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ABSTRACT
June 1971
The statistical thermodynamics of the gas-in-glass system provides

a basic model of the solubility. Equations are derived which give the

solubility (in molecules per cubic centimeter of glass) as a function of

~ gas pressure, temperature, fundameﬁtal constants, and materisl para-~

meters. Both physical and chemical solubility are considered. The

o o
physical solubility result'is essentially equivalent to that for mon-
atomic solubility. The chemical solubility result is dependent upon the

specific system involveg;
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INTRODUCfION

Glasses are used in a wide variety of gas atmoépheres. A statistical

meghanical model of mopatomic gas solubility in glass has recently been
developéd.l The purpose of this_paper is to extend the approach used

‘in treating the mpnatomic gas solution to a general model of polyatomic
- gas solubility in glasses. A coﬁparisbn of the general model with ex;
perimental solubility data ﬁillvbe_given in the concluding paper in |

this series.

It should be emphasized that the solubility to be discussed is in
~glasses bélow théif glass transition temperature where_glass is truly a
rigid soliq rathér than a supercooled liquid, as it is above the |
transition temperature. Solubility in the 'solid glass is that which -
would arise from exposure to gases during materiai use while that in the

liquid glass woﬁld arise during fabrication.

THE MODEL

The model assumes an ideal gas in equilibrium with the species in
solution. The ideal gas is represented by free particlgs.in a three-
dimensional box (translation) with any internal molecular motion repre-
sented by independent rigid'rotors.(rotation) and simple harmoni?®
oscillators (vibration). The dissolved species may be considered as a
similaf cpmbination of fundamental modés of motion. However, the
restriction of any moleéular m§ti§n in the diséoived state is assumed
to produce a cérrespondipg vibrational-mbde of thé simple harmonic
oscillator t&pe. _ | - ;:

Various types of solﬁbility are possible.  N§ble_gases dissolve as

atoms. Polyatomic gases may dissolve with or without dissociation.
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'Here, physical solubility is defined as solution without molecular

dissociation and with relatively weak van der Waals bonding of the

dissolved atom or molecule with the glass. Chemical solubility infers

molecular dissociation and relatively strong chemical bonding of the
dissociated specieé.with the glass. However, it must be noted that the
solution of gases in the glass solid is generally restricted to the

smaller molecular species which can ihterstitially diffuse through the

© glass network structure.

Again, it should be emphasized that the glass being discussed is
& rigid solid, i.e., below its glass transition temperature. This is
impoftant in the development'of the model as the rigidity allows the
assumption that the dissolved species are localized.

Physical Solubility

Equilibrium between the gaseous and dissolved states requires that

. the Gibbs free energy of the gaseous state, G(g), equal that of the

dissolved state, G(s). . Expressions for the Gibbs energies can be ob- V

-

6= kT (31n Q/31n V)g - KT 1n Q e (1)

. where Q is the canonical ensemble partition fﬁnction, k is Boltzmann's

constépt, T is the absblute temperature,‘énd‘v_zg_zgz—ﬁolume c6htaining
& number of particles, N. |

For'convénience, a spécific example'will be ubed, viz. the homo-
nuclear diaﬁomic. Assuming the gas to be ideéi, the Q is that for a

system'pf N indistinguishéble particles in a three-dimensioﬁal box

i
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with m the mass of one molecule, h the Planck's constant, g the partition
function for a single molecule, 0 the symmetrybnumber (0 = 2 for Hz);

6. the characteristic temperatﬁre for rotation (Br = h?/8n%Ik where I =
moment of inertia), and evi is the.characteristic temperature for
vibration (6vi =.hv/k)' 'This.assumes the rotation to be that of a rigid
rotor and the vibration to be that of.a simple harmonic oscillator an&.
that rotation and vibratibnAare independent. Substitution of Eq. (2)

into Eq. (1) end using pV = NKT (the ideal gas law) gives

10 = - 10 {(emeant e (o) [

. where R is the gas constant and p is the,pressufe of the gas atmosphere.

t

For the dissolved sta,te,h

6ls) = 6(Q) + B(0) - B, - - (1)
. .

-

~w;th.G(Q).given by Eq. (1) where Q is now the partition function asso-
ciated with the ﬁotion_of the gas molecule in the dissolved state.
:E(O), the binding ene:éjpzis'the energy of the atom at rest (tgé lowest
quantqm'staté) in solution relaﬁive to the similar rest state in the
f%ee gas, i.e., removed from the potential field q%lthé solid. §m is

the partial molal entropy of mixing for the gas. It is of the form
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§‘ = R 1n (N /ns) . (5)

. where NS is the number of solubility sites available per cubic centi-

meter, and ng is the number of. gas molecules dissolved per cubic centi-
meter of glass. The vaiue 6f n, at one atmosphere pressure will be
called "thg solubility."_vThe derivation of Eq..(S) assumed that N_ and
n_ were large numbers and thet Ns?>ns. These assum@tions should be
valid for all real systems discussed in this paper.

Fof the dissolved state, the internal vibration is assumed to be
retained, i.e., the molecule does not dissociate and the vib;ational'-
frequency is not significantly altered. This leaves nine possible con-
figurations depending upon the numﬁer of rotational and translational
degrees of freedom that would be transformed to vibrational degrees of
freedom. For the specific case.to be discussed in the next paper
(szin fused silica), the sblubility sites are slightly larger than the
dissoivéd molecule and are sepérated by slight sfructural barriers.

