Condensed Matter Physics, 2004, Vol. 7, No. 1(37), pp. 3–13

Computer simulation study of the diffusion of water molecules confined in silica gel

T.Patsahan, M.Holovko

Institute for Condensed Matter Physics, National Academy of Sciences of Ukraine, 1 Svientsitskii Str., 79011 Lviv, Ukraine

Received January 31, 2004, in final form February 23, 2004

The molecular dynamics simulations are used to study the dynamic properties of SPC/E water molecules confined in silica gel. The model proposed in this study covers three main features that characterize systems of that kind: the excluded volume due to the substrate presence, strong attraction between pore surface and water molecules, randomness of confinement structure. The gel-like structure is modelled as an array of silica composite spheres that are randomly dispersed in volume. Therefore, the spherical SiO_2 composite bearing silanol groups on the surface is designed as an element of the porous medium of silica gel. The diffusion coefficients of water molecules are calculated at different temperatures and water densities. To illustrate the model proposed and the behavior of molecules near the pore surface, several snapshots are presented.

Key words: molecular dynamics, water, confinement, silica gel, diffusion

PACS: 02.70.Ns, 68.43.Jk, 82.70.Gg

1. Introduction

A knowledge of the properties of the sorbate in specific porous solids is highly valuable in various practical applications. Therefore, a study of liquids confined in porous media is of great interest to both fundamental and applied science. Porous materials being extensively used as catalysts and adsorbents in the chemical industry appear to be a powerful stimulus for statistical-mechanics studies. The computer simulations are widely used not only to make a prediction of the results that can be employed in some further research, but also can be used as the final results in practice, especially when a real experiment cannot be physically performed or is too expensive.

Considering a model of porous media we should focus on the three major features of the porous materials that affect the dynamics and other properties of the adsorbed fluids. These features are related to the volume excluded by confinement, to the type

© T.Patsahan, M.Holovko 3

of confinement and to the degree of interaction between the sorbent molecules and the surface of pore surfaces, i.e. they are related to the wetting phenomena. The first one is obvious when we deal with the confinement. The second one can be recognized as the geometrical aspect of the effect of the porous environment on the sorbate while the third one can be associated with the physical and/or chemical aspects of the adsorption processes. A number of simulation studies have been accomplished during the recent years to model and to investigate the properties of the water adsorbed into the porous media. The research primarily concerns the idealized single pore spaces like slit [1,2], cylindrical [2,3] and spherical [4,5]. However, more sophisticated models with an atomistically described interaction between water molecules and substrate have been studied as well [6–8].

The model of Vycor glass confining water molecules proposed by Rovere et al. [7] and utilized in a number of recent studies [9–13] is a single pore model. It is quite acceptable due to the low porosity found in this kind of glasses where the interaction between the fluid molecules from different pores can be neglected while the details of pore structure can be taken into account. In the particular case, when the hydrophilic groups are located on the surface of the porous silica-like Vycor glass, Rovere et al. [7] used the model of the system considered on the site-site interactions between the adsorbed molecules and the atoms of pore material. This model is based on the one proposed previously by Brodka and Zerda [14] for the study of liquid acetone in silica pores and it is adopted for the case of TIP4P water guest fluid [7] and later for SPC/E water [11]. Computer simulation studies of the model proposed by Rovere et al. have proved to be effective in describing the structural and dynamic properties of the fluid adsorbed into a single pore of silica glass. However, in the case of silica gel we deal with a random porous structure built of numerous interconnected cavities of various shapes and different sizes. Obviously, we need a lot of atoms per simulation box to build a silica gel like confinement, causing the simulation study of that system to become very time consuming. Another problem appears when one needs to create pore surfaces of tortuous structure of confinement.

