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Ye'elimite occurs in nature and in calcium sulfoaluminate cements. The thermodynamic properties of synthetic orthorhombic ye'elimite, Ca4Al6O12SO4, were determined experimentally using low-temperature relaxation calorimetry and at higher temperatures using differential scanning calorimetry and drop calorimetry. The heat capacity, Cp, of 478 J/mol/K and standard entropy, S°, of 487 J/mol/K at 298K were measured. These values compare well with those calculated by density functional theory. Heat of dissolution measurements give an enthalpy of formation, ΔfH°, of -8382.5 kJ/mol for ye'elimite. Heat of reaction measurements for nanocrystalline Al(OH)3 give ΔfH° = -1276 kJ/mol. The resulting calorimetric-based enthalpies were used to calculate the degree of ye'elemite hydration. A solubility product, KS0,ye'elimite, of 10 -1.4 at 298 K was calculated from the enthalpy and entropy values. Pore solution composition indicates the presence of a hydroxylated surface layer on ye'elimite, which results in a lower solubility with KS0,surface ≈10 -22 for the reaction Ca Al O SO 12H O → 4Ca 6Al OH SO .

Introduction

Ye'elimite, ideal end-member composition Ca4Al6O12 . SO4 (C4A3s in cement short hand notation), is a rare mineral found in high-temperature combustion metamorphic rocks of the Hatrurim formation in the Negev Desert, Israel [START_REF] Sokol | Natural analogs of belite sulfoaluminate cement clinkers from Negev Desert, Israel[END_REF]. The rocks of this formation are both unusual and remarkable, because they are cement-like clinkers that formed naturally.

Structurally, ye'elimite belongs to the sodalite family of phases on which much studies have been done [START_REF] Fischer | Symmetry relationships of sodalite (SOD)-type crystal structures[END_REF]. Sodalites are interesting for several reasons, one being the various structural phase transitions that can occur. In the case of ye'elimite there are two known polymorphs. Its crystal structure is orthorhombic space group Pcc2 [START_REF] Cuesta | Structure, atomistic simulations, and phase transition of stoichiometric ye'elimite[END_REF] at room temperature and it undergoes a first-order phase transition at 737 K [START_REF] Depmeier | Aluminate sodalite Ca[END_REF] or 711 K [START_REF] Kurokawa | Phase transformation of Ca 4 [Al 6 O 12 ]SO 4 and its disordered crystal structure at 1073 K[END_REF] to a cubic structure with I-43m symmetry [START_REF] Kurokawa | Phase transformation of Ca 4 [Al 6 O 12 ]SO 4 and its disordered crystal structure at 1073 K[END_REF]. Two orthorhombic sub-groups of I-43m are Aea2 and Fmm2 and they have been observed experimentally in the Ca-Al-W-O sodalite system [START_REF] Depmeier | Aluminate sodalite Ca[END_REF]. In the case of ye'elimite no orthorhombic sub-groups have been noted. Ye'elimite is important for industrial reasons because it is the principal phase in calcium sulfoaluminate (CSA) cements. These CSA binders are noted for their rapid setting and they also show high early strengths and low shrinkage upon hardening. They have been used in various products and applications in China (the so-called "Third Cement Series") beginning in the 1970s [START_REF] Zhang | The third cement series in China[END_REF][START_REF] Zhang | Development of the use of sulfo-and ferroaluminate cements in China[END_REF]. They are also often used in ternary blends including Portland cement and calcium sulfate [START_REF] Pelletier | The ternary system Portland cement-calcium sulphoaluminate clinker-anhydrite: Hydration mechanism and mortar properties[END_REF][START_REF] Wolf | Mechanisms of early ettringite formation in ternary CSA-OPC-anhydrite systems[END_REF]. In recent years, CSA cements have received increased interest as a potential low CO2 alternative to Portland cement [START_REF] Gartner | Industrially interesting approaches to "low-CO 2 " cements[END_REF][START_REF] Juenger | Advances in alternative cementitious binders[END_REF][START_REF] Gartner | A review of alternative approaches to the reduction of CO 2 emissions associated with the manufacture of the binder phase in concrete[END_REF][START_REF] Gartner | Alternative cement clinkers[END_REF]. Mainly beliteye'elimite-ferrite cements (BYF cements) [START_REF] Zajac | Hydration and performance evolution of belite-ye'elimite-ferrite cement[END_REF][START_REF] Morin | Impact of quantity of anhydrite, water to binder ratio, fineness on kinetics and phase assemblage of belite-ye'elimite-ferrite cement[END_REF], containing more belite and ferrite and less ye'elimite than the "classical" CSA cements, are advantageous in this sense.

The reaction kinetics of ye'elimite with water depends strongly on the amount and type of calcium sulfate (i.e., anhydrite, gypsum or hemihydrate) present, on the pore-solution composition and on the degree of its undersaturation [START_REF] Zajac | Early hydration of ye'elimite: insights from thermodynamic modelling[END_REF][START_REF] Winnefeld | Influence of calcium sulfate and calcium hydroxide on the hydration of calcium sulfoaluminate clinker[END_REF][START_REF] Winnefeld | Using gypsum to control hydration kinetics of CSA cements[END_REF].

The main hydration reactions that occur in ye'elimite-rich cements have been summarized in [START_REF] Ben Haha | Advances in understanding ye'elimite-rich cements[END_REF]. Pure ye'elimite reacts with water to form monosulfate and aluminum hydroxide via: M0: Ca4Al6O12 . SO4 + 22H2O → Ca3Al2O6 . CaSO4ꞏ16H2O + 4Al(OH)3,nano [START_REF] Sokol | Natural analogs of belite sulfoaluminate cement clinkers from Negev Desert, Israel[END_REF].

Ye'elimite reacts together with calcium sulfate and water to form ettringite and aluminum hydroxide via:

M2: Ca4Al6O12 . SO4 + 2CaSO4 + 38H2O → Ca6Al2O6 . (SO4)3ꞏ32H2O + 4Al(OH)3,nano (2). 
In both reactions, X-ray amorphous or nanocrystalline aluminum hydroxide forms [START_REF] Cuesta | Chemistry and mass density of aluminum hydroxide gel in eco-cements by ptychographic X-ray computed tomography[END_REF][START_REF] Zhang | Microstructural comparison of the AH3 phase in the hydration of three structural modifications of ye'elimite[END_REF][START_REF] Zhang | Nanostructural characterization of Al(OH)3 formed during the hydration of calcium sulfoaluminate cement[END_REF][START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF] and not crystalline gibbsite. If the molar ratio of calcium sulfate to ye'elimite, the so-called "M-value" [START_REF] Zhang | Microstructure and performance of calcium sulfoaluminate cements[END_REF], is below 2, ettringite continues to crystallize until no calcium sulfate remains in the system. Further hydration of ye'elimite then yields monosulfate. At values of M > 2, gypsum remains in the hydrate assemblage.

Thermodynamic modeling is essential to understand the effect of binder composition on hydrate assemblages, their properties, on durability and hydration kinetics of CSA cements [START_REF] Winnefeld | Hydration of calcium sulfoaluminate cements: experimental findings and thermodynamic modelling[END_REF][START_REF] Winnefeld | Phase equilibria in the system Ca 4 Al 6 O 12 SO 4 -Ca 2 SiO 4 -CaSO 4 -H 2 O referring to the hydration of calcium sulfoaluminate cements[END_REF]. It can be expected that the reaction kinetics of ye'elimite in the presence of water depends strongly on the degree of its undersaturation and, thus, on the pore-solution composition [START_REF] Zajac | Early hydration of ye'elimite: insights from thermodynamic modelling[END_REF]. However, the ability to model the effect of pore solution composition on undersaturation and reaction kinetic behavior is hindered by the conflicting thermodynamic values that have been proposed for ye'elimite (Table 1). Values for the enthalpy of formation, ΔfH, as obtained from acid dissolution calorimetry [START_REF] Costa | Heats of formation of 4CaO . 3Al 2 O 3 . SO 3 , 4SrO . 3Al 2 O 3 . SO 3 and their mixed crystals[END_REF], estimated from structurally similar solids [START_REF] Wang | Calculation and verification for the thermodynamic data of 3CaO• 3Al2O3• CaSO4[END_REF] or calculated using density function theory (DFT) [START_REF] Pisch | On the heat of formation of ye'elimite Ca 4 Al 6 O 12 .SO 4 using density functional theory[END_REF], are about -8400 ± 20 kJ/mol. Values determined from experiments measuring the enthalpy of reaction [START_REF] Havlica | Thermodynamics and kinetics in the system Ca 4 (Al 6 O 12 )(SO 4 )-CaSO[END_REF][START_REF] Skalamprinos | Enthalpy of formation of ye'elimite and ternesite[END_REF] are roughly 100 kJ/mol less and there is considerable scatter in the data. This could possibly be related to incomplete reaction of ye'elimite during the hydration experiment as well as difficulties in measuring precisely the reaction extent. In addition to the various issues relating directly to ye'elimite, the enthalpy of formation of nanocrystalline Al(OH)3, one of the hydration products in Eq (1) and [START_REF] Fischer | Symmetry relationships of sodalite (SOD)-type crystal structures[END_REF], is not known. This increases, yet further, the uncertainties in the values of thermodynamic functions calculated for ye'elimite from heat of hydration experiments.

Most of the proposed standard entropy, S°, and heat capacity (at 298 K), Cp, values for ye'elimite lie between 400 to 600 J/mol/K [START_REF] Wang | Calculation and verification for the thermodynamic data of 3CaO• 3Al2O3• CaSO4[END_REF][START_REF] Havlica | Thermodynamics and kinetics in the system Ca 4 (Al 6 O 12 )(SO 4 )-CaSO[END_REF][START_REF] Hanein | Thermodynamic data of ye'elemite (C4A3S) for cement clinker equilibrium calculations[END_REF][START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF]. This uncertainty leads to a large variation in the Gibbs free energy of formation at 298 K of ye'elimite with values between -7803 kJ/mol and -8060 kJ/mol having been advanced (Table 1). This difference of 257 kJ/mol, between the two extremes, translates into a difference of more than 50 log10 units in the solubility product, Kso, of ye'elimite for the reaction: Ca Al O SO 12H O → 4Ca 6Al OH SO . Clearly, such large uncertainties in the thermodynamic properties do not allow reliable calculations on the degree of undersaturation of ye'elimite [START_REF] Zajac | Early hydration of ye'elimite: insights from thermodynamic modelling[END_REF]. In addition, the large uncertainties in the enthalpy values prevent the use of calorimetric heat of hydration measurements to determine the degree of ye'elimite reaction.

In light of these various issues, it is necessary to study further the thermodynamic properties and reaction behavior of Ca4Al6O12 . SO4. This was done in this investigation using a broad, combined experimental and computational approach. We carried out DFT calculations to determine ye'elimite's structural and thermodynamic properties. Different syntheses of Ca4Al6O12 . SO4 were undertaken. These samples were used for relaxation calorimetry measurements to determine the low temperature (2 to 300 K) heat-capacity behavior of ye'elimite and to calculate its standard third-law entropy, S°. Two different differential scanning calorimetry (DSC) devices are used to determine Cp behavior between 300 and 800 K and 773 K and 1373 K. In addition, acid solution calorimetric and heat of hydration measurements were carried out to obtain the enthalpy of formation, H°f, at 298 K of ye'elimite and nanocrystalline Al(OH)3. The results allow us to determine the Gibbs free energy, G°f, and the solubility product of ye'elimite. The thermodynamic datasets for ye'elimite and nanocrystalline Al(OH)3 were tested against independent measurements of the heat of ye'elimite hydration from the literature and used to derive the degree of ye'elimite reaction based on heat of hydration measurements. SO 4 ; h estimation based volume based thermodynamics (VBT) as described in [START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF].

Synthesis and materials

Three different synthesis experiments of ye'elimite, labelled A, B and C, and one synthesis of monocalcium aluminate were carried out. Analytical grade CaCO3, CaSO4, and Al2O3 were used as reagents.

For ye'elimite sample A, the synthesis procedure of [START_REF] Winnefeld | Calorimetric and thermogravimetric study on the influence of calcium sulfate on the hydration of ye'elimite[END_REF] was used. The reagents CaCO3, (Fluka, >99%), α-Al2O3 (Fluka, >99%), and CaSO4 (Fluka, >99%) were homogenized in a Turbula mixer and then granulated with water to obtain pellets of 1-2 cm in diameter similar to the method described in [START_REF] Colangelo | Recycling of MSWI fly ash by means of cementitious double step cold bonding pelletization: Technological assessment for the production of lightweight artificial aggregates[END_REF]. The pellets were dried at 105°C, placed in a platinum crucible, heated in a laboratory furnace at 1300°C for 4 hours and then allowed to cool in the closed oven. The pellets were ground to a fine powder using a Retsch RM100 mortar grinder mill.

Sample B is orthorhombic ye'elimite synthesized as described in [START_REF] Winnefeld | Synthesis and hydration of ye'elimite doped with Na and Fe[END_REF] using the same starting materials as for sample A. CaO was obtained by firing CaCO3 in a furnace at 900°C for 12 h. Al2O3 and CaSO4 were treated at 300 °C until they showed no change in mass. These three reagents were homogenized together in a Turbula mixer and then pressed into a single pellet. A platinum crucible holding the pellet was placed in a furnace and heated at a rate of 5 K/min to 1250°C and held there for 4 hours. The crucible was removed from the hot furnace and let to cool in air. The synthetic product was characterized by quantitative X-ray diffraction. Following this, CaSO4 was added to the ground synthetic product to correct for sulfate loss occurring during the synthesis. This mixture was again pressed to a pellet and then sintered. The final synthetic product was ground by hand so as to pass through a 63 µm sieve.

