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Abstract 

The solar system began with the collapse of a dense molecular cloud. 

which is rich in atoms, dust grains and diverse molecules. The complexity 

of different physical and chemical processes which happened during the 

formation of the early solar system constitute a major topic within our 

scientific community, even though a complete model of the solar nebula 

including all such processes has not been constructed. This thesis deals 

with some of these chemical and physical processes and consists of two 

phases. 

In the first phase of my work, I have studied the heating of water-ice 

grains during infall into the solar nebula from the surrounding collapsing 

cloud. The investigations in this phase extend previous studies ( Lunine 

et al., 1991) in two aspects. Firstly, we revise the previous grain heating 

model. The calciilations for large fluffy grains (up to IQjxm) are conducted. 

Secondly, we explicitly incorporate terms associated with various exother

mic and endothermic reactions which contribute to the thermal evolution 

of the grains in our computation. By tracking the threshold temperatures 

reached as a function of grain size, density and infall velocity, we are able 

to quantify the evolution of infalling interstellar grains. 

Once the volatiles were brought in by the ice grains, codeposition of 



diversed volatiles on the surface of refractory grains happened in the cold 

solar nebula region. Disk dynamical evolution leads to a background tem

perature below 50K at distance beyond 20AU. Studies have shown that 

amorphous water ice forms at this temperature range. Amorphous ice can 

volumetricaily absorbs a large amount of volatiles. My work in the second 

phase consists of investigations of amorphous water ice. especially its prop

erty of trapping various volatiles under conditions well outside the stability 

field of the condensed phases of the volatiles. A statistical thermodynami-

cal model hais been established. It is used to predict fractional abundances 

of trapped volatiles in different temperature and pressure conditions. Our 

investigations involve both theoretical and experimental studies. 
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C h a p t e r  1  

THEORETICAL STUDY OF GAS TRAPPING IN AMORPHOUS 
WATER ICE 

Amorphous water ice is a metastable ice condensate which possesses an 

inherent disordered structure. It is obtained by slow deposition of water-v;^r 

at low temperatures and pressures. Such a low-temperature vapor deposition 

was observed spectroscopically as a frost on interstellar ice grain in dense 

molecular clouds Qennikens, 1994). Because comets preserve the icy primitive 

bodies in the "deep freeze" of the Oort cloud region beyond Pluto, 

amorphous water is believed to constitute the bulk of matter in comets. It 

should be ubiquitous also in the satellites of the outer planets and Saturn's icy 

ring particles. In the regions where these bodies were formed, the water vj^r 

condensed into ice in the presence of gas volatiles, in which a large excess of 

hydrogen, about 10 ' of heliimi and about 10 of other gases were present. 
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Both observations (fenniskens, 1995) and experimental studies (Bar-Nun, 

1985-1995; Dissly, 1994) agree that the condensation of water vapor into ice 

at low temperatures in the presence of other gas volatiles produces 

amorphous water ice with trapped impurities. 

The subject of this chapter is to construct a statistical thermodynamical 

model, by which compositions of amorphous solid water with trapped gas 

volatiles under different temperature and pressvu'e conditions can be 

predicted. Fitting our model to laboratory data for a variety of molecules 

crapped in amorphous ice will also yield useful information of the structural 

properties of amorphous water ice. 

The present chapter is organized as follows. In Sec. 1.2, we focus on the 

backgroimd knowledge of amorphous water ice, especially the characteristics of 

its structural properties. In Sec. 1.3, we describe the two essential factors playing 

complementary parts in gas absorption in detail. In Sec. 1.4, we present the 
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statistical thermodynamic model used to predict formation of amorphous ice. 

•Also, comparisons are made to the experimental data. In Sec. 1.5, we address 

the problems of kinetics of amorphous ice formation. In Sec. 1.6. we apply the 

structural properties of amorphous ice in explaining infrared band shift of encaged 

molecules in amorphous solid water. 

1.2 Background 

There are three possible phases of ice at low temperatures and pressures, namely, 

hexagonal or ice I. diamond cubic, and virtreous or amorphous. The three phases 

exist in three distinct temperature ranges. Among them, ajnorphous water ice is 

the lowest temperature deposition and ice I is the highest temperature deposition. 

.Amorphous solid water was first reported by Burton and Oliver in 1935. 

They found that the structure of solid water depends on the temperature of 

the condensing surface. At higher temperature, the X-ray pattern consisted of 

sharp diffraction maxima characteristic of the close-packed hexagonal structure, 

while at the lower temperature, there were two very diffuse lines indicating the 

amorphous character of the condensate. Since then, enormous effort has been 

invested in both theoretical and experimental determinations of the structural 
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II lljb-. 
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Figure 1.1: X-ray diffraction patterns of ice I (left) and amorphous ice (right). 
From L.G.Dowell et al, 1960 
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properties in terms of molecular interactions, and in the development of models 

with which known properties can be correlated cind unknown properties can be 

predicted. Indeed, the sharp features of X-ray diffraction from crystalline water 

ice make its structural properties well understood. The fuzzy, diffuse patterns 

from amorphous solid water on the other hand make the interpretation of its 

properties fairly difficult. Despite the attention the amorphous solid water has 

received, the theoretical interpretation of the properties of amorphous solid water 

is not satisfactory. 

From a material science point of view, amorphous materieJs are energy rich 

and possess randomness to some degree. The structural comple.xity of amorphous 

water ice is described by distributions of properties such as relative positions of 

constituent atoms (molecules) and intermolecular forces. The molecules in amor

phous water ice are linked by forces essentially the same as in crystalline water ice 

and they are oscillating about definite equilibrium positions. The molecular units 

in amorphous water ice are approximately tetrahedrally coordinated as in ice I, 

forming extended three dimensional networks , but without the simple repetitive 

order which occurs in crystalline phases. In fact, no two molecules in amorphous 

solid water are structurally equivalent. The absence of periodicity and symmetry 

in the network is characterized by the diffuse rings of the X-ray diffraction pat



tern shown in Fig. 1.1. Consequently, amorphous ice hais higher energy than the 

corresponding crystal, making ordinary amorphous phase less thermodynamically 

stable than the corresponding crystalline water ice. Yet the amorphous structure 

can be stable for a long period of time at sufficiently low temperatures, since 

considerable increases in energy are required during molecular rearrangement for 

crystallization. With increcising temperature we would therefore expect to get an 

increasing number of molecules to move toward minimum energy position, even

tually a pha^e change will happen. The rearrangement of the network during this 

phase change would be continuous rather than an abrupt phenomenon due to 

structural unequivalence of each individual water molecule. In the experiments 

done by Dowell and Rinfret (1960), this phase transformation appears to be linear 

uith time until it nears completion when it suddenly slows. Experiments have 

shown that this irreversible phase change usually occurs at 130-140K (VV.Hagen 

et al. 1981). 

•Amorphous water ice is formed at sufficiently low temperature (less than 

I30K). at which the water molecules have low mean thermal energy with severely 

limited mobility. They become rigidly fixed in positions when they strike the 

surface and thus have no opportunity to arrange themselves in the most sta

ble positions, prohibited to form a continuation of the space lattice. When water 
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O 

H 

H 

Figure 1.2: The geometrical structure of a water molecule. The band ajigle H-
0-H is about 104°. 

molecules build up the three-dimensionai framework of amorphous water ice, each 

water molecule forms bonds with its neighboring water molecules, as in its crys

talline counterparts. Studies have shown that water molecule has a permanent 

dipole moment. This indicates that it cannot be a linear molecule with the two 

hydrogen atoms situated at equal distances on each side of the oxygen atom. The 

water molecule is triangular rather than linear as shown in Fig. 1.2. This polar na

ture of water molecule makes two interacting water molecules within amorphous 

water ice to form either a hydrogen bond or "dangling" OH bond, the latter is 
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formed because surface water molecules cannot fully satisfy H-bonding tendencies 

(Rowland and Delvin. 1991). A hydrogen bond between two oxygen atoms is a 

structure displayed by Fig. 1.3, in which the hydrogen lies roughly upon the line 

joining the two atoms, but because of its small size, they are able to approach 

quite closely together. The 0-0 distance on each hydrogen bond is small, about 

2.76.4. The position of the hydrogen atom on each hydrogen bond is less than lA 

from the oxygen nucleus to whose molecule it belongs. All studies agree that this 

configuration has the lowest energy among all plausible configurations (Fletcher. 

1932). Typically, a water molecule is capable of forming four hydrogen bonds (two 

via oxygen and two via hydrogen) with four other H2O molecules in a tetrahedral 

arrangement. This implies that the oxygen tetrahedra found in crystalline water 

ice would also occur in amorphous water ice. The three dimensional linking in 

both amorphous solid water and crystalline solid water is formed by sharing the 

corners, edges and possibly faces between different tetrahedra, the only difference 

being the relative orientation of tetrahedra should be variable in amorphous solid 

water, giving rise to non-periodic structure. The possible variety of structures 

in amorphous solid water is thus immense and the bonded molecular network in 

amorphous water ice therefore owns a greater geometrical flexibility ( Polk and 

Boudreaux, 1973; Boutron and Alben, 1978; Zarchariasen, 1932), providing the 



Figure 1.3: Two dimensional linear hydrogen bond formed by water dimer. 



Figure 1.4: The lattice of two dimensional ice Ih 

theoretical proofs that several distinct amorphous solid water may exist. The 

possibility of large cagelike voids necessarily must exist in the network of some 

forms of amorphous solid water. It is somewhat difficult to illustrate molecular 

network in amorphous solid water in drawings because of the three-dimensional 

arrangement. We have therefore tried to make use of two dimensional analogies 

in Fig. 1.4 and Fig. 1.5. Fig. 1.4 shows the lattice of two dimensional ice Ih. Ice 

Ih is built up as follows: the H2O molecules are concentrated to form a structure 

in the same plane shown in Fig. 1.4, then a similarly-packed layer is added above 
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Figure 1.5: Two dimensional network for amorphous water ice. 

the first layer and each additional layer is a mirror image of the preceding layer. 

In this way, the molecules au-e all concentrated close to a series of parallel planes, 

giving rise to a crystal structure possessing hexagonal symmetry. An alternative 

way to consider the crystal structure of ice Ih is from the manner of periodic three 

dimensional linking of the tetrahedral coordination of the oxygen atoms. On the 

contraxy, the linking patterns cire non-periodic in amorphous ice, giving rise to 

the two-dimensional network shown in Fig. 1.5. 

Indeed, the physical properties of jui ajnorphous solid often depend on depo

sition rate, bzise pressure and substrate temperature (Mayer and Pletzer, 1984). 

Numerous experiments have reported that several forms of amorphous solid water 
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may exit, they are structurally distinguished by their X-ray diffraction patterns. 

The different amorphous solid water can be coarsely categorized as highly porous 

solid with a network of pores or voids of various sizes and nonporous close-packed 

form. The latter is formed by following criteria of compactness, low angular dis

tortion and complete absence of unsatisfied interior bonds. The highly porous 

amorphous solid water can be formed when water vapour codeposites with other 

volatiles. such as H2, CH4. NH3, N2, CO. Experiments have found that when 

water vapour codeposites with other volatiles at sufficiently low temperature, 

the molecules of other volatiles can be trapped in tiny pores formed by water 

molecules (Bar-Nun et al., 1985, 1987,1988,1989; Notesco and Bar-Nun. 1997). 

The cages in porous amorphous solid water are stabilized by the inclusion of 

molecules of other volatile gases in this case. The property of trapping large 

quantities of volatile gases owned by porous amorphous solid water especially 

attracts our attention in this study. We will deal almost exclusively with this 

highly porous amorphous form. Hence the term amorphous solid water in the 

following text refers to this highly porous structure. 

.A.side from numerous experimental studies, a theoretical structural model 

for porous amorphous solid water was established by Boutron and .A.lben in 1975. 

It is a "continuous random network" or CRN's with only slight deviations from 
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Figure 1.6: A pentagonal dodecahedron cage (left) and a tetraJcaidecahedron cage 
(right). 

local tetrahedral symmetry, lairge cagelike voids such as are known to exist in the 

clathrate hydrates are included in the model. The simplest clathrate cages are 

the pentagonal dodecahedron (12-hedron) of 20 molecules and the tetrakaideca-

hedron (14-hedron) of 24 molecules which are illustrated in Fig. 1.6. The cages 

are roughly spherical in shape. In their model, 14 cages are formed by 266 

molecules. These cagelike voids aire sufficiently wide enough, which implies that 

a water molecule on a pore surface probably cannot engage in the classical four 

tetrahedral hydrogen bonds, instead "dangling" 0-H groups are suggested to ex
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ist across the pore surface. The unique spectral features (3686 and 2720cm~') 

of amorphous water ice are attributed to such disruption of the H-bond across 

pore surface (Rowland et ai.,1990). Furthermore the voids must be statisticaily 

distributed because the framework itself is without periodicity and symmetry. 

The statistical distribution of voids in amorphous solid ice is very sensitive to 

temperature. Large quantity of holes are predicted to exist in low temperature 

deposition because molecules tend to be randomly fixed at the point where they 

first hit the low temperature deposition. The porosity of amorphous solid water 

can be predicted to be enhanced as temperatures are decreased and the probable 

cage size distribution favors bigger size voids at very low^ temperature. 

1.3 The physical absorption of volatile gases by 

amorphous solid water 

.Amorphous solid water structures like sponge. Micropores exist extensively within 

bulk amorphous solid water ice. It has long been known that a porous solid can 

take up relatively large volumes of condensable gas. The term absorption is em

ployed in the literature to denote the penetration of gas molecules into pores 
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within amorphous solid. Two essential factors have played complementary parts 

in absorption phenomena in a vast range of amorphous structures. One of them 

is the nature of forces between solid and trapped volatile molecules, the other 

is related with the physical structure of porous solid, precisely it is related with 

porosity or pore volume. Therefore, measurements of absorption of ga^es or va

pors can be made to yield useful information of the pore structure of a solid. We 

will discuss each of these factors in turn in order to appreciate their significant 

relevances in gas absorption within amorphous solid water. 

1.3.1 Absorption forces 

We consider first the absorption forces. Gas absorption is brought about by the 

forces acting between the solid and the molecules of gcises. These forces are 

of two main kinds, physical and chemical. The physical forces are molecular 

interaction forces, which do not involve transfer or sharing of electrons among 

the participating atoms and the individucdity of the interacting species is thus 

maintained. The chemical forces, on the other hand, involve transfer of electrons 

between the solid and the gas molecule. In this study, we will deal exclusively 

with the nature of the physical kind because the distance between an encaged 
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molecule and surrounding water molecules are non-bonded distance implying that 

they are not joined by ordinary chemical bonds. The interaction of the encaged 

molecules with surrounding water molecule network will be very similar to that 

found between adjacent molecules in a liquid. 

Generally speaking, the absorption of gas molecules by the amorphous solid 

water sample is the outcome of the forces of attraction between the individual 

molecules of the gas and the molecules composing the solid. The forces giving 

rise to absorption are no different from those involved in any other interatomic or 

intermolecular interaction phenomena. These forces cdways include "dispersion" 

forces which arise from the rapid fluctuation in electron density within each atom. 

The rapid fluctuation of electron density within each atom induces an electrical 

moment in a near neighbor and thus leads to attraction between two atoms. They 

also include short-range repulsive forces which arise from the interpenetration of 

the electron clouds of two interactive atoms. In addition, there will be electro

static (columbic) forces if either the solid or the gases is polar in nature. Cavity 

potential is obtained by averaging the sum of the individual interactions between 

each trapped gas molecule and one of the water molecules distributed over the 

surface of a cage wall. Quantitative evaluation of this cavity potential is essential 

to predict the absorption behavior (see Section 1.4). Therefore, we first select 
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to consider the intermolecular interaction between the gas molecule and one of 

the water molecules in the lattice. For most purposes, it is convenient to use the 

potential energy of interaction v'(r). This potential energy' of interaction is also 

important in explaining properties of gases, liquid and solid, such as the second 

and the third virial coefficients, coefficient of viscosity, etc. . 

When two interacting molecules are spherically symmetric in shape or the 

sizes of these two molecules are relatively small compared with their distance, 

the effect of the finite size of the molecules on their interaction can be neglected. 

The total potenticil energy from attraction and repulsion between two interactive 

molecules for this ideal case can be described by Lennard-Jones potential (van 

der Waals and Plattew\1959) 

^ ( r } = 4 e ( ( a / r ) ' ^ - ( a / r f )  (1.1) 

where r is the distance between the two interactive molecules. The parameter a is 

the distance for which attraction and repulsion are in balance, i.e., = 0. The 

parameter e is the potential minimum, corresponding to the strongest attraction. 

The general form of the curve (^(r) against r is indicated in Fig. 1.7. 

In our study, we assume that the pores in amorphous solid water are spherical 
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Figure 1.7: The potenti«il energy (^(r) of two isolated molecules as a function of 
the distance r between their centers. 
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or roughly spherical in shape just as known in clathrate hydrate. We argue 

that such structure for amorphous solid water is not improbable. Boutron and 

.A.lben (1975) actually constructed a"continuous random networks"model which 

included the large cagelike voids roughly spherical in shape without violating 

the criteria of low axigulair distortions and avoiding unsatisfied interior bonds . 

Under this assumption, cavity potential is then obtained by summing the pairwise 

potential given by equation (1.1) (Lennard-Jones and Devonshire, 1937) over z 

water molecules distributed over the surface of a spherical wall, averaged over all 

directions. This cavity potential can be written as (Van Der VVaals and Platteeuw, 

1959) 

u.-(0) = ze[{crfa)^'^ - 2(<7/a)®] (1.2) 

>x;(r) = w;(0) + ̂ e[(cr/a)^^/(r'/a^) - 2(cr/a)®m(r^/a^)] (1.3) 

where r is the distance of trapped geis molecule to the center of the cavity and a  is 

the cell radius. Parameters I and m are rather complicated algebraic functions of 

the variable [a?. The Boltzmann probability factor exp[—ijj{r)/kT]r'^ can then 

be evaluated as shown in Fig. 1.8. (McKoy, 1961). For a very smaJl size particle 

like a H2 molecule, when encaged in a void cage, the center of this H2 molecule 
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Figure 1.8: Boltzmann probability factor vs r (distance from center of cavity), 
entrapped Hz- (LJ 12-6) 

is not further than lA from the center of the cavity according to Fig. 1.8. We 

can therefore overlook the shape and the size of a paLrticular molecule and 

think it will spend most of its life near the cage center without hindered rotation. 

Equation (1.2) and (1.3) can then be simplified for this case (rCa) as 

u;(r) = u;(0) + (^)[22((T/a)^2 _ i0(<r/a)®]r2 + o(r^) (1.4) 
a 

u;(0) = 2c(0.25((r/a)" - (a/a)®) (1.5) 
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Figure 1.9: Dependence of cavity potential on cavity radius. 