A relatively simple but still nontrivial model for simple fluids adsorbed into a heterogeneous porous solid was formulated by Kaminsky and Monson (KM) [15]. Although KM model is simpler than the one used by Rovere et al. [7], it essentially differs from the previously studied models [16–18]. The last ones describe the adsorption of fluid into non-attractive porous media modelled as hard-sphere matrix, while the KM model includes the attractive fluid-matrix and fluid-fluid interactions. Hence, the effect of temperature on the properties of an adsorbed fluid is present. The fluid-matrix attraction is much stronger compared to the fluid-fluid interaction. Moreover, this model is also characterized by quite a large asymmetry of the diameters of matrix obstacles and of the adsorbed fluid molecules. The asymmetry of energies and diameters may result in a strong accumulation of the fluid molecules in the vicinity of matrix particles. This has already been confirmed by Monte Carlo (MC) computer simulations [15,17]. The main attention in the studies [17–21] based on the KM model has been paid so far to the structure and thermodynamic properties. However, there are some studies of dynamic properties as well [22,23].

The main drawback of the KM model is inability to describe the interaction between the silica surface and the polar molecules. The effective potential suggested to be used in KM is obtained as the result of integration through the uniform continuum of interaction sites of silica composite. Hence, the electrostatic contribution vanishes and the hydrophilic surface cannot be described. As far as we consider water molecules in this study, we develop a new model which is based on the two above mentioned models: the first is proposed by Rovere et al. [7] and the second one is KM model [15]. We combine these two models to benefit from their advantages and to be able to describe the system of water molecules confined in a porous heterogeneous structure which represents silica gel material. Within the framework of our model, the porous medium consists of a number of spherical silica composites bearing silanol groups on the surface. The silica composite (hereafter called silica particle) represents sui generis a “brick” of our model porous structure. Using a number of such “bricks” we can build any configuration of confinement. In this study an arbitrary configuration of randomly dispersed silica particles is considered.

In this paper we present the description of the proposed model and perform molecular dynamic simulations to study diffusion processes of water molecules confined in silica gel. The mean-square displacement functions are obtained and several values of diffusion coefficients are estimated at the two temperatures. Two levels of hydration are considered in this study. The radial distribution function which describes the molecule layout in the vicinity of silica particle is calculated. Several snapshots of the modelled system are presented.

2. The model and the details of simulation

The disordered porous medium is constructed in the shape of linked cavities between randomly dispersed silica particles. The surfaces of silica particles represent the structure of a tortuous pore surface which is peculiar to silica gels. Each particle is of a nearly spherical form and consists of the atoms of silicon and oxygen. Besides that, the hydrogen atoms are placed on the surface of a silica particle creating the shell of silanol groups.

In order to make a silica particle, a β-cristobalite crystalline structure of SiO_2 is built. Since we consider a spherical particle, a sphere of ≈ 3.2 nm in diameter is cut off. Further, we remove from the surface all silicon atoms that are bonded to less than four oxygens similarly to [7,8,14]. As a result, on the surface we obtain a number of oxygen atoms bonded only to silicon, the so-called non-bridging oxygens (nbO). Oxygens bonded to two silicon atoms are referred to as bridging oxygens (bO). To compensate for the free valences of non-bridging oxygen atoms, hydrogens are attached to each nbO at the equilibrium distance 0.95 Å. After the energy minimization using MM2 force field, the average Si–O–H angle takes a value of 116^∘. In our study the obtained number density of silanol groups on the surface is around 6.5 OH/nm^2 and this value is close to some experimental results 5 ± 1 OH/nm^2 [24,25] and 7 OH/nm^2 [26], but it is much greater than the one in P.Gallo [11]. It might concern β-cristobalite crystalline structure and convex form of our silica

Figure 1. The silica particle.

particle. It is known that the surface of amorphous silica has a smaller number density of silanols than the crystalline one, while in the case of β-cristobalite, the surface concentration can reach ≈ 8 OH/nm^2 of silanol groups [27]. Moreover, in the study of water adsorption in a mesoporous substrate based on crystobalite silica structure, OH surface density was 7 OH/nm^2 [8].