Ye'elimite sample C was made from a powdered mixture of CaCO3 (99.5% Alfa Aesar), -Al2O3 (99.9% Alfa Aesar) and CaSO4 (99%, Alfa Aesar). The powders were first dried at 500°C (CaCO3 and CaSO4) and 1000°C (Al2O3) for 12h prior to mixing. The reagents were weighed out in appropriate amounts and were mixed and then pressed into pellets with a diameter of 42 mm at a pressure of 25 t in an automatic press. The pellets were placed in a Pt crucible on a layer of CaSO4 powder and covered with a Pt lid. This procedure is used to minimize sulfur loss during sintering. This was done at 1000 °C for 1h followed by 1370 °C for 2 h in air in a muffle furnace. The crucible and pellet were slowly cooled to room temperature in the furnace by turning off the power to the heating elements (uncontrolled).

The pellets were ground to a fine powder in a Fritsch automatic agate mortar.

Monocalcium aluminate was synthesized according to [START_REF] Lothenbach | Stability in the system CaO-Al2O3-H2O[END_REF]. A mixture of powered CaCO3 and Al2O3 was homogenized and pressed to a pellet. The pellet was sintered at 1400 °C for 8 h and allowed to cool slowly in the oven. The hardened pellet was ground to a fine powder using a Retsch RM100 mortar grinder mill.

Analytical grade anhydrite (Sigma-Aldrich, mean particle size d50 = 8 µm) was used in the solution calorimetry and reaction experiments

Computations, experimental methods and thermodynamic modeling

Density functional theory

The structural and thermodynamic properties of three different structural modifications of ye'elimite, i.e., the experimental room-temperature structure of space group Pcc2 and two potential additional modifications with symmetry Aea2 and Fmm2, were calculated using density functional theory (DFT) [START_REF] Hohenberg | Inhomogeneous electron gas[END_REF][START_REF] Kohn | Self-consistent equations including exchange and correlation effects[END_REF]. This was done using the VASP (Vienna Ab-Initio Software) package (version 5.4.4) [START_REF] Kresse | Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set[END_REF][START_REF] Kresse | From ultrasoft pseudopotentials to the projector augmented-wave method[END_REF].

Ground state properties at 0 K were determined using the semi-local density functional SCAN (Strongly Constrained and Appropriately Normed) [START_REF] Sun | Strongly constrained and appropriately normed semilocal density functional[END_REF]. The SCAN functional is known to allow more precise total energy calculations in oxide and oxysulfate systems compared to results obtained with classical GGA (Generalized Gradient Approximations) or LDA (Local Density Approximation) functionals [START_REF] Kitchaev | Energetics of MnO 2 polymorphs in density functional theory[END_REF]. For Ca, the 3p, 3s and 4p orbitals, for Al, the 3p and 3s orbitals and for S and O, the 2p and 2s orbitals are considered as valence states in the calculations. The cut-off energy for the projector augmented plane waves was set to 800eV. A gamma-centered k-point grid for the irreducible part of the Brillouin zone was used. The Monkhorst-Pack scheme [START_REF] Monkhorst | Special points for Brillouin-zone integrations[END_REF] was used to automatically generate the grid. The kpoint grids for the compounds were: 2x2x2 for Pcc2 and Fmm2 and 1x2x2 for Aea2. The internal atomic coordinates and lattice parameters were fully relaxed. The electronic density of state (DOS) was calculated using the linear tetrahedron method with Blöchl corrections [START_REF] Blöchl | Improved tetrahedron method for Brillouin-zone integrations[END_REF]. The relaxation calculations were performed with an energy criterion of 10 -8 eV/Å. Zeropoint energies (ZPE) and heat capacity at constant volume (harmonic approximation), Cv, were determined using the lattice dynamic model based on the Perdew-Wang-Enzerhof revised functional PBSol [START_REF] Perdew | Restoring the density-gradient expansion for exchange in solids and surfaces[END_REF] for solid compounds. Phonon spectra were calculated using the frozen phonon-supercell method as implemented in phonopy [START_REF] Togo | First principles phonon calculations in materials science[END_REF]. The supercells were 1x1x1 for all three ye'elimite modifications with a convergence criterion for the Hellman-Feynman forces set to 10 -6 eV/Å. This was done to avoid any residual stress in the lattice.

Characterization of the synthetic products and hydrated cement pastes

The synthetic products were characterized by X-ray diffraction (Panalytical X'Pert Pro equipped with CoKα radiation and the X'Celerator detector) and Rietveld refinements using the X'Pert Highscore V. 4.8 software with the crystal structures recommended by Snellings [START_REF] Snellings | X-ray powder diffraction applied to cement[END_REF]. For orthorhombic ye'elimite, the structure published by Cuesta et al. [START_REF] Cuesta | Structure, atomistic simulations, and phase transition of stoichiometric ye'elimite[END_REF] was used.

Particle size distributions of the synthesized samples were determined by laser diffraction using a Malvern Mastersizer X (dispersion of the powders in isopropanol by ultrasound) and

Fraunhofer evaluation of the measured diffraction data [START_REF] Weiner | Particle and spray sizing using laser diffraction[END_REF] .

X-ray diffraction and thermogravimetry (Mettler-Toledo DTA/SDTA 851; heating of approx. 50 mg of sample between 30 and 980°C under N2 atmosphere using a heating rate of 20 K/min) measurements were also undertaken on the hydrated samples. A Rietveld refinement was performed to determine the amounts of the crystalline phases present. The contents of amorphous and minor crystalline phases were determined using the G-Factor method [START_REF] Jansen | A remastered external standard method applied to the quantification of early OPC hydration[END_REF][START_REF] O'connor | Application of the Rietveld refinement procedure in assaying powdered mixtures[END_REF] with CaF2 as external standard. This was done to determine the degree of reaction of ye'elimite after 210 h. The results of the quantification were normalized to 100 g unhydrated solid by means of mass loss at 980°C, as determined by thermogravimetry [START_REF] Lothenbach | Thermogravimetric analysis[END_REF].

Heat-capacity measurements using calorimetry

Low-temperature relaxation calorimetry: C p measurements between 2 and 305 K

Low-temperature (i.e., 2 to 305 K) heat-capacity, Cp, behavior was investigated with the Physical Properties Measurement System (PPMS) constructed by Quantum Design® (e.g., [START_REF] Dachs | Precision and accuracy of the heat-pulse calorimetric technique: lowtemperature heat capacities of milligram-sized synthetic mineral samples[END_REF][START_REF] Lashley | Critical examination of heat capacity measurements made on a Quantum Design physical property measurement system[END_REF]). The experimental set-up has been described before (e.g., [START_REF] Dachs | Almandine: Lattice and non-lattice heat capacity behavior and standard thermodynamic properties[END_REF][START_REF] Dachs | Grossular: A crystal-chemical, calorimetric, and thermodynamic study[END_REF][START_REF] Geiger | Recent developments and the future of low-T calorimetric investigations in the Earth sciences: Consequences for thermodynamic calculations and databases[END_REF]). Thus, only a brief summary is given here.

The heat capacity of ye'elimite samples A and B was measured at 60 different temperatures and three times at each temperature on cooling from 300 K with a logarithmic spacing. Additional measurements were made between 200 K and 300 K at closely spaced temperature intervals in order to check for the presence of any phase transition. A complete PPMS measurement to determine Cp comprises an 'addenda run' and a 'sample run'. The first measurement determines the heat capacity of the empty sample platform of the calorimeter plus Apiezon N grease. The latter facilitates thermal contact between the platform and the container with sample. In the second measurement, the sample and its container are included and the whole ensemble is measured. The heat capacity of the sample is then given by the difference between the two measurements. The two polycrystalline ye'elimite samples, A and B, were enclosed in thin Al foil and pressed to a flat pellet. The sample masses were 10.92 mg and 12.21 mg, respectively. An uncertainty of ± 0.02 mg for the sample weight was adopted for converting the PPMS data from units of μJ•K -1 to units of J/mol/K.

Experience shows that the quality of Cp measurements depends on the calorimetric sample-coupling (SC) behavior. It is defined as the ratio 100Kg/(Kg + Kw), where Kg is the thermal conductance between the sample plus container and the measurement platform and Kw is the thermal conductance of the wires that attach the sample platform to the "puck frame" of the calorimeter (see [START_REF] Dachs | Precision and accuracy of the heat-pulse calorimetric technique: lowtemperature heat capacities of milligram-sized synthetic mineral samples[END_REF][START_REF] Lashley | Critical examination of heat capacity measurements made on a Quantum Design physical property measurement system[END_REF][START_REF] Hwang | Measurement of heat capacity by fitting the whole temperature response of a heat-pulse calorimeter[END_REF] for more details). The SC should ideally be as close to 100% as possible. This ensures that the thermal conductance between the sample platform and the sample plus container is optimal and which ensures a more robust heatcapacity determination. For both samples studied, the SC value was around 97 % at room temperature. It increased slightly with decreasing temperature to a maximum value around 99 % at about 100 K and then decreased to about 95 % at the lowest temperatures.

Power-compensated DSC: C p measurements between 280 and 770 K

Cp determinations between 280 and 750 K were undertaken on ye'elimite sample A (22 mg) using a Perkin Elmer Diamond DSC. The experimental set-up has been described before [START_REF] Dachs | A sample-saving method for heat capacity measurements on powders using relaxation calorimetry[END_REF]. A DSC Cp determination consists of several separate measurements of a blank, a reference and a sample measurement. Before a sample measurement, the DSC was calibrated and checked by measuring a synthetic single-crystal platelet of corundum (31.764 mg). Its heat capacity values were taken from a National Bureau of Standards Certificate [START_REF] Ditmars | Enthalpy and heat-capacity standard reference material: synthetic sapphire (a-Al2O3) from 10 to 2250 K[END_REF]. The ye'elimite sample was measured four times and the data were averaged to obtain the final Cp(T).

Heat-flux DSC: C p measurements between 750 and 1400 K

Cp measurements from 773 K to 1373 K on ye'elimite sample C were performed using the step-scan method. A Setaram MHTC-96 calorimeter equipped with a DSC thermocouple type S measuring head was used. The measured heat flux was recorded in 50 K intervals with a scanning rate of 5 K/min and an isothermal holding time of 3600 s for the return to the baseline. Three different measurements on an empty crucible, reference -Al2O3 and ye'elimite (276 mg) are necessary to obtain Cp of the latter. This was done three times and the results of each separate measurement (empty, Al2O3 and ye'elimite) were averaged. The temperature and heat response of the device were calibrated using the melting points and solid-solid phase transitions of NaCl, KCl and K2SO4.

It is assumed that the heat capacity of ye'elimite varies linearly within each measured temperature interval. The measured heat effect corresponds, therefore, to the mean heat capacity at the mean temperature of the interval multiplied by the temperature interval. The measured heat effect was corrected for 1.6% CaSO4 in the synthetic sample as determined from the Rietveld analysis and considering its heat content given in the Factsage pure substance database [START_REF] Bale | FactSage thermochemical software and databases[END_REF] to obtain Cp for ye'elimite. The uncertainties of the mean heat capacity values are estimated to be +/-5%.

3.3.4

High-temperature drop calorimetry: Heat content measurements from 975 to 12872 K

The high temperature heat content, H(T) -H(298 K), of ye'elimite B was measured using a Setaram MHTC-96 calorimeter at T = 975 K, 1072 K, 1172 K and 1272 K using drop experiments. Measurements were made on pressed cylindrical pellets of 5 mm diameter with masses ranging from 25 to 85 mg. They were made using a pellet press made of stainless steel and at a pressure of 1 ton in an uniaxial press. The calorimeter was calibrated by dropping pure corundum pellets with masses ranging from 15 to 85 mg. They were made by sintering powdered Al2O3 (Alfa Aesar -99.995% purity) at 1500 °C for 12 h in a platinum crucible under a flowing argon atmosphere.

The calibration constant for the calorimeter at a given temperature was calculated from the measured heat effect (in µV.s) compared to the reported heat content values (in kJ/mol) for corundum (National Bureau of Standards Certificate [START_REF] Ditmars | Enthalpy and heat-capacity standard reference material: synthetic sapphire (a-Al2O3) from 10 to 2250 K[END_REF]). The heat content of ye'elimite was determined by plotting the measured heat content versus the amount of sample dropped into the calorimeter at a given temperature. A linear regression, made through the origin, was performed using the experimental data and the slope, multiplied by the calibration constant, gave the heat content value at a given temperature. The uncertainty of a measurement is given by the uncertainty in the calibration constant and uncertainty of the slope of the heat content measurements at the 95% confidence interval.

Heat of solution and heat of hydration calorimetry

Measurements were undertaken using a TAM Air (TA instruments) to obtain the enthalpy of formation of yeelimite. The calorimeter was equipped with Admix glass ampoules, two syringes and a stirrer as described in [START_REF] Wadsö | Applications of an eight-channel isothermal conduction calorimeter for cement hydration studies[END_REF]. Calibrations were made following [START_REF] Wadsö | Calorimetry[END_REF][START_REF] Wadsö | Operational issues in isothermal calorimetry[END_REF], and all measurements were performed at 20 °C/293 K. The measured heat flow was referenced to 1 g of anhydrous solid and integrated to obtain the enthalpy.