It is evident that the cavity potential depicted by equations (1.4) and (1.5) is 

dependent on cavity radius. Fig. 1.9 shows the dependence of cavity potential on 

cell radius for entrapped H2 located at r = lA. It is revealed by the figure that 

the attractive component is dominant when a>ac, and the encaged molecule is 

attracted to stay inside the pore with a force proportional to the inverse seventh 

power of the cage size. At small pores (a << ac), the inverse twelveth-power 

repulsive component is dominant causing all the small size pores to stay empty. 

The idealized Lennard-Jones model depicted by equation (1.1) has been used 
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extensively to infer the properties even for molecules such as N2 and CO2, which 

are not spherically symmetric. This approach, however, is unsatisfactory. A 

more realistic interaction potential was constructed by Taro Kihara in 1951. In 

his model, a core is assigned to each molecule. For a molecule composed of two 

identical atoms such as A2. the thin rod connecting two nuclei is the "core" of the 

molecule. .A.S to the molecule with elongated shape, e.g.. CO2, the core is chosen 

as the thin rod connecting two oxygen nuclei. For flat molecules, on the other 

hand, a thin circular disk is the core. In all the above cases, the intermolecular 

distance is the smallest distance between the cores of two interacting molecules. 

The model, w-hich depends not only on intermolecular distance, but also on the 

size and shape effect of two interacting molecules, can then be written as 

^{r) = Ae{i(T/r)'''-{a/rf) (1.6) 

The first term on the right-hand side depicts repulsive part of the potential and 

the second term depicts attractive part as are shown in equation (1.1). Parameter 

e is still the potential minimum and <t is its position, r is now taken to be 

the shortest distance between molecular cores. A water molecule distributed 

over the wall of a spherical cavity can be represented as a "point" molecule 
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(zero core length), since in its interaction with a trapped molecule, the oxygen 

atom of the water molecule plays the dominant role. When core lengths for two 

interacting molecules are both zero, the Kihara potential reduces to Lennard-

Jones potential shown in equation (1-1)- McKoy and Sinanoglu (1963) deduced 

cavity potential from equation (1-6), again by summing the pairwise potential 

over z water molecules distributed over the surface of a spherical wall. The effect 

of size and shape for a trapped gas molecule incurs extra step in the derivation, 

which requires averaging over all possible orientations for the gas molecule. The 

results from MacKoy and Sinanoglu (1963) give cavity potential for a rodlike 

guest molecule fixed at distance r from the center of a spherical cage with radius 

a: 

z e  ^  ^ n { y )  K i y )  
= T 2-^ (7) 

Z n O, Oc^ Oc^ n=0 

(1.7) 

with A„(y) and Hn{y) defined by: 

1 ^ 1 
f^niv) = —p[- p: 

y/y i^-y/y) 
n+lO (1 + v/y) 

1 
n+10 (l.S) 
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d + ̂ r-' 

and for spherical guest molecules: 

2 a a^r a 

- . 1  r e  V  c  
^ - )  + ^ 

N a a a a 

In equations (1.7). (l.S) and (1.9), /„ and are constants: y  =  ( ^ ) ^ .  q =  { f f :  

d is half of the rod length. In equations (1-10) and (11). c is core radius. 

The quantities e and a in equations (1.1) and (1.6) are the force constants 

of the interaction between an encaged molecule K and a water molecule Q dis

tributed over the cage wall. For this interaction the combining rules for the 

interaction between two unlike particles hold, 

+ ctq) (1-12) 
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The first is the geometric mean approximation and the second is the hard sphere 

approximation (Prausnitz, 1969). Here ca'- '^k are the force constants for pure K 

which can be determined from measurements of its second virial coefficient, eg 

and CTQ are force constants characteristic for the water molecules. We take <tq as 

3.4.4 and ^ as 150.OK. since the main guest-water molecule interaction is with 

the pointlike oxygen atom. The interaction parameters for several gas molecules 

as well as each individual molecule's size (core length or radius) are listed in Table 

I.l. For a monatomic gas molecule .\r, its cavity potential can be obtained from 

equations (1.4) and (1.5). 

Fig. 1.10 shows the cavity potential curves for the molecules of interest, e.g.. 

H2. A2. Cand CO. The spherically symmetrical cavity potential curve for 

H2 is calculated from Lennard-Jones cavity potential shown in equations (1.4) 

and (1.5). The potential curve for the spherical CH4 molecule is from Kihara 

cavity potential depicted by equation (1.10), the cavity potential curves for rod

like molecules .Vj and CO. on the other hand, are from Kihara cavity potential 

depicted by equation (1.7). Fig. 1.10 shows quantitatively that the minimum 

cavity potential for the molecules of interest occurs when a trapped molecule is 

positioned within 0.4^ from the center of the spherical cavity. When a trapped 

gas molecule is located at the position with the minimum cavity potential, it will 
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Table 1.1: Interaction parameters. 

Molecule C o r  1  ( A )  

148.2 3.817 0.21 

H2'' 39.4 2.81 0.74 

124 3.47 1.10 

CO' 100.2 3.763 1.1 

COoJ 279 3.7 2.2 

02° 153 3.14 1.10 

Ar'' 119.5 3.83 

a: \'. McKoy and O. Sinanoglu, J. Chem. Phys. 38, 2946 (1963) 

b: T.Kihara, J. Phys. Soc. (Japan) 6, 289 (1951) 

c: Hirschfelder. J. O. et al..l954, Molecular Theory of Gases and Liquids 
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Figure 1.10: Cavity potentiaJ curves for N2. CH^, and CO. 
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be stably confined to the cage. Among the molecules of interest shown in Fig. 

1.10. Hz has the highest minimum cavity potential due to its very low polariz-

ability. When H2, CO, CH^ and N2 compete for an empty absorption site. H2 

can be predicted to have the lowest propensity for being absorbed. 

1.3.2 Physical structure of amorphous solid water 

We now consider physical structure of amorphous solid water. Amorphous solid 

water is no different from crystalline solid water in the sense that the constituent 

molecules are linked together to form extended three dimensional networks. The 

transparency of amorphous solid water as well as crystal is explained by the 

existence of such networks. The network in amorphous solid water, however, is not 

periodic and symmetrical as in crystalline solid water. The presence or absence 

of periodicity and symmetry in the network distinguishes a crystalline phase from 

the amorphous phcise. This random structural property is characterized by the 

diffuse X-ray diffraction patterns. In the network of amorphous solid water, no 

two molecules could be structurally equivalent. The free energy of amorphous 

solid water tends to run higher than that of the crystalline phase. The phase 

change from amorphous solid water to a crystal must always be e.xothermic. 
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The structural complexity of amorphous solid water implies that there is a wide 

range of relative position distribution of constituent molecules. The rich variety 

of relative orientations of molecules in amorphous solid water give rise to great 

geometrical flexibility. Cages necessarily must exit in the extended framework. 

Furthermore, the cages must own inherent randomness yet are self-similar in a 

statistical sense caused by the irregular network. In order to fully understand 

the porous structural properties of amorphous solid water, it will be convenient 

to deal first with the size distribution of cages within amorphous solid water. 

When a large quantity of voids appear in an amorphous solid water, it is not 

e<isy to grasp the significance of the record. One of the clearest ways in which to 

represent the distribution of sizes is by meaxis of histogram. A typical histogram 

is shown in Fig. 1.11. In order to draw up such a distribution diagram, the 

total size range is divided into intervals of equal size, the so called class intervals 

(^'ule, 1950). The abscissa represents the variable quantity which is application 

specified and the ordinate the frequencies per class interval. Rectangles erect over 

the class intervals . the areeis of the rectangles are proportional to the frequencies. 

In such a way, a histogram is obtained, whose area represents the total number 

of entities in the sajnple. If we decrease the size of class intervals and at the same 

time increase the number of entities in a sample so that the frequencies per class 
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Figure 1.11: Histogram showing the distribution of cage sizes. 
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Figure 1.12: Frequency curve. 

interval can remain finite, the histogram will approach more closely to a smooth 

curve caJled the frequency curve. The ordinate in a frequency curve represents 

the frequency density which is the frequency per unit class interval. Thus the 

frequency falling between the values of variables Xj and xj will be proportional 

to the area of the shaded strip. 

Attempts have been made to devise mathematical functions to represent the 

ideal limit smooth curves of histograms. These efforts are of supreme importance 

for the theory of statistics. The mathematical treatment is necessarily baised on 



52 

the cissumption that the number of entities in the sample is large enough for 

statistical considerations to be applicable. The forms of the smooth curves are 

almost endless in their variety. The mathematical functions for some distribu

tions are necessarily complicated. .Among the complexities, four fundamental 

types of distributions stand out. Their existence facilitate the analysis of more 

complex distribution forms. These elementary forms are summarized by Yule 

(1950) as the symmetrical (Gaussian) distribution, the moderately asymmetri

cal (skew) distribution, the extremely asymmetrical (J-shaped) distribution and 

the U-shaped distribution. The symmetrical (Gaussian) distribution and the 

moderately asymmetrical (skew) distribution are depicted in Fig. 1.13. In the 

symmetrical distribution, the curve is symmetrical about a vertical a.xis which 

is at the position of a central maximum. In the skew distribution, the peak 

frequency is shifted toward right or left compared with the symmetrical distri

bution. therefore making the distribution asymmetric. Fig. 1.14 shows J-shaped 

and U-shaped distribution. In J-shaped distribution, the maximum is at one end 

of the curve, which can be considered as a limiting form of the skew distribution 

and is termed as extremely asymmetrical distribution. In U-shaped distribution, 

the peak frequency occurs at the two ends of the curve and the minimum fre

quency occurs at the center. The simplicity revealed by the four fundamental 
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Figure 1.13: Gaussian and skew distribution 
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Figure 1.14: J-shaped (left) and U-shaped (right) distributions. 
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forms are important in much theoretical work. .Among the various distributions, 

e.xperiments have shown that the symmetrical distribution is comparatively rare, 

the moderately asymmetrical (skew) distribution on the other hand is the most 

common case. In the following, we will consider each of the four fundamental 

types of distribution in turn. 

A. Gaussian distribution. 

In Gaussian distribution, the probability density y(z) in the continuous distribu

tion of z, a variable stands for the size of a void in amorphous solid water, can 

be expressed: 

where c is arithmetic mean of the cages in the sample: and a is the standard 

deviation, given by the expression 

! / ( - )  =  — ^ e x p [ - { z  -  z f  
(TV 

(1.13) 

(1.14) 

where N is the totail number of cages in the sample. .As N—> oc, 
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a = 2 ( l - l o )  

where is the probability of z. The symmetrical distribution shown by equa

tion (1.13) also refers to normal-probability distribution. The standard deviation 

characterizes the extent of the scatter or dispersion of void sizes around the aver

age. The equation (1.13) represented upon a rectangular co-ordinate system gives 

the well known symmetric bell-shaped curve or the Gaussian law. According to 

the standard deviation <t, the curve assumes different shapes, getting narrower 

as a decrecises. The narrower curve I shown in Fig. 1.15 corresponds to a more 

uniform size distribution than the wide curve II does. 

B. Skewed Distribution. 

The expression for the skewed distribution (log-normal distribution) can be ob

tained by substituting for z and cr in equation (1.13) the logarithms of ihese 

quantities: 

Incry/^ 
(1.16) 
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Figure 1.15: Gaussian distribution. Curve I represents a more uniform size dis
tribution than does curve II. 
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Still. 5 is arithmetic mean of the cage sizes in the sample and a is the standard 

deviation, k skewed probability curve is shown in Fig. 1.13. In most instances 

the asymmetrical (skewed) frequency curves can be made symmetrical, if the 

logarithms of the sizes are substituted for the sizes. This means simply that if 

frequencies are plotted arithmetically and the corresponding sizes logarithmically, 

the resulting curve is symmetrical. 

C. J—shaped distribution 

The expression for J-shaped distribution follows: 

y ( z )  =  A - e a : p ( — a ( z  —  r o ) )  w i t h  ( 1 - 1 " )  

where .A, a, and Z Q  are constants. .A.s a general rule the probability density y [ z )  

increases with decreasing pore size. It approaches the maximum when r = ro. 

D. U-shaped distribution 

It is conceivable that there is a smallest pore below which no other pores are 

formed, and also a largest pore above which no larger pores are found. The 
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size-distribution curve is limited at two extremes and can be expressed as: 

y{z) — .4 •6Xp( Q (  — —min )  )  "t" b ' C X p ^  ̂ (— ~inax )  )  W i t h  ~ m a x ^ ~  ̂  —mm (  1- •  ^  ̂ )  

where A, B. a, b. rmm- and Zjnax are constants. The relation between these 

constants is given by the equation 

A B A  B  
•CXp( <z(—max — m i n ) )  b ( ~ m a x  — m i n ) )  ~  1 (1-19)  

a b a  0  

E. Constraints on void size distribution in amorphous solid water 

Low density amorphous solid water is a disordered material, obtained by slow 

deposition of vapor on a cold substrate surface. It is a subject of numerous ex

perimental and theoretical studies. A theoretical approach employed by Zhang 

and Buch (1990) is distinguished by its detailed computer simulation of the for

mation dynamics of amorphous water ice. In their study, amorphous ice models 

are generated by detailed computer simulation . During the simulation process, 

a focus is put on a simple "primary" process of slow condensation of individual 

molecules into ices. The size of the cluster increases as the impinging molecules 

stick to the surface. The structural properties of the generated clusters caji then 
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be examined. In this way. the formation process of H2O (as) can be simulated 

and its structural properties can be compared with available experimental data. 

Despite the fact that the generated clusters are finite size and most of the cluster 

molecules are surface molecules, reasonable models of amorphous ice clusters are 

obtained. 

Hixon (1992) continued this study and present computational modeling of 

the 7/2-amorphous ice system by using a computer ''growth" cluster with 450 

water molecules. The cluster (/^20)430 was formed by slow condensation of water 

vapor at r~10A'. Most of the 450 water molecules are accessible from outside. 

Potential minima of an isolated H2 molecule on the surface of the amorphous 

ice cluster are investigated. The qualitative properties of the minima are similar 

to the properties of the binding sites of H2 on the amorphous ice surface. The 

binding sites (potential minima) obtained by Hixon have a distribution, which 

is in accordance with the disordered surface features of amorphous ice. If the 

computer growth actually involved two kinds of molecules, H2 and UnO. and 

continued with more impinging molecules, the bulk //2-a-niorphous ice system will 

be generated. During this imaginary growth, H2 molecules will first be adsorbed 

on the predicted surface binding sites and hereafter occupy the partially formed 

cavities. A closed spherical pore with H2 trapped in will be formed by additional 
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Figure 1.16: Diagram for a trapped hydrogen molecule in a partially formed 
spherical cage. 

sticking water molecules. Such a spherical cage with a trapped H2 molecule is 

depicted by Fig. 1.16. Let a be the radius of this cage. All the water molecules 

consisting the wall of the cage are fixed with the trapped H2 molecule moving 

about a sphere of radius r. The solid half sphere represents the situation when 

Hi is adsorbed on the surface binding sites, i.e.,the partially formed cavity. The 

dotted half sphere formed by additional sticking molecules fulfills the spherical 

cage. The average potential of the trapped H2 molecule is: 
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- 1 /"^ 1 
V ( ^ )  =  I  ^ { r ) { r ^  +  — ' 2 a r  c o s  9 ) ' ^  s i n 6 d 6  

2  J n  0 
(1.20) 

where '^{r) is pairwise Lennard-Jones potential given by equation (1.1). If z is 

the number of water molecules on the cage wall, the average potential energy of 

a H2 molecule within a cell r may be written as: 

When r  a .  the final form of u i { r )  is given by equations (1.4)  and (1.5) .  By 

using the surface binding site distribution from Hixon and the equations (1.4)  

and (1.5). we can therefore transform the histogram of the H2 potential minima 

into a histogram of spherical void size distribution in the bulk amorphous water 

ice. The transformed histogram is shown in Fig. 1.17. in which the ideal limit 

of a Gaussian distribution corresponding to the histogram is shown cis well. In 

this Gaussian distribution, the arithmetic mean of the cage sizes is 4.8A and the 

standard deviation is 0.256A. Fig. 1.17 implies that cavities in the ice sample 

range from 4.4 up to 5.SA. We will apply this distribution to fit the available 

e.xperiment data in Sec. 1.4.3.  

w(r)  = z^{r)  ( 1 . 21 )  
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Figure 1.17: Transformed histogram and its corresponding ideaJ limit of a Gaus
sian distribution. 

1.4 Statistical thermodynamic model 

We have examined the two factors which play essentiaJ parts in gas absorption. In 

this section, we establish a statistical thermodynaxnic model by which fractional 

abundances of encaged gas molecules can be predicted. Specially we will see how 

the two factors introduced above are quantitatively related with the compositions 

of amorphous ice. 

The compositions of amorphous water ice with absorbed gas molecules are 

found experimentally to be nonstoichiometric. In other words, the fractionaJ 

occupancy by guest molecules is a function of temperature, pressure, and the 
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relative abundances of the gaseous species. We propose to construct a rigorous 

thermodynamic model, with which we can predict the functional occupancy of 

absorbed volatiles in amorphous water ice under various conditions. Furthermore 

by comparing our predictions with experimental absorption data, we can verify 

the pore structure (void size distribution) of amorphous solid water. 

The starting point is the volumetric absorption model applied to clathrate 

hydrate (van der Waals et al. 1959: Lunine and Stevenson. 1985). In that model, 

the guest molecules are encaged in two types of cavities. These cavities are 

formed by a framework of water molecules linked together by hydrogen bonds. 

The numbers of surrounding water molecules and sizes differ for the two types of 

cavities. Because of the irregular structure of amorphous water ice. we intend to 

adapt the model which is applicable to clathrate hydrate to the amorphous water 

ice matrix by generalizing it to a distribution of void sizes rather than simply 

two. 

The model for clathrate formation developed by van der Weuals and Plat-

teeuw (1959) is ba^ed on classical statistics. Consider an assembly containing N 

molecules of cage forming substance and a number of encaged compounds .A^. B. 

....M. The cage forming substance occupies a volume V at the temperature T. .A 

clathrate crystal forms when its metastable modification (cages are all empty) is 
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crystallized while in equilibrium with the vapors of the encaged compounds, i.e.. 

certain fraction of the cavities is occupied by encaged solute molecules. The va

pors of the encaged compounds have absolute activities A.4 X\f. The assembly 

is then described by the independent variables 

T .  V .  A . A.4...., A,\f 

and a generalized partition function H which corresponds to these variables. The 

equilibrium between the metastable modification and the crystalline clathrate 

hydrate can be written as 

Metastable modification + Guest molecules ̂  Clathrate hydrate 

The grand partition function may be represented by 

t J  

where is the free energy of the "empty" cage for the given values of T. 