After the above described transformations, the average diameter of the silica particle is around 2.7 nm. The total number of atoms in silica particle is 840. In figure 1 the resulting form of silica particle is shown. Now the prepared silica particle can be used to build a porous medium of silica gel-like structure by randomly placing its 32 replicas in the cubic box with the size of 9.463 nm and the periodic boundary conditions applied. Besides that, the silica particles are randomly directed to introduce more disorder and to minimize the total electrostatic moment in the system. The atoms composing the porous structure are frozen, i.e. their coordinates are fixed during the simulation run. Thereby, within the model considered we represent the atoms of porous medium of silica gel as a number of immovable interactive sites confining water molecules. In our study we use SPC/E model for water [28]. According to [7,14], the site-site interactions between water molecules and silica particles are described by the Lennard-Jones (LJ) and by Coulombic potentials with the appropriate parameters. At that, silicon and hydrogen atoms are interacing with charged water sites only via Coloumbic forces. It should be noted that the use of the original charges for silica sites as was done in [14,7] leads to a large excessive positive charge of the whole system. Thus, in order to preserve electroneutrality of

Figure 2. SPC/E water molecules in the model silica gel.

the system the silicon site charge is a little bit reduced. The LJ parameters and fractional charges for SiO_2 sites and SPC/E water are given in table 1.

Table 1. Interaction potential parameters for water (SPC/E) and silica particle sites.

site σ (Å) ϵ/k_B (K) q |e| water O 3.154 78.2 –0.8476 H 0.0 0.0 0.4238 H 0.0 0.0 0.4238 silica Si 0.0 0.0 1.267 bO 2.70 230.0 –0.629 nbO 3.00 230.0 –0.533 Hs 0.0 0.0 0.206

The molecular dynamics (MD) simulations are performed in NVT ensemble for low and high densities of SPC/E water molecules. In this report we consider the following two densities of water: low (ρ_w = 0.0206 g/cm^{−3}) and high (ρ_w = 0.1900 g/cm^{−3}), where the high density system corresponds to the hydration level of 22 %. The interaction cutoff distance 9 Åwith long range correction is used. Also, the Ewald summation algorithm for electrostatic interactions is applied. The dynamic properties of water molecules are studied at the temperatures T = 300 and 350 K. The average values of the desired temperatures were maintained using the velocity rescaling procedure according to the weak-coupling scheme of Berendsen [29] with a coupling time constant τ^∗ ≈ 0.5 ps, while the simulation time step, Δt, was set to 0.001 ps. All MD simulations were performed by the parallel version of the standard DL POLY package [30]. The whole simulation box with water molecules introduced into the pores is shown in figure 2. The total number of water molecules in the simulation box is 585 in the case of the low density and 5384 for the high water density.

Figure 3. The silica particle surrounded by water molecules. The water molecules density is ρ_w = 0.1900 g/cm^{−3} and temperature T = 300 K.

3. Results and discussion

The hydrophilic surface of the silica particles leads to the wetting effect near the pore surface. In figure 3 one can see a single silica particle with its vicinity. The water molecules are arranged around the silica particle forming a shell. However, the shell is not concentrated due to a low level of hydration 22 %. The radial distribution functions (RDF) of water oxygens relatively to the silica particle are presented in figure 4. As one can see, the water shell around the silica particle for a low density

Figure 4. The radial distribution function of water molecules around silica particle for low and high water densities.

Figure 5. The mean-square displacement data used to determine the diffusion coefficients for water molecules. The solid and dotted lines correspond to the high and the low densities of water molecules, correspondingly. The dashed lines present the linear fit of the MSD data for the low density.

of water is remarkably thinner than in the case of a high water density. However, no secondary shell is observed in both cases, while there is some amount of free water molecules that are not located near the pore surface (figure 2). The second hydration level might not be distinguished due to the very rough surface of the silica particle. Large dispersity of the distances between the center of the silica particle and its surface sites (1.2 − 1.4 nm) may lead to the smoothing of peaks of the first

Figure 6. The diffusion coefficient of water molecules confined in silica gel.

and the second hydration levels on the RDFs.

