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The space between stars is not empty but contains gas-phase and particulate matter under varying conditions.
Neutral matter is found mainly in large regions of the interstellar medium known as “clouds”, the largest of
which, termed “giant molecular clouds”, are essentially molecular in nature. Stars and planetary systems
form inside these giant clouds when portions collapse and heat up. The details of the collapse can be followed
by observation of the chemical changes in the molecular composition of the gas and dust particles. Moreover,
an understanding of the chemical processes yields much information on the time scales and histories of the
assorted stages. Among the most recent additions to our chemical knowledge of star formation are a deeper
understanding of isotopic fractionation, especially involving deuterium, and a realization that the role ofneutral
neutral reactions is more salient than once thought possible.

1. Introduction The nuclei of stars both heat and stabilize stellar matter by
) ) o ) exothermic nuclear fusion reactions that produce elements more
The universe started as a Big Bang and within a relatively complex than hydrogen. This matter eventually finds its way
brief astronomical period cooled and expanded to form an jnto interstellar space because older stars lose much of their
undifferentiated ooze consisting overwhelmingly of hydrogen matter either explosively, as in supernovae, or more gently.
and, to a lesser extent, helidniEventually, the ooze condensed  ynder the influence of gravity, interstellar clouds are formed
into relatively concentrated large portions of material known from the stellar ejecta. The relationship between stars and
as protogalaxies, and local matter in these objects collapsed tonterstellar matter is cyclical because, as clouds evolve, portions
form the first generation of stars. Much of the matter in the of them collapse to form new generations of stars, which start
universe is now to be found in galaxies, which are large |ife with considerable portions of non-hydrogenic matter in their
assortments of stars, interstellar matter, and so-called “hidden” outer region$. Some chemistry and condensation into dust
matter, necessary to understand the dynamics of galaxies buparticles can then occur in relatively cool stellar atmospheres,
not directly detectable. Our own galaxy, the Milky Way, has a especially as stars age. The matter emanating from these older
typical spiral structure, with a dense center that may contain a stars contains atoms, molecules, and tiny dust particles com-
black hole, and spiral arms that trace out both stars and posed either of silicates or carbon. The harsh radiation field in
interstellar matter. The interstellar matter is composed of a interstellar space quickly dissociates most molecules formed in
variety of low-density phases. In addition to rather hot and stellar atmospheres, and the material that leads to yet new
rarefied matter, there is much neutral material, typically generations of interstellar clouds becomes mainly atomic and
concentrated in regions known as “interstellar clouds”, and particulate in nature, although any very large molecules formed

containing both gaseous and particulate phases. in stars may survive relatively unscathed.
Given this cycling, one can expect that the elemental makeup
* E-mail address: herbst@mps.ohio-state.edu. of stars and clouds in our galaxy is on average rather similar.

10.1021/jp050461c CCC: $30.25 © 2005 American Chemical Society
Published on Web 04/14/2005



4018 J. Phys. Chem. A, Vol. 109, No. 18, 2005 Herbst

TABLE 1: Cosmic and Solar Abundance$ of Some of the
More Important Elements Normalized to Hydrogen

element cosmic solar
He 1.0(01) 8.5(-02)
C 2.1(-04) 4.0-04)
N 6.6(—05) 1.1-04)
(0] 4.6(-04) 8.5(-04)
Mg 2.5(-05) 3.8(-05)
Si 1.9(-05) 3.6(-05)
S 1.2¢-05) 1.6(-05)
Fe 2.7¢05) 4.7¢-05)

aNote: a(—b) refers toa x 107,

The relative abundances of each element are best determine
via stellar absorption spectra, in which cooler atmospheric layersjg
absorb radiation from the nearly blackbody radiation emitted §
from high-density interior regions of stars. Although all stars
do not show the same elemental abundances, an average of marj
nearby young and middle-aged stars, known as “cosmic g
abundances”, can be definé@he most abundant elements are §
shown here in Table 1 for the cosmic and solar cases, with the &
numbers given relative to hydrogen, which is dominant for @&
almost all bodies except gravitationally insignificant ones such T -

as the earth. It can be seen that although helium is close in .. . e o o N _
abundance to hydrogen, the chemically important elements Figure 1. The so-called black cloud B68, 500 light years distant and

Carboi; oxygen, a_md nitrogen are lower in abundance by factorsO.S light years across, is really a dense core that extinguishes most
of 10°~* and heavier elements are lower by even greater factors. packground visible radiation. Permission to reproduce the figure has

The elemental abundances in the solar atmosphere lie very clos@een granted by ESO. Taken from web site http://antwrp.gsfc.nasa.gov/
to the cosmic values but tend to be somewhat greater for theapod/ap990511.html.
heavier elements.

The detailed nature of interstellar clouds is still only partially is radio astronomy, which probes the rotational spectra of gas-
understood, even in our own galaxy. Relatively nearby “diffuse” phase molecules, and can be performed from the ground at
clouds can be studied by optical and ultra-violet spectroscopic Wavelengths as short as 0.3 mm. Rotational spectra are generally
absorption using background stars as lamps; the matter in suctseen in emission both because of the relative paucity of
regions is re|ative|y transparent and has a typica| gas demsity continuous background sources and because collisional excita-
of approximately 18cm™3, a gas temperature of 50 K, and a tion is efficient. Such spectra do not probe the condensed phase.
dust temperature of 20 K5 Except for hydrogen, which is  In addition, nonpolar molecules do not possess a strong
roughly evenly divided between its neutral atomic and molecular rotational spectrum, and only the very abundant molecule H
forms, most of the gas is atomic in nature, with small has been detected in this manner, via its quadrupolar transitions.
concentrations of diatomic species and a few polyatomic ones. Use of all of the above high-resolution spectroscopic tech-
The elemental abundances pertaining to the gas show depletionsiques has resulted, by comparison with laboratory spectra, in
for elements heavier than helium relative to stellar values the detection of well over 120 gas-phase interstellar molecules
because of the existence of dust. (excluding isotopomers), which are mainly organic in nature.

More important chemically are dense clouds, where the gas Most of these species are detected only in dense sources. Infrared
density rises to 10cm 3 and the temperature plunges to 10 K, spectral studies of dense clouds show that dust particles possess
for both gas and dust. Note that the density of so-called “dense” @ core-mantle structure, with cores of silicates and carbon
clouds is only relatively high; on an absolute scale it is so low surrounded by mantles of simple ices composed mainly of water,
that the material is more vacuous than the best laboratory CO, and CQ5910 The detected gas-phase species comprise
vacuum! Here the hydrogen is overwhelmingly molecular in molecules that are both normal by terrestrial standards and those
nature, and many polyatomic molecules can be detéctéu: (molecular ions, radicals, unusual isomers) that are quite ékotic.
elemental abundances in the gas are highly uncertain butln dense clouds, the most abundant gas-phase molecule after
observations indicate moderate to strong depletions of heavymolecular hydrogen is CO, which possesses a concentration
elements. The density of dust particles, typically 1% of the approximately 10* that of H, taking up a significant portion
matter by mass and 1& by number, is sufficiently great to of the elemental abundances of both carbon and oxygen. Other
“extinguish” most background stellar radiation in the visible Species have even smaller relative concentrations known as
and UV, but not in the infrared and longer wavelengths, because“fractional abundances”. The largest molecule detected in the
the extinction goes roughly asil/Indeed, dense clouds can gas phase is HGN, a very unsaturated nitrile known as a
look like holes in the sky if they are relatively nearby so that Cyanopolyyne. A list of some gaseous molecular fractional
there are few foreground stars. Figure 1 shows a visible picture abundances in the well-studied dense cloud TMC-1 is shown
of the so-called “black cloud” Barnard 68. Infrared absorption in Table 2!* The organic chemistry of cold dense clouds such
studies can be performed to study both gaseous and particulatés TMC-1 is dominated by very unsaturated species such as
matter in dense clouds such as Barnard 68, but the terrestriathe radicals gH (n = 1-9) and the cyanopolyynes.
atmosphere renders such studies difficult and telescopes mounted Dense clouds can be detected as single objects often called
on satellites improve the signal-to-noise ratio dramaticaily.  globules, but they tend to be associated with much larger and
The major spectroscopic technique for studying dense cloudsheterogeneous agglomerations of gas and dust known as
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TABLE 2: Some Observed Fractional Abundance3in
TMC-1 with Respect to H,