Heat of solution calorimetry

For the dissolution experiments, a liquid/solid ratio of 25 by mass was used. 0.1000 g solid consisting of either ye'elimite or a mixture of 0.0777 g calcium aluminate and 0.0233 g calcium sulfate were placed in the glass ampoule. The two syringes were filled with 2.50 g of 32.5% aqueous HNO3. The Admix ampoules were introduced into the calorimeter. After thermal equilibrium was reached, the HNO3 was injected into the ampoule and the solidliquid mixture was stirred with a small motor-driven stirrer for 2 minutes. The sample dissolution was completed and thermal equilibrium was reached within a few hours.

Measurements of the heat of solutions were done at least four times.

Heat of hydration

Heat of hydration (reaction) experiments, using solely ye'elimite (M-value = 0) or ye'elimite combined with anhydrite with a molar ratio of 1:2 (M-value = 2), were undertaken.

A total of four measurements were made in both cases. To start an experiment, 1.00 g of solid was placed in the glass ampoules, and 2.00 g of deionized water were filled into the two syringes. The calorimetric measurements were then performed as described above over a time period of 210 h. Following completion of a measurement, the ampoules were removed from the calorimeter and gently crushed in order to obtain the hardened paste. Fractured glass was removed, and further hydration of the paste was stopped by solvent exchange according to [START_REF] Winnefeld | Sample preparation[END_REF][START_REF] Snellings | RILEM TC-238 SCM recommendation on hydration stoppage by solvent exchange for the study of hydrate assemblages[END_REF].

Thermodynamic modeling

Thermodynamic model calculations were carried out using the Gibbs free energy minimization program GEMS [START_REF] Kulik | GEM-Selektor geochemical modeling package: revised algorithm and GEMS3K numerical kernel for coupled simulation codes[END_REF][START_REF] Wagner | GEM-Selektor geochemical modeling package: TSolMod library and data interface for multicomponent phase models[END_REF]. GEMS is a broad purpose geochemical modeling code that computes the equilibrium phase assemblage and speciation for a given chemical system as based on its bulk composition. Thermodynamic data for aqueous species, as well as for many solids, were taken from the GEMS-PSI thermodynamic database [START_REF] Thoenen | The PSI/Nagra Chemical Thermodynamic Data Base 12/07[END_REF][START_REF] Thoenen | Nagra/PSI Chemical Thermodynamic Data Base 01/01 for the GEM-Selektor (V.2-PSI)[END_REF].

Thermodynamic properties for solids at temperatures other than 25°C were calculated using the temperature dependence of the apparent Gibbs free energy of formation, ∆ 𝐺 °, and enthalpy of formation from the elements, ∆ 𝐻 ° according to Eq. ( 3) and ( 4):

∆ 𝐺 ∆ 𝐺 𝑆 𝑇 𝑇 𝐶 𝑑𝑇 𝑑𝑇 ∆ 𝐺 𝑆 𝑇 𝑇 𝑎 𝑇𝑙𝑛 𝑇 𝑇 𝑇 𝑇 0.5𝑎 𝑇 𝑇 𝑎 𝑇 𝑇 2𝑇 • 𝑇 2𝑎 √𝑇 𝑇 𝑇 𝑎 6 𝑇 2𝑇 3𝑇 • 𝑇 𝑎 12 𝑇 3𝑇 4𝑇 • 𝑇 𝑎 20 𝑇 𝑇 5𝑇 • 𝑇 𝑎 2𝑇 𝑇 3𝑇 • 𝑇 6𝑇 • 𝑇 𝑎 𝑇 𝑇 1 ln 𝑇 𝑇 2 3 𝑎 2𝑇√𝑇 3𝑇 𝑇 𝑇 𝑇 (3) 
∆ 𝐻 ∆ 𝐻 𝐶 𝑑𝑇 ∆ 𝐻 𝑎 𝑇 𝑇 0.5𝑎 𝑇 𝑇 𝑎 1 𝑇 1 𝑇 2𝑎 √𝑇 𝑇 𝑎 3 𝑇 𝑇 𝑎 4 𝑇 𝑇 𝑎 5 𝑇 𝑇 0.5𝑎 1 𝑇 1 𝑇 𝑎 𝑙𝑛 𝑇 𝑇 2 3 𝑎 𝑇√𝑇 𝑇 𝑇 (4) 
where a0, a1, a2, a3, a4, a5, a6, a7, a8 and a9 are empirical coefficients of the heat capacity equation ( 5):

𝐶 𝑎 𝑎 𝑇 𝑎 𝑇 𝑎 √𝑇 𝑎 𝑇 𝑎 𝑇 𝑎 𝑇 𝑎 𝑇 𝑎 𝑇 𝑎 √𝑇 (5)
and T0 is the reference temperature taken as 298.15 K [START_REF] Anderson | Thermodynamics in Geochemistry: the Equilibrium Model[END_REF].

∆ 𝐺 ° and ∆ 𝐻 °, correspond to the free energies, ∆ 𝐺 ° , and enthalpies of formation from the elements, ∆ 𝐻 °, at 298 K. These functions are built into the GEMS-PSI code. A more detailed discussion of the derivation of the temperature dependence of the Gibbs energy is given in the online documentation of GEMS or in [START_REF] Kulik | Minimising uncertainty induced by temperature extrapolations of thermodynamic data: A pragmatic view on the integration of thermodynamic databases into geochemical computer codes[END_REF] and [START_REF] Anderson | Thermodynamics in Geochemistry: the Equilibrium Model[END_REF].

The heat capacity of ye'elimite from 2 to 1400 K was modelled using a third generation modeling approach based on multiple Einstein functions:

𝐶 3𝑅 ∑ 𝛼 ⎝ ⎛ ⎠ ⎞ 𝛽 𝑇 𝛽 𝑇 ⋯ (6) 
The parameters 𝛼 and 𝛽 are adjusted to fit the experimental calorimetric data with the constraint that ∑ 𝛼 27, which equals the number of atoms in the ye'elimite formula unit.

Entropy and heat capacity values calculated using empirical schemes

The standard entropy, S, and Cp at 298 K of ye'elimite were calculated using the procedure outlined in Helgeson et al. [START_REF] Helgeson | Summary and critique of the thermodynamic properties of rock-forming minerals[END_REF], which is based on the systematics between Cp and S and the molar volume, V°, of the various solids in a given model reaction. To obtain the entropy of ye'elimite, SYel, we use the equation

SYel = (3SCaAl2O4 + SCaSO4)ꞏ(3V°CaAl2O4 + V°CaSO4 + V°Yel)/2/(3V°CaAl2O4 + V°CaSO4)) (7) 
Here, the entropy of CaAl2O4 and CaSO4 are known and it is assumed for the reaction Ca4Al6O12SO4 = 3CaAl2O4 + CaSO4 that ΔrS = 0, following Eq. 62 in [START_REF] Helgeson | Summary and critique of the thermodynamic properties of rock-forming minerals[END_REF].

Cp for ye'elimite was obtained by assuming ΔrCp = 0 for the reaction:

Cp (Ca4Al6O12SO4) = 3Cp (CaAl2O4) + Cp (CaSO4) (8) 
following Eq. 78 in [START_REF] Helgeson | Summary and critique of the thermodynamic properties of rock-forming minerals[END_REF] and using the thermodynamic data in Table 2. The standard entropy and heat capacity at 298 K for ye'elimite and nano-crystalline Al(OH)3 were also estimated using the volume-based-thermodynamic (VBT) method described in [START_REF] Glasser | The effective volumes of waters of crystallization & the thermodynamics of cementitious materials[END_REF]. Here, one estimates S [J/mol/K] and Cp [J/mol/K] based on the molar volume of the solid in [cm 3 /mol]: S° = 2.08 Vm and Cp = 2.29 Vm [START_REF] Glasser | The effective volumes of waters of crystallization & the thermodynamics of cementitious materials[END_REF], S = 2.26 Vm + 15 and Cp = 2.20 Vm -0.8 [START_REF] Glasser | Predictive thermodynamics for ionic solids and liquids[END_REF] or S = 2.10 Vm + 13 [START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF].

Solubility constants and saturation

The Gibbs free energy of formation of a phase can be calculated from:

∆ 𝐺° ∆ 𝐻° 𝑇 • ∆ 𝑆°
(note that here the entropy of formation from the elements, ∆ 𝑆°, is required. In Table 1 the standard entropy at T = 298.15 K, ST, is given). The solubility of ye'elimite can be calculated from the Gibbs free energy of reaction, ∆ 𝐺°, according to:

∆ 𝐺° ∑ 𝑣 ∆ 𝐺° 𝑅𝑇 ln 𝐾 (9),
where  i  are the stoichiometric reaction coefficients for the different phases, i, involved in the reaction, R is equal to 8.31451 J/mol/K and T is the temperature in K.

If the aqueous phase composition during cement hydration can be determined, the saturation index, SI, of the solids can be calculated. This can give insight into the mechanism of hydration. SI of ye'elimite in an aqueous solution is calculated as:

𝑆𝐼 log log , (10), 
where the ion activity product, IAP, refers to the product of the activities, {}, of the chemical species Ca 2+ , Al(OH)4 -, H2O o and SO4 2-, as calculated from their measured total aqueous concentrations. KS0 is the solubility product of ye'elimite. A SI value of less than 0 indicates that the aqueous phase is undersaturated with respect ye'elimite. In this case, ye'elimite, if present, will continue to dissolve in order to reach chemical equilibrium, i.e., the aqueous phase composition corresponding to its solubility.

Results and discussion

Characterization of synthetic products

Based on our quantitative X-ray powder diffraction and laser diffraction measurements it was determined that ye'elimite sample A (mean particle size d50 = 9 µm after grinding as obtained by laser diffraction) contained 98.1 mass % orthorhombic ye'elimite, 1.1 mass % calcium aluminate (CaAl 2 O 4 ) and 0.8 mass % cubic tricalcium aluminate. Ye'elimite sample B (d50 = 7 µm) contained 99.9 mass % orthorhombic ye'elimite and 0.1 mass % cubic tricalcium aluminate. The XRD pattern of this sample is shown in Figure 1. Scanning electron microscopy combined with energy disperse microanalysis (unpublished data taken from the study published in [START_REF] Winnefeld | Synthesis and hydration of ye'elimite doped with Na and Fe[END_REF]) revealed, in addition, trace amounts of monocalcium aluminate. They were below the detection limit given by X-ray diffraction. Ye'elimite sample C contained 98.4 mass % orthorhombic ye'elimite and 1.6 mass % anhydrite.

The synthesized sample of monocalcium aluminate (d50 = 8 µm) contained 99.1 mass % monocalcium aluminate, 0.7 mass % mayenite and 0.2 mass % lime. Figure 1: XRD pattern of cubic ye'elimite (sample B) between 6 and 52° 2ϴ Co Kα. For selected reflections the hkl indices are provided. The 440 reflection of cubic tricalcium aluminate (reflection of C3A with the highest intensity) is marked by "*". Note, that an offset of 1000 counts was added to the data for the purpose of better visualization of the data.

Density functional theory results

Calculated unit-cell parameters at 0 K for the three orthorhombic modifications of ye'elimite are given in Table 3. Their total energies at 0 K are presented in Table 4. The stable modification at 0 K is Aea2 and not the room-temperature orthorhombic Pcc2 modification.

The Fmm2 structure is unstable compared to both of the other structures. The energy of transition at 0 K between the Aea2 and Pcc2 modifications is 3.7 kJ/mol ( S2). It is of note that a similar Cp anomaly was also observed by [START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF], who assigned it to the presence of traces of water on ye'elimite. The Cp data for ye'elimite B do not show any marked anomaly around 270 K and TGA measurements did not indicate the presence of significant water. The standard molar entropy at 298.15 K (i.e., third-law entropy), S o , of ye'elimite was calculated for the two different data sets using the Mathematica® functions NIntegrate and Interpolation for linear interpolation between data points via:

𝑆° 𝑆 𝐶 𝑃 𝑇 . 𝑑𝑇 (11) 
, assuming S T=0K = 0. Because Cp below 2 K is very low (less than 0.02 J/mol/K), the entropy increment from 0 to 2 K was neglected and it affects the calculated entropies by only 0.01 J/mol/K.

We have in the past sometimes adjusted or "corrected" the raw relaxation PPMS Cp data using DSC results obtained on the same polycrystalline sample. We have observed that Cp values at higher temperatures from the former calorimetric method lie slightly below those obtained by the latter (see [START_REF] Dachs | A sample-saving method for heat capacity measurements on powders using relaxation calorimetry[END_REF] for further explanation). Therefore, in the case of ye'elimite A, we adjusted the raw PPMS data by bringing them into line with those determined by DSC (see SM 1a). The resulting S° values, calculated using unadjusted and adjusted PPMS data sets, are 484.4 ± 3.4 and 489.4 ± 3.4 J/mol/K, respectively. They are the same within error.

The calculated S° value for ye'elimite B is 486.9 ± 3.4 J/mol/K.

Calorimetrically measured heat-capacity behavior at super ambient temperatures

The raw DSC data for sample A are compiled in SM 1a. The Cp data are plotted in Figure 3. One can observe small "jumps" or slight discontinuities between the different temperature scan intervals. This is often observed for measurements made with powercompensated DSC devices and has been noted before (e.g., [START_REF] Bosenick | Heat capacity measurements of synthetic pyrope-grossular garnets between 320 and 1000 K by differential scanning calorimetry[END_REF]). There is a peak (i.e., Cp anomaly) in the data around 746 K. We interpret this as reflecting a phase transition of orthorhombic ye'elimite to the cubic (I-43m space group) high-temperature modification [START_REF] Depmeier | Aluminate sodalite Ca[END_REF][START_REF] Kurokawa | Phase transformation of Ca 4 [Al 6 O 12 ]SO 4 and its disordered crystal structure at 1073 K[END_REF].

