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The Solubility of Gases in Glass - A Monatomic. Model 

Perry L. Studt 

UCRL-19039 Rev. 

Lawrence Radiation Laboratory, Livermore, California 911)50 

and 

James F. Shackelford and Richard M. Fulrath 

Inorganic Nateri als Research Divi sian, Lavrence Radiation Lc:,boratory, 

and Department of Materials Science and Engineering, 

CoJ.lege of Engineering, University of CaJ.ifornia, 

Berkeley, California 94720 

A statistical mechanical model of gas solubiJ.ity in 

glass is presented. For equilibrium,.the Gibbs free energy 

of the free gas is equated to that of the gas in solution. 

Expressions for the Gibbs energies are obtained from 

assumptions of the atomic motion in the free gas and 

dissolved states. The resulting solubility equations 

express the solubility (in atoms per cm3 of glass) as 

a function of gas pressure, temperature, fundamental 

constants, and material parBJneters. An initial 
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evaluation of the model is made by comyarison v;i th literature 

data for helium and neon in fused silica. 

INTRODUCTION 

The use of glass (and ceramics containing glassy phases) in a 

variety of gas atmospheres makes this study of practical interest. For 

the moderate gas atmosphere pressures and dilute solutions usually en

countered, one can expect a reasonably idealized model to provide a 

meaningful representation of the physical system. 

A large body of experimental data on gas solubility in glass is 

available in reviews .
1 

'
2 

Adequate quantitative models for this system 
I 

are lacking. However, statistical models have been proposed for gas 

3-6 solubility in metals. These theories have successfully described 

the solubility of H2 both with and without 'the formation of an hydride 

phase. Monatonuc gas solution in crystalline oxides has been treated for 

U02,7 tridynrrte,8 and cristobalite. 8 This paper proposes a statistical 

mechanical model for gas solution in glass. 

The dissolved gas atom in previous statistical models was usually 

treated as an Einstein oscillator. The model developed in this paper 

also considers the possibility of translational motion by the dissolved 

gas atom. However, the oscillator model is shown to be satisfactory in 

considering the solubility of helium and neon in fused silica. 

T"rlE MODEL 

The model assumes an ideal gas in equilibrium with the species in 

solution. The ideal gas is represented by free particles in a three-

dimensional box. The dissolved state may be considered as a combination 

of translational (particle-in-a-box) motion ar1d/or vibrational (simple 

I 
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harmonic oscillator) motion. Such a model is considered reasonable in 

light of the success of similarly idealized :::rrodels in treating gm;eous 

equilibria and Langmuir adsorption.9 

Equilibrium between the gaseous and dissolved states requires 

G(g) = G(s) ( l) 

where G( g) and G( s) are the Gibbs free energy for the gaseous and dis-

solved states, respectively. Equation (1) is equivalent to 

H(g)-TS(g) = H(s)-TS(s) (2) 

with H, T, and S the enthalpy, absolute ter;:perature, and entropy, 

respectively. 

Expressions for the enthalpy and entropy can be obtained from the 

assumed atomic model using9 ,lO 

g) 
V 'J:',N 

( 3) 

and 

(4) 

where Q is the canonical ensemble partition function; k is Boltzm&~n's 

constant; and V is the volume containing a number of particles, N. 
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Assuming the gas to be ideal, the Q is that for a system of N 

I 

indistinguishable particles in a three-dimensional box, i.e. 

N 
l [(2•~Tt

2 v]N Q = L= ( 5) 
N! N! 

where m is the mass of one atom, h is Planck's constant, Vis the volume 

of the box, and q is the partition function for a single particle. Sub-

stituting Eq. (5) into Eqs. (3) a."ld (4) and using the ideal gas law 

1 (pV=NkT), one obtains expressions for the enthalpy and entropy which 

combine to give 

(6) 

where p is the pressure of the gas atmosphere and R is the gas constant. 

and 

For the dissolved state,7 

H(s) = H(Q) + E(O) 

S(s) = S( Q) + S 
m 

( T) 

(8) 

H(Q) and S(Q) are given by Eqs. (3) and (4) wh~re Q is now the 

partition function associated with the motion of the gas atom in the 

dissolved state. For the monatomic case, the motion shall be assumed 

to be combinations of translation (the particle in a box) and vibration 

• 

• 
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(the simple harmonic oscillator). E(O) is the energy of the atom at rest 