species abundance species abundance

co 8(-5) HCCCN 2¢-8)
OH 2(-7) Cyclic-GH, 1(-8)
CCCCH 9¢-8) HCO* 8(-9)
HCN 2(-8) HCS' 4(-9)
HNC 2(-8) HCNH* 2(-9)
NHs 2(-8) HCCCNH" 1(-10)

aNote: a(—b) refers toa x 107,

“complexes” or “giant molecular clouds”, depending on size,
location, and the type of stars being formed. The denser portions
of these assemblies are often known as “dense cores” rathe
than “dense clouds” whereas the relatively diffuse material
surrounding them is often referred to as “translucent” because
it lies in a density regime in between the cores and standard
diffuse clouds? TMC-1, for example, is located in a much
larger and generally less dense structure known as the Taurug
Molecular Cloud. The spectra of dense cores are highlighted
by rotational emission from polar molecules with large spon-
taneous emission rates, because only at relatively higher
densities can such species be collisionally excited sufficiently
rapidly. The molecule CO, on the other hand, possesses a ver
small dipole moment and a low rate of spontaneous emission [8If(sLa B\ s ERY L1+ HST - WFPC2
so that, thanks in part to its large abundance, it can be excitedZIeEREENES g Kol To P VNP TR LT 1
and detected throughout a giant cloud, especially in its [owest- Rl i A ettt g

lying (J = 1 — 0) transition!3 Giant molecular clouds contain Figure 2. Orion Nebula, a hot plasma caused by high-mass star
large populations of young stars, some even with dark pre- (or formation within the Orion molecular cloud. Image courtesy of
proto-) planetary disks of dense dust surrounding them, and it NASA. Modified by C. R. O'Dell. Taken from web site http:/
is now regarded as certain that these stars are formed within@ntWrp.gsfc.nasa.gov/apod/ap970511.html.

the clouds from dense cores when the material collaffses.
Initially isothermal, the collapse eventually produces a conden-
sation that is sufficiently dense that further collapse becomes
adiabatic. We use the term “protostar” for the ensuing stage, in
which the central condensation increases in temperature unti

along an “evolutionary track” that leads to star formation. Much
of what we know about these stages comes from our observation
of what molecules are present, how abundant they are, and what
jchemical processes lead to their formation and destruction.

nuclear reactions turn on, the exothermicity of which stabilizes '"de€d, the use of chemistry to study regions of star formation

the collapse. The heat from protostars and newly formed stars2S W‘?" as a host of_other objects_has become a very Important

influences the host dense cloud core in a complex variety of field in agtronomy in the Ias_t thirty years or so, ever since

ways, changing the chemical makeup of the nearby gas andPelyatomic molecules were first detected. ~

leading, at the least, to the evaporation of the grain mantles. In the remainder of this article, we will first d|scus_s the
The series of stages leading to star formation depends stronglyformation of molecular hydrogen on granular surfaces in both

on whether a low-mass or high-mass star is being formed. Thedlffuse and dense interstellar sources, as part of a general

formation of a low-mass star, with a mass approximately that introduction to surface chemistry in clouds. The production of
of the sun, is better understood because it takes longer. Thel12 iS @ precursor to subsequent gas-phase chemistry. We will

formation of a high-mass star is far more spectacular, however,',[hen discuss recent advance§ concerning the chemistry occurring
because it eventually leads to the creation of a hot ionized gas" SOme of the stages associated with the formation of a solar-
around the newly formed star, which lights up the vicinity. Mass type star and its associated planetary system. Our
Although no molecules are found in these ionized areas, known discussion of the initial stagedense, or starless, corewill

as HIl regions after the spectroscopic notation for protons,

be used to review briefly some of the basic aspects of low-
molecules are found nearby under relatively warm conditions temperature gas-phase interstellar chemistry. In addition, we will
in areas labeled PDR’s, an acronym for “photon-dominate

g touch upon some chemical aspects of high-mass star formation.
regions”15 Figure 2 shows perhaps the most famous Hll region More detailed studies can be found in the relevant literature
in the sky, the Orion Nebula, which lies in the forefront of the

cited throughout the article. Although work from our group will
Orion molecular cloud and is powered by the newly formed be emphasized, the field of astrochemistry is a worldwide one

Trapezium stars. Right at the border of the visible region in the With many practitioners.
southwest region lies the so-called Orion Bar source, which is
probably the best-known PDR. Broad infrared spectra from
PDR’s seen in fluorescent emission indicate the existence of
aromatic matter, most probably in the form of large polycyclic A substantial amount of molecular hydrogen is found even
aromatic hydrocarbon$.There is also some evidence for these in diffuse interstellar clouds, so its formation is efficient at
species in still-unassigned diffuse spectra in the visible seen inexceedingly low densities. Given the inefficiency of gas-phase
absorption as starlight passes through diffuse interstellar cléuds. radiative association between two hydrogen atoms and the
Of course, we do not witness actual star formation in real impossibility of three-body association at the low density, it
time but detect many objects that can be regarded as existinghas been thought for many years that the formationabéturs

2. Formation of Molecular Hydrogen: An Introduction
to Astronomical Surface Chemistry
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on the surfaces of interstellar dust particléRecent temper- between lattice sites, which are represented as potential minima,
ature-programmed desorption (TPD) experiments on ultra-cold k is the Boltzmann constant, afids the absolute temperature.
olivine (silicate) and amorphous carbon substrates show thatThe rate constants for adsorption and evaporation are considered
the process does indeed happen on realistic analogues of granuldselow. Using an analogous rate law f&i(Hz), one can

surfaces, occurring via a diffusive, or Langmuiiinshelwood, determine the efficiency of Hformation under steady-state
mechanism, in which physisorbed hydrogen atoms move from conditions as a function of the gas-densifH).26
lattice site to lattice site until finding one anotHér2! With Although a rate equation analysis is adequate for modeling

most but not all of the reaction exothermicity transferred to the laboratory experiments on regular surfaces, one cannot just
solid, the molecular product can then be immediately desorbed ytjize rate equations for the interstellar reaction because the
from the surface or, if thermalized, soon evaporate except atsmall sizes of dust particles (1 nm tquin) and the low rate of
the lowest temperatures. In addition, a relatively simple analysis adsorption onto grains lead to very small average surface
of the TPD data yields the binding energies of both atomic populationsN(H) of H atoms, often less than unity, requiring
hydrogen reactant and molecular hydrogen product to the an analysis that treats the discrete aspects of the problem as
surface, the barrier against diffusion of atomic hydrogen, the ye|| as its fluctuations. To perform such an analysis generally
fraction of product immediately ejected from the surface, and yequires a stochastic treatment. In the stochastic master equation
the fact that diffusion occurs via classical hopping rather than method, for example, one focuses on the time derivatives of
quantum mechanical tunnelifgAs shown by other investiga-  propabilities that certain numbers of species are present on an
tors, however, more complex models invoking some chemi- ingividual grain rather than on time derivatives of average
sorption and tunneling can also be used to fit the &&&imilar abundance® 2’ The equations look somewnhat similar to eq 1
experiments on amorphous low-density ice require more detailedy, ¢ expressions such aH) are replaced by probabilitie,-
gnalyses partially because the ice is porous and exceedingly(H) forn=0, 1, 2, .... H atoms on a grain. Such an approach
irregular?* ) . is superior to rate equations for regular grain surfaces, which
Thg parameters determined from analyses of the experiments;re described by individual values Bf andEp, especially in
on olivine and amorphous carbon can be used to estimate thesjyations where the average abundance of atomic hydrogen is
efficiency of the conversion of atomic to molecular hydrogen |ess than unity. If, as determined from the laboratory experiments

on i.nterst.ellar.grains upder a variety of conditions. The \ih a simple model, single binding energies and diffusive
efficiency is defined as twice the number of hydrogen molecules 5 rriers for hydrogen atoms represent the adsorption and

produced divided by the number of hydrogen atoms landing on gt sjon, then the calculated interstellar reaction efficiency is
agraln.understefa\(jy-state conq[tlons. The smplest approach tonigh (greater than 50%) only in narrow temperature ranges,
determine the efficiency is to utilize rate equations. Rather than typically much lower than the surface temperature of diffuse
use surface (areal) densities or monolayers, as is cOmmon ingjo,ds?2 One method of alleviating this problem is to use a

the field of surface chemisti3f,we prefer to use actual number el with some chemisorption to explain the laboratory data,

of species on a grain in these equations.Ni) be the average 54 yse the determined parameters to model the interstellar
number of H atoms on a grain. The rate of chang&l@f) is analogué?