The Cp data at temperatures between 280 and 650 K, below the phase transition (i.e.

for the orthorhombic phase), were fit using a simple Maier-Kelley equation [START_REF] Anderson | Thermodynamics in Geochemistry: the Equilibrium Model[END_REF]. Applying the method of non-linear least squares yields:

Cp (J/mol/K) = 492.45 (±4.37) + 0.245 (±0.006)ꞏT -7.595 (±0.251)ꞏ10 6 ꞏT -2 [START_REF] Gartner | A review of alternative approaches to the reduction of CO 2 emissions associated with the manufacture of the binder phase in concrete[END_REF].

The Cp data for cubic ye'elimite, i.e. above 746 K, can be described by: Cp (J/mol/K) = 693.42 (±0.25) + 0.018 (±0.0002)ꞏT -2.924(±0.0063)ꞏ10 7 ꞏT -2 (13).

We do not consider Cp behavior related to the phase transition for this first-order fitting analysis. Thus, the data in its temperature vicinity were eliminated. The heat capacity from 2 to 1400 K can also be described with Equation 6. The modeling of the heat capacity gave a best fit with I = 5 (i.e., five Einstein temperatures) and a linear correction for anharmonicity (𝛽 ). The best fit parameters are found in Table 5. The resulting S° value is 487 J/mol/K, which is in good agreement with the calorimetrically determined S° values for ye'elimite A and B. The heat contents of ye'elimite were also calculated using Equation ( 6) and compared to the measured results. Both are given in Table 6. The calculated parameters lie within the uncertainty of the calorimetric measurements. 

Recommended C p (298 K) and S of ye'elimite

The Cp (298 K) and S values obtained from the PPMS and DSC measurements are summarized in Table 7. No significant differences are observed among samples A, B and C.

The calorimetric Cp (298 K) value of 478 ± 2 J/mol/K is 18 J/mol/K larger than the Cp(298 K) of 460 J/mol/K reported by [START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF] for a two-phase mixture of 87% orthorhombic and 9% of cubic ye'elimite (Table 1). A similar Cp value of 462 J/mol/K was obtained by DFT calculations and a value of 469 J/mol/K was derived from the reaction 3CaAl2O4 + CaSO4 → Ca4Al6O12SO4 (Table 7). Estimates based on volume-based thermodynamics (VBT)

overestimates Cp (298 K) with values between 514 to 537 J/mol/K (Table 7).

We recommend S° = 487 ± 3 J/mol/K for ye'elimite using the low temperature calorimetric results obtained on the two different samples. The DFT calculations give 500 J/mol/K. A value of 460 J/mol/K is estimated from a consideration of the reaction 3CaAl2O4 + CaSO4 → Ca4Al6O12SO4 (Table 7). Wang et al. [START_REF] Wang | Calculation and verification for the thermodynamic data of 3CaO• 3Al2O3• CaSO4[END_REF], using a similar method (see Table 1),

proposed S° = 450 J/mol/K, while Ghazizadeh et al. [START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF] estimated a value of 504 J/mol/K considering the molar volume of orthorhombic ye'elimite and 432 J/mol/K based on an extrapolation of the measured Cp values (Table 1). 3 /mol] + 13 [START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF].

Heat of solution

The heat of solution of ye'elimite was measured in concentrated HNO3 solutions in an isothermal calorimeter at 20°C. In parallel experiments, the heat of dissolution of reference samples containing 3CaAl2O4 and CaSO4, i.e. a sample with the same chemical composition as ye'elimite, was measured. As all solids reacted completely, the heat of formation for ye'elimite could be calculated as detailed in Table 8 based on the difference between the measurements and the heat of formation of 3CaAl2O4 and anhydrite CaSO4. The enthalpy of -8382 kJ/mol at 25° C (Table 8) for ye'elimite is 10 to 20 kJ/mol less than the value of -8406 kJ/mol reported by Costa et al. [START_REF] Costa | Heats of formation of 4CaO . 3Al 2 O 3 . SO 3 , 4SrO . 3Al 2 O 3 . SO 3 and their mixed crystals[END_REF] (see Table 1) and the values of -8393 and -8401 kJ/mol estimated by Wang et al. [START_REF] Wang | Calculation and verification for the thermodynamic data of 3CaO• 3Al2O3• CaSO4[END_REF] and calculated by Pisch et al. [START_REF] Pisch | On the heat of formation of ye'elimite Ca 4 Al 6 O 12 .SO 4 using density functional theory[END_REF]. The enthalpy values determined from the heat of hydration compiled in Table 1 are more than 100 kJ/mol less. Possible reasons for the poor agreement could be related to the incomplete reaction of ye'elimite during hydration or to the formation of a nanocrystalline Al(OH)3 that has a lower enthalpy than crystalline gibbsite (see discussion in the next section).

Heat of hydration

The enthalpy of formation of ye'elimite can be calculated from the measured heat of hydration (heat of reaction) according to Equations 1 and 2, if the enthalpy of formation of all other reactants and products as well as the degree of ye'elimite reaction are known (Our measured heat of reaction values are given in Supplementary Material 3 and shown in Figure S3. XRD and TGA results are given in Supplementary Material 4 and shown in Figures S4 andS5). As expressed in Eq. 1 and 2, the hydration products formed from ye'elimite and H2O depend on whether calcium sulfate is present or not. The M-values (i.e., M0 and M2) express the molar ratio of CaSO4 to ye'elimite, as proposed by Zhang [START_REF] Zhang | Microstructure and performance of calcium sulfoaluminate cements[END_REF] (Note that in many experimental studies at M = 0, the formation of Ca3Al2O6 . CaSO4ꞏ12H2O, which is the dehydrated form of monosulfate, is reported as based on XRD measurements of dried solid reaction products [START_REF] Winnefeld | Calorimetric and thermogravimetric study on the influence of calcium sulfate on the hydration of ye'elimite[END_REF][START_REF] Winnefeld | Synthesis and hydration of ye'elimite doped with Na and Fe[END_REF][START_REF] Bullerjahn | Chemical shrinkage of ye'elimite with and without gypsum addition[END_REF][START_REF] Kapralik | Phase-relations in the subsystem C 4 A 3 S-CSH 2 -CH-H 2 O of the system CaO-Al 2 O 3 -CS-H 2 O referred to hydration of sulfoaluminate cements[END_REF]. However, in the presence of water, the formation of more water rich Ca3Al2O6 . CaSO4ꞏ16H2O is expected at 20 °C and below. The formation of Ca3Al2O6 . CaSO4ꞏ14H2O only occurs above 20 °C, as discussed by Baquerizo et al. [START_REF] Baquerizo | Hydration states of AFm cement phases[END_REF]).

Both Equations 1 and 2 show that 1 mol of ye'elimite produces 4 mol of Al(OH)3 independently of the amount of calcium sulfate present. Al(OH)3 that forms initially is poorly ordered and nanocrystalline. Compared to gibbsite it has a larger volume, a smaller particle size and broader XRD peaks [21-23, 83, 89] and a greater solubility [START_REF] Zajac | Early hydration of ye'elimite: insights from thermodynamic modelling[END_REF][START_REF] Lothenbach | Stability in the system CaO-Al 2 O 3 -H 2[END_REF]. Thus, nanocrystalline Al(OH)3 should have a higher entropy and heat capacity (and lower Gibbs free energy [START_REF] Lothenbach | Stability in the system CaO-Al 2 O 3 -H 2[END_REF]), than gibbsite. Similar behavior is observed for the iron hydroxide class of phases [START_REF] Lemire | Chemical Thermodynamics of Iron[END_REF].

In published experimental heat of hydration studies, generally the enthalpy of gibbsite was used to calculate the enthalpy of ye'elimite, as the enthalpy of nanocrystalline Al(OH)3 was unknown. Based on our measured heat of solution of ye'elimite (Table 9) and using the enthalpy of formation for ettringite, monosulphate and gibbsite (-1289.18 kJ/mol at 20°C), an incorrect apparent enthalpy of formation of -8438 kJ/mol is obtained for ye'elimite. This value An enthalpy of formation of -8385 kJ/mol is obtained for ye'elimite at 20°C using the enthalpy of formation for nanocrystalline Al(OH)3 of -1276 kJ/mol. A value of -8438 kJ/mol is calculated if the enthalpy of formation for gibbsite is used. The thermodynamic values determined in this paper are given in Table 10.

We calculate a Gibbs free energy of formation for ye'elimite of -7928 kJ/mol using the enthalpy and entropy values from this work. This is in good agreement with the value of ΔfG° = -7930 kJ/mol of [START_REF] Wang | Calculation and verification for the thermodynamic data of 3CaO• 3Al2O3• CaSO4[END_REF] but much greater than ΔfG° -8099 kJ/mol of [START_REF] Havlica | Thermodynamics and kinetics in the system Ca 4 (Al 6 O 12 )(SO 4 )-CaSO[END_REF] (Table 1). A value of ΔfG° of -7928 kJ/mol indicates that ye'elimite is at 25°C less stable compared to a mechanical mixture of CaOꞏAl2O3 and CaSO4 (i.e., ΔfG° = 3(-2208.5) kJ/mol -1322.1 kJ/mol = -7947.6 kJ/mol). Extrapolations of the Gibbs free energy values based on Equation (3) and the thermodynamic data in Table 1 and Table 10, indicate that ye'elimite becomes more stable than a mixture of 3CaOꞏAl2O3 and CaSO4 at 440°C and higher temperatures; experimentally the formation of ye'elimite from CaOꞏAl2O3 and CaSO4 has been observed at below 850°C [START_REF] Guo | Thermodynamics and kinetics of calcium sulphoaluminate[END_REF][START_REF] Ma | Preparation and formation mechanism of calcium sulphoaluminate[END_REF]. 

Application of the thermodynamic data

Thermodynamic properties for ye'elimite are key for understanding and quantifying ye'elimite reaction behavior under different conditions (e.g. [START_REF] Zajac | Early hydration of ye'elimite: insights from thermodynamic modelling[END_REF] and as illustrated below).

Heat of hydration and degree of ye'elimite reaction

Based on the enthalpy of formation of ye'elimite, as summarized in Table 10, measurements of ye'elimite hydration heat can be used to calculate the degree of ye'elimite reaction. The heat of ye'elimite hydration was calculated at 20 and 25°C, using the various enthalpy values in Table 2 and Table 10, and with or without anhydrite or gypsum. The results are summarized in Table 11. The heat of hydration of ye'elimite is greater at 20°C than at 25°C especially at low M (CaSO4/ye'elimite) ratios. This is because at 20°C the formation of Ca3Al2O6 . CaSO4ꞏ16H2O occurs which generates additional heat of hydration, whereas at 25 °C the less hydrous Ca3Al2O6 . CaSO4ꞏ14H2O phase forms [START_REF] Baquerizo | Hydration states of AFm cement phases[END_REF].

At 20°C, the hydration heat generated (Table 11) increases strongly with the M value, if expressed in kJ/mol ye'elimite, as at higher M values more ettringite, which has a high enthalpy, is formed. If expressed in J per g solid, however, the M value does not affect the heat liberated, if calculated in the presence of anhydrite and expressed in J/g ye'elimite+anhydrite. The heat in the presence of gypsum expressed in J/g ye'elimite+gypsum even decreases, as the weight fraction of ye'elimite in the mix is lower at high M values. At 25°C, the maximum heat generated increases with increasing M-values if anhydrite is present, but decreases in the presence of gypsum. The use of gypsum instead of anhydrite decreases the maximum heat of reaction, and more strongly so at M = 2 than at M = 1. 

(SO4)3ꞏ32H2O + 4Al(OH)3

The derived heat of hydration values (Table 11) can be used to calculate the degree of ye'elimite reaction (dorye'elimite) based on the total heat measured (J/g) and the reaction enthalpy (ΔrHT) at temperature, T, via:

𝑑𝑜𝑟 % 100 (14) 
The measured total heat of hydration and the degree of ye'elimite reaction at M0 and M2 is shown at Figure 5. In agreement with the measured heat of hydration (see also Supplementary

Material 3), a high reaction rate of ye'elimite is obtained for the first 10 minutes and between 16 and 30 hours if anhydrite is not present. In its presence (M = 2), the reaction rate during the first 10 minutes is similar. The reaction rate slows then up to approximately 30 hours. The final degree of reaction after 210 h is lower for M = 2 than at M = 0. The effect of anhydrite on reaction kinetics has been reported in the literature. The reaction rate depends on the amount and reactivity of the calcium sulfate and on the water/binder ratio [START_REF] Skalamprinos | Enthalpy of formation of ye'elimite and ternesite[END_REF][START_REF] Winnefeld | Calorimetric and thermogravimetric study on the influence of calcium sulfate on the hydration of ye'elimite[END_REF][START_REF] Hargis | Further insights into calcium sulfoaluminate cement expansion[END_REF][START_REF] Hargis | Calcium sulfoaluminate (Ye'elimite) hydration in the presence of gypsum, calcite, and vaterite[END_REF][START_REF] Cuesta | Hydration mechanisms of two polymorphs of synthetic ye'elimite[END_REF]. The heat of hydration of calcium sulfoaluminate has been measured in several studies (e.g. [START_REF] Winnefeld | Influence of calcium sulfate and calcium hydroxide on the hydration of calcium sulfoaluminate clinker[END_REF][START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF][START_REF] Winnefeld | Hydration of calcium sulfoaluminate cements: experimental findings and thermodynamic modelling[END_REF][START_REF] Bullerjahn | Hydration reactions and stages of clinker composed mainly of stoichiometric ye'elimite[END_REF]). Jansen et al. [START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF] investigated the reaction of nearly pure orthorhombic ye'elimite and anhydrite (w/s = 0.8) or gypsum (w/s = 1.0), in both cases at M = 2, using isothermal calorimetry and in-situ XRD at 23°C. The results are shown in Figure 6. As those samples were mixed externally, the heat generated, as well as the degree of ye'elimite reaction, during the first 30 minutes was not considered. The heat of hydration determined by [START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF] were divided by the heat of reaction values (Table 11) to calculate the reaction degree of ye'elimite. The degree of ye'elimite reaction calculated for 2 days from the measured heat of hydration [START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF] and Equation 14was 73% for the anhydrite-and 79% for the gypsum-bearing sample). This agrees well with the ye'elimite reaction degree determined by XRD measurements of about 75% for the anhydrite-bearing sample and 77% for the gypsumbearing sample [START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF]. It should be noted, though, that the reaction calculated based on the heat of hydration proceeded more slowly than that monitored by in-situ XRD experiments [START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF].

