in the small and large pores of C-S-H.

Apart from the study of nanotrapped water in this material, the only other study on calcium silicate hydrate minerals is an investigation of tobermorite. Tobermorite is an analogous crystalline form of C-S-H gel and is thus an excellent model system for mimicking the C-S-H properties. The ideal structure of tobermorite (Ca4+xSi6O15+2x(OH)2-2x•5H2O, with x ranging from 0 to 0.5 and a Ca/Si molar ratio equal to 0.83) consists of a double silicate chain between layers of 7-coordinate calcium cations, and thus, the tobermorite structure contains only Si-OH units. [31,32] Monasterio et al. compared the BDS results of natural and synthetic tobermorite (synthesized at 200 °C in 4 h). [33] Unlike in previous works on C-S-H, a well-defined contribution to the dielectric response was observed at low temperature (110 K) in both the natural and synthetic materials. As evidenced by the different shapes of this contribution in the dielectric spectra of C-S-H and tobermorite, and the presence of aluminum in the tobermorite samples, aluminum helped to stabilize synthetic tobermorite, it was suggested that the origin of this component was related to the dynamics of water confined in aluminum-rich zeolite cavities. On the other hand, at a higher temperature, the process behavior was similar to that observed for water molecules in small C-S-H gel pores. Despite all these previous studies, the definitive origin of the relaxation processes in these systems is difficult to ascertain, and an appropriate assignment is still incomplete. This lack of knowledge can be attributed to two main reasons. First, the description of the C-S-H gel, which accommodates both Ca-OH and Si-OH groups at the nanoscale, is very complex due to its heterogeneous and amorphous nature. Second, the tobermorite mineral, even if more crystalline, contains only Si-OH groups and thus does not allow us to investigate the effect of different chemical environments on the dynamics of water molecules. In this scenario, it is clear that a complete understanding of the nanoconfined water dynamics is possible only by comparison of two highly crystalline materials characterized by different surface topologies that depend on the presence of Ca-OH and Si-OH groups. Tobermorite is an optimal candidate to explore the effect of the Si-OH environment on water dynamics, and xonotlite is expected to be a good mineral archetype to study the further contribution of the Ca-OH chemical environment. Xonotlite (Ca/Si molar ratio equal to 1) is a calcium silicate hydrate mineral naturally and hydrothermally connected to tobermorite. Xonotlite has an ordered layer structure in which Si6O17 double chains bond via sheets of edge-sharing Ca-polyhedra, and unlike those of tobermorite, the OH groups are located at the free apices of the calcium octahedra. Xonotlite is usually described as having the following ideal stoichiometric formula Ca6Si6O17(OH)2. [34,35] However, several studies have shown that both natural and synthetic xonotlite contain excess water, which is present partially as Si-OH groups and partially as molecules. [34,36,37] As a consequence, the exact chemical formula should be closer to (CaOH)2Ca3.6(H0.8Si6O17) • m H2O, with m ≤ 2, as suggested by Grimmer et al. [38] This work aims to further elucidate the relation between the dynamics of nanoconfined water and the local material chemistry in calcium silicate hydrates by considering two appropriate synthetic model nanominerals in which the processes can be rigorously ascribed. In order to do that, highly crystalline tobermorite and xonotlite as models have been synthesized by employing an innovative supercritical water-based technology, which allows fine control of the chemical structure of the materials by tuning the Si-OH and Ca-OH contents. [39] Moreover, for the first time, an in-depth characterization of these model nanominerals using a combination of sophisticated spectroscopic techniques allowed us to univocally refine the picture of the water dynamics in these systems. As it will be shown later in this work, the local chemical environment of nanominerals (either Ca-OH or Si-OH) has a profound effect on both the dynamic and structural characteristics of water molecules and hydroxyl groups.