given by the rate la# We have preferred to study inhomogeneous surfaces in which
— _ _ only physisorption occurs. Silicate and carbonaceous surfaces

AN(H)AE = Kagd1(H) = k- uN(H) N(H) ke"a’N(H) @) are considered to be inhomogeneous if either continuous

distributions or multiple but discrete values of binding energies

and diffusive barriers for H atoms exi#&2° These two types

of inhomogeneities result, respectively, from amorphous sub-

strates and irregularities including kinks and terr&é&¥hether

or not such inhomogeneities pertain to laboratory samples, it is

likely that they pertain to interstellar particles. To model H

formation on inhomogeneous surfaces with a careful attention

to the nature of random walk, we have used a Monte Carlo

wheren(H) is the gas-phase concentration of H atokags is
the second-order rate constant for collisions between H atoms
and grains leading to stickinBevapis the first-order rate constant
for evaporation, an#ty—y is the reactive rate constant for two
hydrogen atoms. It is typically assumed that sticking is 100%
efficient.

To determine an expression for the reactive rate constant,

consider a hydrogen atom moving from one lattice site to . L
another. Its rate of reaction is simply the rate of diffusiap treatment to follow the motions of individual hydrogen atoms

(s} to a nearest neighbor site multiplied by the probability ©n Square lattices representing the surfaces of interstellar
N(H)/N of finding another H atom at the site, wheeis the grains? With this approach, the calculated efficiency of reaction
total number of lattice sites. If one remembers that there are I diffuse clouds is found to depend severely on the inhomo-

N(H) hydrogen atoms looking for partners and that both atoms 9€neity of the surface. Using sufficiently inhomogeneous
of a future partnership are moving, the formula fer is surfaces, we have found that the temperature range for high

derived to be efficiency of H, formation under the conditions of diffuse
interstellar clouds extends to temperatures higher than surface
Ky = 2Kgie/N (2) temperatures relevant to these sources. We are also currently
attempting to reanalyze the laboratory experiments by using
For a typical grain of radius 0.4m, there are roughly $0° models of inhomogeneous surfaces that are patterned on

surface sites for adsorption using standard lattice-site arealMicroscopic pictures of those surfaces used in the laboratory.
densitie225 If tunneling can be neglected and there is only ~ The formation of molecular hydrogen on grain surfaces in
one diffusive barrief? the diffusive rate constant is given by dense clouds is a more complex process because it occurs on
the expression the surfaces of mantles that grow via both simple adsorption
from the gas and via granular chemistry. Nevertheless, observa-
Kqir = v exp(—Ey/KT) 3 tions and theory indicate that virtually all of the hydrogen is
molecular in these sources, with a residual atomic abundance
wherev is a typical attempt frequency (#351), E; is the barrier of 104 that of H, so that surface hydrogenation on icy mantles
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is still efficient. The formation of water ice in cold dense regions occurs via bombardment by cosmic rays, which are bare nuclei,
is thought to occur by a surface process in which primeval mainly protons, traveling at relativistic speeds and able to
oxygen atoms landing on grains react twice with hydrogen penetrate dense clouds with a small but significant cross section
atoms, again via a diffusive mechanism. Analogous hydrogena-for ionization3* The rate of ionization is normally expressed in
tion reactions convert atomic carbon and nitrogen into methaneterms of a first-order ionization rate constahtfor atomic

and ammonia, respectivelyThere is even laboratory evidence hydrogen, with rate constants for other neutral species such as
for the slow conversion of CO, when it lands on a grain, into H, expressed in terms @ An estimate for{ in starless cores
formaldehyde and subsequently methanol although here thereis 10717 s71, so that an average time between ionization events
are several reactions with small activation eneréieghus, per H atom is 1&s = 3 x 1 yr. Nevertheless, cosmic ray
surface chemistry acts to make saturated molecules becausébombardment” leads to an overall fractional ionization of
atomic hydrogen, because of its low binding energy to the perhaps 10® — 107 within a reasonable time period according
surface and consequent rapid rate of diffusion, is the dominantto recent chemical modet8.

reactant. Unlike the case of molecular hydrogen formation, In starless cores, the major ionizing event occurs for the
however, heavy products formed on grain surfaces cannotdominant species fand leads mainly to the production ofH
evaporate efficiently, basically because they are bound too This ion is short-lived, reacting with Hin an average time
strongly. This result is seen easily by considering the first-order period of approximately £Gs (1 day) and producing the longer-

rate constant for evaporatiokeap Which is given by the lived Hz* ion, a well-known interstellar molecule detected via
Polanyi-Wigner relatioR® infrared absorptiod.The H™ ion is depleted by dissociative
recombination reactions with electrons, and by reactions with
Kevap= v €Xp{ —Ep/KT} (4) neutral species such as atomic oxygen:
wherev is the same frequency used for diffusion (see above), o+ H3+ —OH" + H, (6)

typically 102 s~1 for physisorbed species, afg is the binding

energy of the adsorbate to the surface. The binding erfésty ~ mainly via proton-transfer processes. A similar process produces
of H to olivine, a metallic silicate, has been measured to be CH* from atomic C. Both OH and CH' react quickly with

373 K22 At a temperature of 10 K, the rate constant is<6 H, via H-atom transfer processes:

1075 s71, leading to a half-life against evaporation of<110*

s, or 3 h. Contrast this for the case of a heavier species with Xt + H,— XHT +H (7
typical binding energy of 1000 K, in which case the half-life

against evaporation at 10 K rises dramatically ta 20° s (6 to form OH' and CH™, respectively, whereas subsequent
x 107 yr), much greater than the lifetime of the universe. H-atom transfer leads to4@ and CH™. The oxonium ion, a

A variety of nonthermal desorption processes for heavy relatively stable and detected interstellar species, is mainly
species have been considered by ourselves and other groupsiestroyed by dissociative recombination:
including immediate ejection following reaction, ejection via

the heat generated by a reaction exothermicity, energetic particle H3O+ +e —H,O+H;OH+2H; OH+H, (8)
desorption, and photodesorption, but no detailed laboratory
analyses are availabt&32Given the large mantles detected in It has been known for some time that dissociative recombina-

cold dense regions, nonthermal desorption cannot be particularlytion reactions have very large rate constants, typically? 10
efficient. The chemistry that forms detected gas-phase molecules10-7 cn® s~1 at room temperature with an inverse temperature
in cold dense sources is thus mainly gas-phase in nature, startinglependence, but only recently have storage-ring experiments
from H; and primeval atoms. Once a star is born, or nearly given us a sense of the branching fractions for assorted
born, and heating occurs in the nearby region, the mantle specieproducts®’ -3 These reactions produce both normal species such
evaporate into the gas and change the character of the gas-phasgs water and unusual ones such as the hydroxyl radical. In

chemistry from a nonsaturated to a saturated®ne. reaction 8, the OH+ 2H channel has the largest branching
fraction, 0.60. As another example, the dissociative recombina-
3. Starless Cores tion of the linear ion HCNH produces both HCN and the

isomer HNC, probably in equal proportions.

