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 ABSTRACT: To examine the influence of pore-wall hydrophobicity on freezing and melting behavior of a confined water, we measured the X-ray diffraction pattern of water in the nearly cylindrical pores of ordered mesoporous carbons during cooling and heating processes. The pore walls of the ordered mesoporous carbons are crystalline and cannot form hydrogen bonds with water molecules. Capillary condensation of water in the hydrophobic mesopores takes place very slowly only close to the saturation pressure of a bulk water. Nevertheless, freezing and melting of water confined in the hydrophobic mesopores occurred almost in the same way as those in mesoporous silicas with similar pore sizes, the pore walls of which are amorphous and can form hydrogen bonds with water molecules. This clearly indicates that the pore-wall hydrophobicity does not affect appreciably the freezing and melting behavior of the confined water. The existence of a thin water layer between core ice and the pore walls is responsible for it.
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 INTRODUCTION Freezing and melting of water confined in mesopores is directly relevant to many phenomena such as freeze avoidance in plants,1 stone weathering,2 and cloud glaciation.3 Effects of pore size,4-7 pore geometry,8-11 pore filling,12-15 and nonfreezable layer16-19 adjacent to the pore walls on the freezing and melting behavior have been extensively examined using mesoporous silicas and general conclusions have been reached. On the other hand, experimental results concerning the influence of pore wall hydrophobicity are in disagreement with each other. Hirama et al. examined the freezing and melting of water adsorbed in porous Vycor glass weakly treated with hexamethyldisilazone by means of nuclear magnetic resonance (NMR) spectroscopy and reported that the melting point depression of the confined ice in the hydrophobic pores is smaller than for the hydrophilic pores of original glass.20 Liquid water could not penetrate the fully treated glass and thus the freezing and melting behavior of water in the strongly hydrophobic sample was not examined. Strictly speaking, surfaces are referred to as hydrophobic only when a water droplet forms a contact angle larger than 90° with the surfaces.21 In this instance, water cannot be adsorbed at all in the hydrophobic pores even at the saturation pressure of the bulk liquid (p0) so that high pressures externally applied are required to keep water in the mesopores during freezing and melting processes.22 Measurements of freezing/melting of pore water under high pressures are very difficult. In the present study, surfaces are referred to as hydrophobic when the surfaces are less hydrophilic as compared to bare silica surfaces. Deschamps et al. examined the freezing and melting of water confined in the hydrophobic pores of MCM-41 treated with trimethylchlorosilane by differential scanning calorimetry (DSC) and showed that the melting point depression of the confined ice is larger in the hydrophobic pores,23 as opposed to the 3
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 results of Hirama et al. In their study, water was filled in the hydrophobic pores under high pressures. Since a sample containing pore water was depressurized before introducing into the DSC cell, however, most of the pore water was expelled from the hydrophobic pores. Jelassi et al. examined the freezing and melting of water in silica gels treated with trimethylchlorosilane by means of DSC and NMR and showed that the melting point depression does not appreciably change with surface modification.24 Findenegg et al. decorated the pore walls of SBA-15 with propionic acid, phosphoric acid and sulfonic acid and showed that the melting point depression of ice in the more hydrophilic pores is somewhat smaller than for bare silica.7 These discrepancies in the melting point depression seem to be due to different degrees of surface modification and/or large differences in the pore filling. As a matter of fact, in most of these studies, the adsorption isotherms of water were not measured and thus the degrees of hydrophobicity were not assessed. Aso et al. reported that the melting point depression of ice confined in mesoporous organosilica is slightly smaller than for MCM-41 silica of similar pore size, although the surface hydrophilicity of the organosilica is estimated to be almost the same as that of MCM-41 from the positions of adsorption steps due to capillary condensation and evaporation of water vapor.25 Water does not form hydrogen bonds with carbon surfaces that are almost free of surface functional groups and thus the carbon surfaces are more hydrophobic than the bare silica surfaces. It was reported that ices confined in multi-wall carbon nanotubes having inner diameters of mesopore region exhibit smaller depressions in the melting point than for the mesopores of the bare silica.26,27 However, adsorption in the carbon nanotubes occurs simultaneously in various regions of the tube bundle, and therefore it is difficult to distinguish the contributions from each region of the ices formed. In a previous study,10 we concluded that 4
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 ices confined in ordered mesoporous carbons CMK-3, CMK-8, and CFA2 exhibit similar depressions in the melting point as compared to the bare silica pores of similar pore sizes, although the pore size of these carbons is difficult to be defined. The structures of these ordered mesoporous carbons are exactly the inverse replicas of the ordered mesoporous silicas, and thus the pores consist of the void space between regularly arranged carbon nanorods.28 In addition, the carbon walls possess micropores that result in micropore filling of water vapor and thus make the pore walls less hydrophobic. All these experimental studies suggest that the influence of hydrophobicity on the freezing and melting of the confined water still remains to be unsettled. Molecular dynamics simulations of ice-liquid coexistence in cylindrical mesopore have suggested that the melting point depression of confined ice is insensitive to the hydrophobicity of the pore walls.21,29 Very recently, we showed that ordered mesoporous carbon synthesized by a micelle-templated method possesses almost cylindrical pores consisting of graphitic walls.30 Rare gases adsorbed on the pore walls form two-dimensional crystals, which indicates the crystalline properties of the carbon walls.31 In the graphitic pores of the ordered mesoporous carbons that are free of micropores and almost free of surface functional groups, water does not form an adsorbed film on the pore walls as the pressure approaches p0 because water does not form hydrogen bonds with the carbon surfaces. Nevertheless, a large uptake of water vapor occurs very slowly close to p0 due to capillary condensation of water.32 To examine the influence of pore-wall properties on freezing and melting behavior of water in mesopores, we measure the X-ray diffraction (XRD) pattern of water confined in the nearly cylindrical pores of the ordered mesoporous carbons during cooling and heating processes. The pore walls of the mesoporous silicas that can form hydrogen bonds with water molecules are amorphous and 5
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 hydrophilic, while those of the ordered mesoporous carbons that cannot form hydrogen bonds with water molecules are crystalline and less hydrophilic. For the mesoporous carbons, hydrophobicity of the pore walls is weak so that measurements of freezing/melting behavior of the pore water are possible without high pressures externally applied.
 