N. i/. is the number of cavities of type i per molecule of cage forming substance, 

and hj.(T.V) is the partition function of a J molecule when encaged in a type i 



66 

cavity. The function r: in equation (1.22) is linked to thermodynamics in terms 

of the absolute activities by the relation 

where fi is chemical potential of cage forming substances, and U is energy. The 

correctness of the grand partition function E in equation (1.21) depends on the 

validity of the following cissumptions: 

1.  The contribution of the cage forming substance to the total partition func

tion is independent of the occupation of the cavities. This is a reasonable 

approximation since the cage forming molecules form a rigid structure and 

their vibrations and internal degrees of freedom are not distorted by encaged 

molecules in most cases. 

2. The mutual interaction of the encaged molecules is negligible. 

3. Ideal localized absorption is assumed, in which a cavity never holds more 

than one guest molecule. 

The relative sizes of the larger cavities in clathrate hydrate and the encaged 

molecules, such as CH4 , do not exclude the possibility of multiple occupancy of 

(1.23) 
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the cavities. The calculations from Lunine (19S5) indicate that a finite number of 

cages are occupied by both Cand H2- when both ga^es are present. We there

fore expect possible violations of assumption 3 in our application to amorphous 

solid water. 

The composition or fractional occupancy of encaged compound K under the 

given conditions follows immediately from equation (1.22) and (1.23), 

where Y'K  = is the ratio of trapped molecule K to cage forming substance. 

PK is partial pressure when gaiseous K behaves as ideal gas. If gaseous K is not 

ideal, formula (1.24) still remains valid, but PK then denotes fugacity of K and 

not simply its partial pressure. The absolute activity of the gas of encaged 

compound K at temperature T is given by 

^  k T - ^ K { T )  
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Function ^K {T ) is the moleculeir partition function of gaseous K 

^ (27rmK-A'T)2 
^ K { T )  =  ^5 J H - { T )  (1.26) 

The first factor in equation (1.26) corresponds to the kinetic energy of transla-

lional motion of a K molecule and the factor jh'iT) denotes the partition function 

associated with its internal degrees of freedom including rotations. We can rewrite 

equation (1.24) as 

where C^i is the abbreviation 

c,. = 

and we call C K I  Langmuir constants. The chemical potential of the clathrate 

hydrate also follows from the pair of equations (1.22) and (1.23). By similar 

substitution we have for equation (1.27), we obtain 

-1- k T  V k i )  
t k 

(1.29) 
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where /ig is the chemical potential of the metcistable modification and is the 

probability of finding a molecule of K in a cavity of type i, which can also be 

written as 

(^Ki-Ph' /, .,ri, 

H + Z j C J . P J )  "  

In the resulting expressions for fractional occupancy of Y\-, Csi is the only 

unknown. If it were possible to construct Langmuir constants, the fractional 

occupancy >X' might be predicted under certain temperature, pressure and rela

tive abundances. The theory of absorption forces acting between an encaged gas 

molecule and its surrounding cage forming molecules ( see Section 3.1) provides 

a powerful method for the evaluation of Langmuir constants 

1 yO-Sa. 2J 
CKi = / exp[ 7-^]47rr dr (I..31) 

k b I  J O  K B I  

where U JK I  denotes average potential energy of a K molecule when at a distance r 

from the center of the cavitj'. If K is a spherical shape molecule, e.g.. C 

is given by equation (1.10). If K, on the other hand, is a rodlike molecule, e.g.. 

CO. uJKi is given by equation (1.7). 

According to X-ray analysis of clathrate hydrates, the encaged molecules are 
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situated in cavities formed by a framework of water molecules linked together by 

hydrogen bonds. Clathrate hydrates crystallize in either of two cubic structures, 

i.e.. I and II. The numbers and sizes of the cavities differ for the two structures 

and in both there are two types of cavities. In order to obtain the fraction 

occupancy of K in clathrate hydrate, we have to sum the resulting expression of 

equation (1-27) on the right hand side over two types of cavities. Because of the 

irregular structure of amorphous water ice. the evaluation of equation (1.27). on 

the other hand, requires us to sum the resulting expression over all possible values 

characterizing all types of cavities. If the distribution of cage sizes is denoted by 

G(a). the fractional occupancy of encaged compound K can be rewritten as: 

where v is the number of cavities per molecule of cage forming substance. 

When we apply the themodynamic model of clathrate hydrate to amorphous 

solid water, we implicitly assume that a porous amorphous ice sample with all 

cages empty is metastable and is in a transient state. This metastable form is 

transformed into the stable form, in which some cages are occupied by guset 

molecules while in equilibrium with the gas mixture. A certain amount of guest 

(1.32) 
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molecules hence tend to stay within the cages under conditions where temperature 

is well above their sublimation temperature or pressure is well below the minimum 

pressui'e at which the gaseous form is forced to condense. We are especially-

interested in co-deposition of H-^O vapors and gas mixture because it realistically 

mimics gas condensation in the outer solar nebula and interstellar molecular 

clouds. In the coming Section 1.4.2. we will demonstrate that there is slight 

likelihood that an encaged gas molecule can diffuse from the surface layer to the 

interior of amorphous solid water. 

The formation of porous amorphous solid water with encaged guest molecules 

can be regarded as the combination of two phcises: the formation of the metastable 

amorphous solid lattice with empty cages and the inclusion of guest molecules in 

the empty cavities. The final product wnth encaged guest molecules is presumably 

formed when the empty cages in porous amorphous solid w^ter are occupied bv 

other guest molecules while in equilibrium with the gas mixture. For porous 

amorphous solid water with encaged guest molecules to be stable with respect to 

gas mi.xture which include water vapor and other gas molecules, it must have 

<  f ^ g  (1.33) 
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where f^a stands for the chemical potential of the porous amorphous solid water 

with encaged guest molecules, fig is the chemical potential for the gas mixture. 

Subtract //f (the chemical potential for the metastable modification with all cav

ities empty) from both side of equation (1.33) and substitute equation (1.29) into 

the left side, one has 

When equilibrium 

Gas mixture ?= Porous amorphous solid water with encaged gas molecules 

l n ( l  -  H  V K i )  <  f ^ g - (1.34) 

With equation (1.30) this condition may alternatively be expressed as 

occurs, the "="sign will hold for equation (1..34). The chemical potential of the 

gas mi.xture fig and the difference fig — fi^ are not only determined by P and T, 

but also depend on concentration in the gas mixture. In particular, the chemical 
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potential of the component i in the gas mixture can be written as: 

T )  =  T )  + k T l n X ,  (1.36) 

where P, is the partial pressure of component i and A'i is its concentration. P is the 

total pressure of the gas mixture. fi{(P,T) is the chemical potential of a pure gais 

of particle species i with total pressure P. Equation (1.35) necessarily means that 

a minimum partial pressure for the gas mixture is required to make the formed 

porous amorphous solid water with encaged guest molecules thermodynamically 

stable. Consider the simplest case of a gas mixture consisting of only one kind 

of gaseous molecule K and water vapor. This minimum pressure along with the 

degree of trapped K can be best illustrated by Fig. LIS. .As shown in the 

figure, trapped K will saturate the amorphous solid water at certain pressure, 

i.e.. all possible voids in the ice sample are occupied by K molecules. Even 

though the partial pressure of K is increased above this level, we would not see 

increased trapped K. Also notice from the figure that the required minimum 

partial pressure is increased with temperature. The amount of trapped K, on the 

other hand, declines with temperature at the same partial pressure. The ratio of 

trapped K at certain P and T to the theoretical ma.Kimum trapped K. which is 



Maximum Trapped Ratio 

TJ —. 

<T2 

Minimum Pressure at T1 
Minimum Pressure at T2 

Partlet Pressure of K 

Figure 1.18: Uptake of K as a function of P and T. 
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the same eis the number of void cages in the ice sample, can be manifested as 

Amount of trapped K ^ 

Theoretical maximum trapped K XT. 

Substitute equation (1.27) into (1.32), we will have 

C* • ^ ' 
Amount of trapped K _ E." (i+cl-.k) (138) 

Theoretical maximum trapped K 

The result shown in Fig. I.IS gives us the theoretical predictions for trapped 

K at certain P and T. We would predict in every case the measured value will 

lav close to this theoretical prediction. 

1.4.1 Double Occupancy of Cage Sites 

As described in Section 1.3.2, a large quantity of voids exist in amorphous solid 

c c 

water. Their sizes range continuously from below 4.0 A to 6.0 A (see Fig. 1.17). 

Under this circumstance, molecular hydrogen can possibly occupy the same void 

o r  b i n d i n g  s i t e  w i t h  a n o t h e r  h y d r o g e n  o r  e v e n  w i t h  a  C O ,  N 2  a n d  C m o l e c u l e .  

The two molecules should be oriented so that little or no overlap occurs with the 

electron shells of the void site walls. Electron overlap leads to strong repulsion 
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and hence a small Langmuir constant . We therefore have made the somewhat 

artificial assumptions that one molecule is fixed at the center of the spherical cage 

while the other is forced to occupy other regions in the cage. Even under this 

assumption, we still should be cautious about the resulting restrictions of rotation 

of one or both molecules, which reduces the entropy contribution and hence the 

Langmuir constant. The importance of double occupancy thus depends on the 

competition between added entropy of having two molecules in the cage and the 

reduced entrop}' of restricted rotation. Lunine and Stevenson (1985) examined the 

geometric issue for a spherical clathrate cage of well defined size. VV"e will employ 

it direct!}' in our double occupancy study of amorphous solid water. Fig. 1.19 

illustrates the geometric construction for clathrate double-occupancy calculation. 

The probability qiji of double occupancy of a cage site / by molecules i and j is 

given by 

= (1-39) 
^cage 

where Vcage = is the volume available for occupation of the cage by 

molecule i and Vi is the e.xcluded volume due to occupation by i. given by the 

common volume of spheres of radius a; — <TJ and <Ji. The quantity cr^ is the 

square-well collision diameter for molecule j's interaction with H2O molecules in 



Figure 1.19: Geometric construction for double-occupancy, a, and aj are the 
collision diameters for molecules i and j. a is cage radius. The shaded region is 
the cage volume excluded from molecule j given by common volume of spheres of 
radius a — aj and cr,. (From Lunine and Stevenson, 1985) 
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the cage, while o", is the value for molecule i's interaction with molecule j. The 

volume Vi is given by 

V; = -{(a - - COS02 + ^cos^02] + - cos + ^cos^^i]} 

ex = 

(1-40) 

With the probability of double occupanc}' given by equation (1.39), the fractional 

abundance of molecule i encaged in cage type I is modified to 

1.4.2 Gas is streamed onto amorphous solid water and 

its possibility to be trapped 

So far, we have mainly focused on gais-water codeposition. In this section, we will 

consider the opposite, i.e.. when gas is steaxned onto axnorphous solid water, its 

possibility to be trapped. This is obviously related with the diffusion of encaged 

gcLS molecules from the surface layer to the interior of amorphous solid water. 

X i l  = V I  
C u P j  + I Ej q,jiCuC,iP^P, 

(1.41) 
1 + Hki^tkPi + 2 qtjkCikCjkPxP]) 
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A general class of problem in diffusion is one in which some of the diffusing 

molecules are immobilized and prevented from taking further part in the diffusion 

process. Diffusion happens when water molecules which are not in the most stable 

positions anneal and thus open the entrance of the closed cages. The encaged gas 

molecules are released from their unclosed trapping sites and can be immobilized 

again when they move into partially closed trapping sites with their entrances 

being sealed by other moving water molecules. This physical phenomenon is 

termed as sorption-diffusion" by Weisz (1966). According to Weisz, a common 

and universal relaxation time of the sorption-diffusion can be manifested as: 

r, = ~bC,IPCo (1.42) 

where R is the length parameter appropriate to the particular geometry. D is the 

diffussion coefficient, b is a tortuosity factor which is usually no larger than v^. 

P is the fraction of space accessible to mobile species, C/ is the total final concen

tration on the solid volume, and Co is the external driving concentration . From 

Lunine and Stevenson (1985), the diffusion coefficient D is around \Q~^^cTn^js 

at 50K. With > 1, it will take over 10® years for encaged gas molecules to 

move I A. The diffusion of gas molecules through the amorphous water ice is thus 
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strongly prohibited. 

1.4.3 Results and Discussions 

In this section, we examine the statistical thermodynamic model by comparing the 

theoretical predictions with the available experiment results. Also, we examine 

through this comparison the modifications of the pore structure of amorphous 

solid water with deposition temperature. 

We first compare the theoretical predictions with experimental data. The 

compositions of amorphous water ice with absorbed gas molecules can be pre

dicted in different temperature-pressure conditions by applying equation (1.32). 

Evaluation of equation (1.32) heavily depends on our knowledge of Langmuir 

constant, which in turn is related with cavity potential through equation (1.31). 

Comple.xities thus arise from the constructions of cavity potential, whose value 

depends on the shape as well as on the size of the encaged guest molecules. For 

a monatomic gas molecule Ar or a small size molecule H2, the spherically av

eraged interaction between the guest molecule and cage forming H2O molecules 

is evaluated by using Lennard-Jones-Devonshire cell theory, i.e., equations (1.4) 

and (1.5). For nonspherical molecules, e.g., CO, N2, CO2, O2 and quasi spherical 
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molecule CH^. this cavity potential was derived by McKoy and Sinanoglu and 

is given by equation (1.7) for rodlike molecules and equation (1.10) for spherical 

molecules. 

Typical comparisons are displayed in Table 1.2 and Table 1.3. in which the

oretical predictions are made using pore size distribution shown in Fig. 1.17. In 

Table 1.2. data is obtained for a gcis-mixture H2O : N2 • CH4 : Ar = 1 : 0.33 : 

0.33 : 0.33 with total pressure of 2xl0~® Torr. Table 1.3 gives similar compar

isons for 1:1 single gas-water mixture, i.e., H2O : CO = 1:1. The experimental 

data for both tables is from Bar-Nun (1988). It is immediately evident that the 

calculated values are good when deposition temperatures are 50K and 7.5K. but 

are off at 30K and lOOK. The significantly higher experimental data at 30K is at

tributed to two factors. Firsth', all the considered volatiles form pure frozen gases 

besides absorbed contents. Secondly, the release of trapped gases is accompanied 

by massive ejection of ice grains propelled by gas jets, making gas-to-ice ratios 

up to a few times larger theui they should be (Bar-Nun et al.. 1985). The good 

agreement between calculations and experimental data at 50K and 75K assures 

us that the cage size distribution displayed by Fig. 1.17 is reasonable for amor

phous solid water formed at this temperature range. The discrepancies at lOOK. 

on the other hand, imply that amorphous solid water formed above 7oK attains 



Table 1.2: Experiment and calculated trapped gas ratios for a gas mixture: 
H20-N2-CH4:Ar=l:0.33:0.33:0.Z3 (total pressure: 2xl0~^ torr). 

Calc. Expt. 

T (K) N2 CHi Ar N2 CH4 .4r 

30 0.02 0.51 0.04 4.0 4.0 4.0 

50 4.0x10-3 0.3 0.02 1.6 X10-3 0.2 0.01 

75 2.7x10"'' 6.0x10-2 4.6x10"'' l.OxlO"'' 3.2x10-3 1.3x10--' 

100° 1.7x10"® 1.84x10"® 9.3x10"' 3.1 X10-^ 1.6x10"^ 3.2x10-' 

lOO'' 1.2x10"^ 2.3x10"^ 1.2x10"® 

Experiment values from: A. Bar-Nun, Phys. Rev. 5 38, 7749 (1988) 

a: From the Gaussian distribution shown in Fig. 1.15. 

b: Calculated from the Gaussian distribution with arithmetic mean=4.0A and 
standard deviation cis 0.256A. 



Table 1.3: Experiment and calculated trapped gcis ratios for 1:1 single gcis-water 
mixture (//20-C0=l:l) with total pressure of 2.0x10 ^ Torr. 

T ( K )  3 5  5 0  7 5  1 0 0  

Expt. 5.0 0.05 1.26x10"^ l.OxlO"' 

Calc. 0.5 0.15 1.6x10"^ 3.2x10-^° 

2.0x10--'^ 

Experiment values from: A. Bar-Nun, Phys. Rev. B 38, 7749 (1988) 

a: From the Gaussian distribution shown in Fig. 1.15. 

b: Calculated from the Gaussian distribution with arithmetic mean=4.0.4 and 
standard deviation «is 0.256A. 
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different pore structure. We turn to examination of our suggestion by experi

ment results. For H20{as) formed above oOK. Bar-Nun (19SS) observed tliat the 

trapped ga.ses were mainly released during water evaporation; only a small frac

tion came out during the phase change. We suggest that this phenomenon stems 

from the same origin (changes of pore structure with deposition temperature) 

and can be explained as following: Codeposition of water vapor with other gets 

mixture at low temperature can form porous amorphous solid water with some 

gas molecules trapped in its pores. When the ice sample is heated to the point 

where a phase change happens, the water molecules become temporarily mobile 

and the ones in energetically unfavorable positions move to energetically favorable 

positions, shrinking some big pores or even making them disappear: the encaged 

gas molecules are thus squeezed out and released from the ice sample. For the ice 

sample formed above 75K, some of the deposited water molecules have enough 

energy to diffuse to the most energetically favorable positions or to the positions 

where their bounding sites are not far away from the most favorable bounding 

sites, forming a less porous solid matrix with smaller average pore size. During 

phase change, still the water molecules in the energetically unfavorable positions 

move to the energetically favorable positions, but to a lesser extent. During this 

molecular movement, most of the cages shrink to a comparable clathrate hydrate 
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cage size, making the encaged gas molecules more tightly trapped: only a small 

fraction with relatively large size disappears, making the entrapped gas molecules 

release from these disappearing cages. On the contrary, for the ice sample formed 

at very low temperature, most of the deposited water molecules do not have 

enough energy to move, they stay at the energetically most unfavorable positions 

and big size pores are popular in the ice sample. During phcise change, a large 

number of water molecules become mobile enough and have enough energy to 

rearrange themselves, making big size pores shrink or disappear, and relatively 

more trapped gas molecules are released. By following this analog, we would 

expect that the structure of amorphous solid water changes with deposition tem

perature. The effects of temperature on the porous structure of amorphous water 

ice can be seen as gradual decrease in its average cage size. With this in mind, 

we intend to use a new cage size distribution with arithmetic mecin near 4.0 A 

for amorphous solid water formed above 75K. Fig. 1.20 shows us the comparison 

of this new cage size distribution with the distribution shown in Fig. 1.17. We 

could demonstrate in Table 1.3. that this new cage size distribution makes the 

calculations in good agreement with the experimental data at lOOK. However, 

there are some qualitative differences between theory and experiment. Such dif

ferences axe most evident from Table 1.2. While the enhancement in the trapping 
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Figure 1.20: Distribution of cage sizes for amorphous solid water a.t T < 90K 
and r>90A'. 
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Figure 1.21: Calculated trapped gas ratios for 1:1 single gas-water mixture 
(H20:C0=1:1) with total pressure of 2.0x10"® Torr and 2.0x10"^. 

of CH4 over N2 is gone at lOOK according to the experiment results, we still keep 

the same trend of enhajicement in our calculations. Nevertheless, the new cage 

size distribution makes a better quaintitative fit at lOOK than the old one. An 

explanation for the qualitative discrepancy is offered hereafter in Chapter 2. 