Results and Discussion

Structural characterization of model xonotlite and tobermorite

PXRD was used to identify the mineral phases and to investigate the crystallinity of the materials. In Figure 1a, the X-ray diffraction pattern shows well-defined peaks coincident with those of tobermorite (pdf 01-083-1520), confirming the high crystallinity of the tobermorite phase. It must be emphasized that we are synthesizing tobermorite at a temperature (400 °C) far above its stability limit, which is approximately 140 °C. [47] The formation of a thermodynamically unstable phase under the synthesis conditions, namely, tobermorite, is allowed because of the fine control of the reaction kinetics under supercritical conditions (400 °C and 25.0 MPa). However, the X-ray diffraction pattern in Figure 1b indicates that the material is xonotlite (pdf 00-023-0125) when the synthesis occurs with another Ca/Si ratio of 1 in supercritical water under the same temperature and pressure of 400 °C and 25.0 MPa. The morphology of the obtained minerals was investigated by SEM. As shown in Figure 1c, tobermorite continuously synthesized in supercritical water exhibits a fiber-like morphology with a size of approximately 1-20 μm in length and 10-20 nm in width. This result confirms the similarity of the "supercritical" tobermorite to the natural mineral, which also crystallizes in the form of fibers or plates 48 . In contrast, tobermorite prepared by conventional hydrothermal synthesis shows a foil-like morphology unless templates are employed to induce fiber formation. [48,49] Xonotlite crystals, as shown in Figure 1d, mainly consist of tiny flat fibers that are approximately 1-30 μm long and 50-100 nm wide. Previously, Lin and coworkers reported similar results for synthetic xonotlite prepared by conventional hydrothermal treatment at 200 °C for 24 hours. [50] Regarding the FTIR measurements, the characteristic absorption spectra of xonotlite and tobermorite are shown in Figure 2. In the range of OH stretching frequencies from 1500 to 4000 cm -1 , both spectra show a broad band at approximately 3400 cm -1 , which is presumably linked to the stretching contributions of both structurally incorporated OH groups and surface-adsorbed water (Si-OH••••H2O), as reported in the simulation results of Churakov and coworkers. [51] A more intense peak attributed to adsorbed and interlayer water is observed in the tobermorite phase rather than in xonotlite. Furthermore, it is interesting to highlight the similarity of our results for "supercritical" tobermorite with those reported by Monasterio and coworkers for natural tobermorite. [33] In this work, the FTIR spectra of natural and "subcritical" samples (synthesized at 200 °C in 4 hours) were compared, highlighting a shift toward lower wavenumbers of the broad peak attributed to OH in the natural specimen. Such an effect was related to the higher crystallinity in the natural network, which reduced the strength of the OH bond. [33] The sharp absorption peak at 3610 cm -1 is attributed to the Ca-OH vibration and appears only in the spectrum of xonotlite; this bonding is exclusively contained in the xonotlite structure and thus is characteristic of this mineral. In the range of 400-1500 cm -1 , the presence of numerous overlapping bands is attributed to the coupled stretching and bending of octahedral Ca and tetrahedral Si. [51] These bands are characteristic and common to many calcium silicate hydrates. The Si-O stretching modes of tobermorite are more overlapped and less defined than those of xonotlite. The position of the peaks in the spectra of both xonotlite and tobermorite and the origin of each resonance are summarized in Table 1.