We now switch to the adjective “starless” to refer to dense  The methyl ion does not react with,th the normal sense
cores with the standard conditions € 10* cm™3, T = 10 K) because the H-atom transfer is endothermic; nevertheless,
and with no obvious evidence of a central condensation of higher reaction occurs by the slower mechanism of radiative associa-
density formed by collapse. The basic gas-phase chemistrytion:
occurring in such regions has been reasonably well understood
for some time, and is dominated by exothermic-onolecule CH," +H,— CH;" + hw 9)
reactions®® Rarely possessing any activation energy barriers,
these reactions have very large rate constants down to lowin which the intermediate complex is stabilized by emission of
temperatures. For nonpolar neutral reactants, the rate constana photon. According to a statistical theory of oéitghe rate
can be approximated quite well by the Langevin expreskipn  constant for this process is approximately ¥0cm? s* at 10
which is derivable from a consideration of long-range forces K, corresponding to about one in“l0angevin-type collisions.

leading to capture. It is given by the forméfta Nevertheless, because; Hs so dominant, the process is
competitive with dissociative recombination. Two ion-trap
k.= 2re{a/u} Y2x~10%cmPs?t (5) experiments have been performed on this reaction and are only
in qualitative agreement with theory and with each ofi{ét.
where, in cgs-esu unit® is the electronic chargey is the Once protonated methane is synthesized, it undergoes a dis-

polarizability, andu is the reduced mass of reactants. There is sociative recombination reaction to produce an assortment of
no temperature dependence in the formula at all! lonization single-carbon hydrocarbons. Many other chains of-imolecule
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and dissociative recombination reactions have been invoked tohowever, is significantly higher than the overall percentage.
form and destroy most of the gas-phase molecules seen inMoreover, the networks are dominated by-onolecule reac-
starless core¥:3436To use these reactions to determine the tions, and these typically fall into classes where both rate
concentrations of interstellar molecules, it is important to constants and products can be estimated accurately. Ironically,
remember that because the gas-phase chemistry is powered bthe largest uncertainty concerns the role of neutnautral
external energy in the form of cosmic rays and/or photons, the reactions in the low-temperature chemisthOf course, even
chemistry is kinetically controlled. Involving mainly ionic  studied rate constants possess uncertainties, and several groups
processes, large chemical networks, including perhaps 4000have recently tried to estimate how uncertainties, both measured
reactions and involving 400 species, have been formulated andand estimated, in rate constants propagate to uncertainties in
used to model the gas-phase chemistry of starless cores bycalculated abundancé&sThe result is that the smaller molecules
numerical integration of coupled rate equations starting from tend to have the smaller uncertainties, whereas the larger ones
atomic gas except for molecular hydrogen. Such models, if in the model can have several-order-of-magnitude uncertainties.
suitably adapted, can also be used for diffuse cloud chemistry, Because the larger species are typically the ones with abun-
although the chemistry is not as complex and photoprocessesdances that cannot be calculated accurately, it would appear
are quite important. that the problem is simply one of uncertainty. That this is not

Our current network of reactions and rate constants can bethe case, however, is shown by the fact that the calculated
found at http:/Aww.physics.ohio-state.eetic/research.html, ~ abundances for complex molecules are almost always toétlow.
which also contains a link to the comparable network of the !t is likely then that the incompleteness of models plays an
UMIST (now University of Manchester, U.K.) group, known importantrole. _
as RATE99. With the assumptions of homogeneous and static ©One source of incompleteness might be neglect of the
physical conditions, models based on these networks are mosf!onthermal desorption of molecules from grain mantles. For
successful at times of approximately530, at which time they ~ ©xample, consider the case of methanol. The only gas-phase
can reproduce the abundances of perhaps889% of the synth¢5|_s of this r_nolecule in networks consists of the radiative
observed molecules to within their uncertainties, depending on sSociation reaction
the source studiel:3*36At longer periods of time, most heavy n N
molecules stick to dust particles and are removed from thé&’gas. CH;" + H,0— CH,OH," + fw (10)

If adsorption is ignored, the system will reach a steady-state
situation in 138 yr, which is unrealistic (and still not to be
confused with thermodynamic equilibrium). Moreover, the
steady-state solutions are typically worse than those obtained
at so-called early time. In addition to their partial quantitative
success at the earlier time, the models show qualitatively why
normal molecules, radicals, isomers, and molecular ions are all
detected. In addition, the unsaturated nature of the organic
chemistry is reproduced, mainly because as the molecular ions
become larger in size, they tend to be unreactive with H
Nevertheless, the failure of the models to reproduce 100% of
the molecular abundances should be probed. This failure stem ;

ormed on granular surfaces by the hydrogenation of CO,

from a varlety of a§tronom|cal and chemical reasons. desorbs into the gas with some low efficier®yOur current

The major chemical reasons for the lack of total success are nyplished estimate is that 1 out of every @D molecules
uncertainty in reaction rate constants and incompleteness of theanding on grains must come off as methanol to explain the
networks. Two other chemical problems arise from actual errors gpserved abundance in TMC-1. If it is true that grain mantles
in the network and the possibility of nonthermal events. The st pe included, then it makes sense to run gas-grain models
major astronomical reasons are the lack of physical homogeneityin which surface chemistry and gas-phase chemistry occur
and the possibility that physical conditions change with time sjmytaneously with both adsorption and nonthermal desorption.
on time scales comparable with the chemistry, rendering the Athough we have constructed models based on such combined
initial conditions and chemical abundances obscure. Progresshetworks, the difficulty in modeling surface reactions via correct
is currently being made on reducing all sources of error. The stochastic methods plus the unknown efficiency of nonthermal
lack of homogeneity becomes apparent with telescopic tech- gesorption mechanisms has limited their usefuiness for starless
niques of high spatial resolution; TMC-1, for example, is NOW qregl242.47
known to consist of four cloudlets, named-B, respectively. Another source of incompleteness in gas-phase models may
At the simplest level, models can now be constructed for each jig in our treatment of neutraineutral reactions in the networks.
cloudlet. More ambitiously, new models are being constructed |t nas been recognized for some time that radicatlical
in which both the formation and destruction of dense cores in reactions typ|ca”y do not possess activation energy and should
a more diffuse medium occdf Other models consider the role  pe included. The problem lies in what to do with the discovery
of nearby star formation in changing physical conditions on a gyer the past decade that certain reactions between radicals and
temporal basis; nearby star formation can lead among otherponradicals do not possess activation energy and indeed increase
changes to desorption of mantle mateffal. in rate as the temperature is lowere. Studied to low

Regarding the chemical deficiencies, a salient issue is thattemperatures mainly by groups in Birmingham, U.K., and
most of the reactions in the networks have not been studied inRennes, France, using the CRESU technigjuend by the
detail in the laboratory or via ab initio means. Under such Bordeaux group with a merged beam apparéttisese reactions
circumstances, one might assume that we and other astrochemhave rate constants nearly as large as the Langevin value at
ists have just been lucky in getting any concentrations correct. temperatures near 10 K. The main radicals stuedidmic
The percentage of critical reactions that have been measuredgcarbon, CN, and CCHreact rapidly with unsaturated hydro-

followed by dissociative recombination:
CH;OH,"  +e& — CH;OH+H (11)

Recent measurements indicate that our calculated value of
the rate constant for reaction 10 is too high by at leasB 2
orders of magnitudé indicating the importance of correcting
errors. With the newly measured rate constant, we cannot come
close to reproducing the observed abundance of methanol in
the gas phase in sources such as TMC-1. The only alternative

ossibility we currently know of is that methanol, having been
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carbons and generally produce more complex products. Forequilibrium constant becomes quite large at this temperature.

example, the following reactions with acetylene: Indeed, if the system could reach thermal equilibrium, the
predicted abundance ratioBit/Hz" would exceed unity! Such
C+CH,—~CH+H C;+H, (12) a situation does not occur becauseDH is destroyed by
reactions with electrons and by iemolecule reactions with
CN+ CH,—~HCCCN+H (13) heavy species such as CO:
CCH+CH,—~ CH, +H, (14) H,D" + CO— DCO' + H,; HCO" + HD  (18)

are all rapid and quite important in starless cores. The problem
with this class of reactions is the small number of systems
studied. Generalization to the many possible reactions neede . o .
to describe the chemistry of starless cores is difficult without hat abundance ratios such as DGRCO" also reach high

laboratory or theoretical studies because activation energies ma)>e’ ilcur?:ﬁ Oeﬂ:,a;':meSritr? 3332 sé;agﬁgdénggexothermlc deuteron-
indeed exist. An example is the reaction 9 2

