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CHAPTER 3 

 

Activation Energies for Permeation of He and H2 through Silica Membranes:  

An Ab Initio Calculation Study 

 

3.1.  Introduction 

 

 In this chapter, the permeation of hydrogen and helium through vitreous glass and silica 

membranes is modeled using ab initio density functional theory (DFT) calculations.  The total 

energy of the system is obtained as the permeating species approach and pass through H2nSinOn 

(n = 4-8) cyclosiloxane n-membered rings of different size to give activation energies of 

permeation.  The calculated activation energies are also compared to those reported for vitreous 

glass (20–40 kJ mol -1) and they indicate the presence of 5- and 6-membered siloxane rings, 

consistent with the accepted structure of glass as a disordered form of β-cristobalite.  In 

comparison the activation energies measured for silica membranes (10-20 kJ mol-1) indicate the 

presence of 6- and 7-membered rings, and suggest that the structure of the membranes is more 

open than that of the vitreous glass. 

 

3.2.  Methodology of the activation energy calculation 

 

 H2nSinOn (n = 4-8) planar silica n-membered model rings were used to calculate the 

activation energy for diffusion of H2 and He.  The geometries of the ring clusters were obtained 

by energy minimization of the structures using a DFT method in Gaussian 98.  The optimizations 
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were conducted using the Becke3lyp hybrid functional with a 6-311G (2d, p) polarized basis set.  

In this method the exchange functional is Becke’s three parameter formulation (a linear 

combination of Hartree-Fock, local and gradient-corrected exchange terms) [1] and is combined 

with the gradient-corrected correlation functional, LYP, of Lee, Yang and Parr [2].  Both the 

energies of the geometry optimized rings and the gas species were calculated using the same 

model and basis set. 

 

The diffusion of gas molecules through the siloxane rings occurs by passage through a 

diffusion saddle point in the ring structures.  The diffusion saddle point corresponded to the 

geometric center of the rings.  In the calculations the structures of the rings were relaxed so that 

the positions of the oxygen and silica atoms were free to move and the orientation of the 

hydrogen molecules was also free to move.  The interaction energy is defined as the energy of 

the combined ring–molecule system minus the independent energies of the separated ring and 

permeating molecules.  The activation energy was taken to be the interaction energy for the 

permeating species passing through the diffusion saddle point of each siloxane ring.   

 

In order to locate the diffusion saddle points in the rings, the interaction energy 

distributions between diffusing species and the geometry optimized H2nSinOn (n = 4-8) 

cyclosiloxane molecules were mapped out.  The calculations were done by fixing the positions of 

the Si atoms of the siloxane rings and locating the diffusing molecules at various fixed positions 

inside of the rings.  For H2, the position of one H atom was fixed whereas the other one was free 

to move.  The oxygen atoms bridging the Si atoms of the siloxane ring were free to move.  The 
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contour plot for the diffusion of H2 through the 6-membered ring shows that the diffusion saddle 

point is located at the geometrical center of the ring (Figure 3.1). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1  Contour plot of the diffusion saddle point of H2 through 6-membered silica ring 

 

3.3.  Previous Studies 

 

The activation energy for diffusion of molecules in silica glasses has been described in 

the past as the strain energy required to dilate the doorways between adjacent sorption sites as 

the diffusing species pass through [3, 4, 5].  In early studies [6, 7], estimates for the diffusion 

activation energy were made using the strain energy for dilation of a spherical cavity in an elastic 

medium from radius Dr  to r  [8] (Equation 3.1),  
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                                                   2)(8 DDs rrGrE −= π                                                (3.1) 

 

where G is the bulk shear modulus. Since the doorways are elongated openings in the direction 

connecting two adjacent sorption sites, the estimation of the energy was also carried out using 

the strain energy for dilation of an ellipsoidal cavity [9], or a cylindrical cavity [10] (Equation 

3.2). 