 EXPERIMENTAL SECTION Materials and Characterization. Three kinds of the ordered mesoporous carbons (OMC-1, -6, and -7) were synthesized by a soft template method using resorcinol-formaldehyde and Pluronic F127 surfactant according to the modified procedure of Wang, Liang, and Dai.33 After carbonization by heating at 673 K and 1123 K under nitrogen atmosphere, graphitization was further carried out in a high-temperature furnace under argon atmosphere at 2473 K for 1 h, in order to remove micropores inherent to mesoporous carbons. Adsorption isotherms of nitrogen at liquid nitrogen temperature were measured volumetrically on a BELSORP-mini II (Bel Japan). Measurements. The measurements of adsorption of water vapor were conducted gravimetrically using a magnetic balance Rubotherm (BEL Japan) in a closed system, which is composed of a cylindrical vessel of stainless steel and a quartz pan for a sample. The vessel was immersed in a thermally regulated bath of water. The carbon sample was outgassed at 673 K for 4 h using a turbo-molecular pump prior to the measurements. The apparatus and procedures have been described in detail elsewhere.32 In kinetic measurements of water uptake, the vapor pressure of water in the vessel was rapidly raised up to saturation within a short time of 10 min and then kept saturation. The valve connecting the adsorption vessel to water reservoir was opened during the first 100 min of the measurements so that the measurements of uptake 6
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 kinetics were conducted in the presence of a small amount of liquid water inside the vessel. The experimental apparatus of XRD for freezing/melting measurements has been also given in detail elsewhere.34 Most of the measurements were carried out with MoKα radiation in a symmetrical transmission geometry, unless otherwise specified. Water was adsorbed in the hydrophobic pores of the mesoporous carbons according to the procedure mentioned in greater detail in a subsequent section. The substrate was then cooled to a desired temperature between 200 and 280 K, and the diffraction pattern was measured. Similarly, the diffraction pattern was also measured during subsequent heating process. The diffraction pattern of the confined water was obtained by subtraction of data for charged and empty substrate after correction for gas attenuation. A few measurements were also conducted with CuKα radiation in a Bragg-Brentano geometry (reflection geometry), in order to examine fine features of the diffraction pattern.
 