A full comprehension of the hydrogen bond network in xonotlite and tobermorite has been obtained with further investigation in the 2800-3800 cm -1 region by micro-Raman spectroscopy. The spectrum of xonotlite (Figure 3) shows two groups of Raman-active vibrations. The most intense and sharp signal, centered at 3611 cm -1 , is attributed to Ca-OH stretching bands of hydroxyl units in the mineral, similar to those of portlandite (Ca(OH)2), where this mode appears at 3618 cm -1 . [55] At lower frequencies, the broad band centered at approximately 3500 cm -1 is assigned to OH stretching vibrations of surface-adsorbed water molecules, in agreement with the FTIR results. In contrast, the Raman spectrum of tobermorite (Figure 3) shows only one broad signal centered at approximately 3480 cm -1 . This band is attributed to water stretching vibrations and has a much greater intensity than that in xonotlite. The Raman results confirm, as already suggested from FTIR, the absence of hydroxyls linked to the Ca-O sheets in the tobermorite structure. These results are in agreement with the results of several studies on natural minerals and confirm that both xonotlite and tobermorite prepared in SCW exhibit structural characteristics similar to those of natural minerals. [55][56][START_REF] Garbev | Struktur[END_REF] 1 H MAS NMR was used to explore the local environment of protons at the atomic nearest neighbor and next-nearest neighbor scale. The xonotlite spectrum was deconvoluted into four signals (fitted curves) centered at 1.9 ppm, 2.3 ppm, 5.1 ppm and 15.2 ppm, as shown in Figure 4a. The sharp peaks at 1.9 and 2.3 ppm are attributed to the presence of Si-OH and Ca-OH bonds, respectively, while the broad signal at 5.1 ppm can be assigned to molecular water adsorbed on the xonotlite particle surface. These results are in agreement with the existence of different types of proton environments already detected in both natural and synthetic xonotlite synthesized under conventional and hydrothermal conditions. [34,37,51,[START_REF] Méducin | [END_REF] Last, the peak at 15.2 ppm can be assigned to strongly hydrogenbonded protons involving Si-OH groups, as already observed in other silicate minerals. [59] To our knowledge, in literature there is any study that focuses on the local environment of hydrogen species in tobermorite structure determined through 1 H MAS NMR. Peak assignments and data analysis are a challenge due to the complexity of the structure and the multiplicity of possible proton configurations. In Figure 4b, the 1 H MAS NMR spectrum of tobermorite formed in SCW exhibits two sharp peaks centered at 1.2 ppm and 3.7 ppm and three broad shoulder signals at 2.2 ppm, 5 ppm and 12.8 ppm. All these peaks are related to the presence of structural OH and molecular water as well as interlayer water in tobermorite. Despite the similarity of the xonotlite and tobermorite structures, the comparison between the 1 H MAS NMR spectra shows several differences. First, the slight shift toward higher values of Si-OH groups in xonotlite (1.9 ppm) rather than in tobermorite (1.2 ppm). This experimental evidence could be explained by considering that hydroxyl groups with stronger hydrogen bonding exhibit larger chemical shifts than those with weaker hydrogen bonding. [START_REF] Rosenberger | Magnetic Resonance and Related Phenomena[END_REF] Thus, the downfield shift of the Si-OH bond peak in the tobermorite spectrum occurs mainly due to the decrease in the electronic charge on the hydrogen bonded proton. This result is in accordance with previous studies on silica particles, which reported the observation of a peak at 1.1 ppm assigned to isolated (i.e., not hydrogen bonded) silanols at the SiO2 surface. [START_REF] Protsak | [END_REF] Therefore, the intense peak at 1.2 ppm can be assigned to protons in structural and weakly bonded Si-OH groups. On the other hand, the peak at 2.2 ppm can be assigned to protons linked to Ca-O, in accordance with the results reported by Colombet and coworkers (2.4 ppm) for numerous polycrystalline calcium hydrosilicate materials. [START_REF] Heidemann | Nuclear Magnetic Resonance Spectroscopy of Cement-Based Materials[END_REF] Furthermore, the findings of Colombet's study show that the typical range for protons in water molecules is from 3 ppm to 6 ppm. [START_REF] Heidemann | Nuclear Magnetic Resonance Spectroscopy of Cement-Based Materials[END_REF] Water molecules within minerals can be present in zeolitic sites or interlayer regions, as well as on the surface in the form of macroscopic fluid inclusions or microscopic cracks in the crystal. [START_REF] Yesinowski | [END_REF] Yesinowski and coworkers investigated numerous hydrous species in minerals by 1 H MAS NMR and reported that only minerals, such as analcite and hemimorphite, containing hydrogen in the form of stoichiometric amounts of water showed peaks at approximately 3.1 and 3.6 ppm. [START_REF] Yesinowski | [END_REF] These chemical shift values are very close to the value of 3.7 ppm found in this work. Consequently, this peak appearing in the tobermorite spectrum and absent from that of xonotlite is probably related to the presence of stoichiometric amounts of water located in the cavities between double silicate chains. Finally, as for xonotilte, the resonances at 5.0 ppm and 12.8 ppm arise from water on strongly hydrated surfaces and strongly hydrogen-bonded protons in Si-OH groups, respectively. [START_REF] Méducin | [END_REF]59,[START_REF] Protsak | [END_REF]64] 