 

                                                 2)(
2 Ds rrlGE −= π                                                  (3.2) 

 

where l  is the jump distance for diffusion.  These studies indicate that there is a linear relation 

between the square root of the activation energy for diffusion in silica glasses and the size of the 

molecules.  The models assumed that the doorways were smaller than the size of the diffusing 

species, and required substantial expansion for their passage.  It was also pointed out that the 

calculated size of the doorways in vitreous silica using the above equations was very sensitive to 

the size of the permeating molecules [6].  Recently, a molecular dynamics calculation study was 

carried out for estimation of the diffusion energy using the dilation energy in vitreous silica, in 

which the shear modulus of silica along with the effective area associated with a bond and the 

size of the diffusion saddle point doorways associated with the critical percolation pathway were 

used for the calculations [11].  The calculation results, however, resulted in activation energies 

for He and H2 (He = 2.9 kJ mol-1, H2 = 28 kJ mol-1) that were much lower than the values 

reported in the literature for silica glasses. 
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 A quantum mechanical approach for calculating the activation energy of diffusion in 

silica was also reported recently, in which the diffusion energy of H2 and H2O through siloxane 

rings were obtained using a semi-empirical molecular orbital method (MNDO-PM3) [12].  For a 

6-membered ring, the calculated activation energies of H2 and H2O were 21 kJ mol-1 and 74 kJ 

mol-1 respectively.  However, the low accuracy of the method used for the calculations limits the 

predictive values of the calculations. 

 

3.4.  Results and Discussion 

 

The structure of silica membranes may be viewed to be similar to that of vitreous glass, 

which can be described as a disordered form of β-cristobalite with 4-, 5-, 6-, 7- and 8-membered 

silicate rings [13].  These rings form a network of interconnected cages, or solubility sites, which 

hold the permeating species.  The Si-O rings also serve as the passageways through which the 

species travel in hoping from site to site.  It seems reasonable to account for the activation energy 

of permeation as the energy required for the molecules to pass through these rings.  Thus, the 

problem of calculating the structure of the silica membranes can be simplified to that of 

calculating the structure of simple rings.  

 

The structures of the geometry optimized planar siloxane rings (H2nSinOn, n = 4–8) are 

shown in Figure 3.2.  The rings are terminated with hydrogen to save calculational time while 

keeping geometrical accuracy by using a large basis set [14, 15].  The use of hydrogen 

termination has been demonstrated to give accurate results in modeling silicate structures [16, 

17, 18].  It can be seen from the figure that the oxygen atoms in the 4-membered ring are located 
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in the exterior of the ring while the ones in the 6, 7 and 8-membered rings are located in the 

interior, pointing to the center of the planar ring.  The 5-membered planar ring forms a large 

pentagon in which the Si-O-Si bonds are almost linear. 

 

The energies, bond angles, and bond lengths of the H2nSinOn (n = 4-8) molecules are 

summarized in Table 3.1.  The second column reports the bond lengths of the ring with for 5 and 

6-membered rings that display the shortest SiO bond lengths.  It can be seen that there is a 

minimum for 5 and 6-membered rings.  The third and fourth columns show the bond angles 

between the Si atoms and the O atoms.  It can be seen that as the ring size increases, the Si-O-Si 

bond angles gradually increase, while the O-Si-O bond angles gradually decrease.  This is 

consistent with the star-like shape observed for larger siloxane rings.  The last column reports the 

total energy of the H2nSinOn, siloxane molecules.  As can be seen, the energy tracks closely the 

size of the rings.  The energy per Si-O unit is around -366.068108 Hartree with a minimum for 5- 

and 6-membered rings, where the strain energy is expected to be the least.  Both the optimized 

geometries and the structural details point to a movement of the oxygen atoms towards the center 

of the ring with increasing size of the ring.  This also implies that the lone pairs on the oxygen 

atoms move from the outside to the inside of the rings as demonstrated elsewhere [19].  The 

adopted form minimizes the repulsion between lone pairs and lone-pair-bond pairs as the 

Valence Shell Electron Pair Repulsion (VSEPR) theory requires [20]. 
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(a) H8Si4O4     (b) H10Si5O5     (c) H12Si6O6 

 

 

 

 

 

 

(d) H14Si7O7    (e) H16Si8O8 

 

 

 

 

 

 

 

Figure 3.2  Ball and stick model of the geometry optimized single 4-, 5-, 6-, 7-, and 8- 

membered silica ring clusters. (Large spheres = O, medium spheres = Si, small spheres = H) (a) 

H8Si4O4 (b) H10Si5O5 (c) H12Si6O6 (d) H14Si7O7 (e) H16Si8O8  
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Table 3.1  Bond angle, bond length, and total energy of the silica ring clusters  