 RESULTS AND DISCUSSION Rapid Adsorption of Water at Supersaturation. The ordered mesoporous carbons possess hexagonally shaped pores consisting of walls of turbostratic carbon.30 The specific surface area, pore
 
 size,
 
 and
 
 pore
 
 volume
 
 were
 
 estimated
 
 using the adsorption branches in
 
 adsorption-desorption isotherms of nitrogen at liquid nitrogen temperature.35 The pore radius was obtained using the Barrett-Joyner-Halenda method36 based on the assumption of a cylindrical geometry as usual. The micropore volume and total pore volume were estimated by using the t-plot method.37 Table 1 summarizes the main physicochemical parameters of the mesoporous carbons used in the present study. The O/C ratio of OMC-1 by X-ray photoelectron spectroscopy analysis is lower than 0.05 and comparable to that of a highly graphitized carbon black.38 These mesoporous carbons have no micropores and almost no functional groups on the 7
 
 ACS Paragon Plus Environment
 
 The Journal of Physical Chemistry 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55 56 57 58 59 60
 
 pore walls. Capillary condensation of water in the hydrophobic mesopores takes place very slowly close to saturation, although an uptake remains very low as the pressure approaches p0.35 If a high supersaturation was attained in the experiments, however, rapid adsorption of water would occur inside the hydrophobic mesopores.39,40
 
 Table 1. Physicochemical Parameters of Mesoporous Carbons sample
 
 Surface
 
 Micropore
 
 Total pore
 
 Mean pore
 
 area
 
 volume
 
 volume
 
 radius
 
 (m2/g)
 
 (cm3/g)
 
 (cm3/g)
 
 (nm)
 
 OMC-1
 
 210
 
 0.01
 
 0.28
 
 3.2
 
 OMC-6
 
 291
 
 0
 
 0.64
 
 4.8
 
 OMC-7
 
 176
 
 0
 
 0.60
 
 8.2
 
 Figure 1 shows three kinds of the kinetic curves of water uptake due to capillary condensation of water vapor in the graphitic mesopores of OMC-7 with the largest pore size. One was measured at a constant temperature of 293 K and other two were measured with sudden change in temperature during the measurements. As the uptake curve measured at the constant temperature shows, the rate of water uptake was exceedingly slow. The uptake continued to occur almost for 3 days at 293 K. With decreasing temperature, the rate of uptake started to decline rapidly below 278 K, and the amount of uptake did not increase at all with time at 273 K, except for the rapid increase due to adsorption in the initial stage.35 When the temperature of the water bath, in which the adsorption vessel is immersed, was suddenly changed from 293 K to 273 K, the amount of water uptake rapidly decreased and the rate of 8
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 Figure 1. Uptake curves of water vapor in OMC-7. The explanation is given in the text.
 