In conclusion, the new cage size distribution with arithmetic mean 4.0A 

makes a better fit with experimental data at lOOK. According to our theory, frac

tional abundances of trapped gas volatiles decrease exponentially with substrate 

temperature assuming an unchanged porous structure. Apparently this pattern 
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is not in good agreement with experiments when the deposition temperature is 

above 75K. The new distribution with smaller average pore size enhances attrac

tions between an encaged gas molecule ajid the water molecules comprising the 

cage wall (Fig. 1.9 ). This factor attenuates the effect on fractional abundances 

brought about by increased deposition temperature, making the theoretical pre

dictions accord well with experimental data above 75K. 

We now consider the pressure dependence of the fractional abundances of 

trapped ga^es. Fig. 1.21 examines the effect of pressure on the compositions of 

amorphous solid water with encaged CO. By increasing the pressure of gas-water 

mixture, more CO molecules can be compressed into void cages and the ratio of 

trapped CO to water is thus enhanced. 

Hydrogen molecules are the most abundant in the universe. In fact, amor

phous solid water forms in the presence of a large excess of hydrogen in the outer 

solar nebula. Table 1.4. illustrates the competition among several gas species 

including H2- .A.morphous solid water is formed by codeposition of water-gas 

mixture enriched with H2. It can be seen from the table that trapped H2 is negli

gible. Also, a 1000/1 excess hydrogen ratio does not affect by much the trapping 

of CO, N2 eind CH4 in the ice. We further investigate the double-occupancy 

of cage sites by H2-H2 and H2-Cetc. in Table 1.4. We find that double 
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Table 1.4: Calculated trapped gas ratios for gas mixture enriched with //>. In 
Case 1. H2O : H2 : C: CO = 1 : 35 : 1 : 1 : 1: in case 2. H2O : H2 : C: 
A 2 : CO = 1 : 1000 : 1 : 1 : 1. Case 3 considers double occupancy of H2-H2 and 
H2 with other gas molecules with H2O : H2 '• CH4 : N2 : CO = 1 : 35 : 1 : 1 : 1. 
In all three cases, the total pressure is 2x10"^ Torr, the deposition temperature 
is 50K. 

H2 CH4 N2 CO Total 

Case 1. 

Case 2. 

Case 3. 

0-1628x10"' 0.2115 

0.4354x10-' 0.1200 

0.1911x10-' 0.2121 

0.9608x10-2 0.2261x10-1 0.244 

0.1286x10-2 0.6704x10-2 0.128 

0.1508x10-1 0.2770x10-1 0.254 
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occupancy does not bring enhancement to trapped H2- Both Table 1.2. and 

Table 1.4 demonstrate that there is a strong competition among the gases on 

the trapping sites. CH4 hcis the highest propensity to be trapped followed by 

CO > .V2 >> H2- a prediction confirmed by Bar-Nun's data. 

In conclusions, we find that: 

1. The pore structure of amorphous solid water changes with deposition tem

perature. Specially the porosity of amorphous ice decreases with temper

ature. .\ttractions between an encaged gas molecule and its surrounding 

water molecules are strengthened with decreased cage size. Such stronger 

interactions attenuate the effect of increased deposition temperature on 

fractional abundances of trapped gas molecules. .A^t high deposition tem

perature (>75K). the arithmetic mean of the cage sizes is close to the cage 

size of clathrate hydrate; only a small fraction of trapped gases release 

during pheise change. 

2. .'\lthough CO, CH4 and N2 are much less abundant than H2 in a cosmic 

composition gas, they have much higher propensity for being absorbed and 

will compete for absorption sites. CH4 is the most abundant absorbed gas 

species in amorphous solid water followed by CO, 7V2, H2-
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3. The compositions of amorphous solid water with encaged gas species is 

sensitive to pressure and temperature. When deposition temperature is 

increased, fewer gas molecules can be absorbed in amorphous solid water. 

Higher gas pressure can compress more gas molecules into the void cages 

and thus can compensate to some extent for an increase in deposition tem

perature. 

4. Two important factors determines gas trapping efficiency: the interaction 

of the encaged gas molecules with the cage forming water molecules and 

the porous structure of amorphous solid matrix. 

.Although there are some discrepancies between theory and e.xperimental data 

for ice depositions formed above 75K (Table 1.2). the theoretical model gives a 

good estimation of the relative trapping efficiencies of gases from a mixture at 

T<7bK. One important application of the theoretical model in planetary sciences 

is that, from the known gas composition of a comet, it can provide a direct link 

to the conditions under which the comet was formed. 
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1.5 Kinetics vs. Thermodyngiinics 

In the preceding section, we have been concerned with the statistical thermody

namic aspects of amorphous ice formation. Application to problems of nebular 

condensation requires consideration of the kinetics, which exemplifies many of the 

essential properties of a growth process related with the formation of amorphous 

solid water. To this end. the basic physical mechanisms of molecular diffusion, 

desorption and deposition processes will be used to construct realistic models of 

amorphous ice growth. These three processes control surface reactions and the 

interplay between them determines the structural properties of amorphous solid 

water. 

1.5.1 Deposition 

A water molecule from the vapor arrives at a random position on the interface, 

forms bonds with the surface molecules and sticks. This process is termed de

position. Consider a solid in equilibrium with a gas of molecules of mass m. 

Elementar\' kinetic theory provides an estimate of the surface impact rate for a 
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gas at fixed pressure P and temperature T 

rate = rrr 
{2TrmTf'^ 

1.5.2 Desorption 

An effect competing with deposition is desorption, i.e.. some water molecules de

posited on the surface leave the ice interface. The desorption probability depends 

on how strongly the water molecule is bounded to the ice surface. When a water 

molecule is deposited on a surface, it forms bonds that must be broken before 

desorption can occur. The strength of the bonds depends on the local geometry 

of the surface where the molecule sticks and expressed in terms of the amount of 

energy needed to break it. 

The usual procedure for measuring the lifetime of a deposited water molecule 

is to measure the average time r spent by the molecule on the ice surface from 

deposition to desorption. r is found to obey .A.rrhenius's law (.Arthur. 196S) 

r = Toexpi^) (1.44) 

where T is the substrate temperature and -q is the oscillation period of the de
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posited water molecule in its bonding site of the surface. EQ is the characteristic 

desorption energy to release a water molecule from the surface. .A^ccording to 

equation (1.41), the desorption rate is sensitive to changes in the substrate tem

perature. Below a certain temperature, desorption practically stops and only the 

deposition rate determines the growth velocity of the ice interface. 

1.5.3 Diffusion 

During the growth of an ice sample, a water molecule not only participates in de

position and desorption processes, but also diffuses on the ice interface, searching 

for the energetically most favorable position. This activity is termed diffusion. 

Diffusion is one of the essential parameters controlling the structural properties of 

growing water ice.The diffusion length can be quite large, depending on the tem

perature and the binding site energy. In order to diffuse from a weaker position to 

a stronger position, a molecule must overcome the potential barrier existing be

tween these two neighboring positions. According to Dissly (1994). this potential 

is about half the amount of desorption energy. The magnitude of the diffusion 

barrier depends on the nature of the diffusing molecules and is schematically il

lustrated in Fig. 1.22. A molecule is initially in position B where there is only one 
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Figure 1.22: Schematic illustration of the lattice potential and its microscopic 
origin. Atom B forms one bond (dotted lines) with the surface atom, and it is 
in an energetically unstable position, corresponding to maiximum of the lattice 
potential V(x). In order to diffuse, it must move into a position A where there 
are two bonds. This is an energetically favorable position, corresponding to a 
minimum of the lattice potential V(x). 
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strong bond. This is an energetically unstable configuration. The molecule then 

diffuses to position A. at which the molecule forms two bonds with the surface 

molecules and it is in an energetical!}' favorable position. This diffusion process 

has not ceased yet. With more molecules arriving on the surface, an island forms 

as shown in Fig. 1.23. In this situation, the edge of the island is the most fa

vorable position. In order to stick to the edge of the island, the molecule will 

probabh' move into several intermediate positions like A and B shown in Fig. 

1.22, performing a random walk and exploring various sites on the surface until 

it reaches its destination, i.e., C or D in Fig. 1.23. The average number of jumps 

in a unit time interval has an exponential temperature dependence, given by the 

.A.rrhenius's law 

N = ujoexpi—Eo/ksT) (1-45) 

where U J D  is the frequency of molecular oscillations which would be of the order 

of the molecular frequency of vibration ( lO^^^ec"'). EQ is the diffusion barrier. 

Molecular diffusion is highly sensitive to changes in substrate temperature and 

is severely prohibited when the substrate temperature is sufficiently low. When 

the molecule finally sticks to the edge of the islajid. i.e.. C and D shown in Fig. 

1.23. the molecule forms a bond with a molecule on the edge of the island. The 
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Figure 1.23: Molecules may stick to the edge of an island or step, forming addi
tional bonds. This reduces their diffusion: to move in the x direction, molecule D 
must break an additional bond it formed with the molecule on the perimeter of 
the island. Even less probable is the breakaway of molecule C, which must break 
three bonds to diffuse. However, molecules C and D may diffuse along the edge 
of the step in the y direction which is less expensive energetically. 
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probability that the molecule breaks away from the edge. i.e.. moves one step 

further in .x direction is exp[—(£'0 + E;^)/KST]. E_\ is the bonding energy of 

the molecule with the molecules on the edge. This extra barrier E,\ can make 

the diffusion probability dramatically smaller than the characteristic diffusion 

probability of the molecule on the surface without any islands. Once the molecule 

sticks to the edge of the island, it will remain there for a long time so that we 

could think that the diffusion process finally stops. As shown in Fig. 1.23. 

it will take even longer for the molecule in position C to move in x direction, 

since it has three bonds to break, .^gain. the breakaway probability of the bonds 

depends exponentially on the substrate temperature and the bonds can be broken 

more easily with higher temperature. Thus a deposited molecule is subject to 

two categories of kinetic process during diffusion: motion on a flat terrace and 

interactions with the edges of islands. 

In summary, at high temperatures the diffusion length of a deposited molecule 

is very large as shown by equation (1.45) and deposited molecules can potentially 

find edges of islands where they can stick nearly irreversibly. Under these condi

tions, it is possible for the interface to grow in layer-by-layer mode and essentially 

all deposited molecules are in energetically most favorable positions. Therefore 

the growing interface is smooth and the bulk water ice is crystalline. Lowering 



99 

the substrate temperature will decrease the diffusion length. Before finding the 

edge of the existing islands, molecules will meet and nucleate new islands on the 

surface. Furthermore, islands will nucleate on the top of the e.xisting islands as 

well. Surface diffusion is still relevant, but the interface becomes rough and the 

bulk water ice is in a phase between crystalline and amorphous. Lowering the 

temperature still further, the diffusion length becomes shorter than the lattice 

spacing of a crystal. In this limit diffusion is severely prohibited and only depo

sition determines the growth, i.e., the deposited water molecules will be buried 

by subsequent incident H2O molecules before they diffuse to the favorable po

sitions and the water ice becomes amorphous with a rough surface. Moreover, 

co-deposition of the gas mixture consisting of water vapor and other encaged gas 

compounds at low temperature results in ice with bulk porosity, trapping signif

icant amount of other gas molecules. This porous amorphous solid water with 

encaged gas molecules is presumably formed by a surface reaction which involves 

the above three processes. During this surface reaction, the porous structure of 

amorphous solid water grows and encaged guest molecules occupying the partially 

formed cavities. As water molecules condense to close the entrances to the par

tial cavities and finally complete them, the encaged gas compounds may persist 

under conditions where they are no longer thermodynamically stable. 
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1.6 Mechanism for infrared band shift of encaged 

molecules in amorphous solid water 

The ability of trapping encaged compounds by amorphous solid water is also 

shown in the changes of infrared bands of encaged compounds through experi

ments (Sandford,19SS). Comparisons of infrared bands of encaged compounds 

with their gaseous spectra reveal that the band centers of absorbed molecules are 

shifted, generally to lower frequencies. This is due to the matrix environmental 

effects, i.e., amorphous water ice in our case. To understand this. let us visualize 

a cavity of somewhat large size, as will form quite naturally in amorphous solid 

water. Imagine further that inside that cavity, there is located only one molecule, 

weakly bound to the water molecules that surround the cavity, i.e.. the trapped 

molecule is sufficiently far apart from water molecules that electron exchange may

be neglected. The translational motion of the encaged molecule will be controlled 

by the interaction between it and the surrounding water molecules. Friedmann 

and Kimel (1965) established a general theoretical model to account for the shift 

of the vibrational bajid center of diatomic molecules in noble-gas matrices. In 

gas phcise, the infrared lines are determined by adding the unperturbed rota

tional energy to the unperturbed vibrational energy, there being no constraint 
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on the molecule. In a solid matrix, where the trapped molecule is undergoing 

constrained translational motion, the band center of (u'*—0) absorption is shifted 

because of the dependence of this translational energy on the vibrational state 

of the molecule. .A.t low temperature considered, only the ground translational 

state is populated. By using an idealization of the Lennard-Jones-Devonshire 

cell model, the ground translational energy is 

where r is the separation of the center of interaction of the trapped molecule to the 

center of the cell. Vy{r) in equation (1.46) denotes the intermolecular potential 

energy at vibrational state v of the trapped molecule. is the energj- of the 

oscillation motion of the trapped molecule in its cell. Therefore, the center of the 

i'<—0 band in a condensed system is shifted by an amount 

= K,(r) +u.'t,(r) (1.46) 

- £o"") (1.47) 

To put the preceding on a more quantitative basis, we intend to apply Friedmann 

and Kimel's cell model to trapped CO in amorphous solid water, combining 
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our knowledge of structural properties of amorphous water ice. If r in equation 

(1.46) is 0 and assuming the pairwise intermolecular potential energy between the 

trapped molecule and a water molecule on the cage wall is the Lennard-Jones(6-

12) potential energy, Vi,(0) is 

/ \ 12 / \ ® r <TAX) <7,.(x) 
v;.(0) = 4rc,.(x)(-^) -2(^^)J (1.4S) 

a a 

where r is the number of water molecules on the cage wall and a is cage radius. 

ct^.(x) and c7-t,(x) are L-J force constants which depend on the intermolecular vi

brational qucmtum number v. x denotes the displacement from the equilibrium 

internuclear distance in a diatomic molecule. From equation (1.46) and equation 

(1.47). the center of vibrational band i;<—0 is shifted by an amount 

= ;^[K(0) - Vo(0) +^v(0) -c.-o(0)] (1.49) 

The dynamic part of the vibrational shift WvCO) — u;o(0) is always small compared 

to the static part V^(0) — Vo(0) (Friedmann and Kimel, 1962). Therefore we 

can overlook the dynamic contribution in our calculation of the vibrational shift. 

Furthermore, assuming that the attractive term in the Lennard-Jones potential 
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is due to the sum of inductive and dispersive forces, the static part of the shift 

may be separated as follows 

^[K;(0) — Vo(0)] = Avl/ind + ^vl^dts + (l.oO) 

The various terms are given by expressions: 

^vl^.nd = -7—-£o(^)[ J AVQ 
nc a 

= -T-^^o(a:)l ] A,.// 
nc a 
12 

= -^z€Qix)[^^] + (1.51) 
he a 1 + y 

w here 

_ 2vm'^''^ aQ{x)-a'o{x) _ 
/ 1 / 2  1 / 2  I  ( 1 . 0 « )  m' — Qov-C') 

m is mass of trapped diatomic molecule, v is quantum number representing the 

vibrational state of the trapped diatomic molecule, a is the polarizabilit\- of 

the trapped molecule. The prime designates an isotopic molecule. can be 

written as 

vtiQ{x)ab{dyL/dx)Q < 01x|0 > 

eoix)ao{x) 
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where noix) is the dipole moment of the trapped molecule . aj is the polarizabilitv 

of water molecules. < 0|a:|0 > is the mean displacement from the equilibrium 

internuclear distance in the ground state of the trapped molecule. The parameter 

y in equation (1.51) is given approximately by 

where N is the number of electrons in the valence shell of the trapped molecule. 

(To(x) and crj are for the trapped molecule and water molecule respectively. This 

crude empirical estimate is a good enough approximation since (2 -f- y)/( 1 + y) in 

equation (1.51) varies only from 2 to 1 as y increases from 0 to oc. The molecular 

constants appearing in the above equations for CO and H^O molecules are listed 

in Table 1.5. 

The band shift for a trapped CO in a cavity with specific size is given bv 

equation (1.50). If the distribution of cage sizes is denoted by G(a), the average 

band shift considering the contribution from various cages is 

2 <To(x) 
[1.93(log8/log.'V) - 1] (1.54) 

(1.55) 
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Table 1.5: Molecular parameters for CO and H2O 

CO H2O (A) 

c( in cm ^ ) 

cr{ in A ) 

a( in .4^ ) 

Iri in DA ) CiX ^ ' 

f/{ in D ) 

69.6" 

3.76'' 

1.95" 

-2.96" 

0.12" 

< 0!x|0 > 0.004" 
( .4 ) 

399.6'' 

3.10' 

1.45 

a: H.Friedmann and S.Kimel, J. Chem. Phys., 43, 3925 (1965) 

b: Hi.xon et al., J. Chem. Phys., 97, 753 (1992) 
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Equation (1.55) relates the band shift of trapped CO to the distribution of cavity 

sizes in amorphous solid water. The Gaussian distribution shown in Fig. 1.15 

implies that cavities range from 4A up to 6.4. We argue that this is a reasonable 

range. Generally cavity radius can not be less than 2.4. for this would be no cavity 

at all and repulsive forces would be strong. Nor is cavity radius larger than 20.4. 

for few cavities of such size would be expected to persist without collapse in a 

normal solid. Evaluation of vibrational band shift by equation (1.55). given the 

cavity size distribution shown in Fig. 1.12, gives us A^.u = o.7cm~^. It is a good 

fit with the experimental data, ~6cto~^. 

1.7 Conclusions 

We have constructed a statistical thermodynamic model, by which compositions 

of amorphous water ice with trapped volatiles under different temperature and 

pressure conditions can be predicted. Fitting our model to laboratory data for 

a variety of molecules trapped in amorphous ice has yielded useful information 

of the structural properties of amorphous water ice. The discrepancies between 

theory and experimental data for ice depositions formed above 75K motivate us 

to collect more laboratory data. This issue is addressed in Chapter 2. 
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C h a p t e r  2  

EXPERIMENTAL STUDY OF GAS TRAPPING IN AMORPHOUS 
WATER ICE 

2.1 Introduction 

In the preceding chapter, we have established a statistical thermodynamic 

model to predict compositions of amorphous ice with trapped impurities. 