This may be explained by slightly greater temperature in in-situ XRD measurements than in the isothermal calorimeter, and by the different total masses and mixing procedure applied as detailed in [START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF]. (water to solid ratio 1.0). The experimental data are from Jansen et al. [START_REF] Jansen | The hydration of nearly pure ye'elimite with a sulfate carrier in a stoichiometric ettringite binder system. Implications for the hydration process based on in-situ XRD, 1H-TD-NMR, pore solution analysis, and thermodynamic modeling[END_REF]. 863 A calculation of the degree of reaction, based on the measured heat of hydration, is possible in systems containing only ye'elimite and calcium sulfate, but not for systems containing other phases, which also react and thereby contribute to the measured heat. However, even in the presence of other phases, the heat of hydration can be calculated using measured degree of reactions (see Jansen and co-workers [START_REF] Jansen | The early hydration of Ordinary Portland Cement (OPC): An approach comparing measured heat flow with calculated heat flow from QXRD[END_REF]).

Undersaturation in solution with respect to ye'elimite during hydration

Based on the Gibbs free energy of ye'elimite, its solubility constant, KS0,ye'elimite, was calculated for the reaction Ca Al O SO → 4Ca 6AlO SO . The KS0,ye'elimite obtained is 10 -1.4 using the data in Table 10, Equation ( 9) and thermodynamic data from [START_REF] Thoenen | The PSI/Nagra Chemical Thermodynamic Data Base 12/07[END_REF].

The total concentrations in solution and pH values measured during the hydration of ye'elimite and anhydrite, as given in [START_REF] Bullerjahn | Hydration reactions and stages of clinker composed mainly of stoichiometric ye'elimite[END_REF] and in [START_REF] Jansen | The early hydration of Ordinary Portland Cement (OPC): An approach comparing measured heat flow with calculated heat flow from QXRD[END_REF], show that the solution is, as expected, (over)-saturated with respect to ettringite, nanocrystalline Al(OH)3 and monosulfate during hydration. However the solution is always strongly undersaturated (𝑆𝐼 𝑙𝑜𝑔 , <-20) with respect to ye'elimite as shown in Figure 7. A similar high degree of undersaturation (<-20) with respect to ye'elimite was also observed during the for hydration of calcium sulfoaluminate cements [START_REF] Zajac | Early hydration of ye'elimite: insights from thermodynamic modelling[END_REF].

The strong undersaturation (SI <-12) with respect to alite (Ca3SiO5) in the pore solution of hydrating Portland cement [START_REF] Schöler | Early hydration of SCM-blended Portland cements: A pore solution and isothermal calorimetry study[END_REF], has been rationalized with presence of an hydroxylated surface on alite, which is in equilibrium with the solution [START_REF] Nicoleau | The di-and tricalcium silicate dissolutions[END_REF]. We propose that a similar hydroxylation reaction occurs on the surface of ye'elimite grains. This results in an apparent surface solubility, KS0,surface, value for ye'elimite of ≈ 10 -22 for the reaction

Ca Al O SO 12H O → 4Ca 6Al OH SO .
Experimental studies of the dissolution behavior of ye'elimite and molecular modelling studies are needed to test this hypothesis.

Figure 7 illustrates a strong relation between the degree of undersaturation with respect to ye'elimite and the reaction kinetics of ye'elimite. At high water to solid ratio (Figure 7A), a fast ye'elimite reactivity is observed during the first 10 minutes of hydration as well as between 7 to 12 hours, at times where the solution is more strongly undersaturated with respect to ye'elimite as shown in Figure 7A. At longer hydration time all ye'elimite had reacted [START_REF] Bullerjahn | Hydration reactions and stages of clinker composed mainly of stoichiometric ye'elimite[END_REF], which is probably related to the high availability of water.

At low water to solid ratio (Figure 7B), a fast ye'elimite reaction is observed between 1 to 7 hours, again at times where the solution is more strongly undersaturated with respect to ye'elimite as shown in Figure 7B. The reaction rate decreases at later ages [START_REF] Jansen | The early hydration of Ordinary Portland Cement (OPC): An approach comparing measured heat flow with calculated heat flow from QXRD[END_REF] although 25 to 30% of the ye'elimite has not yet reacted. This is probably related to the low availability of water at w/s = 0.8, as a complete reaction ye'elimite and anhydrite to ettringite at M2 would require a minimum w/s of 0.78, while in pastes not all added water is available for reaction as small pore start to be emptied preventing further reaction. 

Undersaturation ye'elimite ( [START_REF] Bullerjahn | Hydration reactions and stages of clinker composed mainly of stoichiometric ye'elimite[END_REF]) and B) w/s = 0.8 (solution composition and reaction degrees from [START_REF] Jansen | The early hydration of Ordinary Portland Cement (OPC): An approach comparing measured heat flow with calculated heat flow from QXRD[END_REF]). The undersaturation with respect to the hydroxylated surface of ye'elimite is expected to be much less strong than those to bulk ye'elimite (see solubility product of ye'elimite and its hydroxylated surface in Table 10).

Conclusion

This study presents thermodynamic properties for ye'elimite and nanocrystalline for 210 h at a water/solid ratio of 2 hydrated for 210 h at a water/solid ratio of 2. 1220 
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Figure 2

 2 Figure 2: a) Cp between 2 K and 310 K for ye'elimite sample A. The solid black circles are from relaxation calorimetry and the red crosses from DSC. The insert in the upper left-hand corner shows Cp behavior between 0 K and 30 K and that in the lower right-hand corner between 200 and 300 K. b) Cp between 0 K and 310 for ye'elimite sample B. The lower righthand corner shows in more detail behavior between 200 and 300 K obtained from additional measurements.

Figure 3 :

 3 Figure 3: Cp behavior for ye'elimite sample A (red circles) as measured by power compensated DSC between 280 K and 780 K and for sample C (blue squares) as measured by heat flux DSC between 600 to 1350 K. Note the Cp anomaly at about 746 K, which we interpret as a phase transition from orthorhombic to cubic ye'elimite.

Figure 4 :

 4 Figure 4: Heat content of ye'elimite as a function of temperature Cp showing the four experimental data points and that calculated using the multiple Einstein function (Eq 6).

Figure 5 :

 5 Figure 5: Measured heat of hydration of sample B (average of 4 experiments with a water to 835 solid ratio of 2), calculated degree of ye'elimite reaction (red line) and the rate of ye'elimite 836 reaction as a function of time. A) Reaction of ye'elimite with water (M = 0) and B) reaction of 837

Figure 6 :

 6 Figure 6: Heat measured for ye'elimite hydration (single determination) at 23°C, calculated 860 reaction degree of ye'elimite and rate of ye'elimite reaction as a function of time. A) Reaction 861 of ye'elimite + 2 anhydrite (water to solid ratio 0.8) and B) reaction of ye'elimite + 2 gypsum 862

Figure 7 :

 7 Figure7: Calculated undersaturation of ye'elimite and the percent of ye'elimite reacted as a function of time for a solution containing ye'elimite and anhydrite and water:solid (w:s) ratio A) of 40 (solution composition and reaction degrees from[START_REF] Bullerjahn | Hydration reactions and stages of clinker composed mainly of stoichiometric ye'elimite[END_REF]) and B) w/s = 0.8 (solution composition and reaction degrees from[START_REF] Jansen | The early hydration of Ordinary Portland Cement (OPC): An approach comparing measured heat flow with calculated heat flow from QXRD[END_REF]). The undersaturation with respect to the hydroxylated surface of ye'elimite is expected to be much less strong than those to bulk ye'elimite (see solubility product of ye'elimite and its hydroxylated surface in Table10).

Al(OH) 3

 3 obtained from a multi experimental and computational investigation. Low temperature relaxation calorimetry, DSC, and drop-calorimetry measurements, together with DFT calculations and different thermodynamic estimations methods, have been used to derive heat capacity and entropy values for orthorhombic ye'elimite. A good agreement between the different methods was observed; the low temperature calorimetry and DSC data resulted in Cp = 478 J/mol/K and S° = 487 J/mol/K. Measurement of the heat of dissolution indicated an enthalpy value of -8382.5 kJ/mol Ca4Al6O12SO4. The comparison with the heat of hydration of ye'elimite confirmed this enthalpy value, and indicated that the enthalpy of nanocrystalline Al(OH)3 is with -1276 kJ/mol less negative than that of crystalline gibbsite (-1289 kJ/mol). The hydration enthalpies as detailed in Table 11 can be used to calculate the reaction degree of ye'elimite as a function of time based on calorimetric data. Based on the measured enthalpy and the entropy value, a solubility product, KS0,ye'elimite, of 10 -1.4 was derived. Solution data indicate the presence of a hydroxylated surface with a much lower solubility: KS0,surface ≈10 -22 for the reaction Ca Al O SO → 4Ca 6AlO SO . Solution and XRD data indicate a faster reaction rate at higher degrees e of undersaturation with respect to ye'elimite.

2 :Figure S3 : 4 :

 2S34 Figure S1: A plot of the lowest temperature Cp data, shown as solid circles, for sample B. The red line is a linear least-squares fit to the data. For exact Debye T 3 behavior, the red line would extrapolate to 0 J/mol/K at 0 K.

  

Table 1 :

 1 Thermodynamic properties of ye'elimite, Ca4Al6O12 . SO4, taken from the literature. They refer to 298 K and 1 bar pressure. ΔfG° is the standard state Gibbs free energy of formation, ΔfH° the enthalpy of formation from the elements, S° the standard state entropy, and Cp the heat capacity. Measured values are shown in bold print. 87% orthorhombic, 9% cubic ye'elimite, 3% CaOꞏAl 2 O 3 , 1% anhydrite for the DSC measurements, b Unreacted ye'elimite measured and considered.

		ΔfG°	ΔfH°	S°	Cp	Comments
		kJ/mol kJ/mol J/mol/K J/mol/K	
	Heat capacity measurements Ghazizadeh et al. [33] a		432	460	C p based on DSC measurements, S° from extrapolation
	Heat of dissolution					
	Costa et al. [27]		-8406			in HCl
	Heat of hydration Havlica, Sahu [30]	-8078 -8099 -8120	-8513 b -8506 b -8498 b	449 c 534 c 621 c		ye'elimite ye'elimite + 1CaSO 4 ye'elimite + 2CaSO 4
		-8099 ± 41 -8506±8	535±86	mean value recommended by [30]
	Skalamprinos et al. [31] d	-8623 b -8330 b -8617 b			ye'elimite ye'elimite + 1CaSO 4 ye'elimite + 2CaSO 4
			-8523±167			mean value recommended by [31]
	Estimations and model calculations			
	Sharp et al. [34]		≈ -8415			estimation (method not indicated)
	Wang et al. [28]	-7803 -7930	-8301 -8393	398 450	453 472 471 469	estimation from ions e estimation from elements f Kubaschewski's method f estimation from CaOꞏAl 2 O 3 and anhydrite g
		-7930	-8393	450	469	recommended by [28]

a c estimated by

[START_REF] Havlica | Thermodynamics and kinetics in the system Ca 4 (Al 6 O 12 )(SO 4 )-CaSO[END_REF] 

based on heat of hydration measurements at 20, 40, 50 and 75°C assuming Δ r C p ° = 0; d 86% orthorhombic, 12% cubic ye'elimite. e estimation on Mostafa's method: linear regression of Δ f G° and Δ f H° of solids to obtain Ca 2+ , Al 3+ , SO 4 2-and O 2-; f for details see

[START_REF] Wang | Calculation and verification for the thermodynamic data of 3CaO• 3Al2O3• CaSO4[END_REF] 

; g estimation based on Wen's method assuming Δ r G° = 0 and Δ r H° = 0 for the reaction 3CaAl 2 O 4 + CaSO 4  Ca 4 Al 6 O 12 .

Table 2 :

 2 Thermodynamic properties of water and various calcium-, sulfate-and aluminumcontaining solids at 298 K and 1 bar pressure. CaAl 2 O 4 -2208.49 -2326.03 a 114.2 b 120.6 b 150.7 0.0249 -3330464 53.66 c ts d Heat of formation from the elements calculated from the heat of dissolution value of -833.62 kJ/mol determined by Coughlin [78] for the reaction CaAl O 3H → 2Al CaO 3H O and from the heat of formation values of CaO and H 2 O. b entropy and heat capacity from King [79]; coefficients of the heat capacity equation C p = 150.7+0.0249ꞏT -3.33ꞏ10 6 ꞏT -2 from Bonnickson [80].