(the lowest quantum state) in solution relative to the sinile-r rest 

stat~ in the free gas, i.e. , removed from the potential field of the 

solid. E(O) will be discussed further in the next section. s is the 
Ill 

partial molal entropy of mixing for the gas. It is of the forw7 

(
N ) S = R ln ~ 

m n 
s 

(9) 

where N is the number of solubility sites available per cubic centimeter s 

and n is the number of gas atoms dissolved per cubic centimeter of s 

glass. The value of n at one atmosphere pressure vrill be called "the 
s 

solubility." The derivation of Eq. ( 9) assumed that N. and n were 
s s 

large numbers and that N >>n . These assw~ptions should be valid for 
s s 

all real systems discussed in this paper. 

Four cases of solubility will be considered: 

(i) The dissolved species is held in a specific solubility site 

which is large enough to pennit three degrees of translational freedom. 

For this case 

(10) 

This is essentially the form of Eq. ( 5) except that the V is the volwne 
s 

of a singJ:e solubility site and no N! term appears as the species dis-

solved at specific solubility sites are distinguishable. 

(ii) The solubility site is disc-shaped and restricts tra,'1slation 

to two directions while adding one degree of vibrational freedom. For 
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this case 

(11) 

where A is the area available for translation and u = (h}!_/kT) where v 
s 

is the vibrational frequency of a simple harmonic oscillator. 

(iii) The solubility site is cylindrical restricting translation 

to one dimension and yielding two degrees of vibrational freedom. For 

this case 

where L the length available for translation. 
s 

( 12) 

(iv) 'l'he solubility site completely restricts the dissolved atom 

from any translation giving three degrees of vibratio!1al freedom. For 

this case 

(13) 

Substituting Eqs. (9) to (13) into Eqs. (3), (4), (7), and (8) give 

expressions for H(s) and S(a) for each of the four solubility cases. 

Combining H(s) and S(s) gives G(s). By equ~ting G(s) to the given G(g) 

in Eq. (6) and rearranging terms, one obtains the final results: 

(1) For three degrees of translation in the dissolved state, . 

. n 
s 

p 
= (kT)-l N 

5 
V ;exp (-1) 

s 
exp [-E(O)/R".C]. ( 14) 

• 

• 
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(ii) For two degrees of translation and one degree of vibration, 

n 8 ( h2 ) 1/2 
p = 2nmkT 

(kT)-l N A (e-'-u/
2

)exp (- .?_) exp [-E(O)/RT] . 
s s l-e-u 3 

(15) 

(iii) For one degree of translation e..nd two degrees of vibration, 

ns - ( h2 ) (kT)-1 N 
p - 21rmkT • s 

1 ( e -u/2 )2 e.XI) 
· s ' -u 

1-e 

(iv) For three degrees of vibration, 

(- }) exp [-E(O)/H'r]. 

3 
ns ( h2 )3/2 _1 (e-u/2) . - = :-2 ·'·T (kT) N --- exp [-E(O)/RT]. 
p 7Tnll\. s 

1 
-u 

-e 
( 17) 

The translational motion considered in Eqs. (J)f), (15), and (16) 

could actually arise in two ways. First, translation could be in 

localized sites (e.g., pores) as pre;viously described. Second, trans~ 

(16) 

lation could be throughout the solid structure, i.e. non-localized with 

the solid serving as a potential field with the potential being E(O). 

The final equations are nearly the same for both cases. The factor of 

exp( -x/3) where x is the number of translational degrees of freedom 

would be absent from Eqs. (lll) to (16) in the case of non-localized trans-

lation. The latter case is essentially the approach taken by Fo1.rler 

and Smithells. 3 In this case, the term V N (or AN or 1 N ) becomes 
s s s s s s 

the total volume (or area or length) available for translation. Hovr-

ever, as long as there is a significant structural barrier between 
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solubility sites, the assumption of localized vibration rather than non

localized trans] at ion is preferable. 
6 

The translational motion has been treated classically in all the 

above cases. This is valid for translational dista11ces dm.,rn to a few 

angstroms in the temperature region of room terr:perature or above. Hovr-

ever, . for such translational distances which are on the order of inter-

atomic spacings in solids, the potential well would be expected to be 

nearly parabolic as associated wi~h the harmonic oscillator rather than 

square as associated with the particle in a box. 7 ' 8 
Therefore, small 

solubility sites are again expected to produce vibrational motion rather 

than translation. 

