CHEMICAL COMPOSITION OF DUST EXPECTED FROM
CONDENSATION MODELS

TETSUO YAMAMOTO

Institute of Space and Astronautical Science
Yoshinodai 3-1-1, Sagamihara

Kanagaowa 229

Japan

ABSTRACT. This review examines to what degrees the present chemical equilibrium con-
densation models are effective in predicting chemical composition of grains observed in a
variety of cosmic environments. The composition expected from the equilibrium calcula-
tions is reviewed separately for refractory (rocky and metallic) and volatile (icy) compo-
nents. Comments are given on the limitation of the equilibrium calculations in predicting
the grain composition. By taking cometary ice as a typical cosmic volatile condensate, it
is pointed out that its composition is far from that expected from the equilibrium models.
Theories on the formation of cometary volatiles are reviewed, and an observational clue
helpful to testing the theories is pointed out. Discussion is given on the advantage for
formation of organic materials from volatile solids.

1. Introduction

Condensation is an elementary process for formation of dust grains. Models of condensation
of gases having various elemental composition provide a basis of a study of the chemical
composition of grains formed in a variety of cosmic environments. This review concentrates
on the composition as viewed from the condensation theory. Spectroscopic studies of the
chemical composition are addressed to a review by Tielens in this volume.

The condensates are classified into refractories and volatiles. The refractory solids in-
clude rocky and metallic materials, whereas the volatiles are ices of various composition
composed mainly of H, C, N, O and S. Organic materials are another important component
of grains, which have similar elemental composition as volatiles, but are more refractory.
Table 1 gives a rough idea on the elements relevant to the above classification of the grain
materials. Condensation (or sublimation) temperatures mainly depend on the strength
of the bond; volatiles have the weakest bond such as van der Waals or hydrogen bonds,
whereas refractories have strong bonds such as valence or metallic bonds. Condensation
temperatures of volatiles are lower than 100 K in general, whereas those of rocky and metal-
lic grains are higher than 1000 K under typical pressures relevant to cosmic condensation.
Table 1 also indicates that the abundances of C, N, and O, the elements composing volatiles
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and organics, are about ten times larger than those of Si, Mg, Fe, and Ni, the elements
composing rocks and metals. This implies that ice and organics have potential to be as
abundant as rocky and metallic solids or more.

TABLE 1. Properties of abundant elements
(T =10 ~1000K, P ~ 10~* atm)

volatility phase bond abundance

H very volatile gas 1010
He

C volatile ice van der Waals

N H-bond 107

0] refractory organics partially valence
hglg refractory rock valence 108

Fe metal metallic s

Ni } refractory | yide, sulfide) 10

2. Refractory Composition

Chemical equilibrium condensation calculations have been established for rocky and metallic
grains. The equilibrium calculations of a gas of solar elemental composition were intensively
domne in connection with the explanation of the composition of minerals in meteorites (see
review by Grossman and Larimer, 1974). Major condensates that the equilibrium theory
predicts are Mg-silicate such as pyroxene and olivire, and Fe-Ni alloy. Silicates are observed
in many interstellar and solar system objects in both amorphous and crystalline forms (e.g.
Tielens, in this volume). Whether amorphous or crystalline solid is formed depends on the
kinetics of condensation such as a crystalline nucleation rate and a cooling rate of the grains
in the environment where the grains condense (Seki and Hasegawa, 1981). On the other
hand, iron grains have not been observed in intezstellar space, but the presence of iron or
magnetite is suggested by depletion of Fe in the gas of interstellar space (e.g. Whittet,
1984)