 uptake also decreased. Then, when the temperature of the water bath was suddenly returned to 293 K, the amount of water uptake rapidly increased up to nearly its maximum. In the gravimetrical measurement, a sample is isolated from the adsorption vessel. Therefore, there is time lag in the temperature change between the adsorption vessel and the sample. When the temperature of the adsorption vessel is suddenly decreased, the vapor pressure of water inside the vessel simultaneously decreases. However, the temperature of the sample still remains high for a while. The relative pressure of water vapor on the sample is decreased below p0 for a while so that capillary evaporation of water from the hydrophobic mesopores occurs in this short period. Capillary evaporation of water from the mesoporous carbon takes place very fast as compared to the capillary condensation. When the temperature of the adsorption vessel is then suddenly raised to 293 K again, the vapor pressure of water inside the vessel simultaneously increases. The temperature of the sample still remains low for a while and thus the vapor pressure of water on the sample is increased beyond p0 in a short time. 9
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 Supersaturation is expected to attain ∼3.8 in its maximum from a comparison between the saturation pressures of water at 293 and 273 K. This supersaturation would result in formation of liquid water near the pore entrances of the mesoporous carbons maintained at lower temperature. Liquid infiltration in mesopores takes place very fast as compared to the transfer of water molecules from the external water vapor into the mesopores.41 In a previous study,35 we have suggested that in the initial stage of capillary condensation the number of mesopores with liquid plugs of water at the pore entrances increases with time and then meniscus growth can be controlled by the rate of supply to the nanoplug at the pore entrance from the external water vapor and/or the rate of transfer of water molecules across the liquid plug. When the temperature of the adsorption vessel was kept at 273 K from the beginning, however, a sudden increase in the temperature did not result in a rapid increase of the uptake. This strongly suggests that the liquid plugs of water are never formed at the pore entrances over a long period of time when the temperature of the adsorption vessel is maintained at 273 K from the beginning. On the other hand, when the temperature of the adsorption vessel was suddenly decreased from 293 K to 273 K during the measurement, the amount of uptake still continued to increase steadily after the rapid decrease. This suggests that the rate of transfer of water molecules across the liquid plug does not appreciably decrease even at 273 K. Freezing of Water. Because of the different setup, filling of water into the hydrophobic pores of the mesoporous carbons inside the cryostat of X-ray apparatus cannot be conducted in the same way as in the kinetic study under the saturation vapor pressure of a constant temperature. Water was filled into the hydrophobic mesopores using generation of supersaturation inside the sample cell of the cryostat. After the sample inside the adsorption cell kept at 280 K was exposed 10
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 through narrow tube to the supersaturated vapor of water equilibrated with liquid water maintained at room temperature for 10 min, the adsorption cell was isolated from the external reservoir of liquid water and then the temperature of the cell was returned to room temperature. After one day, extra water inside the cell was evacuated slowly by monitoring the vapor pressure of water inside the cell, in order to obtain the sample having water in the mesopores slightly below a complete filling. Figures 2(a), (b), and (c) show the powder XRD patterns from the water confined in the hydrophobic pores of OMC-7, OMC-6, and OMC-1, respectively, when the temperature was successively lowered from 280 K to 200 K. When the substrate was cooled, there was a sudden change in the diffraction pattern of the pore water from a liquid to a solid form. The freezing temperatures of confined water in OMC-7, OMC-6, and OMC-1 are ∼261, 258, and 248 K, respectively. The diffraction patterns of the resulting solids resemble that of cubic ice (Ic)
 
 Figure 2. Change of the X-ray diffraction pattern of water confined in (a) OMC-7, (b) OMC-6, and (c) OMC-1 slightly below complete filling upon cooling. 11
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 instead of ordinary hexagonal ice (Ih). The three peaks can be indexed to the (111), (220), and (311) reflections of Ic, respectively. The irregularities observed in the diffraction patterns from pore water of OMC-1 are due to incomplete subtraction of Be sheets used for retainment of the powdered sample in the sample holder. The diffraction patterns of confined ices in OMC-7, OMC-6, and OMC-1 are almost the same and a small bump can be always observed between the (220) and (311) reflections of Ic. This suggests that cubic ice formed in the hydrophobic mesopores of the mesoporous carbons does not take a cubic structure as envisaged by König.5,42 Figure 3 compares the diffraction pattern of the confined ice formed in OMC-7 with pore radius 8.2 nm with that in mesoporous silica with pore radius 9.5 nm,5 where the diffraction patterns of higher resolution were measured using CuKα radiation in a reflection geometry. The diffraction pattern of the confined ice in the hydrophobic mesopores of the carbon is almost the same as that in the hydrophilic mesopores of silica with similar pore sizes, although the diffraction peaks of confined ice for the mesoporous carbon are slightly broader. This broadness
 