This approach has allowed us to obtain fractional abundances of trapped 

gases under various temperature and pressure conditions. We find that 

theoretical predictions are in good agreement with previous measurements 

(Bar-Nun et al., 1988) for low temperatiu'e depositions (below lOOK). There 

are some discrepancies for ice prepared at lOOK, It is of interest to ask 

whether ice films prepared at T>100K attain a different structiu-e, such that 

the void size distribution does not obey a simplified Gaussian distribution. 
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To date, numerous laboratory studies on gas retention at very low temperature 

have been carried out (Ghormley, 1967; Bar-Nun et al., 1985-1997; Sanford 

and Allamandola, 1988; Hudson and Donn, 1991). Previous studies (Bar-Nun, 

1985-1988) have shown that gases are trapped indiscriminately and in lai^e 

quantities at low temperature range (18K-35K) due to condensation. At a 

warmer temperature range (50-100K), gases begin to compete for available 

trapping sites and are released in several distinct temperature ranges. While 

these laboratory studies are valuable, they capture only a small part of the 

temperature-pressure-composition space. Significantly fewer studies have 

examined gas-trapping in amorphous ice prepared at T>75K. This is likely due 

to a decrease in the gas/water trapping ratio above 75K. Yet gas-trapping 

studies at T>75K are valuable for us to constrain the theoretical predictions. 

The aim of this chapter is to investigate gas retention of water ice prepared at 

T>90K. Our results considerably extend and refine the exi-sting laboratory work 
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in the following aspects. Firstly, we have examined the porosity of ice samples 

and their phase change. Secondly, we examine the competition among various 

gas species, e.g., CH4, CO2, N2, and CO. We find that the fractionation pattern 

of CH4, CO and N2 at T'>90A' is not identical to that a.t T < 90K. Thirdly, 

we find that ice prepared at T>90K is probably a mixture of crystalline ice and 

amorphous ice called "restrained" amorphous ice. In fitting experimental data, 

we assume that the cage size distribution in restrained amorphous ice is charac

terized by two preferred clathrate-like cage types. We find that the quantitative 

agreement with experimental data is quite poor. However, the fractionation pat

tern of trapped volatiles under investigation is adequately represented. 

2.2 Experimental Section 

The experimental apparatus is diagrammatically shown in Fig. 2.1. Briefly, it 

consists of two stainless steel chambers separated by a gate valve. 

The top chamber supports two pairs of KCl windows for the passage of the 

infrared beam and laser beam, an optically flat aluminum substrate, a Bayard-

.Alber ionization gauge, and a Baratron capacitance manometer. The Al substrate 

has a diameter of 6.35cm, it is vertically mounted through indium foil interfaces 
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Figure 2.1: Side and top views of apparatus. 



I l l  

to a copper block/Kapton heater pair of matched diameters in thermal contact 

with a liquid nitrogen filled cryostat. Using liquid nitrogen cooling, a minimum 

temperature of 90K is obtained. The heater is controlled by a Eurotherm temper

ature programmer, which can ramp the temperature between 0.1—5K/min. Tem

perature is measured by a T-type thermocouple mounted to the substrate with 

thermally conductive epoxy. Radial gradients (determined by initially mounting 

5 thermocouples across the substrate) are estimated to be < 2K. Based on re

sults from temperature-dependent deposition rates and equilibrium water vapor 

pressure measurements (160K). the temperature is accurate to ±2K. 

The bottom chamber leads to an Edwards Diffusion Pump (300L/s) and a 

Standard Research System quadrupole-based 300AMU Residual Gas .Analyzer 

(RG.A.). The system can be pumped to 7xl0~® Torr base pressure and the base 

pressure is made up largely of N2 ,H20, O2, CO2 and H-z- Research purity gas 

and water vapor enter the bottom chamber through high precision leak valves. 

Each valve is attached to a separate manifold on a diffusion-pumped (< 10~^ 

Torr) glass line. Further purification of the water was implemented with several 

(> 6) freeze-pump-thaw cycles at 10"^ Torr on its attached vacuum glass line. 
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2.2.1 Measurements of Chamber Pressures 

Chamber pressures are monitored with an ion gauge. Because ion gauge pressure 

readings are known to drift with time and their absolute sensitivities may be in 

error by as much eis ±50%, the ion gauge pressure Pic is calibrated individually 

for water and each volatile under investigation at room temperature using the 

absolute pressure of the Baratron Capacitance Manometer positioned near the 

substrate. The calibrations were linear in the region of overlap betw-een the ion 

gauge and Baratron (10~^Torr<PBar<10~'Torr) and were subsequently extrap

olated to calibrate the lower pressures employed in this investigation. Average 

results over 3 measurements for PEAR/PIG yielded the following calibration values: 

H2O (1.12), CO (1.03), CHA (0.73), iVj (1.00), and COn (0.73). 

2.2.2 Ice film preparation 

-After the test chamber is thoroughly evacuated (7x 10~® Torr) and the substrate is 

cooled to the selected temperature (90-160K), the volatile of interest is introduced 

into the bottom chamber through a precision leak valve to a desired pressure 

(measured by a calibrated ion gauge positioned near the substrate). Water vapor 

is next introduced into the chamber in the presence of the gas through a separate 
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leak valve. In this way. ice films were grown by codepositing water and the 

volatile onto the cooled Al substrate. Varying inlet pressures were employed to 

obtain different deposition rates. The film thickness was determined by optical 

interference of a reflected helium-neon laser at = 632.8nm as shown schematically 

in Fig. 2.1. The laser beam passed into the top chamber and was incident on 

the growing ice film. The resulting reflections from the vacuum-ice film and ice 

film-.4/ interfaces lead to constructive and destructive interference in the reflected 

laser beam, which is detected by photodiode and converted to a digital signal. 

This digital signal is plotted as oscillating intensity versus time using the LabView 

program. Film thickness at one constructive interference fringe is '2oOnm (Zondlo 

et al.. 1997). .An optical interference fringe during the growth of an ice film at 90K 

is shown in Fig. 2.2. By knowing the elapsed time for growing a full interference 

fringe, the film growth rate (deposition rate) can be obtained. When the ice film 

growth is completed, the volatile and H2O gas inlets are closed. The ice film is 

pumped for 30-60 minutes to a base pressure of 7 x 10~® Torr. 
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Figure 2.2: An experimental interference fringe during the growth 
of an ice film at 90K. 
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2.2.3 Density of the Ice Film 

Optical interference methods are also used to measure the density and refractive 

index of vapor-deposited water ice. The theoretical reflectance of a He-Ne laser 

at normal incidence is shown to be a function of ^i. 1x2 and n^. which are the 

refractive indices of vacuum (ni = 1). the ice film and .4/ substrate, respectively. 

The maximum reflectance. Umax- and minimum reflectance . Rmtn- occurring dur

ing constructive and destructive interference can be experimentally determined. 

The ratio can be written as (Berland et al, 1994) 

p . r"1 

Rmar ~ ^ i-ni +713 ' 

Equation (2.1) can be rearranged to solve for at a temperature where water is 

known to be crystalline with nj = 1.31. resulting in = 1..32±0.05. With known 

values of rii and n^, the refractive index of the ice film n2 can be determined. 

From the measured refractive inde.x of n2, the average density of the ice 

film with entrapped gets molecules (/9,ce) is calculated using the Lorentz-Lorentz 

equation 
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where A is the specific refractivity. A value o{ A = 0.2072cm^/g is calculated us

ing 722 and p.ce at 160K (1.31 and 0.93g/cm^, respectively). The "real" density of 

the ice p is the densitj- of the ice matrix after all the internally trapped compounds 

are removed. It can be calculated using the individual fractional abundance r,. 

where is r, = with N{ as internally trapped species i and as water 

by number. The ice film with encaged compounds occupies a volume V. V can 

be written as 

I ^ M, N, 

_ !^'av ' !^AV 

P ice 

) (2-3) 
-'.4u Pice : Pice 

where A'4t; is Avogadro's number and M, is the molecular weight for i. For H2O. 

M, is IS. If all the internally trapped guest compounds are removed, a porous 

water ice matrix is left behind with densitv 

N A. p = 
V 

18 
rJLl- _L V- MiZi.) 
^ P.cc ^ P.cc ' 

(•2.4; 

In this way, the density of the porous ice film is obtained through the measured 
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Pice and fractional abundances of trapped gas species. 

2.2.4 Ice Film Structure and Composition Measurements 

The entire process of ice film growth, annealing and sublimation is monitored 

simultaneously in the condensed phase using FTIR-RAS and in the gas phase 

using the Channel Electron Multiplier (CEM) of RGA. Precisely, FTIR-RAS is 

used to monitor the phase change from amorphous ice to crystalline ice and CEM 

is used to monitor temperature-programmed desorption of ice films. 

A. FTIR-RAS Measurements 

The condensed ice and any IR-active trapped volatiles (CO, CO2 and CH^) are 

monitored using Fourier Transform Infrared—Reflection Absorption Spectroscopy 

(FTIR-RAS). Incident light (7000-650cm~^) is from a Nicolet 550 Magna FTIR 

spectrometer with a silicon-carbide source (Fig. 2.1). One special advantage 

of using FTIR-RAS in this study is its ability to detect phase changes in solid 

water. We will discuss this application in Sec. 2.3. 

To increase sensitivity, the infrared beam first paisses through a Molectron 

wine-grid Polarizer before going through one of two pairs oi KCI windows. The 

polarizer is set for parallel polarization. The interaction of the incident infrared 
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Vacuum 

Figure 2.3: The interaction of incident infrared beam with the ice film . 

beam with the cold substrate can be described using the classical optics of a 

3 layered isotropic system shown in Fig. 2.3. The polarized incident infrared 

beam is reflected off the Al substrate and the reflected component is 

analyzed by a liquid nitrogen cooled MCT-A detector. The arrow labeled £2"^, 

E2~. and Ei~ represent the mathematical sums of all the multireflected waves 

traveling in the directions shown. Spectra of the sample on the substrate are 

ratioed against spectra of the cle<m substrate at the same temperature. They 

represent the condition of 128 scans at 0.5-32cm~' resolution. Two incident 
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angles { 9 )  are possible, greizing incidence (83°±3°) and near-normal incidence 

(r2°±3°). The former is used to probe surface features and thin films (< O.o/xm). 

Because thicker films (0.5-1.5^m) produce much more background scattering or 

absorption, they are probed by near-normal incidence. 

B. RGA Measurements 

Gas species evaporating from ice films are monitored in the range 1—300.A.MU by 

a Standard Research Associates (SRA) quadrupole-based residual gas analyzer 

(RG.A). Each evaporated geis species from the substrate is ionized through electron 

impact ionization. The created positive ions are then separated according to 

mass-to-charge ratio and the ion current is detected separately for each ratio 

by the CEM located at the e.vit of the mass filter stage. Fragments of several 

mass-to-charge ratios {m/z) can be created . The created fragments and their 

peak amplitude are unique for each gas species, forming a fingerprint that may 

be used for absolute identification of a gas or vapor. While a single ga^ can 

be effectively monitored by the fragment with the highest peak amplitude, non-

overlapping fragments are chosen for a gas mixture. Typically, HO'^{m/z = 17) 

is used to monitor H2O. Non-overlapping ions 02'^{m/z = 32), A'2'*'(m/- = 28). 

CHz^[mlz = 15) and [mlz = 44) are used to monitor O2. N2. CH4 and 
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Table 2.1: Linear calibratioa between current and partial pressure . 

Molecule Ion Ratio ( T o r r / A m p s )  

A2 A^2^ 106385 

C H ^  CH:,-^ 124000 

CO CO^ 121970 

CO2 CO2+ 113250 

H2O HO^ 366000 

CO2. respectively. When N2 {CO) and CO2 are included in evaporated gas 

mi.xture, the ions with m/r = 28 are not only contributed by A2^ from N2 (CO"*" 

from CO), they are also contributed by CO2 (CO"^). In this Ccise. m/z = 2S is 

corrected for 15% of C02^-

The ion production (current) of each species is proportional to its partial 

pressure. The linear calibration between them is used to determine the partial 

pressures of evaporated gas species. The meaisured calibrations for N2, CH4. CO. 

CO2, and H2O are listed in Table 2.1. Once the partial pressure of gas species i 

is known, its flux Fi{mol/sec) from the substrate is obtained by 



where T is the temperature of the substrate. S is its area, m the mass of the 

molecule of gas species i. and Pi is the partial pressure for i. The amounts 

of water ice deposited on the substrate and of the various trapped gases were 

obtained by integrating their fluxes over the time of their evaporation. The 

ev-aporated HiO can saturate the CEM when its partial pressure exceeds 10"^ 

Torr. To eliminate this problem, the ice film is annealed to 177K. then desorbed 

isothermally. Alternatively, the RGA is configured so that the CEM is used 

to detect weak signals from trapped volatiles while the Faraday Cup is used to 

monitor strong signals from H^O. 

2.3 Results. 

In this section we present experiment results. We first discuss phase transitions 

monitored bj" FTIR-RAS. We then summarize the results of measured fractional 

abundances of trapped gases for ice prepared at different temperature-pressure 

conditions. 
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2.3.1 Phase Characterization 

The complexity of the intermolecular forces in the condensed phases of water gives 

rise to a variety of structures determined by the kinetics of the ice formation. .At 

low temperatures and pressures, water ice can occur in two crystalline forms and 

a number of amorphous forms. The amorphous forms are distinguished from their 

crystalline counterparts by a molecular structure with local short-range tetrahe-

dral ordering but no long-range order. Both experiments and theoretical studies 

(McGraw, 1978) point out that in solid water the intermolecular interactions are 

comparable in importance to the intramolecular interaction. It thus would be 

e.xpected that the binding within a water molecule is appreciably altered in solid 

states. The alterations are directly manifested by changes of vibrational spectra. 

Consequently infrared investigations of solid water can yield useful information 

about the nature and structural properties of solid states of aggregation. 

Vibrational spectra of solid H2O are dominated by a broad band at 3250cm~' 

due to modes of OH-stretching vibrations coupled in the solid. These modes 

correspond to the symmetric [ui) and antisymmetric (1^3) stretching modes of an 

isolated H2O molecule shown in Fig.2.4. Fig. 2.5 displays the OH-stretching 

band for four ice samples grown (Inm/sec) on the aluminum substrate at 90K. 
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jP 

Figure 2.4: The symmetric and antisymmetric OH-stretching modes in a H2O 
molecule. 
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figure 2.5; Infrared absorbance spectra (OH-streching bjoid) for four ice samples 
prepared at 90K (a), llOK (b), 125K (c) and 135K(d) (Robinson, et al.). 

IIOK, 125K and 135K. The ordinate char£u:terizes the absorbance of the ice film, 

which can be represented as log/o//, where lo is the detected intensity when the 

ice film is absent and I the intensity when the ice film is present. The effects 

of temperature variations on the spectra can be seen as a gradual increase in 

band intensities, neirrowing in width , and shifts of peak frequencies. A shift of 

the OH stretch to lower wavenumber with increasing deposition temperature is 

attributed to the changes of strength of the hydrogen-bonds. The more broadened 

spectra at 90K and llOK are found to correlate with wider distribution of the 



125 

0.40 

# 

135K 

m 

90 100 110 120 130 140 ISO 16 
Tcfnpantun (K) 

Figure 2.6: Changes of integrated absorbance (4000-650cTn ^) for ice films pre
pared at 90K, llOK, 125K, and 135K during annealing (Robinson et al.). 

bond stretching force constants, which is caused by the disordered structure of 

amorphous ice (Hagen et al., 1981). 

Fig. 2.6 shows the integrated absorbance A =  f log lo / Idu  versus tempera

ture for ice prepared at 90K, llOK, 125K and 135K during ajineaIing(lK/min). 

Increases in integrated absorbance A are observed throughout the ramp. During 

annealing, some of the disorder disappeairs and a molecular rearrangement hap

pens. This molecular rearrangement is most evident from the ainomalous changes 

of integrated absorbance between 147-152K for ice samples prepared at 90K and 
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llOK (Fig. 2.6). suggesting that a new ordered structure is formed, that is. 

a phase change occurs. The sudden increase of integrated absorbance between 

147-152K (Fig. 2.6) is ascribed to the {H20)^^-\ce Ic pha^e transition, the tem

perature agreeing very well with previous reports (Mayer et al. 1983; Kouchi, 

1990). Further increase in temperature does not incur any discontinuous changes 

of integrated absorbance, implying that the fundamental molecular structure is 

unchanged. Only 0-0 separation is increased accompanying thermal e.xpansion. 

The lack of discontinuity in integrated absorbance for ice samples prepared at 

higher temperature (r25K, 135K) suggests that they are devoid of phcise change. 

The observed lack of discontinuity also indicates that the ice films formed at 

T>l2bK are crystalline and the ones formed at J'<110A' are amorphous . In 

addition, we observe that molecular rearrangement during the phase change is 

continuous rather than an abrupt phenomenon . which is evident from Fig. 2.6. 

This continuous process lasted about 5 minutes (annealing rate=l/\/mm). im

plying that the orientation and deformation of the local tetrahedra in amorphous 

water ice are not uniform throughout the molecular network. No two molecules 

in amorphous water ice are structurally equivalent. 
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2.3.2 Gas Trapping 

Although gases and liquid water used in our gas trapping experiments are research 

grade, water is not sealed under vacuum. Further degassing of the water reservoir 

is performed through several freeze-pump-thaw cycles on its attached glass line 

at 10~® Torr. 

Even though we took special care to eliminate contamination through de

g a s s i n g ,  w e  s t i l l  f o u n d  d i s s o l v e d  N 2 ,  C O 2  a n d  t r a c e  a m o u n t s  o f  O 2  a n d  C H 4  

when the water bulb and leak valve were opened to let in "pure water" vapor. 

The situation is clearly seen through Fig. 2.7. in which the partial pressures of 

accompanying residual dissolved gases are monitored by RG.A and their sum is 

Pgas = O-lP/ZjO- Under this circumstance, depositions of "pure water" ice films 

become codeposition of H2O and residual gases. Moreover, codeposition of H2O 

and an individual volatile, which is introduced into the bottom chamber through 

a separate precision leak valve, is actually codeposition of H2O. gas volatile and 

residual dissolved gases. Individual gas trapping experiments thus involve compe

tition of the targeted volatile with the residual dissolved gases. This complication 

is brought about by our experiment appjiratus and not a failure of our degassing 

procedure. 
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Figure 2.7: The response of RGA to inlet "pure" water vapor. Labeled lines 
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A modification has been recently proposed to the existing apparatus. 