Equilibrium calculations for condensation of a gas of elemental composition other than
solar have also been done (Gilman, 1969; see also Woolf, 1975). The compositior of con-
densates depends crucially on the C/O ratio of the vapor. For C/O < 1 as in the case of
the solar composition, C atoms are locked in CO gas, which is stable at high temperatures
and low pressures, so no free carbon is available for condensation. For C/O > 1, on the
other hand, free carbon is available for condensation. In this case, major condensates are C
and SiC. The presence of carbonaceous grains are suggested in circumstellar and interstellar
space (e.g. areview by Duley, 1988), and also presolar graphite grains are identified, though
very minor, in meteorites (Amari et al., 1990). SiC is observed in circumstellar envelopes
of carbon stars and planetary nebulae (e.g. Bode, 1988), and pre-solar SiC is detected in
meteorites (Bernatowicz et al., 1987).
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The chemical equilibrium theory has limitation for predicting solid composition formed
through non-equilibrium processes. For carbonaceous grains, PAH (Léger and Puget, 1984)
and QCC (Sakata et al., 1984), which would be non-equilibrium products, have been pro-
posed from a comparison of the laboratory spectra with the interstellar and circumstellar
spectra. The possibility of formation of hydrocarbon grains in the case of C/O > 1 is
suggested from thermodynamic calculations, because of the presence of abundant hydrogen
(see review by Salpeter, 1977). For siliceous grains, Wada et al. (in this volume) propose
non-stoichiometric Si0 solid trapping H2O molecules in it, which is formed by rapid cooling
of SiO gas, as a candidate dust composition around protostars. It must be pointed out that
the elementary processes for the formation of those non-equilibrium condensates have not
yet been clarified.

3. Volatile Composition

Volatiles have not been detected in interplanetary dust, but have been observed in the dust
in interstellar clouds, and in comets. Volatiles are an excellent probe for studying the origin
and evolution of dust including refractories, since volatiles are sensitive to temperature and
radiation in the environment where they condensed and have been placed. In the study of
the interrelation between interplanetary and interstellar dust, a comet is a key object (e.g.
Greenberg, 1982; 1988), since a comet is one of the most volatile-rich and pristine objects
in the solar system probably preserving interstellar dust at the time of the formation of
the solar system, as well as one of the main sources of present interplanetary dust. Volatile
composition of comets is inferred from the gaseous composition observed in the coma.

Table 2 summarizes candidate molecules composing cometary volatiles and their abun-
dances observed in the comae of comets (Weaver, 1989). Although the abundance values
are heavily weighted towards the results of comet Halley and have uncertainties, it is clear
that both oxidized (CO, CO;) and reduced (CH4, NH3, HCN) species constitute cometary
volatiles. Namely, it is a remarkable characteristic that the cometary volatiles are a mix-
ture of reduced and oxidized compounds. It must be noted that the chemical condensation
theory (e.g. Lewis, 1974) predicts reduced compounds. Cometary volatiles are a typical
sample of non-equilibrium condensates. This implies that the equilibrium theory breaks
down at low temperatures, and non-equilibrium consideration is required for volatiles, as
expected from the fact that the time required to achieve chemical equilibrium increases
exponentially as the temperature is lowered.

TABLE 2. Relative abundances of molecules in the comae of comets (from Weaver, 1989)

H,0 CO CH, CO, HyCO NHj HCN N,
1 0.02-0.07 0.01-0.05 ~0.03 <0.05 0.003-002 ~0.001 <0.001

Two types of the theories have been proposed for the formation of cometary volatiles.
The theory of the first type assumes that cometary volatiles are a mixture of materials
condensed in the solar nebula and in the Jovian subnebulae from a gas whose composition
was quenched at a high temperature (Prinn and Fegley, 1989; Fegley and Prinn, 1989).
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Another theory of this type assumes that cometary volatiles are clathrate hydrates formed
in the solar nebula. (Lunine, 1989; Engel et al, 1990). On the other hand, the theory of
the second type asserts that cometary volatiles had originally condensed in the interstellar
cloud, and lost very volatile species in the solar nebula (Yamamoto et al.; 1983, Yamamoto,
1985). Namely cometary volatiles are regarded as a sublimation residue of the interstellar
ice. These two types of the theories are distinguished by whether cometary volatiles origi-
nates as the condensates in the solar nebula including the subnebulae of the Jovian planets,
or as sublimation residues of interstellar ice. In the following, I will briefly describe the
mixture model and the interstellar-ice residue model. More detailed discussion is given by
recent reviews by Yamamoto (1990a, b).