Dielectric response of model xonotlite and tobermorite formed in SCW

In a typical dielectric experiment, the response of the material to an external electric field is measured. [START_REF] Kremer | Broadband Dielectric Spectroscopy[END_REF] The polarization inside the sample can be induced by different mechanism such as (i) charge displacement, (ii) orientational polarization, and (iii) redistribution of free charges. Therefore, measurements of complex permittivity (ε*(ω) = ε′(ω) -ιε″(ω)) allow us to investigate the dynamics of dipolar species as well as charge transport. In the case of minerals with analogous distributions of hydrous species in the structure, such as xonotlite and tobermorite, water molecules and hydroxyl groups are expected to contribute to the dielectric signal in a similar way. However, the BDS analysis, conducted on xonotlite for the first time in this work, revealed some specific and different properties between the two mineral structures that cannot be detected with other conventional techniques. In Figure 5, the imaginary part of the tobermorite and xonotlite complex permittivity (ε'') is shown at representative temperatures (100 K, 160 K and 200 K). Starting from the low-temperature region, the tobermorite signal is characterized by a well-defined peak (P1), as shown in Figure 5a. In Figure 5b, xonotlite shows two components at the same temperature, slower (P1S) and faster (P1F) than that observed in tobermorite. Upon increasing the temperature, a new weak process is observed in both samples (P2). Finally, at higher temperatures, process P3 enters the frequency range of the dielectric spectrometer, as shown in Figure 5c and5d. All the processes shift toward higher frequencies as the temperature increases, suggesting that the process is thermally activated. To extract information about the relaxation times, the dielectric response can be described by using standard fit functions. In that case, as commonly done for confined water, the data were analyzed in terms of Cole-Cole functions [65] that are defined as (Equation 1):

𝜀 * (𝜔) = 𝜀 ∞ + ∆𝜀 1+(𝑖𝜔𝜏) 𝛼 (1) 
where ∆𝜀 = 𝜀 𝑆 -𝜀 ∞ is the relaxation strength (with 𝜀 𝑆 and 𝜀 ∞ the relaxed and unrelaxed values of the dielectric constant, respectively), τ is the characteristic relaxation time, ω is the angular Peak Position (cm -1 ) Assigned vibration Xonotlite Tobermorite 3610 -Ca-OH [45] 3405 3370 stretching contributions of structurally incorporated OH groups and surface adsorbed water [45,46,53] 1631 1639 H2O bending [46,51,54] 1204 Broad shoulder ~1200 Si-O stretching (O-links between bridging tetrahedral) [46,51,52,54] 1088 Broad shoulder ~1060 Si-O-Si symmetric stretching modes [46,51,52,54] 978 970 Si-O symmetric stretching modes [45,46] 673 677 Si-O-Si bending [46,51,52,54] 625 -Ca-OH bending mode [45] 456 452 O-Si-O out-of-plane rocking motion-deformation of tetahedra [46,52] Table 1. FTIR peak assignments for xonotlite and tobermorite synthesized in supercritical water. frequency, and α is the shape parameter that determines the symmetric broadening of the relaxation peak (0 < α ≤ 1).

In Figure 6, the temperature dependence of the extracted relaxation times for each dynamic observed in tobermorite and xonotlite is shown.

All the processes show an Arrhenius-type temperature dependence within the entire temperature range, in accordance with:

𝜏 = 𝜏 0 𝑒 𝐸𝑎 𝐾 𝐵 𝑇 (2)
where the pre-exponential factor τ0 and the activation energy (Ea) provide information about the nature of the motions involved in relaxation processes (see Table 2). Starting from the faster process, P1 is characterized by a low energy activation (between 0.12 and 0.18 eV) and a characteristic time τ0 ~ 10 -12 s typical of vibrational dynamics. A similar process was previously observed in the investigation of natural and synthetic tobermorite by Monasterio et al. [33,[START_REF] Monasterio | On the Dielectric Properties of Water Confined in Cement-Like Materials[END_REF] In that work, this process was associated with the fast dynamics of water molecules in aluminum-rich zeolitic cavities. However, xonotlite does not have this kind of cavity; therefore, such interpretation is not consistent with the results obtained in our work. Moreover, in this time and temperature range, a broad and weak contribution was found even in silica nanoparticles [START_REF] Cerveny | [END_REF] and other cementitious materials, synthetic C-S-H and a cement matrix. [11,[START_REF] Cerveny | [END_REF] Table 2. Activation Energy, Ea, and pre-exponential factor, log (τ0), obtained from the Arrhenius equation applied to the data in Figure 6. In particular, in the latter systems, the origin of this contribution was associated with the rotational dynamics of hydroxyl groups.