V'arian Vaclon 150 ion/optional sublimation pump will be added to the chamber. 

By closing the gate valve to the diffusion pump and pumping instead with the ion 

pump, the base pressure in the chamber can be reduced to 10~^° Torr. Further 

degassing of water is achieved under ultrahigh-vacuum by redesigning the glass 

line to allow it to be pumped through the chamber. This modification will allow 

far more accurate future work 

Despite all these limitations, the current results are still valuable in con

straining our theoretical model described in Chapter 1. 

A. Trapping of Residual Dissolved Gases 

The first set of e.xperiments comprised gas trapping of residual dissolved gases. 

During deposition of ice films, we only open the water bulb and leak valve to 

let water vapor in. In this way, ice films are grown in the presence of residual 

dissolved gases. 

Fig. 2.S displays the responses of RG.A during ice film growth and annealing 

(iK/min). An ice film of Q.38fim was grown by vapor deposition at 90K with a 

growth rate of 0.44nm/sec. In the figure, we plot pressure (log scale) versus time 

during growth and plot flux (log scale) versus time during annealing. The density 
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Figure 2.8: Pressure versus time during ice film growth (a). Flux versus time 
during ice film annealing (b). The ice film 0.38/im thick was prepared at 90K 
with deposition rate 0.44nm/sec. 
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of the ice film with trapped g<ises is 0.91±0.02^/cm^. measured by the optical 

interference methods introduced in Section 2.2.3. It is worth mentioning that this 

value did not change within the error limits during all experiments carried out at 

different temperatures and pressures. The most remarkable observation is that a 

small burst of CO2 is seen from 3420 seconds to 3720 seconds. With an initial tem

perature of 90K and the ramp rate of lA'/mm, the substrate is warmed up from 

147K to 152K during this time period, coincident with the phase change moni

tored by the FTIR-RAS (Fig. 2.6). The low fractional abundances of trapped 

gases make their absorption in IR below detection limits. Fig. 2.8 also reveals 

that all the residual dissolved gases axe released from the ice sample starting at 

162K and last as long as there is water ice on the substrate. The mutual evapo

ration of water and residual gases implies that the gases are held so tightly in the 

ice that they can escape only when the water itself evaporates. For this particular 

e .xper imen t .  t he  amount  o f  wa te r  i ce  depos i t ed  on  the  subs t ra t e  i s  1 .85  x  10^® HoO 

molecules. The amounts of trapped N2. CH4 are 1.8x10^' and 1.38x10^®. respec

tively. Trapped CO2 is released in two distinct temperature ranges. The amount 

of trapped CO2 relecised during the amorphous-to-crystaliine phase change (147-

15'2K) is 2.8x10^®. which is about 1% of released CO2 during water evaporation. 

It is evident that the trapped gases are mainly released when water molecules 



themselves evaporate, only a small fraction coming out during the phase change. 

This result agrees very well with the previous experiments done by Bar-Nun et 

al (19SS). It is clear from our result that CO2 and N2 have comparable trapping 

efficiencies. With the mecisured density of the impact ice film as 0.91±0.025/c777^. 

the real density of solid matrix after all the internally trapped components are 

removed is O.S6±0.02^/cm^ (equation (2.4)). Moreover, with increcising deposi

tion temperature, fewer water molecules are located at unstable positions. .As 

a result, we could still see CO2 relecise during the phase change but to a lesser 

extent .  This  is  indicated by Fig .  2 .9  in  which a  compar ison of  re leased CO2 

during the phase change is made between ice prepared at 90K and ice prepared 

at lOOK. 

For comparisons, the identical experiments shown in Fig. 2.10 were done at 

135K (a) and 160K (b). The fact that all trapped gases are released during water 

sublimation supports the idea that water ice formed at T >= 135/\ is indeed 

crystalline. 

B. Gas Trapping of Individual Gases and Residual Dissolved Gases 

.Another set of experiments was carried out in which ice films were grown in 

the presence of excess pure volatiles in order to further understand trapping 
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Figure 2.9; Comparison of released CO2 during the phase change between a 90K 
ice deposition (a) and lOOK ice deposition (b). 
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Figure 2.10: Flux versus time during ice film annealing. The ice film was prepared 

at 135K (a) and 160K (b). 
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competition among volatiles under investigation. The question addressed is the 

following: Can an incre<ise in the abundcince of a volatile in the initial gas mixture 

change its trapping ratio and the ratios of others? In the case of N2 and CO2, 

we saw no increase in their trapping ratio during the experiments with 40 times 

more N2 and CO^- In addition to the gas trapping experiments with excess CO2 

and N2, we cilso grew an ice film at 90K in the presence of excess pure CH4 

with PCHA/PH^O = 10. Fig. 2.10 gives release curves of trapped gas volatiles. 

This time we see both CO2 and Ccoming out during the phase change. Still, 

trapped gases are released prominently during water evaporation. The amount of 

trapped CH^ released during the amorphous-to-cubic phase chcinge is 2.9x10^® 

molecules, which is much smaller than the amount of Cmolecules (3.5x 10^") 

released during water evaporation. Fig. 2.10 also indicates that CO2 and N2 

have comparable trapping efficiencies. Although we grew the ice film with an 

excess amount of CH^ «ind trapped CH^ was released during the phase change, 

we found that CH^ had the least tendency to be trapped among the three. 

.Analysis of overlapping spectra caused by N2 and CO is made more difficult 

by the fact that N2 and CO both contribute ions with mjz = 28 and mjz = 14. 

As stated before, the peak amplitudes olmfz = 2% and m/z = 14 axe unique for 

CO and N2. We have measured the peak height (current) of m/z = 14 relative 
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Figure 2.11: Flux versus time during annealing. The ice film was prepared at 
90K wi th  excess  CH4.  
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to m/c = 28 . resulting in 0.004 and 0.085 for CO and A2, respectively. From 

the measured currents of m/z = 28 and m/z = 14 {I28 and /14, respectively), the 

individual currents caused by CO and N2 are then found by solving the following 

two equations simultaneously: 

I2& = ^iV2-28 + Ico-2% 

Ii4 = 0.085-/a/2-28 "i" 0-004-/co—28 (2-6) 

Fig. 2.12 shows the abundances of volatiles incorporated in a 90K ice deposition. 

This time we grew the ice film in the presence of excess pure CO with Pco /PH^O = 

10. It can be seen clearly that CO competes with A2 for the available trapping 

sites. In fact. CO overwhelms and N2 becomes a minor species incorporated 

in water ice. 

2.3.3 Comparison with Theoretical Predictions and Dis

cussion 

In the theoretical model presented in the preceding chapter, the structure of 

amorphous water ice is viewed as a molecular network having spherical cages 
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Figure 2.12; Abundance of volatiles incorporated in a 90K ice deposition. 

PCO/Ph^o = 10-
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with a size distribution spanning a wide range. Gas trapping is visualized as 

diverse types of gas molecules bound in the cavities. In this section, we calculate 

the fractional abundances of trapped gases utilizing this theoretical model and 

compare our predictions with experimental data. 

A. Measured fractional abundances of trapped gases 

The fractional abundances of trapped gases have been measured for a wide range 

of conditions, with deposition temperatures in the range 90-160K and deposition 

rates in the range 0.36-L.4nm/5ec. In Table 2.2, we assign a unique number to 

each experiment and present its corresponding growth conditions. Most of the ex

periments presented here involved excessive pure gas volatiles. A few experiments 

were performed involving trapping of residual dissolved gases. 

We have investigated the fractional abundances of trapped gases as a func

tion of deposition temperatures. Fig. 2.13 shows the fractional abundances of 

trapped gases in the 90-160K temperature range. The measurements presented 

here were carried out with the ice films grown at pressures over a broad range. 

It can be seen that the fractional abundances of trapped gases are insensitive 

to the growth conditions in the investigated temperature range. The error bars 

represent a propagation-of -errors analysis using the uncertainties in the measure-
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Table 2.2: Growth conditions for each experiment. T: Deposition temperature: 
G: Growth Rate; P,: Initial Partial Pressure. 

E.xp. 
No. 

T(k) G( nm/sec ) 

PNZ 

Pi{ 10-® 

Pco2 

torr) 

PcH^ Pco 

Comments 

1 90 0.36 21.0 31.0 2800.0 Adding C 

2 90 0.44 25.0 37.5 1.3 Residual gases 

3 90 1.0 57.0 600.0 2.93 .A.dding CO2 

4 90 1.0 57.0 85.0 2.95 Residual gases 

5 90 1.02 57.5 85.1 7300.0 .Adding CH^ 

6 90 1.16 59.0 91.0 3.1 9100.0 .Adding CO 

1 90 1.3 60.0 130.0 3.5 Residual gases 

8 90 1.4 63.0 140.0 3.7 Residual gases 

9 100 0.51 28.0 39.3 7400.0 .Adding CH^ 

10 100 1.1 58.2 94.0 3.1 9100.0 .Adding CO 

11 115 0.3 20.5 2660.0 2.7 .Adding CO2 

12 125 1.1 58.2 4000.0 3.1 .Adding COi  

13 135 0.43 22.0 34.0 1.2 Residual gases 

14 145 1.0 .52.9 4600 2.8 Adding CO2 

15 160 0.76 40.0 58.0 2.2 Residual gases 
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merits that are given as the following; Calibration of the ionization gauge using 

the absolute Barytron and subsequent extrapolation to lower pressure (±o%): 

linear calibration between the ion production (current) of each species and its 

partial pressure (±8%); and the temperature of the Al substrate measured by 

the thermocouple (±1.5%). 

Incorporation of gaseous molecular species into water ice creates strong frac

tionation effects. Fig. 2.14 illustrates the fractionation. Here the abundances 

of trapped gases are shown for 90K ice depositions. It is worth mentioning that 

the fractionation pattern summarized here does not change with deposition tem

peratures (90-160K). It can be seen clearly that making CH4. A'2. and CO2 the 

dominant constituent in the gas mixture does not incorporate much more C 

.\2. and CO2 into ice. The figure also shows that CO overwhelms N2 once the 

former becomes dominant in the gas mixture. What is obvious from this plot is 

the overabundance of trapped CO, CO2, and N2 over CH4, as compared with 

the starting composition of the gas mixture. 

B.Comparison with calculations 

We have calculated the fractional abundances of trapped gases for 90K and lOOK 

ice depositions, which have been demonstrated by us to have disordered struc-
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Figure 2.13: Fractional abundances of trapped COa, -/Vj, and CH4-, the films were 
grown at different temperature and pressures. 
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Figure 2.15: Comparison of theory and experiment. The growth conditions for 
this experiment is shown in Table 2.2 (Experiment #4). 

tures. We find the agreement between calculations and experimental data is quite 

poor. The calculations are obtained by applying the Gaussian distribution shown 

in Fig. 1.20 with arithmetic mean of 4.0A. The other distribution shown in the 

san1e figure provides far worse fits for both Bar-Nun's data at lOOK (Table 1.2 

and 1.3) and ours. In order to give reader some feel for the poor agreement ~ Fig. 

2.15 shows the comparison of theory and experiment. In the course of our studies 

we found our calculations differ substantially from experimental data. in two as-

pects . Firstly, our calculations give fractional abundances which are too small by 
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a factor of 10. Secondly, our calculations show that N2 is trapped less efficiently 

than CO2 and Cas compared with the starting composition of the gas mix

ture, contradicting experimental data. A similar discrepancy eilso exists between 

Bar-Nun's data at lOOK and theory (ref. Chapter 1). While these similarities 

are quite suggestive, we do not rule out the possibility that the pore structure 

of amorphous solid water changes with deposition temperature. .A^s mentioned 

earlier, we expect that the average pore size in amorphous ice decreases as we 

increcLse deposition temperature. This suggestion is supported by our calcula

tions: while the size distribution with arithmetic mean 4.8.^ shown in Fig. 1.20 

provides a good agreement with experimental data at low deposition temperature 

(ref Chapter 1.), it gives much poorer quajititative agreement with experimental 

data at T>90K -when compared with another distribution shown in the same 

figure. Using this suggestion as a guide, it is possible to obtain improved quan

titative agreement with experimental data by altering the arithmetic mean and 

the standard deviation. However, test calculations show that this adjustment has 

no effect on the relative trapping efficiencies of volatiles under investigation. 

In fitting the measured fractional abundances of trapped gases, we have e.x-

amined a suitable model for jmiorphous ice, and have found that the structure of 

low-temperature (T < 90A') ice depositions can be represented by a continuum 
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of void sizes characterized by a particular preferred void size which corresponds 

to water ice bond angles of low energy. The distribution around such a preferred 

cage type, reflecting the kinetics of the ice formation, might plausibly be charac

terized as a symmetric Gaussian distribution. However, applying such a cage size 

distribution to ice prepared at T>90K does not yield satisfactory results. In view 

of the substantial differences between theory and experimental data obtained at 

T>90K. this distribution seems to be suspect. It was this failure which led us to 

consider alternatives to the cage size distribution. In other words, ice depositions 

prepared at T>90K probably attain a different structure in which the cavity size 

distribution is not characterized by a simplified Gaussian distribution. In support 

of this suggestion we note that our experiments at 90/\ <r < L'2OK show that: 

1. The fractional abundances and fractionation pattern of trapped gases are 

similar independent of the temperature of deposition (90-160K). 

2. Integrated infrared absorbance shows anomalous changes between 147-152K 

during annealing. The sudden increase of integrated infrared absorbance is 

ascribed to the {H20as)-ice Ic phase transition. 

3. Trapped gases are released in two distinct temperature ranges, and they 

are mainly released during water evaporation, only a fraction coming out 
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during the phase change. 

The first observation assists us in reaching the conclusion that there are some 

structural similarities between ice prepared at 90I\<T < L'2OK and high tem

perature crystalline ice. The second observation simply suggests that ice pre

pared at 90/\<r < 125/\ is also disordered. The idea that ice deposited at 

90K<T < 125A' is amorphous is further supported by the third observation. 

Trapped gases are released during the phase change, demonstrating that some 

gas molecules are locked in the pores embedded in pure amorphous ice. Since 

the cage-forming water molecules in amorphous ice are metastable. the trapped 

gas molecules are squeezed out while the molecular rearrangement happens. It is 

then to be expected that ice formed at 9QK<T < 125K is a mixture of crystalline 

ice and amorphous ice. Jenniskens and Blake (199S) referred to this form as the 

"restrained'" amorphous form. Being a mixture of amorphous and crystalline 

ice. restrained amorphous ice traps gas molecules in both clathrate cages with two 

discrete sizes and the cages constituting pure amorphous ice. whose sizes span 

a continuous range. Our third observation suggests that clathrate cages over

whelms the cages embedded in pure amorphous ice. As a result, only a fraction 

of gas molecules are trapped in the cages embedded in pure amorphous ice. .Most 
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Figure 2.16: The cage size distribution in restrained amorphous ice. The two 
maxima corresponds to the two cages types in clathrate I with sizes of 3.95A and 
4.30A, respectively. 

of the gas molecules stay in the clathrate cages, and they aie held so tightly that 

they can escape only when water itself evaporates. 

It seems then plausible to assume that the cage size distribution occurring in 

restrained amorphous ice is a combination of two Gaussiain distributions denoted 

by A and B in Fig. 2.16. The two clathrate cage types with sizes of 3.95A and 

4.30A occur most frequently, and as we proceed to sizes larger or smaller than 

the maxima of the Gaussian's the frequencies decrease. The cage size distribution 
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curve shown in Fig. 2.16 can be expressed cis: 

(/(-) = •exp[-(-- .3.95)V2'Ti^] -i- —•exp[-(- - 4.30)^/2<r2^])(2.7) 
v27r CTi (72 

In this expression, (Xi and <T2 are the standard deviations for A and B, respectively. 

The constants a and b must satisfy: a + b = 1. The constants a. b. ai. and cry 

therefore completely define the cage size distribution in restrained amorphous 

ice. If we increase the deposition temperature, A and B will become narrower 

and approach more closely to two peaks characterizing two clathrate cage types 

as in crystalline ice. Since the standard deviations ai and <T2 characterize the 

extent of the scatter or dispersion of void sizes around the two clathrate cage 

types. <Ji and <72 decrease as we increase deposition temperature. 

In fitting the e.xperimental data, we permitted wide variations of a. 6. cri. and 

(72. Test calculations show that the agreement with experimental data is still poor. 

Even the best fit to experimental data, which was obtained with <ti < 0.075 and 

(72 < 0.043. is too small by a factor of two. However, the fractionation pattern 

of trapped gases is adequately represented. Fig. 2.17 displays the best fit to 

experimental data that was obtained with cti = 0.075, <T2 = 0.043, a = 0.5, 

6 = 0.5. 
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VVe have calculated the fractional abundances of trapped gases in restrained 

amorphous ice using both the cage size distribution with one preferred cage tvpe 

and the distribution with two preferred clathrate cage types. VVe find that both 

distributions predict fractional abundances that are too small. However, the frac

tionation pattern can be adequately represented by the latter distribution. It is 

very likely that the cages in amorphous water ice are not spherical and the in

teractions between trapped gas molecules and matrix forming water molecules 

are much more complicated than we have described. It would be possible that 

the quantitative difference between theory and experiment arises from these ef

fects which are excluded by the approximations of the model. Therefore our 

model of gas trapping in amorphous water ice is probably oversimplified. On the 

other hand, the simple analysis described is useful for providing physical insight 

and for estimating effects of deposition temperatures, initial partial pressures 

and physical structure of amorphous ice on the fractional abundances of trapped 

gas molecules in amorphous water ice. Direct examination of the results of model 

calculations lead us to the conclusion that ice prepared below 90K attains a struc

ture in which cage size distribution is adequately approximated by a Gaussian 

distribution (Chapter 1). 
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Figure 2.17: The best fit to fractional abundances of gases trapped in ice deposited 
at 90K Gas 1 refers to a gas mixture in which the partiaJ pressures are: = 
5.8xlO-'Torr, Pco, = 8.7x10"'Torr, PcH, = 3.0xl0-8Torr-, Gas 2 refers to a 
gas mixture with Pco = 9.1 xlQ-^Torr. The partial pressures of other gases 
are unchanged relative to Gas 1. Gas 3 refers to a gas mixture with PCHA = 
7.3xlO~®Torr. Gas 4 refers to a gas mixture with PN^ = 8.7x10 ® Torr. Gas 5 
refers to a gas mixture with Pco^ = 4.0xl0~®. Again, the partial pressures of 
other constituents in gas 3, 4, and 5 are unchanged. 
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C h a p t e r  3  

SUBLIMATION AND REFORMATION OF ICY GRAINS IN THE 
OUTER SOLAR NEBULA 

3.1 Introduction 

The purpose of this chapter is to examine the frictional heating, sublimation, 

and recondensation of grains free-falling into the solar nebula from a surrounding 

interstellar cloud. We begin with this chapter with grain infall and drag heating. 