Table 2. The diffusion coefficients of water molecules in silica gel (m^2/s).

T ρ_w = 0.0206 g/cm^{−3} ρ_w = 0.1900 g/cm^{−3} 300 K 0.46 × 10^{−8} 0.28 × 10^{−8} 350 K 1.22 × 10^{−8} 0.66 × 10^{−8}

From the simulation trajectories, the mean-square displacement (MSD) functions are calculated for the low and high water densities and two temperatures T = 300 K and 350 K (figure 5). The two upper lines correspond to the temperature of 350 K and the other two correspond to 300 K. The minor fits are made to correct MSD data for the low density. Diffusion coefficients are obtained from the MSD functions shown in table 2. From the values obtained, the increase of diffusion with temperature is observed. Although, for a high water density, this increase is slower (figure 6). The same effect was observed in our previous study of the methane in silica gel [23], where the temperature dependency is getting weaker with the fluid density increase.

In spite of the fact that the high density is by an order of magnitude greater than the low density, the diffusion coefficient of the low density water at 300 K is smaller than the diffusion coefficient of the high density at 350 K. It shows that the 50 K increase of the temperature greatly effects the mobility of water molecules in the present conditions. Obviously, the amount of water molecules located in the pore space (free molecules) is marked to be larger when the water density is high compared to the case when it is low. The mobility of the free molecules is much higher than those in the shell around the silica particle. Thus, the contribution of the free molecules in the total diffusion coefficient is essential. It should be noticed that the diffusion coefficients presented here are the averaged diffusion coefficients of all water molecules and they depend only on the ratio of the free water molecules to the molecules in the shell and the total amount of water in the system. The surface and bulk diffusions are not separately considered in this paper due to the complications concerning the determination of hydration shell and the need of a more precise study of structural properties in the vicinity of the silica particle.

The results obtained in this report are mainly intended as a display of the applicability of the above presented model and they appear to be mostly preliminary. As it is seen there is an expediency to continue utilizing this model in further studies. Moreover, it is necessary to consider the system with the higher level of hydration since the amount of water used here is quite low for such a large silica gel porosity we have herein (≈ 0.75).

4. Acknowledgements

M.H. thanks Science and Technology Center of Ukraine for partial support of this research (Grant No. 1706).

The molecular dynamics simulations were performed on the Computational Cluster of the Institute for Condensed Matter Physics of the National Academy of Sciences.

DL POLY is a package of molecular simulation routines written by W.Smith and T.R.Forester, copyright The Council for the Central Laboratory of the Research Councils, Daresbury Laboratory at Daresbury, Nr. Warrington (1996).

References

1. Spohr E., Trokhymchuk A., Henderson D. // J. Electroanal. Chem., 1998, vol. 450, p. 281.

2. Brovchenko I., Geiger A., Oleinikova A. – In: New Kinds of Phase Transitions:

Transformations in Disordered Substances, ed. by V.V.Brazshkin, S.V.Buldyrev, V.N.Ryshov and H.E.Stanley, Kluwer Academic Publishers, 2002, p. 367–380.

3. Brovchenko I., Geiger A., Oleinikova A. // Phys. Chem. Chem. Phys., 2001, vol. 3, p. 1567.

4. Brovchenko I., Geiger A. // J. Molec. Liq., 2002, vol. 96–97, p. 195–206. 5. Brovchenko I., Paschek D., Geiger A. // J. Chem. Phys., 2002, vol. 115, p. 5026. 6. Lee S.H, Rossky P.J. // J. Chem. Phys., 1994, vol. 100, p. 3334. 7. Rovere M., Ricci M.A., Vellati D., Bruni F. // J. Chem. Phys., 1998, vol. 108, 1998, p. 9859.

8. Puibasset J., Pellenq R. J.-M. // J. Chem. Phys., 2003, vol. 118(12), p. 5613–5622. 9. Spohr E, Hartnig C., Gallo P., Rovere M. // J. Mol. Liq., 1999, vol. 80, p. 165. 10. Gallo P., Rovere M., Ricci M.A., Hartnig C., Spohr E. // Europhys. Lett., 2000, vol. 49, p. 183.