Silica ring 

clusters 

Si – O  

Bond length 

(nm) 

Si – O – Si  

Bond angle 

(degree) 

O – Si – O  

Bond angle 

(degree) 

Formation enthalpy 

(Hartree) 

Energy per 

Si-O unit 

(Hartree) 

H8Si4O4 (a) 0.1634 158.15 111.84 -1464.27409223 -366.0685231 

H10Si5O5 (b) 0.1628 177.27 110.73 -1830.34067579 -366.0681352 

H12Si6O6 (c) 0.1628 190.88 109.10 -2196.40865029 -366.0681084 

H14Si7O7 (d) 0.1629 200.45 108.12 -2562.47799042 -366.0682843 

H16Si8O8 (e) 0.1630 207.17 107.84 -2928.54678661 -366.0683483 

 

 

The location of electron lone pairs may also lead to an interaction between electron lone 

pairs and hydrogen molecules resulting in the possibility of Si-O-Si bond breakage.  It is reported 

in the literature that bond breakage is not prefered for 3- and 4-membered siloxane rings showing 

that the bond breakage is endothermic for these rings [21].  The activation energy for 

dissociation of hydrogen molecules on the silica rings was discussed and concluded that it is in 

the order of 2 eV (~190 kJ mol-1).  It would be expected to be larger for the larger rings because 

they have lesser strain energy.  This also supports the finding [22] that transport of hydrogen 

through the Nanosil membranes is molecular. 
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Figure 3.3  Evolution of activation energy for diffusion of He and H2 as a function of distance 

between diffusing species and the center of the silica ring clusters (a) He (b) H2  

 

The dependence of interaction energy for diffusion of helium through the planar siloxane 

rings are presented as a function of the distance to the center of the silica rings in Figure 3.3 (a), 

and for hydrogen in Figure 3.3 (b).  The results show that the interaction energy increases as the 

He and H2 molecules approach the center of the siloxane rings.  For all members of the rings, the 

interaction energy starts to increase at a distance of 0.2 nm.  Much higher energies are obtained 

for 4- and 5-membered rings when compared with the rest of the rings.  Unlike the 7- and 8-

membered siloxane rings, the 6-membered ring still shows considerable repulsion energy both 

for He and H2 diffusion.  Being a larger species, H2 has higher activation energy than helium for 

the smaller sized rings.  As the ring size gets larger, the difference in activation energies 

decreases and reaches similar values for the 8-membered ring.  The activation energies for 

diffusion of He and H2 molecules through the siloxane rings are also summarized in Table 3.2. 
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Table 3.2  Distances in the planar silica rings and activation energy of diffusion for He and H2 

Ring Cluster 

Structure  

Distance (nm) Activation Energy (kJ mol-1) 

Center – O Center – Si He H2 

4–membered  

H8Si4O4 
0.19137 0.22686 180.9 217.7 

5–membered  

H10Si5O5 
0.22794 0.27696 51.7 79.5 

6–membered 

H12Si6O6 
0.26530 0.32408 11.9 27.6 

7–membered 

H14Si7O7 
0.30380 0.36940 2.3 10.7 

8–membered 

H16Si8O8 
0.34426 0.41411 0.5 1.7 

 

 

Table 3.2 also presents the distances from the center of the rings to the Si and O atoms.  

The distances vary in the range of 0.20-0.35 nm and 0.22-0.42 nm from the center of the rings to 

the oxygen and silicon atoms respectively.  An increase of approximately 0.1 nm in the radii of 

the siloxane rings results in a one order of magnitude decrease in activation energies of diffusion 

for both gases.  Another feature is an increase in the observed bond lengths and alterations in the 

bond angles for the 4-, 5- and 6-membered rings when a diffusing species is introduced to the 

system (Table 3.3a and b).  The bond lengths and the bond angles of the 7- and 8-membered 

rings stay similar for the larger sized rings.   
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Table 3.3  Bond angle, bond length, and total energy of the silica ring clusters when the gas 

species are located at the center of the rings a) He b) H2 

a) Silica ring 

clusters with 

He at the center 

Si–O  

Bond length 

(nm) 

Si–O–Si  

Bond angle * 

(degree) 

O–Si–O  

Bond angle * 

(degree) 