In 1989, we extended the chemical network to include
CCH+ HCN— HCCCN+H (15) deuterium exchange reactions such as reaction 17 as well as
reactions such as (18) in which deuterons go from one species
which was included in our network on the basis of the suggestion to anothe®? For these latter reactions, we assumed that the
of the Birmingham group until it was determined to have a placement of the deuteron is determined via a simple statistical
significant activation energ$. analysis. For example, in reaction 18 the assumption is made
Undaunted by this mistake, we have recently attempted to that DCO" is produced on 1/3 of the collisions. With this
include a sizable number of unstudied radical-neutral reactions assumption, our extended model was able to predict successfully
likely to be of importance into our network based mainly on most of the abundance ratios between singly deuterated isoto-
chemical intuition and studies of analogous systéhidhe new pomers and normal species. In addition, the predictions are
network — labeled osu.2003- can be found on our web page “robust” in the sense that they show little time dependence
(http://www.physics.ohio-state.eduéric/research.html). Using  compared with predictions for the absolute concentrations of
this network to model starless cores leads to smaller calculatedeach species. Models including fractionatiod and'>N have
abundances of the more complex molecules and worsensalso been attempted, but here the effects are much smaller
agreement with observation for the well-studied source TMC- because the zero-point energy differences are not large compared
1.11 A sensitivity analysis shows, however, that the poor results with thermal energies even at 105K.
are dependent on our choices of reaction rate constants for some
poorly understood neutraheutral reactions involving atoms 4. Prestellar Cores
and either unsaturated radicals or bare carbon clusters. For
example, it is assumed that the radiative association reaction

The ion—molecule reactions serve to reduce theDH/Hs*
bundance ratio tez0.1 and spread the deuteration around so

Prestellar cores are objects in which collapse has started, as
Scan be detected by both the Doppler patterns of the spectral

cC+cC —C +hw (16) lines and the existence of a central condensation with a total
L a2 gas density 197 cm™3. The temperature remains near 10 K
for n = 1—3 occur at the collisional rate & 1010 crd s71) throughout both this condensation and its “envelope.” The

on the basis of simple statistical theories. These reactions®aSiest way to think of prestellar cores is in terms of onions,

compete with hydrogenation processes that produce the unsaturith shells of increasing density located closer to the center.
ated species detected. Observations of molecules indicate that with few exceptions,

3.1. Deuterium Fractionation. A notable success of gas- abundances peak in regions outside of the central condensation,
phase models of starless cores is their reproduction of exceedWhere the residual gas is overwhelmingly &ind He>* For
ingly large isotope effects involving deuterium. The ratio of €Xample, it is thought that the fractional abundance of CO in
elemental deuterium to hydrogen is not constant throughout eventh€ center of such objects is perhapsZlorders of magnitude
our galaxy but can be approximated asih most sources of reduced from its value in starless cores. Of course, the depletion
interest. In starless cores, the deuterium is mainly in the form detected by astronomers is less than this value because even if
of HD, so the ratio of HD to His 2 x 10-5. When one observes ON€ observes toward the center of a prestellar core, one is also
deuterated isotopomers of trace species such as HCN and HCO 100king at both background and foreground material at lower
however, the ratio of the deuterated to the normal species is indensities® To obtain actual depletions as a function of radius
the range 0.030.10, a 3-4 order-of-magnitude enhancement '€quires a nontrivial de-convolution of the data. _
over the HD/H ratio. The explanation of this extraordinary | N€ detection of depletions is not too surprising, given the
isotope effect concerns a small number of -ienolecule short time scale for adsorption onto grains. If it is assumed that
exchange reactions in which small energy changes due to zerohe sticking probability is near unity, this time scalgl/e time)
point energy become important at low temperat@tes. is given by the standard kinetic-type expression

Consider, for example, the reaction system . .

7= {Ovngr} = {kadJ]gr} (19)

H," +HD < H,D" +H (17)

wherego is the granular cross sectionjs the average velocity
Both forward and backward exchange reactions are known to of a gas-phase species, amgis the granular density. Making
occur, but the left-to-right reaction is the exothermic one, by the standard assumptions that grains have a radius qfr,1
the rather small amount of 230 K (1.91 kJ/mol). This small so thate = 3 x 10710 cn?, and a fractional abundance ofid
exothermicity is large compared with thermal energy at 10 K, 10712, we obtain that the time scatefor CO at 10 K to stick
so that the backward (endothermic) reaction becomes im-to a grain is a little over 100 yr at a gas density of tn3,
measurably slow if thermal conditions prevail. As a result, the which is quite short compared with the time scale of collapse



4024 J. Phys. Chem. A, Vol. 109, No. 18, 2005 Herbst

and star formation. Those residual gas-phase species either do The production of multiply deuterated isotopomers such as
not remain on grains because they can evaporate efficiently atD,CO, detected in prestellar cores, can occur via sequences of
10 K, as is the case for H,Hand He, or are desorbed with  reactions such as

small efficiency by nonthermal means such as cosmic ray

collisions with grains. The efficiency of cosmic-ray desorption H,CO+ D3+ — H2DCO+ +D, (22)

has been estimated by calculating the peak temperature and

cooling rate of grains, using the formula for evaporation as a HZDCO+ +e —HDCO+H (23)
function of temperature (see above), and averaging the result

over a duty cyclé8 Interestingly, it appears from observations + n

that N, (traced by the polar ion HiN) remains in the gas to HDCO+ D;" — HD,CO™ + D, (24)
higher densities than does CO, a result that seems somewhat

strange given the close relationship in properties between the HDZCOJr +e —D,CO+H (25)

two species?

A dramatic effect that supports the result that depletions are if the deuterons in the ions can be regarded as mobile so that
exceedingly large in the centers of prestellar cores is even statistical product branching fractions can be obtained in the
stronger deuterium fractionation than occurs in starless cores,dissociative recombination reactions. For example, in reaction
including the detection of multiply deuterated speéfehe 23, the probability of forming HDCO would be twice that of
analysis of deuterium fractionation in the gas is the same as informing H,CO. There is some uncertainty, however, that the
starless cores but the depletions at the center of starless corestatistical model is valid in this case. It is most probable,
mean that the destruction of,B* by reactions with heavy  according to ab initio calculations, that the deuteration of
species is much slowé&f Moreover, the electron abundance also formaldehyde leads to a species with the well-defined structure
decreases at higher densities so that reaction system (17H,COD".5! If so, it is not at all obvious that dissociative
approaches chemical equilibrium andlH achieves a greater  recombination can lead to HDCO. Experiments are clearly
concentration than §t. A caveat must be made, however: we needed! We use doubly deuterated formaldehyde as an example,
are assuming that4B* reaches thermal equilibrium before back because this species has been detected in a number of prestellar
reaction with H. This assumption is not obviously true, and cores, and its abundance found to correlate with the observed
nonthermal considerations in this and other instances need todepletion of CC’® Other detected isotopomers include both the
be considered in more detail. In particular, the forward reaction doubly deuterated and triply deuterated forms of amméhia.
might lead to rotationally excited 4B which, if forbidden from The production of these species from ammonia via deuteration
relaxing radiatively to the ground rotational state by ortho/para sequences as in reactions-225 is straightforward.
considerations, can react exothermically with rotationally excited ~ Another consequence of high abundances of ions sucl'as D
(J=1, ortho) H. If there is a significant nonthermal abundance is the production of deuterium atoms by dissociative recombina-
of ortho-H,, then the backward reaction rate constant in (17) tion with electrons. This is important because adsorption of
will be much larger than the thermal value, and deuterium deuterium atoms onto dust grains can lead to surface deuteration
fractionation will be less dramatic at low temperatures. processes analogous to the hydrogenation processes discussed