 Figure 3. Comparison of the X-ray diffraction pattern of ice formed in the graphitic pores of pore radius 8.2 nm at 250 K with that in the silica pores of pore radius 9.5 nm at 220 K. 12
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 is due to the low absorption of carbon for X-ray.43 Several diffraction peaks that cannot be assigned to Ic are observed. In fact, all these diffraction peaks including the peaks that were assigned to the reflections of Ic can be assigned to the reflections of ordinary Ih, although the relative intensities and widths are different from those expected from the powder of pure Ih crystals. Such diffraction patterns are typical of a so-called stacking disordered ice.44 Our results agree with a recent study concerning structures of pore ices formed in mesoporous carbons CMK-3 and CMK-8, namely the inverse replicas of the ordered mesoporous silica SBA-15 and KIT-6, respectively.45 Melting Point Depression. Figures 4(a), (b), and (c) show the powder XRD patterns from the ice confined in the OMC-7, OMC-6, and OMC-1, respectively, when the temperature was successively increased from 200 K to 280 K. When the resulting ices were heated, the melting always took place at temperatures higher than the freezing temperatures and thus thermal
 
 Figure 4. Change of the X-ray diffraction pattern of water confined in (a) OMC-7, (b) OMC-6, and (c) OMC-1 slightly below complete filling upon heating. 13
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 hysteresis appeared. The width of the thermal hysteresis observed for water/mesoporous carbons is comparable to or slightly smaller than that for mesoporous silicas of similar pore sizes.5,12 When the melting temperatures of the confined ices were approached, the main diffraction peak at 2θ=11° of the confined ice decreased in intensity, while a broad peak around 2θ=12° appeared. The broad diffraction pattern contains three contributions from a supercooled liquid, nonfreezable layer located between the ice core and the graphitic walls, and water-carbon cross-terms46 arising from correlations across the interface. The third contribution is small because the pore sizes of the present materials are relatively large. The broad diffraction pattern of a completely melted ice in the 2θ region of 7−25° was fitted with a linear combination of three broad peaks each having a Gaussian line shape and a sloping background. Then, we fixed the shape of the broad diffraction pattern in subsequent fitting procedure of the diffraction patterns of the partially melted ice. The diffraction patterns of the partially melted ices were fitted with a linear combination of four peaks (2θ =11.0, 18.0, 19.3, and 21.2°) from a solid component, the broad pattern due to an amorphous component, and a sloping background. The main peak at 2θ=11° of the solid component was asymmetrical because the peak consists of the (100), (002), and (101) reflections of ice Ih. Therefore, this peak was fitted using a combination of a Gaussian line shape in the 2θ region lower than the peak position and a Lorentzian one in the 2θ region higher than the peak position, while other peaks were fitted using Gaussian line shapes. Figure 5 shows the results of the least-squares fitting of the observed patterns to a linear combination of a crystalline and amorphous component. The fits were quite good over the whole range of temperatures examined. This suggests that the diffraction pattern of the nonfreezable water layer 14
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 Figure 5. X-ray diffraction patterns of ice confined in OMC-6 slightly below complete filling at (a) 200 and (b) 260 K upon heating. Red and green curves represent a whole pattern fitted and an amorphous component due to supercooled liquid and/or nonfreezable layer, respectively.
 
 resembles that of liquid water confined in the graphitic pores. An amorphous component is still visible at 200 K. Figure 6 shows the fraction of liquid as a function of temperature for ice confined in OMC-1, -6, and -7 slightly below complete filling upon heating, where the fraction of liquid in the pores was assessed from the amorphous component in the diffraction pattern of the pore water. The fraction of liquid increased rapidly in the vicinity of the melting
 
 Figure 6. Fraction of liquid as a function of temperature for ice confined in OMC-1, -6, and -7 slightly below complete filling upon heating. 15
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 temperatures with increasing temperature. In addition, the fraction of liquid at 200 K increased with a decrease of pore size. This also suggests that the amorphous component at lower temperatures is the nonfreezable water layer between the ice core and the graphitic walls. Assuming that the amorphous component is solely due to the nonfreezable water layer, its thickness d in the cylindrical pores of the pore radius r is given by47 d = r [1−(1−x)1/2].
 