Material

Considering that it is generally accepted that the C-S-H phase has a tobermorite-like structure, [68][69][70][71] we suggest that process 1 is related to the dynamics of hydroxyl groups. The well-defined shape of this component can be attributed to the ordered distribution of OH groups on tobermorite layers, while, as we add defects to the structure, the disordered environment is reflected in the broadening of process P1. To understand the differences observed in tobermorite and xonotlite, we must recall the 1 H NMR results. In the xonotlite spectrum, we observed a double peak related to the presence of two different populations of hydroxyl groups, Ca-OH and Si-OH, while in the tobermorite spectrum, a single peak was observed at a lower chemical shift associated with isolated silanol groups. Hence, the presence of two P1 processes in xonotlite can be related to the presence of two hydroxyl group populations with different chemical environments. Regarding process 2, the results obtained by the Arrhenius fitting procedure suggest a different nature and origin of this process in tobermorite and xonotlite (see Table 2). In fact, in tobermorite, these dynamics show energy activation and characteristic times similar to those of the strongly bound water already observed in several dried or low-relative-humidity systems, such as titanate nanowires, [72] zeolites, [25,28] hydrocalumites [73] and silica nanoparticles (SNPs) [START_REF] Cerveny | [END_REF] . According to the 1 H NMR results, only tobermorite exhibits the characteristic peak related to hydrated hydroxyl groups. Therefore, we might expect a scenario similar to that studied by Cerveny et al. in SNPs dried at 373 K, and P2 can be associated with the dynamics of water molecules hydrating the silanol groups. [START_REF] Cerveny | [END_REF] On the other hand, in xonotlite P2 has a lower activation energy, and τ0 ~ 10 -9 s suggests a diffusional nature of this process, while τ0 ~ 10 -13 s is characteristic of a vibration dynamic. This different behavior can be related to a distinct interaction between water molecules and the surface of the layer, as already observed by 1 H NMR. Sulpizi et al. have shown that the orientation and distribution of hydroxyl groups on the surface of SiO2 affect the arrangement of water molecules on the surface. [74] In particular, according to those authors, it is possible to have a "liquid-like" distribution of water molecules instead of the more ordered "icelike" distribution. Since process 2 is normally associated with the presence of a tetrahedrally coordinated distribution of water molecules, the diffusive behavior dynamics in xonotlite indicate the absence of such water coordination. We suggest that the presence of Ca-OH affects the distribution of hydroxyl groups on the surface of xonotlite, giving rise to a more disordered arrangement of water molecules, that is, "liquid-like", where a diffusive dynamic appears to be more favorable than the typical vibration behavior observed in tobermorite. Finally, process P3 has a similar activation energy and pre-exponential factors, suggesting that it originates from the same dynamics in both tobermorite and xonotlite. However, in xonotlite, the relaxation times are three orders of magnitude faster than those in tobermorite. A process with values of τ0 and relaxation times similar to those found in this work has been observed even in zeolites. [25,28] In these studies, such dynamics were related to the migration of cations in supercages. Finally, contributions from charge migration in the same frequency and temperature range have been observed in titanate nanowires [72] and CaFe-layered double hydroxide [73] . In this scenario, the faster dynamics observed in xonotlite can be explained by the higher content of nonevaporable water detected trough TGA measurement in the range between 105 and 300 °C, as shown in Figure S1. In fact, the double amount of nonevaporable water in xonotlite, cw = 0.95 wt%, respect to tobermorite, cw = 0.48 wt%, enhances the cation mobility, resulting in a shift toward smaller relaxation times. [75] 