The extent of this particular problem is still unclear because earlier involving atomic hydrogen. For example, doubly deu-
the state-to-state rate constants needed have not yet been studietérated formaldehyde can be synthesized on surfaces by deu-
and the extent of ortho-Hs not known. Moreover, the detection  teration of CO:
of H,D* at high abundance toward the center of the prototypical

prestellar cores L1544 supports the thermal anafsis. CO+ D —DCO; DCO+ D — D,CO (26)
But, if H,D™ has a greater concentration than dogs, léne
must consider further deuteration via the processes It is unlikely under the conditions of prestellar cores that much
of the D,CO formed on grain surfaces could make its way into
H,D" + HD < HD," + H, (20) the gas phas®.
Chemical models of prestellar cores must take depletion from
HD2+ + HD < D3+ +H, (21) the gas into account in some manner. Because deuteration is so

important a phenomenon, the normal models must be extended
for both of which the left-to-right reaction is the exothermic to include many deuterated isotopomers. To do this without
one. A simple model of the center of starless cores with static undue difficulty, the number of larger molecules in the networks
physical conditions shows thagDis actually the most abundant  is normally reduced. The simplest models are those that consider
ion of the four isotopomer%. Moreover, 3" is most efficient only gas-phase chemistry and depletion in the central condensa-
at deuteration, because unlike the cases of the partially deutertion and assume static and fixed physical conditions. We have
ated ions, it does not protonate as well as deuterate. For exampleperformed such a model for the prestellar core L1544, with the
when 3" reacts with CO, the result is 100% production of additional ad hoc assumption thag bes not freeze oat.Such
DCO", rather than 33% and 67% with Bt and HD' a model is useful only for the short time between when
reactants, respectively. A medium with a high abundance of significant accretion starts for CO and when there is virtually
Ds™ leads to significantly more deuteration than occurs in no CO left. Over this range of times, our findings are that (a)
starless cores, including the production of multiply deuterated Ds™ is slightly more abundant than the other ions of this series,
isotopomers. Because;Dis nonpolar, its detection must come  (b) the calculated abundances of the iondON N,H*, and
from infrared measurements, which will be difficult given the H,D™ are in reasonable if not perfect agreement with observa-
atmospheric problems and the small sizes of prestellar cores.tion, but (c) the calculated LO/H,CO ratio is much too low
Nevertheless, the polar species #iltan be detected via its  until almost all of both species are depleted. In other words,
rotational spectrum, and was seen via a submillimeter-wave the theory is only partially successful in a quantitative sense,
rotational transition in one prestellar core, as soon as the spectrablthough it certainly reproduces the main qualitative features
line had been measured in the laborat®ry. of the chemistry.
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TABLE 3: Calculated and Observed Column Densities TABLE 4: Abundances of Deuterated Methanols in the
(cm~2)2 for the Prestellar Core L1544 Protostellar Core IRAS 16293-2422 with Respect to Normal
- Methanol™
species calcd obsd
Ho 1.2(23) 1.6(23) isotopomer abundance ratio
co 5.5(17) 9.0(17) CH50D 0.02
H.D* 5.4(13) 5.0(13) CH,DOH 0.30
HCO* 4.0(13) 1.0(14) CHD,OH 0.06
DCO* 6.8(12) 4.0(12) CD50H 0.01
NoH* 6.7(12) 2.0(13)
ND* 7.8(12) 4.0(12) showing that collapse is probably more complicated than the
H2.CO 1.0(14) 2.5(13) treatment allows.
D,CO 3.1(12) 9.0(11)
g“g ggggg 28823 5. Protostellar and Hot Cores
aNote: a(b) refers toa x 100. The next stages of star formation involve a central condensa-

tion that begins to heat up and continues to do so until nuclear

To reproduce observations of prestellar cores more accurately reactions onset and the life of a star bedindeanwhile the
one needs to consider an onion model, as discussed above. Onenvironment around the so-called protostellar object is changed
also needs to calculate the actual measured quantities, knowrin a variety of ways. Perhaps the most noticeable is the
as column densitieN, which are defined as the integral of the emergence of what is known as a “bipolar flow” of rapidly
concentration over the line of sight to the observer or, put moving jet-like material that shoots out of the protostellar object
alternately, the number of molecules in a cylinder with cross in opposite directions from the poles, entraining some of the
section 1 cr The column densitiN of species X as a function — material in the envelop®.The interaction leads to shock waves
of distancer from the center of a spherical source is given by with a unique high-energy chemisttyAnother notable feature

the integral is the development of a protoplanetary disk of dense gas and
dust in the equatorial plane rotating around the protostar (see
N= fn(|) dl (27) below). But, perhaps equally importantly, the envelope sur-
rounding the protostars is heated gently to temperatures of 50
where the integration extends from the back to the front of the K or more, depending on position and the mass of the star being
sphere along a path that is distant from the center by its formed$8
closest approach. For= 0, the integration is from-Rto +R, Observations of warm envelopes show clearly that the
whereRis the radius, whereas for= R, the column density is ~ chemistry changes from the previous stage, with large abun-
0. dances of formaldehyde, methanol, and significant abundances

We have recently published a static onion model in which of more complex species such as methyl formate detectaife.
collapse is not treated, and in which gas-phase chemistry andit seems reasonable to conclude that material is being evaporated
depletion occur at different rates in different shéfi$he earlier from the mantles of dust grains. One of the most unusual aspects
assumption that Nis not adsorbed onto grains is replaced by of the observations concerns the strong deuterium fractionation
a more modest assumption that its binding energy is low enoughdetected for methanol in the envelope of the protostellar source
for evaporation. For our model of L1544, shells range in density IRAS 16293-2422. Table 4 shows the abundance ratios of the
from 2 x 10* cm~23 in the outermost portion of the envelope to various deuterated isotopomers of methanol detected in this
2 x 10° cm~3 at the center, whereas the temperature runs from source’! These large values cannot be explained by gas-phase
17 K in the envelopea 8 K at thecenter, on the basis of a processes because methanol itself is not produced efficiently
previous analysis. The higher temperatures away from the centeiin the gas. The production of the deuterated methanols probably
increase the rate of evaporation for species such as CO so thabccurs via the earlier production of large abundances of atomic
they remain in the gas longer. The column density of each deuterium in the gas (see above) followed by surface deuteration
species through the center of the source is calculated andand hydrogenation of CO. Our detailed chemical model of the
compared with observation. In addition, the dependence of surface chemistry followed by evaporation is not totally
concentration on distance from the center is followed. The time successful in reproducing the observed abundance ratios, and
scale is as follows: we initially run a model for the outer it seems likely that a gas-phase chemistry occurring in the 50
envelope for the typical time of 20yr, using the calculated 100 K range following evaporation must occur as weif4
abundances as initial abundances for the higher density shells. Although the study of low-mass protostellar envelopes is in
The calculation is then run an additionab210* yr, at which its infancy, with only a few sources studied, the examination
time the agreement with observation is best. Table 3 containsof a similar phenomenon in high-mass protostars is well
calculated and observed results for the detected species iradvanced?® In these sources, the warm envelope is heated to a
L1544, including deuterated isotopométdt can be seen that  temperature close to 300 K and extends over a much wider
the agreement is excellent for most column densities, where region with a typical density of T0cm~3. Known as “hot
the adjective “excellent” really means within a factor of a few. molecular cores”, these objects contain a variety of saturated
Moreover, the abundance patterns versus distance from thegas-phase organic species not detected elsewhere including
center at least qualitatively reproduce the observations that COdimethy! ether, acetic acid, acetone, and glycolalder§de.
and HCO are strongly reduced at the center byt is less addition, the abundance of methyl formate, now also detected
strongly so. Remaining problems with this model, however, are in protostellar envelopes, is large and its spectrum very rich.
(a) that it does not include surface chemistry, and (b) it does The chemistry of hot cores has been studied for some firfie.
not include collapse. These objections are met by our latestThe basic idea, as in protostellar envelopes, is that in prior,
model, which includes both surface chemistry and hydrody- colder eras, an active surface chemistry occurs to produce
namical collapsé&° Even this complex model, however, does species such as water, ammonia, methane, formaldehyde, and
not reproduce all of the observed chemical and dynamical data,methanol. These species, and perhaps some more complex ones
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as well, remain mainly in the grain mantles until the temperature
rises and the mantles evaporate. The evaporation is morg
thorough than in the low-mass protostellar case. The gas-phasq
species present immediately after evaporation then undergo g
gas-phase chemistry at the temperature of 300 K, which allows
some weakly endothermic reactions and exothermic reactions|
with small barriers to occur at competitive rates. In fact, it is |
felt that the age of the hot core can be determined from the|
abundances of gas-phase species that can only be formed b ' :
chemistry in the post-evaporation era. Sulfur-containing mol-
ecules (HS, SQ, OCS) are thought to be especially useful in
this regard’® Different hot cores also have somewhat different
abundances of complex molecules; examples are two suc
sources in the Orion Molecular Cloud known as the Hot Core
and the Compact Ridg@.1t is our view, however, that the
chemistry of hot cores is not understood as well as most
astrochemists seem to think. In the last year, we looked carefully
at the synthesis of methyl formate, because the spectrum of thi
internal rotor is a salient feature of hot cofés.