 (1)
 
 Here, x is the melted fraction in the pore. The thicknesses of the nonfreezable layers at 200 K for OMC-1, -6, and -7 were calculated to be 0.68, 0.71, and 0.98 nm, respectively. These values are slightly larger as compared to the reported ones for mesoporous silicas.4,6,7,12,17,19 Although the absolute values are unreliable because the diffraction pattern of the nonfreezable water layer is not the same as that of a supercooled water confined in the graphitic pores, the appearance of a thin water layer between the core ice and the graphitic walls is consistent with the occurrence of premelting of ice in exfoliated graphite.22 Similarly, increase of a broad component in the diffraction pattern of a confined ice with increasing temperature has been reported for the silica mesopores.14 A rapid increase of the amorphous component in the vicinity of the melting temperatures may be accounted for by the effect of the pore-size distribution on the melting-point-depression.6 It is indicated from the change of the liquid fraction with temperature that the melting temperatures of ice formed in OMC-7, OMC-6, and OMC-1 are ∼263, 260, and 250 K, respectively. On the basis of a balance of bulk and surface free energy terms between solid and liquid in a mesopore, it has been suggested that the shift in the equilibrium melting point of a confined solid is controlled by the ratio S/V of the pore with volume V and surface area S, irrespective of pore geometries.10,48,49 16
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 ∆ =   − =
 
  ° (γ − γ )   ∆ 
 
 (2)
 
 Here, Vm is the molar volume of the material, ∆Hf is the latent heat of melting, γsw is the solid-wall interfacial energy, γlw is the liquid-wall interfacial energy, and Tm and T° are the melting temperatures of a pore solid and a bulk solid, respectively. The sign and magnitude of
 
 ∆Tm depend on the values of γsw and γlw. When a nonfreezable water layer appears at the interface of core ice and the pore walls and the properties of the layer can be approximated by those of a bulk water, γsw is reduced to the solid-liquid interfacial energy γsl and γlw disappears. For ice confined in the cylindrical pores of the radius r with the nonfreezable water layer of the thickness t, eq 2 is reduced to a modified Gibbs-Thomson equation
 
 ∆Tm =
 
  γ  °  − ∆ 
 
 (3)
 
 As long as a thin water layer is formed between core ice and the pore walls, before onset of melting, the melting point depression of the confined ice is not at all influenced by the pore wall hydrophobicity, except for a possible influence on t. Figure 7 compares the melting point depressions of the confined ices in the hydrophobic mesopores of the mesoporous carbons with those in the hydrophilic mesopores of the mesoporous silicas with cylindrical pores. The melting point depression of ice confined in the hydrophobic mesopores of the mesoporous carbons is comparable to that in the hydrophilic mesopores of the mesoporous silicas of similar pore sizes. In the figure, the modified Gibbs-Thomson relation that was calculated using the same parameters of the surface and bulk as those in the silica pores reported by Jaehnert et al.6 is also illustrated. The pore walls of the mesoporous silicas that can form hydrogen bonds with water molecules are amorphous and hydrophilic, whereas those of the ordered mesoporous carbons that cannot form hydrogen bonds with water molecules are crystalline and less hydrophilic. Contact angles of water nanodroplets 17
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 Figure 7. Melting-point depression against reciprocal diameter of the pores for ice confined to the less hydrophilic and crystalline carbon pores as compared to the hydrophilic and amorphous silica pores.9 A solid curve denotes the modified Gibbs-Thomson relationship.
 
 with the silica surfaces and the graphitic walls of the ordered mesoporous carbons are 0° and ∼46°, respectively.21,35 Nevertheless, similar depressions for the melting point of the confined ice were observed for the two different types of mesopores, suggesting that the thickness of the nonfreezable water layer adjacent to the graphitic walls is similar to that in the silica walls. The present results are in good agreement with the simulations results.21,29
 
 CONCLUSION The influence of pore-wall hydrophobicity on freezing and melting behavior of a confined water is very small because the confined ice is separated from the pore walls owing to the existence of a thin water layer.
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