The physics of the heating was based on Hood and Horanyi(1991). Our results 

extend previous studies (Lunine et al., 1991) in two aspects. Firstly, we have 

modified and improved the calculation by more naturally and explicitly 

including both the process of sublimation of volatiles and the heat released or 

taken up by other phase changes in the heated grains. Secondly, we revise the 

previous grain heating model to consider the heating of lai^e fluffy grains 

during infall into the solar nebula. 

In order to appreciate fully the significance and relevance of ice grains in the 

evolution of the early solar system, we pursue further subsequent recondensation 

of water vs^r and diverse volatiles onto refractory grains in the second part of this 
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chapter. It is found that the phase of water vapor condensation varied with 

heliocentric distance. The presence of water ice in the outer solar nebula enables 

significant amount of volatiles to be trapped either by absoipdon in amoiphous ice 

or by clathration. Since different ice structures have different fractionation patterns, 

the composition of icy grains formed in nebular regions where water ices are 

crystalline is not identical to that formed in much colder regions. 



3.2 Sublimation of interstellar grains 

In this section we present heating models for two grain cissemblages. i.e. , core-

mantle compact grains and large coarse grains. The former are building blocks of 

the latter group. It is noteworthy that both groups are subject to frictional gas 

drag during the accretion of material into the solar nebula. Complications arise 

in large fluffy aggregates due to significant internal temperature and pressure 

gradients. .A.s a result, the core-mantle compact grains lose their icy mantle 

during incorporation into interplanetary grains. The large fluffy aggregates, on 

the other hand, have been incorporated into interplanetary grains without totally 

losing their identity. 

3.2.1 Heating Model for Non—fluflfy Grains 

There coexists two families of compact interstellar grains. One group refers to 

core-mantle solid grains with size ranges from Q.l/im to l/zm, in which diverse 

volatiles along with water ice are arranged in an outer layer, surrounding the 

cores of less volatile organics and silicates. The other group consists of a large 

number of much smaller particles which are some form of carbon, possibly silicate 

(or perhaps partly magnetite). We focus our attention here on the fate of the first 
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group which are the caxriers of water ice and diverse volatiles, on the physical and 

chemical modifications they have undergone during infcill into the solar nebula. 

The other group along with the interstellar gas are considered as the general 

environment in interstellar space. 

Interstelltir grains form out of heavier chemical elements synthesized by ther

monuclear fusion in stars. As a star evolves off the main sequence as hydrogen 

fuels run out, it reaches the post-mziin sequence stages. At this time, the syn

thesized heavier chemical elements are expelled into space. Soon they are far 

er igh from the nearest stars to cool to about lOK. Grains of dust, such as car

bon grains and silicate particles, condense. The solid carbon or silicate particles 

are ultimately caught up in a molecular cloud which is a cold region (around 

lOK) with appreciable density of gaseous atoms and molecules, rich in molecular 

hydrogen, water and methane. Although a molecular cloud is denser than most 

interstellar gas, it is still a near vacuum compared with ordinary room eur. At the 

low pressure of interstellar space ices could not condense except onto preexisting 

nucleation sites. The newly caught dust grains are then the sites on which the 

gaseous atoms and molecules will strike and freeze, gradually forming a mantle 

of ices. 
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A. Composition 

A discussion of the interstellar core-mantle grains should begin with a description 

of the matter of which they consist. Among the components composing the grain 

mantle. H2O is confirmed by observational evidence to be the most abundant. 

The strength of observed H2O ice absorption at 3.08^m in molecular clouds im

plies that at least ~60% of the grain mantle composition is H2O (Greenberg. 

19S5). As dominant water vapor and gas molecules simultaneously stick to a 

surface provided by carbon and silicate grains in dense molecular clouds with 

sufficiently low temperature and pressure, gas molecules will be trapped in cages 

formed by water molecules having limited mobility. In this fashion amorphous 

water ice with occluded gcises can be built up. The composition of low temper

ature ice deposition, which can be predicted by the theory outlined in Chapter 

I. depends on the external conditions existing at the time of formation, such as, 

initial gas partial pressures and deposition temperature. Whether i^-olatiles could 

condense out in pure frozen gases depends upon their partial pressures in the gas 

phase. .Although quantitative abundance data on volatiles in the gas phase is 

limited, it suggests that NiJCO^l. CH4/CO << I. and COo is 

not a major carbon repository in typical interstellar clouds (Irvine. 1987). With 
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Figure 3.1: Schematic configuration of core-mantle grains. 

the density as great as a million atoms per cubic centimeter in a typical molecu

lar cloud, CH4, CO, N2, and CO2 have pressures above their saturated values at 

lOK. Thermodynamically they could condense out in pure frozen gases. Conse

quently, the composition of ice grain mantles is mainly amorphous water ice with 

trapped volatile molecules and some pure frozen gases, arranged in a schematic 

configuration shown in Fig. 3.1. The initial mass distribution of interstellar 

grains is justified by the astrophysical evidence and the assumed abundances are 

given in Table 3.1. A fraction (assumed here for concreteness to be 0.75) of the 



volatile species is internally trapped in amorphous ice. evidence for which is pre

sented in theoretical and experimental studies of gas trapping (Ref. Chapter 1 

and Chapter 2). Here release of some volatiles is delayed until the amorphous to 

cubic transition . 

B. Drag Heating of Grains 

The process of the heating of infalling interstellar grains has been discussed by 

Lunine et al. (1991). The picture is as follows: Preexisting ice grains fall inward 

along with gas in a collapsing molecular cloud. During the accretion of material 

into the solar nebula, ice grains could have experienced a variety of destructive 

processes. They were initially part of a collapsing dust-gas cloud, which was 

heated in the radiation field engendered mainly by the release of the gravitational 

energy of accreted material. Chick and Cassen (1997) examined the survivability 

of interstellar solids during this stage. They found that water ice and species of 

yet higher volatility could survive the radiation field to within 3-4AU or greater 

from the protostellar. Upon arrival at the surface of the disk, infalling material 

collided with the solar nebula and an accretion shock was established. The shock 

is strong in regions where infalling material encounters the disk at nearly normal 

angles. However, at distances in excess of 3AU (the present asteroid belt), flow 



Table 3.1: Assumed interstellar srain composition. 

Grain Components Mass Fraction 

Silicates + MetalOxides 0.20 

Carbon (Graphite) 0.06 

NonvolatileC omplexOrganicRe fractory 0.19 

H-iO 0.20 

CH^ 0.007 

CO 0.03 

COo 0.02 

N2 0.015 

CiH, 0.002 

H2CO 0.0005 

SH2HCO 0.0001 

SHz 0.002 

Other Molecules 4- Radicals 0.23 
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Nebuli 

Figure 3.2: Schematic structure of the solar nebula during the infall stage of its 
formation. 

lines may intercept the nebula at a highly oblique angle to the plane of the disk 

and infalling material could "slide" onto the nebula rather than colliding with it 

(Wood, 1986; see Fig. 3.2). As a result grains are decelerated by aerodynamic 

drag in the nebula (beyond 3AU) rather than by the abrupt shock compression, 

leading to gas dynamical heating, sublimation and chemical modifications of the 

grain mantle. Our intent here is to investigate drag heating of grains which 

have survived the radiative environment in the initial collapsing stage. Since the 

arriving materials are in near-parabolic trajectories, the relative velocity between 
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nebular gas at a particular radial distance r and infalling material is 

(3.1) 

The critical temperatures at which various volatiles would be stable as frozen 

gases are indicated in Table 3.2. Also included are important exothermic reac

tions and phase chaxiges. It is worth noting that sublimation of diverse volatiles. 

exothermic reactions and phase changes are triggered at different threshold tem

peratures while grains are heated. By tracking the temperatures which reach as 

a function of grain mciss and infall velocity, we axe able to quantify the chemical 

and physical evolution of infalling interstellar grains. The physics of the heating 

is based on Hood and Horanyi (1991), modified and improved to include both 

the sublimation of different volatiles and heat released during the phase change 

in the heated grains. The changes of mass, temperature and velocity of infalling 

grains are as follows: 

dt 
mcp dTp 

Heat released during phase change or reactions 
(3.2) 

47ra^ 
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Table 3.2: Criticcii temperatures for ice grains. 

Critical temperature (K) Associated event 

22K Tsubl N2 

25K Tsubl CO 

31K Taubl Ar 

40K Taubl CH4 

40K formation of H^CO 

72K C02 

147K-152K amorphous-^ crystalline 
phase chajige 

i62K water evaporation 

•All data from Yamamoto (1985) except temperatures at phase change and water 
evaporation 
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drtii 
= —4xa^P5, 

mui 
(3.3) 

dt 2TRJ 

(3.4) 

where q is a coefficient of heat transfer between gas and dust. Co the drag co

efficient, V is the relative velocity between nebular gas and infalling grains given 

by equation (3.1), TP the grain temperature, TQ the background nebular temper

ature, Pg the nebular mass density, Cp the specific heat at constant pressure. Li 

the latent heat of sublimation for component i, P,,- the saturation pressure of gas 

i. e the grain emissivity, m the grain m£iss, m, the mass of component i. Rg the 

universal gas constant and a the Stephan-Boltzmann constant. Since ice grain 

mantles are composed substantiaily of water ice, the emissivity e of a core-mantle 

grain could be of the same order as the emissivity of a pure water ice grain of the 

same size. Therefore typical emissivity at wavelengths of tens of microns is 0.1 

for a l^m-sized grain and 0.01 for a 0.1/zm-sized grain (Lunine et al., 1991). The 

coefficient of heat transfer between gas and dust {q in equation (1.2)) is rather 

complicated. Detailed treatment of q is contained in Hood and Horanyi (1991). 

In  the  l imi t  TP «  TQ ,  q  =  pgV^/8 .  

During frictional heating, the various frozen gases comprising the grain man-
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tie individually sublime off the grains. Therefore each volatile is treated inde

pendently. The saturation pressure P,, and the latent heat of sublimation £, for 

component i are given cis polynomials in T: 

In PSI{TORR)  = AQ + AIT + A2T^ + + ANT"' (3.5) 

L{cal/g) = SQ + BiT + + ••• + BnT^ (3.6) 

where the coefficients for vapor pressure polynomials (3.5) and latent heat poly

nomials (3.6) are obtained from Brown (1979). Following the individual subli

mation of frozen gases, the grains experience the amorphous—* crystalline transi

tion or structural modification around 147K-152K. Our early discussion indicates 

that amorphous water ice is a metastable vapor condensation which has higher 

energy than its crystalline counterparts. Consequently the phase transition of 

amorphous—* crystalline ice is expected to be exothermic and energy release of 

1.26-1.64 KJ/mol is derived (Ghormely, 1968). It will be noticed that some of 

the trapped volatile molecules are expected to be released during the molecular 

rearrangement. The plausibility of the structural and compositional modifications 

is supported by foregoing laboratory studies (Chapter 2). 
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3.2.2 Heating Model for Large Fluflfy Grains 

Solid grains embedded in dense moleculcir clouds not only play an important role 

participating in star formation, they also cause high opacity in the clouds. Since 

the opacity in dense molecular clouds is sufficiently high to maintain steep tem

perature gradients which cause unsteady flow in the clouds with random eddies, 

the dense molecular clouds must be turbulent. Weindenschilling and Ruzmaik-

ina (1994) simulated the coagulation of soHd grains in dense turbulent molecular 

clouds. Their simulations overcame the limitations of the nonturbulent nebula 

models, in which the disc formation is modeled unrealistically as occurring sys

tematically and smoothly. Their results suggest that collisional evolution of solid 

grains can be significant in turbulent protostellar clouds, both during the prec

ollapse stage of cloud evolution and during the collapse stage. On a timescale 

of a few Myr. an initial population of O.l^m grains may produce dense compact 

particles with l^xm size or fractal aggregates with lOO/xm size. Of late another 

method of study has provided valuable insight into formation of fluffy aggregates: 

physical and numerical experiments have simulated the interactions of colliding 

grains (Richardson, 1995). Detailed studies have revealed that large fluff"y ag

gregates are subject to collisional disruption as well. If the impact energy of 
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collisions involving fractal aggregates is sufficiently large, the colliding aggregates 

may fragment. Eventually equilibrium can be established as a result of compe

tition between coagulation and fragmentation processes, leading to a broad size 

distribution of interstellar grains. 

These studies compel us to include the heating of large fluffy aggregates, 

which necessitates the revision of the grain heating model applicable to small 

compact grains. We still limit our attention here to those fluffy aggregates carry

ing water ice and other volatiles. The primary particles or building blocks of the 

fluffy aggregates are core-mantle solid grains. The outer mantle of the primary 

particles works as cement at the point of impact, with the joint area cls small 

as 0.01 of the surface area of a primary particle. Large fluffy aggregates are still 

subject to gas drag as are the small compact grains. The ratio of the cross section 

of a fractal aggregate to the number of primary particles N decreases with N and 

approaches a constant for large N. The near-constancy of this ratio suggests that 

large fractal aggregates have similar aerodynamic behavior over a wide range of 

sizes. In consequence, gas drag of a large fluffy aggregate is not sensitive to its 

actual size (Meakin, 1988). The heating mechanism of large fluffy aggregates 

is complicated, its physics is based upon the thermal model of Benkhoff et al. 

(1995), modified according to the frictional heating model described in section 
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3.2.1. This approach quajitifies the complex phenomena taking place inside large 

fluffy aggregates while finding their way to form a protoplanetary disk, although 

aspects of the physics remain simplified. 

Benkhoff's model (1995) is bcised upon the assumption that heat is trans

ferred into the interior of an incompressible porous ice matrix by solid-state heat 

conduction through ice/dust matrix and by multicomponent vapor flow driven 

by internal pressure gradients. It is important to note that the diffusion of vapor 

into the interior is limited by the very small pore size (compared with the mean 

free path of the diffusing gas molecules) and recondensation occurs quickly as 

heat is liberated. Clearly, heat conduction through the ice/dust solid matri.x is 

caused by significant temperature gradients within the large fluffy grains. The 

temperature gradients develop due to the small vaJue of effective heat conductiv

ity of large fluffy aggregates. With 0.01 of the surface area of a primary particle 

capable of conducting heat, the value of effective heat conductivity of laxge fluffy 

aggregates is estimated to be less than 10""* of the heat conductivity of small 

compact grains. 

The energy conservation equation for a multicomponent system is obtained 
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by aissuming diffusing vapors as ideal gases 

P dT 
-r^))^ = -^PgiCgrVi -^T + S7 -{KSJT) (3.7) 

where T is the temperature, c and c^, are the average specific heats of the ice 

matrix and of the component i at constant volume respectively. L, is the enthalpy 

of sublimation of component i, ^ is the porosity of the porous grain, p is the bulk 

density of the porous grain, K is the motion of an ideal gcis of component i flowing 

through a porous medium and k is the thermal conductivity of the ice matrix. 

The vapor pressure P, and the enthalpy of sublimation Li of component i obey the 

polynomial expressions (3.5) and (3.6). It is important to note that the motion 

of an ideal gas component i flowing through a porous medium is in the Knudsen 

regime, where the pore radius is much smaller than the mean free path of the gas 

molecules. Vj is then given by 
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with C defined by BenkhofF and Huebner (1995) as: 

302°V27r^ 
8^' / RQ 

(3.9) 

Here 9 is tortuosity, which is close to unity in our case, a is the radius of the pores 

and lb is porosity. 

Before we can use equations (3.7)-(3.9), we must realize that tracking the 

temperature profile within a porous grain is a fairly difficult task. Instead we 

track the evolution of the surface temperature, which is controlled by the balance 

between the heat associated with gas drag gained by the porous grain and losses 

from thermal radiation, surface sublimation, and heat transport in and out of the 

shell. 

where q is a coefficient of heat transfer between gas and grains, To is the back

ground nebular temperature, t is the grain emissivity, /i, is the molecular weight 

of the component i and Rg is the universeil gas constant. In the very simplified 

case, we can assume a thermal model that is one dimensional, which includes 

the motion of radially inward and outward flowing vapor and the heat radially 

(3.10) 
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conducted by the solid matrix. The evolution of surface temperature during grain 

infall is then determined by combining equation (3.7) with equation (3.10) 

with 

_ , dPi m, P.rrn ar 
at ' ar.„, kT.^rf tr,„/' dt 

and 

K dT dq. .K  1 ̂  j J l  .  r r^  3 X 9T \ 

Here ^\suTf can be substituted by equation (3.7). Since infalling fluffy aggregates 

are still subject to gas drag as small compact grains are, their failing velocity 

obeys equation (3.4). In this waj', the changes of surface temperature as well 

as the velocity of the fluffy aggregates can be quantified. In fact, when the 

binding material is heated and vaporized, the fluffy aggregates can be fragmented. 

Moreover, the surface layer primary grains will be the first to be rele«ised. The 

fragmented compact primary particles will ablate according to the heating model 

described in section 3.2.1. 
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3.2.3 Results and Discussion 

The first grain assemblage we address is core—mantle compact grains with size 

ranges from 0.1//m to 1.0/im. The results obtained are shown in Fig. 3.3 and 

Fig. 3.4. Runs with the grains were made at velocities of 0.16, 0.2, 0.24, and 

oAkm/sec, corresponding to final orbital distances from the protosun of 55. 35.25. 

and oAU (equation (3.1)). The computations presented are for a nebular density 

of 10^We find that the frictional slowing of the grain is completed within 

a few hundred to a few thousand kilometers of decoupling from the gas. During 

infall the grains can be heated up to 196K, and therefore experience all the 

processes listed in Table 3.2. As indicated by Fig. 3.3 and Fig. 3.4. the grain 

is rapidly depleted of icy mantle (~0.3 grain mass) during the frictional drag, 

leaving behind a refractory remnant. 

The second grain assemblage we consider is large fluffy aggregates. Evolution 

of a lO^m fluffy aggregate is shown in Fig. 3.5, with runs made at 0.16. 0.2, and 

0.24 km/sec,respectively. It is evident from the figure that the peak surface tem

perature is 136K during the process of frictional heating. Accordingly, the phase 

transition of amorphous—*cubic ice is not triggered and grain mantle dominated 

by water ice is well preserved. It is suggested by the calculations that the fluffy 
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Figure 3.3: Drag heating and cooling of a 1.0/im core-mantle grain, in a molecular 
hydrogen gas of number density n = 10^^cm~^ ajid temperature SDK. Plotted 
versus time are distance traveled, velocity relative to the ambient gas (for initial 
values of 0.16, 0.2, 0.24 and 5.4Arm/sec), grain temperature, and mass (normalized 
to the starting mass). The grain emissivity c is set to 0.1. 
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Figure 3.4: Same as figure 3.3 for a O.l/xm core-mantle grain. The grain emisivity 
e is set to 0.01. 
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Figure 3.5: Evolution of a lO/xm fluffy grain. Its primary particles are core—mantle 
interstellar grains. 
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aggregate does not fall apart and its pristine nature is well kept. 