According to the standard view of hot core chemistry, methyl
formate (HCOOCH) is produced from precursor methanol by
the sequence of reactions:

Protoplanetary Disks HST - WFPC2
XH* + CHOH — CH,0" + X ¢2)I Orion Nebula

PRC95-45b - ST Scl OPO - November 20, 1995
M. J. McCaughrean (MPIA), C. R. O'Dell (Rice University), NASA

H.0" 4+ H,CO—H H)CH" + H 2
CH:0 2O Co( )CH3 2 (29) Figure 3. Protoplanetary disks and newly born (T Tauri) stars seen in

the visible against light from the Orion Nebula. Image courtesy of

HCO(OH)CH;L +e — HCOOCH, +H (30) NASA. Modified by C. R. ODell. Taken from web site http://
www.oarval.org/OriProp4.htm.

where XH" is a protonating ion such as HC®@r Hs;*. Reaction

29 had not been studied in detail in the laboratory or theoretically Experiments on thermal surface chemistry at low temperatures
until our recent work, which shows conclusively by two |eading to species more complex than methanol are also needed.
experimental techniques and detailed ab initio calculations that A perhaps fanciful synthesis of methyl formate from precursor
protonated methyl formate is not a major product of the reaction. CO, O, C, and H landing on dust particles might consist of the
We have tried to find replacement gas-phase syntheses forprocesses

methyl formate but cannot find one efficient enough to account

for its observed abundance. Based on this result, it might be CO+H—HCO (31)

useful to study some of the proposed reaction pathways leading

to other organic species. C+H—CH,CH+H—CH, CH,+H—CH; (32)
If gas-phase processes cannot produce methyl formate, what

can? There are several alternative mechanisms, including a more CH,+ O— CH,0 (33)

complex thermal surface chemisffya high-energy surface

chemistry caused by bombardment of photons or high-energy CH,0 + HCO— HCOOCH, (34)

electrons or proton%, and a catalytic process such as the
Fischer-Tropsch synthesi® The second alternative is the best
studied; numerous laboratory studies on assorted ices containin
some organic species at low temperature show that intense Eventually a low-mass protostar collapses and heats suf-
irradiation over a short period of time leads to more complex ficiently to form a young reddish star, knows a T Tauri star.
organic molecule& The important question, however, is how Such adolescent stars are unstable and are often found in the
the intense irradiation and short times of the laboratory relate center of so-called protoplanetary disks, which contain gas and
to the weak irradiation and long time scales of hot molecular dust at much higher densities than found in dense cloud or
cores. An example of a possible problem is the following. In prestellar cores. These disks have masses of-@Q1ltimes

the laboratory, irradiation of water ice can lead to the production the mass of the sun, and the material in them is undergoing
of hydroxyl radicals, which can recombine to form HOOH if Keplerian rotatiorf> In some if not most cases, the jets from
the H atoms are desorbed away. In hot cores, where thethe previous protostellar stage have driven much of the natal
atmosphere contains a residual supply of H atoms, it is quite interstellar cloud awa$t Figure 3 shows optical pictures of four
probable that some of the newly formed hydroxyl radicals will such disks rotating around stars located in front of the Orion
react with adsorbing H atoms to reform water ice. In a simple Nebula and so seen in the visible. Radio and infrared astrono-
simulation of the surface photochemistry in dense clouds as well mers can also look at these disks and probe their molecular
as the laboratory, we found that the efficiency of formation of content®” Unfortunately, these objects are small (approximately
HOOH is indeed reduced in space compared with laboratory 500-1000 AU in diameter, where 1 AU is the mean distance
studies®* More detailed simulations of the more complex between the earth and the sun), so that with current telescopes
organic surface photochemistry are urgently needed. it is very difficult to probe structure within the disks. A future

g6. Protoplanetary Disks
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large array of radio telescopes, to be located in the Andean TABLE 5: Comparison of Observed and Calculated
mountains of Chile and known as ALMA, will enable small Fractional Abundances in the outer Portions of DM Tau8®

structures such as disks to be spatially resolved by the use of obsd abundance calcd abundance obsd abundance
interferometric technique®. Protoplanetary disks are of great  species DM Tau DM Tau TMC-11
interest because they lead to planetary systems in some if not co 2(-5) 1.4(4) 8(=5)
most cases. The details of this conversion, taking something CN 3(-9) 4.0(-9) 5(-9)
more than one million years, are not well understood,; itis known CS 3(-10) 3.3(-10) 4(-9)
though that the next stage of evolution is the debris disk, in CCH 1(-8) 1.8(-9) 2(-8)
; . HCN 6(—10) 3.5¢-10) 2(-8)
which much of the dust has disappeared, presumably used up \nc 2(~10) 3.5¢-10) 2(-8)
in the formation of planets and other macroscopic bodies. HCO* 4(-10) 1.1¢-9) 8(—9)
Although one can get the impression from Figure 3 that H2CO 3(-10) 8.8(-10) 5(=8)

protoplanetary disks are flat, resembling old-fashioned LP’s,  aNote: a(—b) refers toa x 10°.
detailed studies indicate that the material spreads out in a vertical
direction (perpendicular to the midplane) as the distance from  Once the chemistry of protoplanetary disks is better under-
the star increases so as to trap much of the light from the centralstood, it should be possible to create models with both chemistry
star. The three-dimensional structure still has cylindrical sym- and the formation of planetary bodies.
metry; to imagine the structure, start with a cone lying in the
XY plane with its apex at the origin and rotate the cone around 7. PDR’s
an azimuthal angle ofs2 radians. The predicted temperature A final stage to discuss is the photon-dominated redfon,
and density profiles of protoplanetary disks are quite inhomo- which consists of material sufficiently distant from the newly
geneous. Along the so-called midplane, both temperature andformed star to not be involved directly in star formation, but
density decrease as one travels outward from the star. Modelssufficiently close to be affected by the electromagnetic radiation
indicate that at a distance of 1 AU from the star: 1044 cm—3 from the star once it turns on. PDR’s can be dense or diffuse,
and T = 600 K, whereas at 100 AU from the star,= 10° can be found near HIl regions such as the Orion Nebula or near
cm3andT = 20 K. At this latter distance, if one leaves the |ow-mass stars with much less radiation. Indeed, a picture of
midplane in the vertical direction, the density gradually de- any giant molecular cloud complex will show a significant
creases whereas the temperature increases. At a height of 10@ortion of the complex with radiation penetrating through the
AU, the density has reached a typical dense core valuebf 10 gas and dust.
cm 3 whereas the temperature has risen to 8% K. To model PDR’s, astrochemists typically consider a one-
The chemistry is clearly dependent on the local physical dimensional grid of slabs representing the different physical
conditions. Our models have been mainly concerned with the conditions as the radiation penetrates the cloud, often starting
outer regions of disksx(100 AU from the star) because these on the outside with low-density, high-temperature outer layers
regions are large and dominate the observed molecular abunand ending at the center with high-density, low-temperature
dances. According to our models, the density of dust is so high inner layer$:1® The radiative transfer problem must be looked
in the midplane that accretion is rapid and the gas phase consistét carefully in the outer layers because radiation is extinguished
only of species such asihat can evaporate efficiently at such by both dust particles and abundant gas-phase species. The case
low temperature& As one travels in a vertical direction off ~ Of Hz is particularly interesting because it is photodissociated
the midplane, the temperature increases, allowing evaporationby line absorption: discrete absorption into an excited bound
so that gas-phase chemistry can occur. Finally, at large distancestate is followed by emission into the continuum of the ground
from the midplane, any gas-phase molecules produced are€lectronic state. Because the process of photodissociation only
destroyed rapidly by photons from the central star and from utilizes discrete frequencies, the amount of radiation in these
interstellar radiation. So, the abundances of gas-phase molecule§ands is soon exhausted, and hhanages to shield itself
are predicted to peak at intermediate heiddf course, this  efficiently.?® A similar situation happens with CO.
prediction is a relatively safe one for the time being because Our main interest in PDR'’s is to determine if radiation helps
current telescopes cannot detect abundance variations. Wher@r hinders the development of organic molectifeStarting from
ALMA becomes operational, within the next decade, the models @bundances representative of dense cloud cores, we can show
will be put to a much sterner test. For now, to compare t_hat high _abundances of very unsgturated species such as the
observation and theory, one must integrate out some of thelinear radicals ¢H are maintained in outer regions of PDR’s
calculated structure. If one integrates along the vertical coor- With modest photon fluxes.
dinate, one can get a column density at a given radial distance .
from the star. Even these integrated densities possess a radidf- Conclusion
dependence although it is not severe in the outer disk. If one  The role of molecules and molecular spectra in the study of
divides the column densities at a given radial distance from the astronomy has become a significant research area in the 30
center by the K column density, one determines fractional years since polyatomic species were first discovered in the
abundances for heavy gas-phase species much lower than founphterstellar medium. The term “astrochemistry” is no longer a
in dense cores because of the accretion of heavy species neatioun known only to a few cognoscenti, and molecules are
the midplane, an effect similar to that found in prestellar cores. studied in a wide variety of regions in the universe, ranging
Because these fractional abundances do not have a strong radidack in time to epochs close to the Big Bang. In this article,
dependence, they can be compared with observational valueswe have focused on some recent progress in our understanding
The observed results for a well-studied disk named DM Tau of the chemistry occurring during the formation of stars, a
are in reasonable if hardly perfect agreement with the outer disk process that happens only in giant interstellar clouds full of
model, as can be seen in Tablé®9t can also be seen by  molecules. In each stage of star formation, the molecular makeup
comparison with the results for TMC-1, also shown in Table 5, of the gas and dust particles reflects both the physical conditions
that most of the fractional abundances are lower in the disk. and the time-scale of the stage, so that an understanding of the
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chemistry deepens our knowledge of the forces at work as starsis certainly being made: in the past decade a number of studies
are formed from precursor cloud cores. Yet our knowledge of of important reactions on cold, realistic surfaces have been
the chemical processes that occur is still incomplete. undertaken and the results have generally been close to what