The ‘mizture model’ is based on a chemical equilibrium calculation of the molecular
composition in a gas of solar composition, with taking account of quenching. In this model,
the solar nebula is assumed to be initially hot (> 1000K). In the course of the nebular
cooling, the gaseous composition is quenched at a certain temperature called a quenching
temperature, since the time scale for achieving the chemical equilibrium becomes much
longer than the nebular dynamical time scale at low temperatures. Condensation of volatiles
occurs in the quenched gas. For carbon compounds, for example, a ratio of CO/CHy is a
measure of the redox state. In a chemical equilibrium scheme, CO is a dominant carbon
species of the gas at high temperatures and low pressures, and CH, is the dominant species
at low temperatures and high pressures. Actually, however, the gaseous composition is fixed
in the cooling at a certain temperature called a quenching temperature. In consequence, CO
dominates CH4 even at low temperatures at the pressures of the solar nebula that Fegley
and Prinn (1989) suppose. On the other hand, CH4 dominates CO at the pressures of the
Jovian subnebulae, since the total pressure of their hypothetical Jovian subnebulae is much
higher than that of the solar nebula. Similar situation holds for N;-to-NHj; conversion:
the abundances are N, 3> N Hj in the solar nebula, whereas NH; ~ N; in the Jovian
subnebulae. In this model, cometary volatiles are assumed to be a mixture of condensates
formed under both conditions.

It must be pointed out that H,O ice condenses at ~ 150K under the solar nebula
conditions of the pressure of ~ 1072 to 107 bar (Lewis and Prinn, 1980) assumed in this
model, and at a higher temperature under the subnebula conditions.

In the ‘interstellar-ice residue model’, the formation process of cometary volatiles is
divided roughly into two stages. The first is the interstellar cloud stage, with its fragment
being the parent cloud of the solar nebula. At this stage, gaseous molecules in the cloud
condense onto grain surfaces to form volatile mantles on them. Since the grain temperature
in dense regions of the cloud is as low as ~ 10K, the grains can be coated with volatile
mantles composed of molecules up to very volatile ones except Hy and He. The volatile
mantles are composed of a mixture of reduced and oxidized species as characterized by the
Greenberg particle (Greenberg, 1982). Note that the chemical composition of the gas and
volatile mantles is far from that expected from the thermochemical equilibrium, since the
chemistry prevailing in interstellar clouds is not thermal chemistry, but is based on ion-
molecule reactions at low temperatures and densities. The second is the primordial solar
nebula stage. In the outer solar nebula where cometary nucleus formed, the grains in the
parent interstellar cloud would have survived, but their mantles lost highly volatile species
from their composition, since the temperature of the solar nebula would have been higher

https://doi.org/10.1017/5025292110006721X Published online by Cambridge University Press


https://doi.org/10.1017/S025292110006721X

417

than that of the interstellar cloud. According to this model, cometary nuclei are regarded as
planetesimals formed from grains coated with volatile mantles of the sublimation residues.

This model assumes that each of the volatile species composing the ice sublimes inde-
pendently, which is rather too simplified in view of recent sublimation experiments of ice
mixtures (see Yamamoto (1990a, b) for the implications of these experiments). Another
assumption concerns the volatile mantle composition in the interstellar cloud. Namely,
this model adopts the interstellar molecule (gaseous) composition. The composition of the
volatile mantle (i.e. solid composition) is not necessarily the same as the gaseous composi-
tion (e.g. d’Hendecourt et al., 1985). It should be pointed out that the study of the ice in
interstellar clouds is closely connected with the study of the cometary volatiles and of the
origin of interplanetary dust.

Under the assumptions stated above, this model places a constraint upon the temper-
ature that cometary volatiles experienced as: Tyup(N2) ~ 20K < T < Tyup(CO2) ~ 70K
from a comparison of the abundances of cometary and interstellar molecules, where T,y
is the sublimation temperature. Note that cometary volatiles have not experienced the
temperatures higher than ~ 70 K according to this model.