11. Gallo P. // Phys. Chem. Chem. Phys., 2000, vol 2(8), p. 1607–1611. 12. Gallo P., Rovere M., Spohr E. // Phys. Rev. Lett., 2000, vol. 85, p. 4317. 13. Gallo P., Ricci M.A., Rovere M. // J. Chem. Phys., 2002, vol 116, p. 342. 14. Brodka A., Zerda T.W. // J. Chem. Phys., 1996, vol. 105, p. 6319. 15. Kaminsky R.D., Monson P.A. // J. Chem. Phys., 1991, vol. 95, p. 2936. 16. Fanti L.A., Glandt E.D., Madden W.G. // J. Chem. Phys., 1990, vol. 93, p. 5945. 17. Vega C., Kaminsky R.D., Monson P.A. // J. Chem. Phys., 1993, vol. 99, p. 3003. 18. Lomba E., Given J.A., Stell G., Weis J.J., Levesque D. // Phys. Rev. E, 1993, vol. 48, p. 233.

19. Page K.S., Monson P.A. // Phys. Rev., 1996, vol. 54, p. 6557. 20. Sarkisov L., Monson P.A. // Phys. Rev. E, 2000, vol. 51, p. 7231. 21. Brennan J.K., Dong W. // J. Chem. Phys., 2002, vol. 116, p. 20. 22. Patsahan T., Trokhymchuk A., Holovko M. // J. Mol. Liq, 2001, vol. 92, p. 117. 23. Patsahan T., Trokhymchuk A., Holovko M. // Condens. Matter Phys., 2003, vol. 6, p. 3.

24. Iler R.K. The Chemistry of Silica. Wiley, New York, 1979, Chapter 6. 25. Unger K.K. Porous Silica. Elsevir Scientific Publishing, New York, 1979. 26. Landmesser H., Kosslick H., Storek W., Frick R. // Solid State Ionics, 1997, vol. 271, p. 101–103.

27. Zhuravlev N.D., Siepmann J.I., Schure M.R. // Anal. Chem., 2001, vol. 21, p. 4006. 28. Berendsen H. J. C., Grigera J. R., Straatsma T.P. // J. Phys. Chem., 1987, vol. 91, p. 6269–6271.

29. Berendsen H.J.C., Postma J.P.M., van Gunsteren W.F., Di Nola A., Haak J.R. // J. Chem. Phys., 1984, vol. 81, p. 3684.

30. http : //www.cse.clrc.ac.uk/msi/software/DL POLY/.

Дослідження дифузії молекул води в порах силікагелю за допомогою комп’ютерного моделювання

Т.Пацаган, М.Головко

Інститут фізики конденсованих систем НАН України, 79011 Львів, вул. Свєнціцького, 1

Отримано 31 січня 2004 р., а остаточному вигляді – 23 лютого 2004 р.

Методом молекулярної динаміки проведено дослідження, в межах якого вивчалася поведінка молекул води, що знаходяться в порах силікагелю. В запропонованій моделі основну увагу було зосереджено на основних аспектах, що характеризують системи такого типу, а саме: ефект виключеного об’єму, за рахунок присутності матеріалу, що формує пори; сильна притягальна взаємодія між стінками пор та молекулами рідини; невпорядкована структура пор. Гелеподібну структуру було представлено у вигляді випадково розташованих сферичних композитів кремнезему. Для цього було приготовано композити SiO_2, на поверхні яких були розташовані сіланольні групи. Таким чином, пораховано значення коефіцієнтів дифузії молекул води при різних температурах та густинах води. Також представлено декілька миттєвих знімків системи, щоб продемонструвати запропоновану модель а також поведінку молекул поблизу поверхні пор.

Ключові слова: молекулярна динаміка, вода, силіка гель, пористе середовище, дифузія

PACS: 02.70.Ns, 68.43.Jk, 82.70.Gg

14