DISCUSSION 

Equations (14) through (17) express the solubility (ns) of a n!ona-

tomic species at a given pressure as a function of temperature, funda-

mental constants, and material parameters. The model. considers the pas-

sibili ty of trru1slational motion by the dissolved atoms. Lac ali zed tra..11s-

lation could occur in relatively large solubility sites such as micro-

pores produced in glass manufacture. Non-localized translation could 

occur through the silica netvrork. However, for small solubility sites 

separated by even smaller pathways, the assumption of localized vibration 

rather than non-localized translation is preferred. 

'l'he temperature range of interest extends from room temperature to 

the glass transition temperature. The mass, m, of a given dissolved 

species is. clearly fixed. The number of .sites per unit volu.rne, N , can . s 

be calculated with great accuracy for a crystal and is simply the number 

of most probable (usually largest) openings in the structure which vould 

• 

·" 
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serve as solubility sites. The disordered structure of glass makes 

such estimates more difficult. For glasses with structures simiJ.ar to 

known crystalline forms, a saU.sfactory estimate cRn be expected. Cal-

culation of the solubility site ge01netry ( Ls, As, or V s) depends upon a 

similar knmrledge of the structure. The vibration frequency, \!, of the 

dissolved species can be estimated by comparison with literature data 

for sirlllarly impinged species. The calculation of E(O), the effect of 

the solid's potential field on the dissolved atom, is made by summing 

the attractive and repulsive forces acting on the dissolved atom in the 

assumed solubility site. This is a difficult calculation even for a 

well defined site in a crsstalline structure. Consequently, E(O) vras 

chosen to best fi't experimental solubility data by varyirig it over the 

range found by others 7 •8 for helium and neon in similar crystalline 

oxides. 

While there is a lack of much consistent or precise data on gas 

solubility in the current literature ,
1 

an initial evaluation of the model 

can be made for the systems of helimn and neon in fused silica. Data are 

available which were obtained indirectly from permeation c>...nd diffusion 

11 12 
measurements. ' Figures 1 and 2 shovr a comparison of experimental 

data for these systems with plots of Eq. ( 17) which assumes the dissolved 

atom to be a simple harmonic oscillator. For silica with sites approxi-
0 

mately 3 A in dian;eter, one would expect the dissolved species to be 
I 

represented by localized Einstein oscillators. This is consistent with 

the assumption of Barrer and Vaughan for helium and neon in cristo bali te. 

Figure 1 the experimental data for He in fused silica 
11 

compares 

with the plot of Eq. ( 17). 'I'h e mass , 6. 61~ -24 is that m = X 10 g, for 

8 
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helium. The number of sites, N = 2.22 X 10
22 

sites per cm 3 of glass, 
s 

is that calculated for fused silica which has a slight1y distorted 

cristobalite structure. 13 The values of v( = 6.5 x 10 12 sec-
1

) and E(O) 

( = -1.5 kcal/mole) were chosen to give the best visual fit to the ex-

perimental data. Both of these·values are in good agreement with the 

range of values found for helium solubility in crystalline oxide~; in

cluding cristobali te, 7 '
8 

For instance, Barrer and Vaughan 
8 

calculated 

v to be in the range of 1.9 to 7.8 x 10 12 sec-land E(O) fro1n -2.0 to 

-3.16 kcal/mole for He in cristobalite •rith the variation depending 

upon the method of calculation. This ae;reernent of experiment and theory 

using reasonable parameters is considered highly satisfactory. 