Crystalline structure of the ice is one of the keys to testing the two types of the theories
described above. Laboratory experiments (e.g. Klinger (1990) for a review) show that
the crystalline structure of ices depends on the temperature at which they condense. At
low pressures relevant to cosmic ices, the structure is amorphous when condensed at low
temperatures, whereas it is crystalline when condensed at high temperatures. For H,O
ice, the transition temperature is 130 to 140 K. As stated previously, the mixture model
predicts that the H,O ice condenses at about 150 K in the solar nebula, and at a higher
temperature in the Jovian subnebulae. According to the interstellar-ice residue model, on
the other hand, the ice have not experienced temperatures higher than ~ 7T0K. Thus, the
mixture model predicts crystalline ice, whereas the interstellar-ice residue model predicts
amorphous ice, though there is a possibility of alteration of the crystalline structure after
condensation, for example, by UV irradiation (Kouchi and Kuroda, 1990). The crystalline
structure of fresh ice in the interior of a cometary nucleus is a key to determining which
theory is plausible. Direct observations of the ice in the interior of the nucleus may be
difficult at present, and we may have to wait for a mission to the nucleus. At present, the
spin temperature derived from the observations of the ortho/para abundance ratio of H,O
molecules observed in comets Halley and Wilson (Mumma et al., 1987; Larson et al., 1988)
will provide a clue to infer the formation temperature (see Yamamoto, 1990a).

4. Formation Conditions of Organic Matter

Organic materials are present ubiquitously in space. In interstellar space, the presence of
organic refractory grains was proposed by Greenberg (1971) as resulting from photopro-
cessing of ice, and is confirmed from IR observations (Tielens, in this volume). Furthermore
molecules of organic composition occupy a fraction of the observed interstellar molecular
species in a gas phase. In the solar system, organic materials are found in carbonaceous
chondrites, interplanetary dust as tar balls (Bradley and Brownlee, 1986), and cometary
dust as CHON particles (Kissel and Kriiger, 1987), and are suggested to be present on the
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surfaces of icy satellites of the Jovian planets. In a gas phase, atmospheres of the Jovian
planets and their satellites contain organic species.

In the formation of organic materials, a redox state is one of the important factors. Many
experiments suggest that a reduced state provides more favorable conditions for forming
organic materials than an oxidized state. It is interesting to compare the redox state of the
gas and solid phases in space by noting molecular species composed of carbon, nitrogen,
or both. The gas phase carbon and nitrogen chemistry indicates that C is mainly in the
form of CO, and N in the form of Nj in interstellar clouds (e.g. Irvine and Hjarmarson,
1983) and in the solar nebula (Prinn and Fegley, 1989; Fegley and Prinn, 1989). Namely, C
and N are mainly in the oxidized state in the gas phase. The reduced state is realized only
locally such as in the atmospheres of the Jovian planets, and in the Jovian subnebulae. On
the other hand, volatile solid composition is not known well at present compared with the
gaseous composition. For the volatile solid composition in solar nebula, we can refer to the
composition of cometary volatiles. If cometary volatiles represent primitive solar nebula
volatiles, their composition indicates that the solar nebula volatile solids are more reduced
than the nebular gas as stated in §3. In interstellar clouds, on the other hand, recent
progress in infrared observations of dense clouds reveals the presence of H,0, CO ices, and
suggests CH30H, and NHj; as the ice composition (Tielens, in this volume). Figure 1 shows
equilibrium temperatures of ices which condense from a gas of the interstellar molecule
composition (Yamamoto et al., 1983), and is calculated based on the simplified assumption
as stated in §3. It is clearly seen that the reduced compounds such as hydrocarbons,
nitriles and ammonia condense more easily than the oxidized compounds such as CO and
N;. These lines of results indicate that reduced compounds tend to be concentrated more
in the volatile solids, and suggest that the solid phase provides more favorable conditions
for the formation of precursors of organic materials than the gaseous phase.
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Figure 1. Equilibrium condensation temperatures (in K) of a gas of the interstellar
molecule composition for the gas (mainly of H) density of 10° cm™3. The species of the
left side are reduced ones, and those in the right side are oxidized ones.
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