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Introduction: H, , and CO are the most abundant mo-
lecular constituents in astrophysical environments,
including protostellar nebulae. Although some organic
molecules may be produced on very long timescales by
the irradiation of ices formed on the cold surfaces of
interstellar grains [1,2] and these molecules may be an
important source of raw materials leading to the origin
of life on Earth, pre-solar organics could be swamped
by the efficient conversion of nebular H,, N, and CO
to simple organic materials.

We once believed that the conversion of H,, N, and
CO to organic materials required the action of a metal-
lic iron catalyst and that these small iron particles
would be easily poisoned by nebular sulfur. In addi-
tion, much of the iron in the solar nebula is found in
silicate and sulfide minerals, neither of which is a good
catalyst for the Fischer-Tropsch [3H, + CO => CH, +
H,0] or Haber-Bosch [3H, + N, => 2NHj;] reactions.
Our error was in the application of man-made proc-
esses to nature. Both the Fischer-Tropsch and Haber-
Bosch reactions are specifically engineered to effi-
ciently produce methane or ammonia from the avail-
able CO or N, respectively. All available studies of
these reactions have been carried out in order to in-
crease the efficiency of these processes and to increase
the yield of the desired products.

Application of Fischer-Tropsch reaction kinetics to
the formation of simple organic materials in the solar
nebula [3] demonstrated that it was possible to produce
sufficient organic material as gas and dust spiraled in
to the protosun to account for the mass of organic mat-
ter found in primitive meteorites. Unfortunately, no
allowance was made for the loss of these products to
the sun, and no good mechanism was proposed for
their incorporation into the meteorites.

New Developments: There have been two new de-
velopments that could change our view of the produc-
tion of organic materials in protostellar nebulae. First,
studies of the conversion of H,, N, and CO to more
complex organic materials have demonstrated that a
wide range of materials can provide effective surfaces
to promote such reactions [4]. Second, a new model of
nebular dynamics that explicitly follows the motions of
specific parcels of gas and dust now shows that al-
though the bulk flow of material in the nebula is to-
ward the protosun, some material definitely moves
outward as well [5]. Taken together, these new devel-
opments can provide considerable insight into the for-
mation of organic materials in protostellar systems.

Nebular Dynamics: Chemistry is a very path-
dependent phenomenon, provided that chemical equi-
librium is not achieved. Under most non-LTE situa-
tions, the final chemistry of the system will depend on
what existed initially, how long the reaction was al-
lowed to proceed and the temperature and pressure of
the system. Reactions proceed faster at higher tem-
peratures and higher pressures such as those found in
the innermost regions of protostellar nebulae. Yet
such ideal reaction conditions cannot provide complex
organic compounds to meteorite parent bodies or to
nascent comets unless the products of such reactions
can be transported to the sites where primitive bodies
begin to form. In the case of comets that finish grow-
ing at 5 to 10 A.U. aggregation may begin as far as
100 A.U. from the protosun in a minimum mass nebula
[6]. For more massive nebulae the aggregation process
would begin closer to the sun and the drift that occurs
during growth would be reduced, yet transport to sev-
eral 10s of A.U. would still be required to incorporate
the products of high temperature, high pressure reac-
tions throughout the body [7,8]. Boss [5] has demon-
strated that nebular materials can be transported out to
well beyond 20 A.U.

Surface-Mediated Chemistry: In chemical engi-
neering applications it is essential to maintain the cata-
lyst in pristine condition to ensure the continued pro-
duction of a pure product stream. Catalyst poisoning
can result in the production of unwanted product or in
the effective loss of the catalytic surface that promotes
the reaction of interest. If we view the conversion of
H,, N, and CO to nebular organics as a catalytic proc-
ess, then it will always fall short of expectations. First,
we have previously demonstrated that amorphous iron
silicates provide reasonably good surfaces to promote
the reaction of H,, N, and CO to organic materials
resembling those found in meteorites [9]. Second, we
have also demonstrated that although they are not as
efficient, amorphous magnesium silicates, bronzite and
a range of other natural materials also promote the
formation of organic materials from H, and CO. One
can infer from these studies that almost any surface
will promote the conversion of H, and CO to organic
materials of some type, though the efficiency and the
products of the reaction may depend on the specifics
of the system. Furthermore, although reaction of H,
and CO on these surfaces does produce volatile or-
ganic products, a major reaction product appears to be
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a macromolecular organic coating on the surfaces of
the grains.

We have been carrying out studies of the surface-
mediated reaction of Hy, N, and CO on grain surfaces
for several years and a number of interesting facts are
beginning to emerge beyond those that we had initially
intended to measure. First, as noted above, many sur-
faces promote the conversion of H,, N, and CO into
organic materials beyond just iron or amorphous iron-
containing silicates. Second, although we know that
the reaction of H,, N, and CO results in the formation
of a macromolecular coating on our grains, we do not
notice a significant decrease in our reaction rate even
when this coating comprises up to 10% by mass of the
grains [9]. Finally, although some grain materials,
such as amorphous magnesium silicates, initially do
not act to break the very strong molecular nitrogen
bond (we initially see no nitrogen containing products
in our circulating gas) later experiments using that
same grain type eventually do begin to show evidence
for nitrogen-containing products. This appears to im-
ply that the organic coating formed as one of the prod-
ucts of the reaction of H,, N, and CO on any grain
surface also acts as an effective surface for the conver-
sion of H,, N, and CO into organic materials.

Take it to the Extreme: We have shown that many
materials are capable of converting H,, N, and CO into
a macromolecular organic coating on the original grain
surface and that this surface is, itself, capable of pro-
moting the reaction of Hp, N, and CO into organic
materials. Kress and Tielens [3] demonstrated that
simple Fischer-Tropsch reactions on tiny grains of iron
were capable of producing sufficient organic material
to account for that observed in meteorites, albeit with-
out accounting for the potential inefficiency inherent
in incorporating such materials into the parent bodies.
If every dust grain entering a protostellar nebula is
capable of acquiring a coating that promotes the con-
version of Hy, N, and CO into organic molecules then
this will greatly increase the production of organics
even in a system where all such production must occur
as the dust and gas migrates in towards the protostar.
However we also know that the rate of conversion of
H,, N; and CO into organics increases with both tem-
perature and pressure, and will therefore be most effi-
cient in the hotter, denser inner nebula. Boss [5] has
shown that the products from such reactions could
easily migrate outwards to become incorporated into
the meteorite parent bodies or into comets. In fact,
until the formation of the giant planets begins to open
significant nebular gaps at the midplane, there is no
limit to the distance that such materials could migrate.
Even after the opening of such gaps, it might still be

possible for material to travel outward both above and
below the nebular midplane.

Conclusion: Dust grains falling into a protostellar
system can provide surfaces that promote the reaction
of Hp, N, and CO into both volatile organics and a
macromolecular coating that continues to promote the
formation of organic materials. Although the reaction
is most efficient in the innermost regions of the nebula
this does not pose significant problems as the reaction
products as well as the coated grains can migrate back
out to the far reaches of the nebula, thus seeding the
entire nebula with the organic building blocks of life.
All that would then be needed are appropriately pleas-
ant conditions allowing such seeds to germinate.
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