The dissolved state for this case would be assumed to retain the two
degrees of rotational freedom but have the three degrees of trans
iatioﬁal freedom become three degrees of vibration. Basically, the
uﬂdissociéted molecule is assumed to retain its internal motion but
loses the translationai\ﬁofion of fhe center of mass. The sinéie

molecule partition function for this case is - _
, | o
L -9_./oT -0_./T\y¢r =6./2T ,  =-0_/T\13
q = [T/(O’OI‘)][e- vi /(l - e vi )][e A /(l -e v )] (6)
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where ev is the characteristic temperature for vibration of the center

of mass of the dissolved molecule. The resulting G(s) is

G(s) = = RT 1n [S(Ns/ns)] + E(0) ‘ (7
with q given by Eq. (6). Equating G(g) and G(s) and rearranging terms
gi#es the final solubility equation for homonuclear diatomic physical

solubility

ns/p = (h2/2nmk'1‘)3/2 (kt)—le [e"ev/2'l‘

-0 /T..3
/(1 e Vv )] exp(-E(0) /RT] (8)
which is equivalent tovthé result for the monatomic case.l
Actually, Eq. (8) is quite general for any polyatomic physical

solubility in which the internal degrees of freedom are retained and the

_ external translation is transformed to localize vibration. The internal

rotational and vibrational motions contribute to both G(g) and G(s)

similarly so that these factors cancel when G(g) and G(s) are equated.
In épplying the model to hydrogen, special care muét be exercised.
The high characteristic temperature of rotation'forle (6r = 87.5;K)
means that the high temperature (classical) form of the rotational par-
tition function (qr = SWZIKT/Ohé) is not valid at room temperature where
phyéical solubility is expggted. The rotational partition function for
this case must be a summation over quantum states including a distinc-
tion between the puclear sﬁin multiplicities for o§thohydrogen (even
rotapioﬁal states) and parahydrogen (odd rotaeiondi states).s However,

the increased complexity of the q,. in this case does not affect the
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final results because the rotational motion of the molecule appears in
both the free gas and dissélved states producing a cancellation of the
qr'from the fina; result eguation. |

| Chemical Solubility

The treatment for chemical solubility is bésically a simple exten-
sion of the physical model Just presented.' The ideal gas is represented
exactly as in the previous section but is assumed to be in equilibrium
with a dissociated species in solution. There are two main results of
this dissociation. First, the final solubility equations are more
1ehgthy because thé G(g) and G(s) expressions are more dissimilar.
Secoﬂd, the solubility, n_, does not vary with the first power of
pressure.

G(g) is stili given b& Eq. (1) using thetappropriate gas partitioﬁ

function. However, G(s) is now given by
G(s) =‘G(Q) + IE;(0) - T8 (9)

where Ei(O) is fhe binding energy qf the ith dissociated species and
§m is the partial molal entropy of mixing of gll the dissociate&‘wpecies
among the solubility sites. ,

The form'of the final solubility_equation dépends greatly upon the
spééific system involved:. -Therefore, a simpléébut representative

example will be.developed, viz. the solubility of a homonuclear diatomic

_gas as dissociated monatomic species assumed to'be;iocalized simple

»

harmonic oscillators.
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The dissociation of the diatomic molecule requires consideration of
the electronic partition function. For non-~dissociation, the electronic
terms would have appeared in both G(g) and G(s) and would have cancelled.

By choosihg the zero of 'ene..rgr as the separated atoms at rest', one can

write
q = q N (10)
- diatomic diatomic - ‘ -
where 
- %3iatomic ~ Yranslrotivivlelec ~
o ' | -6_. /2T -0 /T\] ' ' -
: (211ka/h2)3/2'V[T/(2er)][e vi /(1-e vi )]exp[—eel/kT] (1)
vhere €o1 = —Devand De'is the dissociation energy of the diatomic
molecufé;:
Also,

o

e = _ (.3 oN ( -8 /2T ~6_/T\]3)2¥
monatomic  Smonatomic f(q'vib qelec) .= 32[e v /<l—e )

R

e : " (2

where the dissolved atom is assumed to be restrictgd to vibrational

motion. The factor 2N arises from the dissociation of N molecules into

2N atoms. Substitution of Egs. (11) and (l2):into Egs. (1) ana (9)
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respectively, gives

G(g) é‘-RT.lpg(zﬁka/h2)3/2(kT/P)[f/(Zei)][%-fVi(?T/(l-e-GVi/T)}

wewfegna]l
and

-8 /2i -6_/T\13
; G(s) = -2RT ;n§2[?_ v /(l-e v )] (NB/HS)$-+ 2 E(0). (14)

- Equating G(g) and G(s) and rearranging terms gives the final solu-
bility equation for the chemical sdlubility of a homonuclear diatomic

. gas

P

l/é (h2/2ﬂka)3/2(kT)-l<26r/i)[(1—efQVi(T)/efe§i/2T] 1z

ns/p =

-6 /2T , -8 /T\3 o ‘
x§2Ns[e 'v /(l—e v )] exp[eel/QkT]exp[- E(O)/RT]. = 4 (15)
where m is the mass of the diatémic molecule, Br”is the characteristic
teﬁpéraﬁure for rotation of the diatomic moiecule, evi is the character-
istic.temperdtﬁre for internal vibration in the diatomic molecule, ev is
the characteristic temperature for vibrétion of th§'monatomic species,
€1 is the negative of the dissociation enefgy ofuthe diatomic molecule,

and E(O) is the binding energy between the monatomic species and the




-9- . UCRL~20716

glass. Alsq, n; is now the nuﬁber'of dissolved atoms per cubic centi-
meter of glass rather than the number of molecules as in the physical
solubility case. |

The low temperature complexities of the rotaﬁional partition funce-
tion mentioned in the previous secfion héve been omitted here for
simplicity. This can also be omitted from a practical standpoint as
_ the chemiéal hydrdgen solubility to be discussed in the ﬂext paper2
occurs at sufficiently high tempe;étures that Eq. (15) is valid.
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