3.3 Recondensation of Water Vapor and Volatiles: 

Its Consequences on Outer Solar System 

Icy Bodies 

Previous calculations indicate that the infall of compact core-mantle grains into 

the outer solar nebula can result in sublimation of the icy mantle confined to the 

region inward of 5-50AU from the center of the solar nebula. The infalling fluffy 

aggregates, on the other hand, are decelerated gently with little heating, and the 

icy mantles of primary particles have been preserved. Beyond this point, the 

final temperature of the grain is determined by collisions between gcis molecules 

and the grain itself, and is generally less than the gas temperature (Lunine etal.. 

1991). A comprehensive treatment by Lunine et al. (1991) suggested that the 

gcLs temperature is not elevated relative to the nebular midplane temperature and 

the amount of water ice entering the outer solar nebula is more than sufficient 

to fully saturate the gas. As a result any water evaporated from icy mantle and 

occluded volatile molecules relejised during the phcise change as well as during 
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water evaporation will simultaneously condense onto refractory grains at nebular 

ambient conditions. In consequence the interstellar core-mantle grains are subject 

to reprocessing while enroute from the dense moleculax cloud core that predated 

our solar system to the final interplanetary grains. 

The recondensation of water vapor and diverse volatiles we shall consider is 

confined to the nebular region beyond 5-30AU, consistent with previous calcu

lations. A discussion of recondensation in the outer solar nebula should begin 

with a description of nebular conditions . In what follows we will employ the 

accretion disk nebula model introduced by Morfill (1988) as indictive of nebular 

conditions (Fig. 3.6). As shown in the figure, ambient nebular temperatures were 

higher in the inner regions than in the outer regions. Temperatures range from 

I60K at the orbit of Jupiter (5.^11) to about lOK at 100.A.U. These temperature 

profiles ensure that water vapor condensation can occur in a number of states 

(phases). In other words, the state of water vapor condensation varied with he

liocentric distances, ranging from the crystalline phcise at the orbit of Jupiter to 

the amorphous phase in nebular regions beyond 12AU, where nebular tempera

tures are below 70K. Saturn is a marginal case. Restrained amorphous ice should 

be abundant in that region. Among the volatiles which are responsible for the 

majority of the "icy" material in the solar system, CH4 can condense out in a 
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Figure 3.6: Temperature pressure profiles in the solar nebula (Morfill, 1988). 



pure methane structure for nebular temperatures below 30K; CO and A'a can 

condense out for nebular temperatures below 20K (Lunine et al. 1991). Carbon 

dioxide, on the other hand, is saturated with respect to its pure solid phcise in 

the nebular regions below 60K (Lunine et al. 1991). As a result, direct conden

sation of major carbon and nitrogen bearing species is unlikely based on outer 

solar nebula temperature-pressure profiles. Nonetheless, the presence of water 

enables significant amounts of volatiles to be trapped well outside the stability 

field of their condensed phases, either by absorption in amorphous water ice or 

by clathration. Following recondensation, icy grain accretion led to the creation 

of progressively laxger-sized plajietesimals that served as the source material for 

comets and the cores of the giant planets. Therefore the most likely mechanism 

in the outer solar nebula for getting very volatile species into giant planets and 

comets is trapping of gases in water ice. 

Laboratory studies have shown that incorporation of gciseous molecular species 

into water ice is a powerful fractionation process. The chemical partition of gases 

into water ice is largely determined by structural properties of water vapor de

position and by volatility of trapped gas molecules. Among the principal carbon 

and nitrogen compounds expected in the early solax nebula, CO and N2 are more 

efficiently trapped than Cff4 is at waxm temperatutes (T>901\). The fraction-
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ation pattern for the same volatiles is the reverse at cold temperatures: C 

much more readily incorporates in amorphous water ice than does CO ov as 

confirmed by our theory. NH3 is not trapped in voids like other nitrogen species 

(A2), but binds chemically to water ice (Lunine, 1985). This is illustrated in Fig. 

3.7. where variation of water vapor condensation (phase) in the outer solar nebula 

is schematically represented. In this scenario, the composition of icy planetesi-

mals undoubtedly varied with heliocentric distiinces in the solar nebula. Recall 

that our gas trapping theory outlined in Chapter 1 does not accord well with ex

perimental data when deposition temperatures are above 90K. In what follows we 

intend to apply the experimental results to nebular regions where nebular tem

peratures are well above 90K (5-lOAU). For much colder regions beyond 20.AU. 

the composition of planetesimals is predicted using the gas trapping theory . 

A. Consequences of Water Recondensation at Warm Temperature Re

gions (T>90A') 

Given the fact that crystalline ice and restrained amorphous ice are abundant 

from 5AU to lOAU and the fractionation pattern of major carbon and nitrogen 

bearing species incorporated into water ice is unchanged in the nebular temper

ature range, we intend to deal with Jupiter, Saturn and their satellites as a set 
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Figure 3.7: Variation of water vapor condensation (phase) in the outer solar neb
ula. The eissociated unique fractionation pattern for different phases are depicted 

as well. 
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of objects. The chemical partitioning of gases into water ice in these regions 

{T>90K) undoubtedly has important consequences for the proportions of nitro

gen and carbon gas species incorporated into Jupiter. Saturn and their satellites. 

Experiments have indicated that CO. N2. and CO2 much more readily incor

porate in water ice at T>90K than does CH\. as compared with the starting 

composition of the gas mixture (see Chapter 2, Fig. 2.4). 

Lewis and Prinn (1980) examined chemical conversion in the outer solar neb

ula. and demonstrated that reduction of CO and N2 could not be achieved in the 

nebular collapse time. Thus, the conversion wtis said to be "quenched". .A^s a 

result, the entire solar nebula was probably rich in CO and .Vj . with only a 

few percent of the total carbon and nitrogen abundance in reduced forms. In 

this scenario, icy planetesimcils, accreted in the region 5-lOAU from the nebular 

center, should be rich in N2 and CO. Reduced forms of carbon and nitrogen were 

severely depleted in these primordial icy bodies. Accretion of the cores of Jupiter 

and Saturn generated heat to melt and/or vaporize volatiles. If the present-day 

nitrogen and carbon in the atmospheres of Jupiter and Saturn are entirely de

rived from the primordial icy bodies, CO and N2 would be the dominant carbon 

and nitrogen species throughout the atmospheres of these two planets. The fact 

that CO and N2 are only minor species is attributed to two reprocessing pro
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cesses. In the first process, CH4 and NH3 were converted from CO and A'2 by 

chemical reactions with H2 after the formation of Jupiter and Saturn. In the 

second process, CO and N2 were converted to Cand N through thermal-

chemical processing within the warmer circum-planetary nebulae (Prinn et al. 

1981). Conversions of CO and N2 to CH^ and NHz axe highly efficient in these 

high pressure circum-planetary disks. The ranges of species ratios in the outer 

circum-Jovian nebula are deduced by Prinn et al. (1981) as: 

1.6 < N2:A'//3 < 1-8 

1.2x10-® < C0:CH4 < 1.2x10-2 

If iron catalysis is aissumed efficient, these ratio limits are replaced by: 

5.3x10-'' < < 0.14 

2.0x10-1'' < C0:CH4 < 10-' 

Recall that N2 and CO much more readily incorporate into water ice at r>90A'. 

provided that CH4 is not far more abundant than other constituents in the start

ing gas mixture. However, if CH4 is over-abundant, which is obviously the case 

in the gaseous circum-planetary nebulae, CH4 would be the dominant carbon 

species trapped in water ice. As to the nitrogen species, the ratios listed above 

strongly hint that the conversion of CO to CH4 could be much more thorough 

than the conversion of N2 to NH3 is. If this is indeed the case, the abundances 

of N2 and CH4 in the gaseous nebulae could be comparable. As a result, N2 
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could overwhelm Cand becomes the dominant trapped species according to 

our gas trapping experiments. If Titan accreted in such environments, its Ao 

dominant atmosphere could be derived directly from abundant N2 trapped in the 

ices that formed the satellite. What is evident from the above discussion is that 

grains formed by condensation in the circum-pleinetary nebulae are not identical 

to those formed in the solar nebula. In contrast to grains formed in the solar 

nebula, the grains formed in the circum-planetary nebulae retain large amounts 

of reduced nitrogen and carbon species. 

B.Consequences of Recondensation at Cold Regions 

We now consider the nebular regions beyond 20AU, where nebular temperatures 

are below 70K. Provided the vapor cloud expanding from sublimating icy mantle 

is more than sufficient to fully saturate the ga^ (Lunine et al. 1991) and the neb

ular conditions are appropriate for condensation of amorphous ice with occluded 

volatiles, we intend to apply the theory outlined in Chapter 1 to models of the 

outer solar nebula. Fig. 3.8 illustrates reprocessing of impact core-mantle grains 

in the outer solar nebula by comparing the fractional abundances of trapped 

volatiles to initial compositions of unprocessed interstellax grains. The gas phase 

abundances are assumed to be the values in the vapor cloud expanding from sub-
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Figure 3.8: Graphical comparison of the fractional abundances of trapped 
volatiles (relative to H2O) in the outer solar nebula (30AU) aind initiad com
positions (relative to H2O) of unprocessed interstellar grains. 
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limating icy mantle (Table 3.1). It is evident from the figure that the gas content 

of newly formed icy mantle is very sensitive to ambient nebular conditions and 

the abundance pattern of volatiles is altered relative to interstellar grains. 

.A. realistic computation of fractional abundances of trapped volatiles requires 

precise knowledge of gas-phase constituents in the outer solar nebula. .Although 

the cosmic abundances of elements have been quantified, abundances of molecules 

containing these elements in the primordial gaseous nebula remain uncertain. 

Therefore we shall seek to explore the volatile compositions of interplanetary 

grains as a function of gas-phase constituents. With direct observation of volatile 

abundances of outer solar system icy bodies, this approach can give us insight 

into the compositions of primordial solar nebula, especially the abundances of 

the molecules containing C. N, and O, which are of great importance in those 

icy bodies. To perform such an analyses, we plot enrichment of trapped CO over 

CH^ and  NI i n  amorphous  i ce  (F ig .  3 .9 )  a s  a  func t ion  o f  gc i s -phc i se  COJCH^ 

in the nebular region with heliocentric distance of 30AU. Fig. 3.9 makes the 

assumption that all of the nitrogen is in the form of A2- It can be seen that 

enrichment of trapped CO over CH^ and N2 in amorphous ice is sensitive to 

volatile abundances in the gas ph«ise. 

Comets are the most pristine bodies in our solar system and preserve a cos-
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Figure 3.9: Enrichment of trapped CO over CH4 and N2 in the amorphous ice as 
a function of gas-phase CO/CH4 at heliocentric distance of 30AU. All nitrogen 
is assumed to be in the form of N2. 
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mochemicai record of the primordial solar nebula at the time of their formation. 

For this reason, they are the best candidates for probing the local conditions 

in the nebula. We will use the information on observed volatile abundances in 

Comet P/Halley in conjunction with Fig. 3.9 to constrain the relative abundance 

of CO over CH4 in the primordial outer solar nebular region with heliocentric 

distance of .30AU. We have pointed out that the infall of grains into the outer 

solar nebula can result in evaporation of icy mantles and subsequent reconden-

sation. The reprocessed grains finally aggregated into macroscopic cometesimals 

or planetesimals. With C0/C//4~5.0 in Comet P/Halley (Mummaet al. 1993), 

Fig. 3.9 indicates that CO is far more abundant than CH4 in the gaseous pri

mordial solar nebula if comets indeed accreted from icy grains, with dynamical 

ejection by the growing proto-planets from the Uranus and Neptune zone. It is 

worth noting that the corresponding predicted abundance of CO relative to 1V2 

(Fig. 3.9) is less pronounced than that seen in Comet P/Halley. The striking 

enhancement of CO and depletion of N2 (C0/A''2~350) in comet Halley is likely 

attributed to fairly abundant NH3 in interstellar clouds {N2/NH3^~Q — 909^). 

The solar nebula, which was spawned by the interstellar cloud, probably retains 

interstellar NH3, resulting in lower values for N2IC0 in the initial gas mixture. 

Therefore, the severe depletion of N2 in comet Halley could be the result of lower 
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starling values for N^/CO in the gas than the value we have assumed. It should 

be evident from the above discussion that cometary volatile budget can be natu

rally explained by the selective trapping of volatiles in amorphous water ice. This 

scenario simply suggests that comets could contain volatile carbon and nitrogen 

in the reduced forms even if they formed in Ciy4-depleted regions. 

Our earlier discussion indicates that accretion of icy grains occurred after the 

volatiles in icy mantles were vaporized, then were recondensed onto the grains 

which finally aggregated into macroscopic cometesimals or planetesimals with 

initial sizes in the raxige 1 to 10 km. These icy solid bodies accreted in environ

ments cold enough to allow condensation of amorphous water ice with significant 

amounts of occluded volatile molecules, fractionated according to their polariz-

ability. They are the building blocks of comets and two outer planets (Neptune 

and Uranus). The former were dynamically ejected either to the Oort cloud or to 

interstellar space. Furthermore, the "irregular" satellites of Jupiter. Saturn and 

Neptune are believed to form within the outer part of the solar nebula. The\-

were later captured by their parent planets. With this perspective, the primordial 

volatile budgets of Neptune, Uranus and "irregular" satellites should be similar 

to that of comets. Recall that methane could be abundant in planetesimals even 

if condensation of planetesimals occurred in CH4- depleted regions. This low-
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temperature trapped CH:i may be an important source of the methane we see 

on the surfaces and in the atmospheres of Uranus, Neptune and its moon. Tri

ton. The disconnect between the present volatile budget seen in outer planets 

or "irregular" satellites and the original inventory reflects modifications during 

postformation processing. One apparent discrepancy between comets and Triton, 

i.e.. the dearth of CO relative to N2. is attributed to photochemical or thermo-

chemical conversion of ammonia to molecular nitrogen (Lunine, 1993). Generally 

speaking, chemical reactions among the various constituents in planetary (satel

lite) surface and atmosphere could alter the original inventory. Even comets are 

subject to modifications, but to a less extent due to their low storage temperature 

in the Oort cloud. The chemical inertness of noble gases then offers a better way 

to test the origin of different volatiles in outer planets and "irregular" satellites. 

The idea goes as follows: abundances of various trapped volatiles in amorphous 

water ice can be predicted by applying the gas trapping theory to cistrophysicai 

environments. Comparisons between predicted volatile abundances relative to 

nobel gases and observed values would suggest origin of volatiles. More specifi

cally, are volatiles we see today primordial, i.e., derived from the trapped gases in 

planetesimals that formed the planet (satellite), or were they produced by chem

ical reactions during postformation processing? This approach was first used by 
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Luaine and Stevenson (1985) to quantify a compositional test of the origin of 

nitrogen in Titan's atmosphere. Based on temperature-pressure profiles of the 

satellite-forming nebula around Saturn, clathrate hydrate should be dominant 

in planetesimals that formed Titan. The composition of the ice composing the 

building blocks of Titaji is thus determined using clathrate thermodynamics. The 

same strategy is applicable to studies of other objects located in much colder re

gions, e.g.. Triton, where amorphous water ice is abundant. Fig. 3.10 presents 

the abundances of major trapped volatiles relative to Ar in the outer solar neb

ula. In the figure, the nitrogen is assumed to be in the form of and C is 

s e v e r e l y  d e p l e t e d  r e l a t i v e  t o  C O .  A c c o r d i n g  t o  t h e  f i g u r e ,  t h e  r a t i o s  o f  C A r .  

COIAr, and N^IAr in the amorphous water ice are about 2.5x10^, 2.0x10^. and 

12 respectively. If the present-day .Vj, Cand CO in the atmosphere of Triton 

are primordial, the ratios of CH^IAv. COjAr. and NijAr should be close to the 

predicted values. Unfortunately, the abundances of nobel ga^es are completely 

unknown on both Triton and Pluto. Nonetheless, the predictions provided by 

Fig. 3.10 will assist future studies. 



191 

Figure 3.10: Enrichment of major trapped volatiles over Ar m the amorphous ice 
at heliocentric distance of 30AU. All nitrogen is assumed to be in the form of A'j-
CHAICO is only 0.3% in the gaseous nebula. 
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3.4 Conclusions 

We have examined the frictional heating, sublimation, and recondensation of 

grains free-falling into the solar nebula. We conclude that interstellar icy grains 

are subject to reprocessing and their compositions vary with heliocentric distance. 

The grains formed at the orbits of Jupiter and Saturn are expected to retain 

crystalline or restrained water ice with CO and A2 as dominant trapped carbon 

and nitrogen species. The grains formed in much cold regions, however, could 

h a v e  r e t a i n e d  a m o r p h o u s  w a t e r  i c e  w i t h  s i g n i f i c a n t  a m o u n t  o f  t r a p p e d  C e v e n  

though recondensation occurred in nebula regions where Cis severely depleted. 

Differing compositions of icy grains largely determine the origin of the volatile 

budgets of outer solar system icy bodies. 
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C h a p t e r  4  

SUMMARY 

Given the astrophysical conditions in dense molecular clouds and in the outer 

regions of the solar nebula, we expect amorphous water ice to be the dominant 

phase of water vapor deposition. It has been shown experimentally that 

amorphous ice can trap a large amount of volatiles under conditions well 

outside the stability field of the condensed phases of the volatiles. This 

phenomenon is relevant to the origin of the volatile budgets of outer solar 

system icy bodies and for interpreting the behavior of comets. 

This thesis investigates the physical properties of amorphous water ice, 

especially its property of trapping various volatiles. It consists of three chapters. 

The subject of Chapter 1 is to construct a statistical thermodynamic model, by 

which compositions of amorphous solid water with trapped impurities under 

different temperature and pressure conditions can be predicted. In this model 

the distribution of void sizes is assumed to be a Gaussian distribution 

characterized by a preferred cage type. We find that theoretical predictions are 

in good agreement with previous measurements (Bar-Nun et al., 1988) for low 

temperature deposition (below lOOK). There are some discrepancies for ice 

prepared at lOOK. These studies compel us to collect more laboratory data to 

constrain our model. Chapter 2 then covers the experimental studies of gas 

retention at T>90K. 

Chapter 3 applies the results of previous chapters to explore the origin of the 

volatile budgets of outer solar system icy bodies. We investigate the processes 
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involved in the formation of grains and planetesimals in the outer nebula. We 

begin Chapter 3 with grain infall and drag heating. The subsequent 

recondensation of icy grains in the outer solar nebula is pursued by applying the 

resiilts of previous chapters. We find that the volatile budgets of outer solar 

system icy bodies can be naturally explained by the selective trapping of 

volatiles in water ice. 
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