What will the future bring? Within the next decade, new had been anticipated by astrochemi8ts: Much more work
te|escopes will expand our know]edge of molecules in space in remains to be done in the |ab0rat0|'y to prObe individual reaction
two different ways. First, nonground-based telescopes will mechanisms in more detail, to determine energy parameters
explore for the first time the far-infrared region of the unambiguously, and to explore the role of irregular surfaces.
electromagnetic spectrum, a region in which rotational transi- The possible formation of complex species via diffusive surface
tions among excited rotational states and low-frequency bendingeactions represents an interesting problem to study soon. In
vibrations are likely to occuf?® Such transitions will be addition, alternative approaches to thermal diffusive chemistry
especially strong in star-forming regions. Second, arrays of radio Should be investigated, including the Etelgideal mechanism,
telescopes such as ALMA will be used to study rotational inwhich stationary adsorbates are struck by gas-phase species,

spectra from small-scale objects such as protoplanetary disksnd the role of photon and high-energy particle bombardment.
with a spatial resolution sufficient to resolve inhomogeneities Bombardment needs to be modeled to determine its efficiency

in these object& The two advances will doubtless require under the low irradiation levels of interstellar clouds, even those

improvements in our current generation of chemical models to POrtions near young stars. _
handle the richness of the new data and to focus on small-scale As these chemical problems begin to be tackled and our
features. knowledge of chemistry under the unusual conditions of

How can our current models of all types of sources be interstellar space improves, the chemical networks will be used

improved to make the chemistry more secure? If we confine more confid_ently by astro_chemists to model complex hetero-
ourselves initially to gas-phase networks, there are four major 96"€0US objects undergoing dynamical change. At the current
problems: (i) unacceptably large uncertainties in individual rate stage of development. of a;trochemlstry, however, much basic
constants, (ii) incomplete networks, (iii) incorrect chemistry, \_/vork on relevant reactions in the_gas ph_ase and on cold surfaces
and (iv) possible nonthermal processes. To correct problem (i), is still necessary to make our window into the cosmos a more
it would be nice if all rate constants in the networks could be ransparentone.

known to infinite accuracy. This goal is obviously an impossible
task, so a better strategy is to use sensitivity analyses to
determine the important reactions to know accurately and then
to study these in more detail. Work on sensitivity analyses has
gotten ahead of the work on the corollary study of individual
reactions;:7? but a new large-scale European network known
as The Molecular Universe and funded by the European
Community is bringing together astrochemists and laboratory
physical chemists to try to alleviate the g4 here is no general
solution to problem (ii) except to add new types of reactions
such as rapid radical-neutral processes and to look carefully for
additional syntheses of under-produced molecules, testing them, (1) Liddle, A An Introduction to Modern Cosmolog2nd ed.; John
if necessary, in the laboratory or via theoretical means. As for Wiley & Sons: West Sussex, U.K., 2003.

: : : : (2) Spitzer, L., JrPhysical Processes in the Interstellar Medililey
the problem of incorrect chemistry, this too can be remedied - ccics Library: ‘New York, 1998.

by individual experiments. An example discussed earlier (3) Stahler, S. W.; Palla, Fthe Formation of StardViley-VCH: New
concerns the synthesis of methanol in low-temperature denseYork, 2005.

cores via the radiative association between methyl ions and water ~ (4) Snow, T. P.; Witt, A. NAstrophys. J1996 468 L65.

(reaction 10), with a rate constant calculated from statistical () L€ Petit. F.; Roueff, E.; Herbst, Bstron. Astrophys2004 417,
theory. Experiments now indicate that the reaction is intolerably = (g) see, e.g., http://astrochemistry.net.

slow/*¢ leading to the conclusion that the only viable synthesis (7) MccCall, B. J.; Geballe, T. R.; Hinkle, K.; Oka, RAstrophys. J.

of methanol occurs on grain surfaces via the hydrogenation of 1999852RZ 338. <. o D C - Boret. F Aveard. J
CO followed by nonthermal desorption into the gas. Another égrtoigfjgfraﬂ-e’n s oo n.”XE{Poapyﬁy ooa aag T yeard:
example is the incorrect synthesis of methyl formate used in (9) Gibb, E. L.; Whittet, D. C. B.; Boogert, A. C. A.; Tielens, A. G.
hot core models until recentff.Here, however, the debunking  G. M.’Astrophys. J. Supi2004 151, 35.

of one synthesis has not led to the adoption of another. (10) Ehrenfreund, P.; Charnley, S. Banu. Re. Astr. Astrophys200Q

Finally, there is the prqblem that thermal equil?briun} is 38'(11%)7'5mith, I.W. M.; Herbst, E.; Chang, ®on. Not. R. Astron. Soc.
frequently a poor assumption to make for low-density objects 2004 350, 323.

such as interstellar clouds. The problem is especially acute for (12) Nguyen, T. K.; Ruffle, D. P.; Herbst, E.; Williams, D. Mon.
reactive species produced in chemical reactions with excessNOt R. Astron. So@002 329, 301. , ,
energy; if cooling and reaction are comparable, thermal equi- Veﬁﬁfg; Ff\loe*ws\’(ofl'(’, \é\glc?g_n’ T. L.Tools of Radio AstronomySpringer-
librium may play little consideration in the rate of reaction. As (14) Andre, P Astrophys., Space Sdi995 224, 29.

discussed in the text, an example of the problem is the uncertain  (15) Hollenbach, D. J.; Tielens, A. G. G. MAnnu. Re. Astron.
rate of the backward reaction in system (17) at low tempera- Astrophys1997 35 179. _

tures?® Another cause for anxiety is that there might be enough ; {ég)ﬁ ég%"@gma L. J.; Tielens, A. G. G. M.; Barker, J. Rstrophys.
nonthermal energy to power other slightly endothermic reac-  (17) Ruiterkamp, R.; Halasinski, T.; Salama, F.; Foing, B. H.; Alla-

tions. mandola, L. J.; Schmidt, W.; Ehrenfreund A3tron. Astrophys2002 390,

, . 1153.
Compared with gas-phase chemistry, the problem of under- (18) Gould, R. J.: Salpeter, E. Bstrophys. J1963 138 393.

standing diffusive surface chemistry on small, poorly understood  (19) pirronello, V.; Biham, O.; Liu, C.; Shen, L.; Vidali, @strophys.
interstellar dust particles is an immense one. Yet here progressJ. 1997 483 L131.
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