		ΔfG° kJ/mol	ΔfH° kJ/mol J/mol/K J/mol/K S° Cp	a0	a1	a2 Volume Ref cm 3 /mol
	H 2 O (liquid)	-237.140	-285.830	69.95	75.35		[75]
	CaO	-603.296	-634.920	38.10	42.05	48.8 0.00452-652704 16.76 [75]
	CaSO 4	-1322.12	-1434.60 106.69 99.65	70.2 0.0987	45.94 [70]

a c volume from

[START_REF] Hörkner | Zur Kristallstruktur von CaAl 2 O 4[END_REF]

; d ts: this study; e ΔfG° calculated from log 10 K so (K so ={Al(OH) 4 -}/{OH -}) = -1.12 (gibbsite), -0.67 (nanocrystalline Al(OH) 3 )

[START_REF] Lothenbach | Stability in the system CaO-Al 2 O 3 -H 2[END_REF]

; f Enthalpy obtained in this study based on the heat of hydration of ye'elimite (details see section 4.5); g heat capacity calculated form the entropy C p = 1.1ꞏS°

[START_REF] Glasser | The effective volumes of waters of crystallization & the thermodynamics of cementitious materials[END_REF]

; h volume calculated from the density of 2.05 g/cm 3 measured for nanocrystalline Al(OH) 3 by ptychographic tomography by Cuesta et al.

[START_REF] Cuesta | Chemistry and mass density of aluminum hydroxide gel in eco-cements by ptychographic X-ray computed tomography[END_REF] 

for a hydrated ye'elimite sample. A slightly lower density of 1.98 g/cm 3 has been measured for nanocrystalline Al(OH) 3 in calcium aluminate cements

[START_REF] Shirani | Calcium aluminate cement conversion analysed by ptychographic nanotomography[END_REF]

.

Table 4

 4 Aea2 structure shows a doubled a axis compared to that for Pcc2. The calculated CV and S° for Aea2 and Pcc2 are similar, namely CV(298K) = 465.5 J/mol/K and S°(298K) = 499.1 J/mol/K and CV(298K) = 465.2 J/mol/K and S°(298K) = 502.6 J/mol/K, respectively.

	). The

*

optimized

Table 3 :

 3 Calculated unit-cell parameters for the three orthorhombic modifications of

	ye'elimite			
	Space group	a (Å)	b (Å)	c (Å)
	Pcc2	12.9830	13.1234	9.1539
	Aea2	25.9454	13.0954	9.1004
	Fmm2	10.3365	10.4144	10.3358

Table 4 :

 4 Calculated ground state energies for three orthorhombic modifications of ye'elimite

	Space group	E° (eV/formula unit)	Etrans(kJ/mol)
	Pcc2	-279.664	
	Aea2	-279.702	-3.7
	Fmm2	-275.0	+385.0
	4		

.3 Heat capacity behavior 4.3.1 Heat-capacity behavior between 2 to 305 K and the standard third-law entropy of ye'elimite

  

	for the two different methods in the temperature interval 280 K to 310 K is good with
	differences less than 1%.
	The relaxation calorimetric results for sample A show the presence of a Cp anomaly
	centered at about 270 K. Otherwise, the data appear well behaved with no indication of any
	other anomalies (Here, it is of note that XRD measurements on this sample between 225 K
	and 300 K did not show any indication of any notable structural changes or phase transition
	(see Supplementary Material 2, Figure
	The raw relaxation calorimetric (PPMS) Cp data for ye'elimite sample A and B are
	given in Supplementary Material 1a and 1b, respectively. Figure 2a and b show the Cp
	behavior of samples A and B below about 300 K. The former Figure includes both PPMS and
	power compensated DSC data (see below). The agreement between the two Cp determinations

Table 5 :

 5 Fit parameters for the multiple Einstein function (Equation6) used to describe heat capacity in the temperature range from 2 to 1400 K.

	𝛼 , 𝜃	2.149815, 2024.07
	𝛼 , 𝜃	12.47757, 811.53
	𝛼 , 𝜃	7.98846. 329,27
	𝛼 , 𝜃	0.79089, 65.79
	𝛼 , 𝜃	3.59326, 145.54
	𝛽	4.01664E-2

Table 6 :

 6 Experimental heat contents and calculated values using the model Einstein Equation[START_REF] Zhang | The third cement series in China[END_REF]. The experimental uncertainty corresponds to the 95% confidence interval.

	Temperature	HT -H298.15 K experimental	HT -H298.15 K calculated
	K	kJ/mol	kJ/mol
	974.6	416.3  8.7	413.6
	1072.2	479.4  14.1	480.2

Table 7 :

 7 Measured and calculated heat capacity Cp and entropy S° values at 298 K and 1 bar pressure of orthorhombic ye'elimite, Ca4Al6O12 . SO4. S° [J/mol/K] = 2.08 Vm [cm 3 /mol] and Cp [J/mol/K] = 1.1 S [J/mol/K] [82]; c S° [J/mol/K] = 2.26 Vm [cm 3 /mol] + 15 and Cp [J/mol/K] = 2.20 Vm [cm 3 /mol] -0.8 [84]. d S° [J/mol/K] = 2.10 Vm [cm

	a0 a	a 1 a	a2 a		C p	S°	method used
	[J/mol/K]				[J/mol/K] [J/mol/K]
	Estimations based on volume based thermodynamics (VBT) 537 514	488 545 504	Glasser b Glasser, Jenkins c Ghazizadeh 4
	Estimation from 3CaAl 2 O 4 + CaSO 4		462	480	Δ r C p ° = Δ r S° = 0
	Density functional theory:			
	Orthorhombic ye'elimite (Pcc2)		465.2	502.6	DFT
	Orthorhombic ye'elimite (Aea2)		465.5	499.1	DFT
	Relaxation calorimetry				
	Sample A					
	492.5	0.245 -7.595ꞏ10 6	-	474.6±1.9 484.4±3.4 479.5±1.9 489.4±3.4	PPMS PPMS, DSC adjusted
					478.4±0.7		DSC
	Sample B					
					477.6±1.3 486.9±3.4	PPMS
					477.2±1.9		DSC
					480±3	487±3	Reccommened value
	a parameters of the Cp equation Cp = a0 + a1ꞏT + a2/T 2 .	

b 

Table 8 :

 8 Heat of solution of ye'elimite, Ca4Al6O12 . SO4, 3CaAl2O4 and CaSO4 in HNO3 measured by isothermal calorimetry and the apparent enthalpy at 20°C and 25°C.

	Sample	Heat of solution	Difference a	ΔaH°293 K
		[kJ/mol]	[kJ/mol]	[kJ/mol]
	Isochemical reference 3CaOꞏAl2O3 + CaSO4 (anhydrite)	-1293.99±15.290		-8414.99±3.08 b
	Ye'elimite: Ca4Al6O12ꞏSO4			
	Sample A	-1323.65±10.37	-29.66±18.40	-8385.33±18.66
	Sample B	-1324.44±2.69	-30.45±15.43	-8384.54±15.74
	Weighted mean at 20°C			-8384.87 ±12.03
				ΔfH°298 [kJ/mol]
	Weighted mean at 25°C 3			-8382.48 ±12.03
	a Difference to reference reaction; b 3CaAl2O4 + CaSO4 using the ΔfH° values compiled in
	Table 2 for 25°C and corrected to 20°C using Equation (2): ΔaH°293,CaAl2O4: -2326.63±1.61 kJ/mol and ΔaH°293,CaSO4: -1435.10±1.30 kJ/mol; 3 ΔaH°293,yeelemite--ΔaH°298,yeelemite = 2.39
	kJ/mol based on Equation (2).			

Table 10 :

 10 Thermodynamic properties of orthorhombic ye'elimite, Ca4Al6O12 . SO4, and nanocrystalline Al(OH)3 obtained in this study at 298 K and 1 bar pressure; ΔfG°: Gibbs free energy of formation and ΔfH°: enthalpy of formation from the elements;

	S°: standard state entropy; Cp: heat capacity.		
	log10 Kso a	ΔfG°	ΔfH°	S°	Cp	methods used
		kJ/mol	kJ/mol	J/mol/K J/mol/K	
	Ye'					

elimite Ca 4 Al 6 O 12 SO 4

  

	Heat of hydration			
		-1275.90±3.48			weighted mean at 25°C
	Selected values at 25°C (volume 38.04 cm 3 /mol) -0.67±0.3 -1148.40±1.71 d -1275.90±3.48 e 104.4±13.0 114.8±14.0 f this study
	a log 10 K so for the reactions Ca Al O SO OH → Al OH ; b see Table 8; c the formation of a hydroxylated surface with a lower solubility is 12H O → 4Ca 6Al OH SO and Al OH postulated, see section 4.6.2; d Δ f G° calculated from log 10 K so = -0.67 for the reaction Al(OH) 3,nano +
	OH - Al(OH) 4	-at 25°C [76]; e see Table 9; f C p = 1.1ꞏS° [82].		
	Low temperature calorimetry			
			486.9±3	480±3	PPMS, DSC
	Heat of dissolution in HNO 3 , reference: 3CaAl 2 O 4 + anhydrite		
		-8382.5±12.0			weighted mean
	Selected values ye'elemite (volume 234.53 cm 3 /mol [94])		
	-1.4±2.1 -22.0 c	-7928.6±12.0 -8382.5±12.0 b	487±3	480±3	this study, ye'elimite hydroxylated surface
	Nanocrystaline Al(OH) 3			

Table 11 :

 11 Calculated heat of hydration for the reaction of ye'elimite with water to monosulfate

	and Al(OH)3,nanocrystalline (M = 0), the reaction of ye'elimite and anhydrite or gypsum
	with water to monosulfate and ettringite and Al(OH)3 (M = 1) and the reaction of
	ye'elimite and anhydrite or gypsum with water to ettringite and Al(OH)3 (M = 2)
	based on enthalpy values given in Table 2 and Table 10.		
	CaSO4/ye'elimite temperature calcium sulfate	hydration enthalpy	
	[mol/mol]	[°C]	addition	[kJ/mol]	[J/g solid] [J/g ye'elimite]
	M0 1	20 1	none	360±21	591±34	591±34
	M0 2	25 2	none	325±21	533±34	533±34
	M1 3	20 3	anhydrite	440±20	590±27	722±33
	M1 3	20 3	gypsum	424±20	542±27	694±33
	M1 4	25 4	anhydrite	424±20	569±27	695±33
	M1 4	25 4	gypsum	407±20	521±27	667±33
	M2 5	20 5	anhydrite	521±22	590±25	853±36
	M2 5	20 5	gypsum	487±22	510±25	798±36
	M2 5	25 5	anhydrite	523±22	593±25	858±36
	M2 5	25 5	gypsum	489±22	513±25	802±36
	1 reaction M0 at 20°C: Ca4Al6O12 . SO4 + 22H2O → Ca3Al2O6 . CaSO4ꞏ16H2O + 4Al(OH)3 ;
	2 reaction M0 at 25°C: Ca4Al6O12 . SO4 + 20H2O → Ca3Al2O6 . CaSO4ꞏ14H2O + 4Al(OH)3;
	3 reaction M1 at 20°C: Ca4Al6O12 . SO4 + CaSO4(H2O)x + (30-x)H2O →	
	0.5Ca3Al2O6 . CaSO4ꞏ16H2O + 0.5Ca6Al2O6 . (SO4)3ꞏ32H2O + 4Al(OH)3;	
	4 reaction M1 at 25°C: Ca4Al6O12 . SO4 + CaSO4(H2O)x + (29-x)H2O →	
	0.5Ca3Al2O6 . CaSO4ꞏ14H2O + 0.5Ca6Al2O6 . (SO4)3ꞏ32H2O + 4Al(OH)3;	
	5 reaction M2 at 20 and 25°C: Ca4Al6O12 . SO4 + 2CaSO4(H2O)x + (38-2x) H2O →	
	Ca6Al2O6 .					