F . 2 th . t t f N . fu ' . l . 12 
1gure compares e experllnen al da a or e 1n sea sl 1 ca 

with the plot of Eq. ( 17). All parameters are the same except the mass, 

m, the binding energy, E(O), and the vibrational frequency, v. The 

-23 
mass of a neon atom is 3. 35 x 10 g. The best visual fit to the ex-

perimental data was obtained with values of E(O) = -2.9 kcal/mole and 

v = 2.9 x 10 12 sec-
1

• The E(O) is in the same range found for helium 

8 
and agrees favorably with the calculations of Barrer and Vaughan for 

neon in crysta1line silica, The lower v is expected as the vibrational 

frequency of a harmonic oscillator is inversely proportional to the 

square root of its mass. In fact, the vHe/vNe ratio is almost exactly 

equal to· the /mNe//I).re ratio. As for helium, very good agreement is 

shown in Fig. 2 between the Ne-Si02 data and the model. 

Experimental studies are currently planned with the hope of obtain-

ing more direct tests of the various equations developed above. Solu-

bility measurements for glasses 1;ith knm.m microporosity would allmr a 

• 

'•' 

• 
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direct test of the equations containing translational terms. 

One car1 also note the sucsess of a statistical model for solubility 

in a crystalline oxide. OlarJ.der7 assumed helium dissolves in U0 2 as a 

simple harmonic oscillator. ConsequentJy, he obtained a solubility 

equation essentially equivalent to Eq. ( 17). At 1200°C, his calculated 

n s 
was 2 x 10 17 atoms-cm-3 -atm-1 . 

-3 -1 atoms-em -atra . 

The experimental value was 1 - 2 x 

The model, as presented, might be described as "ideal" solubility 

in that the dissolved state was asswued to be a combina.tion of indepen-

dent particle-in-a-box tra11slation and simple-harmonic-oscillator 

vi brat ion. Hmrever, intermediate states might oc cul'. A simi Jar problem 

in adsorption theory (hindered translation) has been treated. 9 'l'he 

present data would not warrant such a refineFlent of the ti1eory, but 

future data mi(;ht justify such a treatrr.ent. 

The current model was limited to monatomic gas solution. Extension 

of the theory to cases of polyatorJ.i.c gas solution in which dissociatj_on 

of the species may or may not occur is ple.nned. 

Finally, a brief co~nent on a recent model of gas solubility in 

glasses is appropriate. Doremus
14 

has proposed a "free volwne" model 

of solubility which considers the free volume or "openness" of the glass 

structure to determine the magnitude of solubility. The model was pro-

posed while emphasizing that n Mvided by the free gas density, c 
s g 

(:: p/kT), is consta11t with tempqrature for a variety of gases. In terms 

of our model, this is equivalent to assuming that the dissolved gas atoms 

retain three degrees of translational freedom. For solution in localized 

sites, the solubility, ns, is given by Eq. ( 14). For non-localized 
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translation throughout the solid structure, the exp(-1) term is ornitted 

from Eq. (14) as previously discussed in the MODEL section. Dividing 

n by c (= p/kT) produces Arrhenius type equation with a temperature 
s .g 

independent pre-exponential form. Any temperature dependence is re-

lated to the interaction energy, E(O). For E(O) = 0, complete tempera-

ture independence is achieved. For localized translation, 

n 
s 

-= 
c 

g 

N V e-l 
s s 

For non-localized translation, 

n 
s -= 

c 
g 

NV • 
s s 

{ 18) 

(19) 

However, this approach is not preferred for tvo reasons. First, the 

n /c plots are only approximately independent of temperature, ru1d any 
s g 

of the four solubility states considered in thi.s paper could produce 

• 
small temperature dependencies. Second, the reasonableness of the 

solubility state being considered as three degrees of vibration (the 

Einstein oscillator) has been previously statdd and was then justified 

by the successful comparison of model and experiment in Figs. (1) and 

(2). However, the primary objection to the "free volume" model is that 

it considers the available volume of the structure to be represented by 

the amount of gas solubility. The more fundamental model of this paper 

shows that at equilibriu..rn only a small fr'action of the available volUJTie 

is occupied, i.e. n /N «1. 
s s 

/ 
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F'IGUHE CAP'l'IONS 

Comparison of experimental solubiJ i ty data for heli mn in fused 

silica with a plot of Eq. ( r7) using the parameters 

\) = 6.5 x 10 12 sec-l and E(O) = -1.5 kcal/mole. 

Comparison of experimental solubility data for neon in fused 

silica with a plot of Eq. (17) using the parameters 

12 -1 ( ) \) = 2.9 x 10 sec and E 0 = -2.9 kcal/mole. 
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