Conclusion

The dynamics of confined water in nanominerals are highly dependent on the interactions and confinement geometry and are modified by the presence of different chemical environments. In this work, the water dynamics in two calcium silicate hydrate minerals, xonotlite and tobermorite, have been thoroughly studied. Despite the similarities in their stoichiometric and morphological layered structures, the chemical environments of xonotlite and tobermorite minerals are dominated by Ca-OH and Si-OH groups, respectively. On the basis of a combination of spectroscopic techniques such as Raman, FTIR, solid-state NMR and BDS, a refined picture of the dynamics of water in calcium silicate hydrates was possible, allowing univocal assignments of each dielectric relaxation process to a specific structural origin. The fastest relaxation dynamic (P1) found in the calcium silicate hydrate phases was previously hypothesized to arise from the hanging hydroxyl ions, but this work confirms this assignment by distinguishing the Ca-OH and Si-OH environments. In addition, our results reveal that the second fastest processes (P2) are intimately related to hydration/solvation water dynamics and that these processes are very sensitive to the local chemical environment. In that respect, the ordered "ice-like" solvation water found in the Si-OH-rich environments of tobermorite transforms into a disordered "liquid-like" solvation water found in the Ca-OH-enriched environment of xonotlite. Finally, our experiments suggest that the slowest process (P3) is related to bulky nonevaporable water and coupled to ion mobilities. Overall, this work might serve as a starting point for understanding the water dynamics in more complex calcium silicate hydrates, such as cementitious C-S-H gel, and provide a solid fundamental knowledge body for other water-containing materials. Another extension of this work is to disclose the effect of the water content on the dynamics of the different contributions.

Experimental Section

Synthesis method

Above its critical point (374 °C and 22.1 MPa), supercritical water (SCW) exhibits unique physiochemical properties, such as density, viscosity, and dielectric constant, which differ largely from those of water under ambient conditions. [40,41] The use of SCW results in high reaction rates and increased nucleation of inorganic materials, allowing replacement of costly, hazardous, and polluting organic solvents. [42,43] This sustainable and scalable methodology, due to its versatility, offers the possibility to finely adjust the process parameters and the reaction kinetics. Consequently, supercritical hydrothermal flow synthesis is particularly useful to manipulate, as desired, the reaction environment for application in materials processing. [39,44] In the context of C-S-H production, the main advantage of this technique is the ultrafast reaction kinetics: it is possible to synthesize crystalline calcium silicate hydrate nanoparticles, such as xonotlite and tobermorite, in a few seconds in continuous mode. [45,46] Furthermore, it should be emphasized that the supercritical C-S-H minerals are more similar, in terms of morphology, crystallinity and structure, to the natural phases than to the synthetic minerals reported so far in the literature. This experimental evidence suggests that in addition to the reduced synthesis times, this innovative technology more accurately captures the formation process that takes place in nature.

Characterization techniques X-ray diffraction

The powder X-ray diffraction (PXRD) patterns were collected by using a PANalytical X'Pert PRO powder X-ray diffractometer with the Bragg-Brentano θ-θ geometry. The radiation source, Cu-Kα radiation (λ = 1.5418 Å) was operated at a generator voltage of 45 kV and a current of 40 mA. Continuous scans were recorded over the angular range from 5.01 to 69.98° (2θ) with a minimum step size of 0.016° (2θ). Prior to measurement, the samples were finely ground into a powder and passed through a 100 μm mesh sieve.

Scanning electron microscopy

The particle size and morphology of the materials were investigated by scanning electron microscopy (SEM) with a Jeol JSM 6360A microscope. The electron beam was operated in the voltage range of 0.4-40 kV, allowing a magnification between 10× and 300 000×. For the analysis, the dry powder samples were placed in an aluminum stub by using two-sided carbon tape. Prior to imaging, as C-S-H minerals are nonconductive materials, an electrically grounded layer of gold was deposited on the surface by sputter coating. The metal coating improved the conductivity of the sample, thus minimizing the negative charge accumulation of the electron beam.

Fourier transform infrared spectroscopy

Fourier transform infrared (FTIR) spectroscopy was performed using a Bruker Equinox 55 FTIR spectrometer. The measurements were conducted in the 400 -4000 cm -1 spectral absorption region at room temperature. Thirty-two scans were collected for each sample with a spectral resolution of 4 cm -1 . For the analysis, the sample (1 wt.%) was dispersed into an appropriate amount of KBr, which is optically transparent within the mid-IR region. The sample and KBr were ground to reduce the particle size to less than 5 mm in diameter and to avoid scattering of the infrared beam.