Relaxation calorimetry C p data for ye'elimite sample B 1182
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		8.03 36.62 154.06 250.67 265.76 278.98 T 8.74 36.64 167.65	0.74 45.37 291.14 427.51 457.59 458.21 Cp 1.06 46.03 314.00	0.01 0.25 0.95 1.47 1.93 1.68 σ-Cp 0.02 0.22 0.97	533.33 T	596.81	Cp	1.83	8.03 36.62 154.06 250.67 265.76 278.98 σ-Cp	0.75 45.84 294.15 431.94 462.32 462.95	0.01 0.25 0.95 1.47 1.93 1.68
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		8.73 39.85 167.66 252.69 266.75 279.00 2.20 9.50 39.86 182.46	0.99 52.75 313.56 430.62 460.79 457.40 0.02 1.42 53.50 337.61	0.01 0.28 1.03 1.57 1.89 1.72 0.00 0.02 0.29 1.08	546.84 204.47 601.99	2.05 368.86	8.73 39.85 167.66 252.69 266.75 279.00 1.28	1.00 53.30 316.80 435.08 465.56 462.13	mol.K) 0.01 0.28 1.03 1.57 1.89 1.72
		2.20 8.73 39.86 182.48 252.70 266.77 279.93 2.20 9.50 43.36 182.47	0.02 1.00 52.80 337.48 430.67 460.16 457.47 0.02 1.41 61.65 337.57	0.00 0.01 0.28 1.08 1.53 1.96 1.75 0.00 0.03 0.33 1.04	282.23 551.34 207.00 464.49 603.43	1.39 2.09 372.20	2.20 8.73 39.86 182.48 252.70 266.77 279.93 1.29	0.02 1.01 53.35 340.97 435.12 464.92 462.20	0.00 0.01 0.28 1.08 1.53 1.96 1.75
		2.20 9.49 39.88 182.48 253.63 266.84 280.00 2.37 9.50 43.37 198.56	0.02 1.32 52.97 337.42 432.06 461.06 457.90 0.02 1.42 62.33 360.61	0.00 0.01 0.27 1.08 1.59 1.87 1.74 0.00 0.03 0.35 1.15	286.70 555.84 209.52 469.63 604.81	0.37 2.10 376.11	2.20 9.49 39.88 182.48 253.63 266.84 280.00 1.29	0.02 1.34 53.52 340.92 436.53 465.84 462.64	0.00 0.01 0.27 1.08 1.59 1.87 1.74
		2.20 9.50 43.37 182.49 253.70 266.84 280.01 2.37 10.33 43.38 198.57	0.02 1.33 60.87 337.19 432.11 461.79 457.70 0.02 1.89 61.64 360.64	0.00 0.01 0.31 1.07 1.56 1.86 1.73 0.00 0.03 0.31 1.14	291.18 560.34 212.05 473.28 605.96	0.41 2.20 379.37	2.20 9.50 43.37 182.49 253.70 266.84 280.01 1.30	0.02 1.34 61.50 340.68 436.58 466.57 462.44	0.00 0.01 0.31 1.07 1.56 1.86 1.73
		2.38 9.50 43.37 198.56 253.71 266.84 280.94 2.38 10.34 47.19 198.57	0.02 1.34 60.89 359.61 431.84 459.81 459.12 0.02 1.88 70.71 360.73	0.00 0.01 0.31 1.14 1.55 1.90 1.76 0.00 0.03 0.36 1.14	295.67 564.85 214.57 476.51 607.30	0.67 2.28 382.58	2.38 9.50 43.37 198.56 253.71 266.84 280.94 1.32	0.02 1.35 61.52 363.33 436.30 464.56 463.87	0.00 0.01 0.31 1.14 1.55 1.90 1.76
		2.38 10.32 43.38 198.58 254.64 266.85 281.01 2.57 10.34 47.19 215.98	0.02 1.76 61.09 360.24 433.84 460.69 459.71 0.03 1.88 71.50 385.43	0.00 0.01 0.31 1.16 1.52 1.91 1.77 0.00 0.04 0.39 1.28	300.16 583.83 217.10 479.88 610.17	0.67 1.94 385.86	2.38 10.32 43.38 198.58 254.64 266.85 281.01 1.34	0.02 1.77 61.72 363.96 438.33 465.46 464.46	0.00 0.01 0.31 1.16 1.52 1.91 1.77
		2.38 10.33 47.19 198.58 254.65 267.78 281.02 2.57 11.24 47.20 216.06	0.02 1.76 69.91 360.28 432.85 462.22 459.64 0.03 2.49 70.79 385.57	0.00 0.01 0.35 1.16 1.60 1.96 1.77 0.00 0.04 0.35 1.26	304.65 588.32 219.62 484.36 612.33	0.65 1.59 390.67	2.38 10.33 47.19 198.58 254.65 267.78 281.02 1.40	0.02 1.78 70.63 364.00 437.33 467.00 464.40	0.00 0.01 0.35 1.16 1.60 1.96 1.77
		2.57 10.33 47.19 202.06 254.71 267.85 281.95 2.57 11.24 51.34 216.07	0.02 1.77 69.95 365.01 433.91 462.57 460.39 0.03 2.49 80.64 385.53	0.00 0.01 0.35 1.25 1.59 1.91 1.76 0.00 0.05 0.40 1.25	309.16 592.83 222.15 488.50 614.42	0.93 1.14 394.27	2.57 10.33 47.19 202.06 254.71 267.85 281.95 1.38	0.02 1.79 70.68 368.79 438.40 467.36 465.15	0.00 0.01 0.35 1.25 1.59 1.91 1.76
		2.57 11.23 47.21 202.10 254.71 267.86 282.03 2.78 11.25 51.35 235.00	0.02 2.31 70.17 364.84 433.02 461.94 460.17 0.03 2.49 81.47 412.18	0.00 0.02 0.35 1.22 1.51 1.89 1.76 0.00 0.05 0.42 1.39	313.67 597.33 224.67 493.75 618.14	1.48 2.83 398.08	2.57 11.23 47.21 202.10 254.71 267.86 282.03 1.42	0.02 2.34 70.90 368.62 437.50 466.72 464.93	0.00 0.02 0.35 1.22 1.51 1.89 1.76
		2.58 11.24 51.35 202.11 254.72 268.78 282.03 2.78 12.23 51.36 235.12	0.02 2.34 79.85 364.56 433.92 462.26 460.96 0.03 3.27 80.61 411.68	0.00 0.02 0.38 1.21 1.51 1.88 1.76 0.00 0.06 0.38 1.32	318.19 601.83 227.20 502.04 618.97	0.79 1.05 400.44	2.58 11.24 51.35 202.11 254.72 268.78 282.03 1.42	0.02 2.36 80.68 368.33 438.41 467.04 465.73	0.00 0.02 0.38 1.21 1.51 1.88 1.76
		2.78 11.24 51.35 206.11 254.72 268.86 282.74 2.78 12.23 55.87 235.12	0.03 2.32 79.87 370.29 432.94 462.58 460.10 0.03 3.25 91.46 412.22	0.00 0.02 0.38 1.24 1.57 1.86 2.00 0.00 0.06 0.43 1.31	322.72 606.33 229.72 503.98 621.01	0.60 1.41 404.30	2.78 11.24 51.35 206.11 254.72 268.86 282.74 1.41	0.03 2.34 80.69 374.12 437.42 467.37 464.86	0.00 0.02 0.38 1.24 1.57 1.86 2.00
		2.78 12.22 51.36 206.15 255.65 268.87 282.94 3.01 12.23 55.88 255.69	0.03 3.04 80.12 370.60 434.87 462.45 461.51 0.04 3.25 91.44 436.82	0.00 0.02 0.40 1.24 1.61 1.85 1.73 0.00 0.06 0.42 1.52	327.25 610.82 232.24 502.36 623.09	1.11 2.16 406.44	2.78 12.22 51.36 206.15 255.65 268.87 282.94 1.42	0.03 3.07 80.95 374.44 439.37 467.23 466.28	0.00 0.02 0.40 1.24 1.61 1.85 1.73
		2.79 12.22 55.88 206.15 255.73 269.80 283.03 3.01 13.30 55.88 255.86	0.03 3.06 90.46 370.45 434.97 461.46 461.91 0.04 4.23 92.16 436.78	0.00 0.02 0.42 1.23 1.59 1.83 1.73 0.00 0.07 0.44 1.42	331.78 615.33 234.76 503.60 624.64	0.54 2.77 410.92	2.79 12.22 55.88 206.15 255.73 269.80 283.03 1.46	0.03 3.09 91.40 374.28 439.47 466.24 466.69	0.00 0.02 0.42 1.23 1.59 1.83 1.73
		3.01 12.23 55.88 210.15 255.73 269.87 283.03 3.01 13.31 60.80 255.86	0.03 3.04 90.54 375.66 435.74 461.67 461.65 0.04 4.22 103.30 436.96	0.00 0.02 0.41 1.26 1.60 1.81 1.77 0.00 0.08 0.48 1.44	336.31 619.82 237.28 506.83 626.27	1.57 3.14 413.59	3.01 12.23 55.88 210.15 255.73 269.87 283.03 1.51	0.03 3.07 91.47 379.55 440.25 466.45 466.42	0.00 0.02 0.41 1.26 1.60 1.81 1.77
		3.01 13.29 55.89 210.19 255.89 269.88 283.04 3.26 13.31 60.80 278.19	0.03 3.96 90.77 375.00 436.15 461.52 461.71 0.04 4.22 104.34 460.75	0.00 0.03 0.43 1.23 1.51 1.80 1.78 0.00 0.08 0.51 1.77	340.84 624.33 239.81 510.80 627.62	0.23 3.24 416.80	3.01 13.29 55.89 210.19 255.89 269.88 283.04 1.50	0.03 4.00 91.71 378.88 440.66 466.29 466.49	0.00 0.03 0.43 1.23 1.51 1.80 1.78
		3.01 13.30 60.80 210.21 256.02 270.79 283.04 3.26 14.47 60.81 278.42	0.03 3.99 102.37 375.34 436.99 461.32 462.23 0.04 5.47 103.20 460.03	0.00 0.03 0.46 1.22 1.46 1.70 1.70 0.00 0.10 0.46 1.61	345.37 628.83 242.33 513.17 628.89	0.48 3.33 421.02	3.01 13.30 60.80 210.21 256.02 270.79 283.04 1.52	0.03 4.03 103.43 379.23 441.51 466.09 467.01	0.00 0.03 0.46 1.22 1.46 1.70 1.70
		3.26 13.30 60.81 214.19 256.02 270.80 286.98 3.26 14.48 66.16 278.42	0.04 3.96 102.47 380.54 436.72 460.78 466.77 0.05 5.47 115.96 460.33	0.00 0.03 0.46 1.28 1.47 1.80 1.76 0.00 0.13 0.51 1.60	349.91 633.33 244.85 515.97 629.60	0.36 3.00 425.67	3.26 13.30 60.81 214.19 256.02 270.80 286.98 1.53	0.04 4.01 103.53 384.48 441.24 465.54 471.60	0.00 0.03 0.46 1.28 1.47 1.80 1.76
		3.26 14.46 60.83 214.24 256.67 270.88 287.08 3.54 14.48 66.17 302.93	0.04 5.10 102.68 381.17 435.58 461.27 465.87 0.06 5.46 117.00 481.80	0.00 0.03 0.46 1.26 1.61 1.73 1.73 0.00 0.11 0.53 1.70	354.44 637.83 247.38 518.87 630.69	0.29 3.19 429.65	3.26 14.46 60.83 214.24 256.67 270.88 287.08 1.57	0.04 5.16 103.75 385.12 440.09 466.05 470.69	0.00 0.03 0.46 1.26 1.61 1.73 1.73
		3.26 14.46 66.17 214.24 256.74 270.89 287.09 3.54 15.76 66.17 302.96	0.04 5.13 114.83 380.99 436.65 460.23 466.11 0.06 6.99 116.01 482.57	0.00 0.03 0.49 1.25 1.60 1.78 1.72 0.00 0.13 0.50 1.73	358.96 642.33 249.90 521.47 632.41	0.27 3.58 430.63	3.26 14.46 66.17 214.24 256.74 270.89 287.09 1.56	0.04 5.19 116.01 384.94 441.16 464.99 470.93	0.00 0.03 0.49 1.25 1.60 1.78 1.72
		3.53 14.47 66.17 216.07 256.74 270.89 291.03 3.54 15.76 71.99 302.97	0.05 5.10 114.82 383.40 437.17 461.25 469.45 0.06 6.96 129.99 482.17	0.00 0.03 0.49 1.22 1.60 1.71 1.76 0.00 0.14 0.55	363.49 646.83 252.42 523.89 633.68	0.27 3.75 432.55	3.53 14.47 66.17 216.07 256.74 270.89 291.03 1.58	0.05 5.16 116.00 387.37 441.69 466.02 474.31	0.00 0.03 0.49 1.22 1.60 1.71 1.76
		3.53 15.74 66.19 216.12 257.67 270.90 291.12 3.83 15.77 72.00	0.05 6.54 114.97 383.47 437.96 460.49 470.02 0.07 7.04 131.27	0.00 0.04 0.50 1.21 1.65 1.76 1.79 0.00 0.11 0.62	384.28 651.33 254.95 533.53 634.33	2.11 3.06 435.01	3.53 15.74 66.19 216.12 257.67 270.90 291.12 1.58	0.05 6.60 116.16 387.44 442.49 465.25 474.88	0.00 0.04 0.50 1.21 1.65 1.76 1.79
		3.53 15.74 72.01 216.12 257.75 271.83 291.13 3.83 17.13 72.01	0.05 6.57 128.60 383.46 438.37 458.79 469.74 0.07 8.48 129.42	0.00 0.04 0.54 1.21 1.63 1.76 1.73 0.00 0.05 0.53	388.80 655.83 257.47 536.11 634.91	1.95 2.23 437.22	3.53 15.74 72.01 216.12 257.75 271.83 291.13 1.61	0.05 6.64 129.93 387.42 442.90 463.53 474.60	0.00 0.04 0.54 1.21 1.63 1.76 1.73
		3.82 15.74 72.01 218.23 257.75 271.90 295.08 3.84 17.16 78.34	0.06 6.54 128.52 385.91 437.92 459.21 471.31 0.07 8.57 144.04	0.00 0.04 0.53 1.31 1.60 1.74 1.77 0.00 0.05 0.60	393.32 660.33 259.99 538.56 634.95	1.82 2.27 439.54	3.82 15.74 72.01 218.23 257.75 271.90 295.08 1.63	0.06 6.61 129.85 389.90 442.46 463.96 476.19	0.00 0.04 0.53 1.31 1.60 1.74 1.77
		3.82 17.12 72.03 218.28 258.69 271.91 295.17 4.15 17.17 78.34	0.06 8.33 128.70 386.23 439.50 459.12 472.01 0.09 8.47 144.12	0.00 0.05 0.54 1.31 1.64 1.73 1.75 0.00 0.05 0.59	397.84 664.83 262.51 541.18 634.96	1.78 3.36 441.98	3.82 17.12 72.03 218.28 258.69 271.91 295.17 1.68	0.06 8.41 130.03 390.23 444.05 463.87 476.89	0.00 0.05 0.54 1.31 1.64 1.73 1.75
		3.83 17.12 78.36 218.29 258.69 272.83 295.17 4.15 18.64 78.35	0.06 8.29 143.11 386.23 440.24 457.77 472.55 0.09 10.54 144.60	0.00 0.06 0.58 1.31 1.57 1.71 1.76 0.00 0.08 0.59	402.36 683.11 265.03 543.76 632.48	1.79 4.50 444.41	3.83 17.12 78.36 218.29 258.69 272.83 295.17 1.67	0.06 8.38 144.60 390.22 444.79 462.50 477.44	0.00 0.06 0.58 1.31 1.57 1.71 1.76
		4.14 17.13 78.36 222.27 258.76 272.91 299.03 4.15 18.65 85.24	0.08 8.28 142.77 392.00 440.12 457.49 475.16 0.09 11.07 159.14	0.00 0.05 0.56 1.34 1.63 1.75 1.76 0.00 0.21 0.66	406.88 687.61 267.56 546.40 634.11	1.80 4.91 446.06	4.14 17.13 78.36 222.27 258.76 272.91 299.03 1.70	0.08 8.37 144.24 396.05 444.67 462.22 480.08	0.00 0.05 0.56 1.34 1.63 1.75 1.76
		4.14 18.62 78.38 222.33 258.76 272.92 299.07 4.50 18.66 85.24	0.08 10.43 143.19 392.37 440.57 457.45 475.40 0.12 11.12 159.33	0.00 0.07 0.62 1.33 1.57 1.71 1.84 0.00 0.19 0.63	411.40 692.11 270.08 548.86 637.10	1.83 4.09 447.93	4.14 18.62 78.38 222.33 258.76 272.92 299.07 1.67	0.08 10.54 144.67 396.43 445.13 462.19 480.32	0.00 0.07 0.62 1.33 1.57 1.71 1.84
		4.15 18.63 85.26 222.34 258.76 273.85 299.08 4.50 20.30 85.26	0.08 10.38 158.61 392.44 440.69 455.84 475.77 0.12 13.20 160.11	0.00 0.07 0.62 1.30 1.57 1.70 2.09 0.00 0.08 0.64	415.91 696.61 272.61 551.40 640.28	2.02 4.13 451.36	4.15 18.63 85.26 222.34 258.76 273.85 299.08 1.72	0.08 10.49 160.25 396.50 445.25 460.55 480.69	0.00 0.07 0.62 1.30 1.57 1.70 2.09
		4.49 18.64 85.27 226.32 258.76 273.93 302.83 4.51 20.30 92.76	0.10 10.37 158.76 397.62 439.69 456.19 477.57 0.12 13.28 175.29	0.00 0.07 0.63 1.36 1.62 1.68 1.94 0.00 0.08 0.68	420.43 701.11 275.14 553.58 639.96	2.09 7.45 454.63	4.49 18.64 85.27 226.32 258.76 273.93 302.83 1.79	0.11 10.48 160.40 401.73 444.24 460.91 482.51	0.00 0.07 0.63 1.36 1.62 1.68 1.94
		4.49 20.28 85.29 226.38 259.70 273.94 302.99 4.88 20.32 92.77	0.10 12.83 158.42 397.74 441.46 456.50 478.31 0.15 12.80 175.20	0.00 0.08 0.60 1.34 1.68 1.69 1.78 0.00 0.07 0.68	424.95 705.62 277.66 555.84 640.56	2.00 7.10 457.97	4.49 20.28 85.29 226.38 259.70 273.94 302.99 1.83	0.11 12.96 160.05 401.86 446.03 461.22 483.26	0.00 0.08 0.60 1.34 1.68 1.69 1.78
		4.50 20.29 92.76 226.39 259.77 274.85 303.16 4.89 22.08 92.79	0.11 12.86 174.83 397.69 441.67 455.92 478.78 0.15 16.30 175.69	0.00 0.08 0.67 1.32 1.64 1.63 1.81 0.00 0.10 0.68	429.46 710.12 280.18 557.95 640.17	1.91 6.27 461.57	4.50 20.29 92.76 226.39 259.77 274.85 303.16 1.84	0.11 13.00 176.64 401.80 446.24 460.64 483.74	0.00 0.08 0.67 1.32 1.64 1.63 1.81
		4.87 20.29 92.77 230.37 259.78 274.87 303.18 4.89 22.09 100.93	0.14 12.96 174.27 402.35 442.06 455.30 478.91 0.15 16.17 193.23	0.00 0.08 0.65 1.36 1.65 1.69 1.79 0.00 0.10 0.75	433.98 714.63 282.70 560.25 640.43	1.88 5.89 465.36	4.87 20.29 92.77 230.37 259.78 274.87 303.18 1.88	0.14 13.09 176.07 406.51 446.63 460.01 483.87	0.00 0.08 0.65 1.36 1.65 1.69 1.79
		4.87 22.07 92.78 230.43 260.71 274.94 303.24 5.30 22.10 100.94	0.14 15.79 174.68 402.69 443.72 456.08 480.29 0.20 16.15 192.21	0.00 0.10 0.66 1.37 1.71 1.62 1.71 0.00 0.13 0.69	438.50 719.13 285.22 562.51 638.88	1.91 8.63 468.67	4.87 22.07 92.78 230.43 260.71 274.94 303.24 1.91	0.14 15.96 176.49 406.85 448.31 460.80 485.26	0.00 0.10 0.66 1.37 1.71 1.62 1.71
		4.88 22.07 100.95 230.43 260.78 274.94 303.24 5.30 24.02 100.96	0.14 15.93 192.63 402.68 444.02 456.03 479.85 0.20 19.66 193.56	0.00 0.10 0.73 1.35 1.68 1.64 1.69 0.00 0.12 0.73	443.01 723.63 287.75 564.68 641.07	2.07 7.20 471.56	4.88 22.07 100.95 230.43 260.78 274.94 303.24 1.92	0.14 16.10 194.63 406.85 448.61 460.75 484.82	0.00 0.10 0.73 1.35 1.68 1.64 1.69
	1180	5.29 5.29 22.07 24.01 100.95 100.95 234.41 234.47 260.78 261.72 274.94 274.95 5.30 24.02 109.85 5.76 24.04 109.86	0.18 0.18 15.85 19.26 192.46 192.06 406.99 407.20 444.56 445.59 455.54 455.72 0.20 20.21 211.45 0.26 19.68 211.47	0.00 0.00 0.10 0.12 0.71 0.75 1.37 1.37 1.68 1.73 1.71 1.71 0.00 0.15 0.76 0.01 0.11 0.75	447.52 452.02 728.13 732.64 290.27 566.90 568.83 642.74 645.11 292.79	2.31 1.92 7.14 7.49 473.22 474.82	5.29 5.29 22.07 24.01 100.95 100.95 234.41 234.47 260.78 261.72 274.94 274.95 1.91 1.92	0.18 0.18 16.02 19.46 194.45 194.05 411.20 411.42 449.16 450.20 460.26 460.44	0.00 0.00 0.10 0.12 0.71 0.75 1.37 1.37 1.68 1.73 1.71 1.71
	1181	5.30 5.74 24.01 24.01 109.86 109.86 234.48 235.13 261.79 261.80 275.88 275.95 5.76 26.13 109.88 5.76 26.13 119.54	0.18 0.24 19.32 19.44 210.89 210.88 407.39 408.68 446.97 446.83 455.20 455.86 0.26 23.68 211.46 0.26 23.72 230.39	0.00 0.00 0.12 0.12 0.78 0.77 1.37 1.34 1.72 1.73 1.69 1.72 0.01 0.15 0.75 0.00 0.15 0.81	456.53 461.04 737.14 741.64 295.31 571.13 573.37 649.43 661.30 297.84	1.74 1.72 8.15 9.04 475.95 476.95	5.30 5.74 24.01 24.01 109.86 109.86 234.48 235.13 261.79 261.80 275.88 275.95 1.93 1.93	0.18 0.24 19.52 19.64 213.07 213.06 411.61 412.91 451.59 451.45 459.91 460.57	0.00 0.00 0.12 0.12 0.78 0.77 1.37 1.34 1.72 1.73 1.69 1.72
		5.75 26.12 109.87 235.22 262.73 275.96 6.27 26.16 119.54	0.24 23.46 210.57 408.73 449.26 455.54 0.34 23.70 230.11	0.00 0.15 0.76 1.29 1.71 1.69 0.01 0.13 0.78	465.55 746.15 300.25 571.53 674.70	3.53 8.28 479.10	5.75 26.12 109.87 235.22 262.73 275.96 1.92	0.24 23.70 212.75 412.96 453.91 460.25	0.00 0.15 0.76 1.29 1.71 1.69
		5.75 26.13 119.55 235.23 262.73 276.89 6.28 28.42 119.54	0.24 23.42 229.97 408.26 448.70 455.42 0.34 28.26 230.42	0.00 0.16 0.82 1.29 1.77 1.73 0.01 0.18 0.79	483.78 750.65	573.60 641.66		1.74 9.12	5.75 26.13 119.55 235.23 262.73 276.89	0.24 23.66 232.35 412.48 453.35 460.14	0.00 0.16 0.82 1.29 1.77 1.73
		6.25 26.13 119.55 238.45 262.80 276.96 6.29 28.44 130.09	0.31 23.26 229.66 411.40 449.81 456.16 0.34 28.34 250.88	0.00 0.14 0.80 1.40 1.70 1.73 0.01 0.17 0.85	488.29 755.15	576.06 637.98		1.71 8.68	6.25 26.13 119.55 238.45 262.80 276.96	0.32 23.50 232.04 415.66 454.46 460.88	0.00 0.14 0.80 1.40 1.70 1.73
		6.25 28.42 119.55 238.52 262.80 276.98 6.82 28.45 130.09	0.31 27.79 229.82 411.54 448.81 455.53 0.45 28.28 250.86	0.00 0.17 0.80 1.38 1.78 1.67 0.01 0.15 0.83	492.80 759.65	578.28 637.58		1.66 7.87	6.25 28.42 119.55 238.52 262.80 276.98	0.32 28.08 232.19 415.80 453.45 460.25	0.00 0.17 0.80 1.38 1.78 1.67
		6.26 28.43 130.10 238.52 262.80 277.90 6.82 30.93 130.10	0.32 28.44 249.49 411.40 449.50 456.84 0.46 33.49 249.66	0.00 0.20 0.86 1.37 1.69 1.76 0.01 0.21 0.82	497.30 764.15	580.71 638.29		1.68 6.62	6.26 28.43 130.10 238.52 262.80 277.90	0.32 28.74 252.07 415.65 454.15 461.57	0.00 0.20 0.86 1.37 1.69 1.76
		6.79 28.43 130.10 242.49 262.81 277.98 6.82 30.95 141.57	0.43 27.85 249.42 416.87 449.25 456.36 0.46 33.52 271.29	0.00 0.16 0.85 1.44 1.75 1.72 0.01 0.19 0.89	501.81	582.96		1.58	6.79 28.43 130.10 242.49 262.81 277.98	0.43 28.14 252.00 421.18 453.90 461.08	0.00 0.16 0.85 1.44 1.75 1.72
		6.79 30.93 130.10 242.56 263.74 277.99 7.39 30.96 141.58	0.42 32.96 249.54 416.86 451.70 456.30 0.60 33.41 271.35	0.00 0.19 0.85 1.45 1.84 1.71 0.01 0.17 0.90	506.32	585.06		1.58	6.79 30.93 130.10 242.56 263.74 277.99	0.42 33.30 252.12 421.18 456.37 461.02	0.00 0.19 0.85 1.45 1.84 1.71
		6.80 30.93 141.54 242.57 263.81 278.44 7.39 33.66 141.58	0.42 32.95 269.89 417.23 451.09 458.96 0.60 39.44 270.45	0.00 0.19 0.91 1.40 1.80 1.67 0.01 0.24 0.84	510.82	587.19		1.59	6.80 30.93 141.54 242.57 263.81 278.44	0.42 33.29 272.68 421.55 455.76 463.71	0.00 0.19 0.91 1.40 1.80 1.67