H8Si4O4 (a) 0.1673 150.25, 150.15 109.82, 118.71 

H10Si5O5 (b) 0.1636 175.31, 175.27 112.74, 112.80 

H12Si6O6 (c) 0.1629 190.39, 190.47 109.61, 109.63 

H14Si7O7 (d) 0.1629 200.33, 200.41 108.22, 108.27 

H16Si8O8 (e) 0.1630 207.16, 207.2 107.83, 107.84 

 

b) Silica ring 

clusters with H2 at 

the center 

Si–O  

Bond length 

(nm) 

Si–O–Si  

Bond angle * 

(degree) 

O–Si–O  

Bond angle * 

(degree) 

H8Si4O4 (a) 0.1681 148.27, 148.43 110.52, 116.18 

H10Si5O5 (b) 0.1644 171.89, 172.01 115..11, 115.48 

H12Si6O6 (c) 0.1632 189.45, 189.53 110.83, 110.57 

H14Si7O7 (d) 0.1630 200.86, 200.91 108.28, 108.83 

H16Si8O8 (e) 0.1630 207.19, 207.26 107.88, 107.92 

 
* Bond angles for alternating Si-O-Si and O-Si-O bonds 

 

The percentage dilation of the silica rings are also obtained from the differences in the 

radii of the siloxane rings before and after locating the diffusing species at the center and are 

tabulated in Table 3.4.  As mentioned in the previous section, the activation energies of diffusion 
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can be estimated by using the strain energy for dilation of a cylindrical hole [10].  Taking the 

experimental values of the shear modulus of 31.3 GPa [] and the experimental values of 

activation energy of He (27.6 kJ/mol, [10] ) and H2 (43.3 kJ/mol, [10] ) through vitreous silica, 

one can also estimate the amount of dilation in the structure.  These calculations resulted in a 

percentage dilation of 4% and 15% for He and H2 respectively.  These values are well above the 

values for the percentage of dilation for 6-, 7- and 8-membered rings of the silica membrane 

which the 6- and 7-membered ring structures are considered for our model.  This observation 

indicates that ring expansion is not important for He and H2 diffusion through the silica 

membrane.  The activation energy represents the repulsion energy between the diffusing species 

and the siloxane rings instead of the dilation energy that has been used for silica glass in the 

literature for a long time. 

 

Table 3.4  Percentage dilations of the silica clusters when gas species are located at the center of 

the rings 

Silica ring clusters  He is located at the center (%) H2 is located at the center (%) 

H8Si4O4 (a) 3.8 13.4 

H10Si5O5 (b) 1 8.2 

H12Si6O6 (c) 0.3 2.6 

H14Si7O7 (d) 0.1 0.3 

H16Si8O8 (e) 0.04 0.04 
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Figure 3.4 presents a relationship between the activation energies of both diffusing 

molecules and the distances from the center of the ring to the oxygen atoms.  An exponential 

decay in activation energy with respect to increasing distance to oxygen atoms is clearly 

observed.  As mentioned previously, the activation energy for permeation of He and H2 through 

vitreous glass falls in the range 20-40 kJ mol-1 while that for permeation through the silica 

membrane is in the range of 10-20 kJ mol-1.  When these values are placed in the plots, it can be 

seen that the values fall between 5- and 6-membered rings for the glasses and between 6- and 7-

membered rings for the silica membrane.  This is in good agreement with the expected structure 

of these molecules for which β-cristobalite is a representative model.  The β-cristobalite structure 

has 6-membered openings of a solubility site 0.3 nm in size, just the right size for H2 and He.  

The noted deviation from the 6-membered openings indicates that glasses are more compact 

while the silica membrane is more open. 

 

 

 

 

 

 

 

 

 

Figure 3.4  Activation energy of diffusion with respect to the distance to oxygen atoms 
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3.5.  Conclusions 

 

The equilibrium geometries of planar H2nSinOn (n = 4-8) molecules are optimized by 

using a DFT method with a high level basis set.  An increase in Si-O-Si bond angles is observed 

as the size of the ring increases which directs the oxygen atoms towards to the center of the 

rings.  It is observed that the distance of the diffusing species to the oxygen atoms increase with 

ring size and leads to an exponential decay in activation energy of diffusion of He and H2 

molecules.  The experimental activation energies of diffusion of He and H2 fall between 6 and 7-

membered siloxane rings which indicates that the structure of the silica membranes is more open 

than that of vitreous glass. 
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