Raman spectroscopy

The vibrational properties of xonotlite and tobermorite crystals were characterized using a Raman spectrometer (HORIBA Jobin-Yvon Xplora).

The system was equipped with a laser of excitation wavelength and spot size equal to 532 nm and ~ 1 μm, respectively. Prior to analysis, the instrument was calibrated using the 520.5 cm -1 line of a silicon wafer. The measurements were performed using a 100× objective, a grating with 2400 lines/mm and a CCD detector. Repeated acquisition of the spectra in the 2800 -3800 cm -1 range with an exposure time of 30 s was performed to improve the signal-to-noise ratio.

Solid-state nuclear magnetic resonance spectroscopy

Solid-state nuclear magnetic resonance (SSNMR) spectra were acquired on a Bruker Avance 300 MHz spectrometer, equipped with a 7.05 T wide bore magnet. The experiments were performed at room temperature using a standard 4-mm magic angle spinning (MAS) probe with MAS rates of 10 kHz. A rotor-synchronized Hahn-echo sequence was employed with a π/2 pulse of 2 μs and a recycle delay of 5 or 10 s. Chemical shifts are referenced relative to ultrapure Milli-Q water (shift: + 4.7 ppm).

Thermal analysis

Thermogravimetric analysis (TGA) was performed using a TA Instruments Q500 at a heating rate of 5 K/min under nitrogen flow. Before the measurement, 15 minutes of isothermal nitrogen flow at room temperature was carried out for each sample.

Broadband dielectric spectroscopy

The measurement of the complex dielectric permittivity was determined by a Novocontrol Alpha-N broadband dielectric spectrometer in the frequency range of 10 -2 -10 6 Hz. The isothermal frequency scans were recorded every 5 degrees within a temperature range of 100-300 K. At higher temperatures, the isothermal frequency scans were performed in 10 K increments. During the experiment, the sample temperature was kept stable within 0.1 K by nitrogen gas flow. To date, BDS has been applied to cement-based materials, with a focus on the dynamic features of bulk water. However, as the signal from these water molecules is very intense, the dynamics of the structural water are generally hidden; therefore, information on this population is lost. As we are mainly interested in the structural differences between xonotlite and tobermorite, prior to measurement, the samples were dried at 105 °C for 1 h inside the dielectric cell cryostat of the experimental equipment to remove the evaporable water content and focus attention on the dynamics of nanoconfined water.

Xonotlite and tobermorite minerals are characterised by layered structures containing hanging Ca-OH and Si-OH groups that interact with confined water molecules. In these systems, the hydrogen bond network and the dynamics of confined water are modified by the presence of different chemical environments.

Herein we have shown that the ordered "icelike" distribution of water molecules found in the Si-OH-rich environments, as in tobermorite, is converted to a disordered "liquid-like" distribution in the Ca-OH-rich environment in xonotlite.

Figure 1 .

 1 Figure 1. X-ray diffraction patterns and SEM images of tobermorite, (a) and (c), respectively, and xonotlite, (b) and (d), respectively, synthesized in supercritical water at 400 °C and 25.0 MPa. The red lines in (a) and (b) represent the reference pdf 01-083-1520 and pdf 00-023-0125 used to identify tobermorite and xonotlite, respectively.

Figure 2 .

 2 Figure 2. FTIR spectra of (a) xonotlite and (b) tobermorite synthesized in supercritical water.

Figure 3 .

 3 Figure 3. Raman spectra of (a) xonotlite and (b) tobermorite synthesized in supercritical water.

Figure 4 . 1 H

 41 Figure 4. 1 H MAS NMR spectra of (a) xonotlite and (b) tobermorite. The fitted curves together with the respective contribution percentage are reported.

Figure 5 .

 5 Figure 5. Imaginary part (ε″) of the dielectric spectra of nanominerals at different temperatures: tobermorite at (a) 100 K and (c) 200 K and xonotlite at (b) 100 K and (d) 160 K. The solid lines represent the fits to the experimental data. The dashed lines represent the relaxation corresponding to processes 1, 2, and 3.

Figure 6 .

 6 Figure 6. Temperature dependence of relaxation times related to the observed dynamics in tobermorite (filled red circles) and xonotlite (filled blue diamonds) formed in the SCW.
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