1a: Relaxation calorimetry and DSC C p data for ye'elimite sample A
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is more than 50 kJ/mol less than the value obtained from our solution calorimetric value. Thus, we used the measured enthalpy of reaction of ye'elimite to calculate the enthalpy of formation of nanocrystalline Al(OH)3. We obtain -1276 kJ/mol (Table 9), which is 13 kJ/mol lower than that of -1289 kJ/mol for gibbsite [START_REF] Thoenen | The PSI/Nagra Chemical Thermodynamic Data Base 12/07[END_REF]. We note that a value of -1276 kJ/mol is also given for amorphous Al(OH)3 in [START_REF] Barin | Thermochemical data of pure substances[END_REF]. Based on the Gibbs free energy and and enthalpy of nanocrystalline Al(OH)3 an entropy of 104 J/mol/K is calculated (Table 10), which is as expected larger than the entropy of gibbsite (70 J/mol/K, Table 2). This value agrees well with the entropy values of 93 J/mol/K (according to [START_REF] Ghazizadeh | Estimation of standard molar entropy of cement hydrates and clinker minerals[END_REF]) or 102 J/mol/K (according to [START_REF] Glasser | The effective volumes of waters of crystallization & the thermodynamics of cementitious materials[END_REF]) estimated based on VBT from the molar volume of nanocrystalline Al(OH)3 of 38 cm 3 /mol (Table 10).

Laboratory for Materials for Energy Conversion) for the XRD measurements under nonambient conditions. Noreen Vielreicher (Salzburg University) made the power compensated DSC measurements.
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