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Considerable progress has been made during the past five years toward a quantitative understanding of the
formation and destruction processes for interstellar molecules. Two areas have been most
successful —investigations of the formation process for molecular hydrogen on the surfaces of dust grains
and studies of reactions involving positive ions in the gas. Laboratory measurements for ion —molecule
reaction rates have provided strong support for the latter. Extensive studies at ultraviolet wavelengths from
the Copernicus satellite make possible detailed comparisons between predictions and observations for H2
and other species in the diffuse interstellar gas. These confirm that a hydrogen atom is converted into an
H2 molecule at approximately every collision with an interstellar dust grain. In the more dense interstellar
gas, observations with radio telescopes provide vast data on complex molecules and have recently identified
a number of reactive intermediate species —HCO+, N, H+, HNC, CCH—whose presence strongly supports
the proposed reaction processes. The quite recent development of laboratory methods to measure the
microwave frequencies of reactive molecules and mo1ecular ions has been an essential contribution to these
identifications. Observed fractionation of (deuterium/hydrogen) and possibly {carbon —13/carbon —12) in
certain interstellar molecules provide additional challenges and information for studies of reactions.
Although there is semiquantitative agreement between predictions and observed abundances for a wide
range of small molecular species, the tests are suNciently precise in only a few cases to reach reasonably
definitive conclusions. To a large degree this is due to poor knowledge of the physical conditions in the gas
where the molecules are located. Certain laboratory data are needed —especially, photodissociation cross
sections and radiative lifetimes in the ultraviolet, as well as some charge-transfer and reaction rate
coefficients under low temperature/density conditions. Information on surface reactions applicable to the
astrophysical situation is also desirable. At present the chief problems for interstellar molecule reactions are
understanding the formation of larger molecules (larger than triatomic), and the role of surface reactions
on dust grains for molecules other than H, . A lengthy introduction to the interstellar medium is provided
for the nonastronomer. The status of information on the basic surface and gas phase processes is reviewed.
Finally, the reaction schemes which seem to be of most importance for the major species of small
interstellar molecules are discussed and quantitatively compared with observations when possible. Reactions
that produce isotope fractionation are treated in some detail.
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Near the sun the mean separation of stars is about 1
parsec (3&& 10"cm= 3 light years), whereas stellar
radii are comparable to'the solar radius (-10"cm). In
the 1930's, the presence of an interstellar medium (ISM)
in this void gained general acceptance. Optical absorp-
tion lines of ionized calcium in the stellar spectra of
types 0 and 8 stars were found to increase in strength
with stellar distance as well as to exhibit the pattern of
Doppler shifts appropriate for galactic rotation of a
uniform gas. During the same period, evidence for a
general interstellar extinction of starlight due to small,
solid particles (dust grains) became convincing. How-
ever, both calcium and dust grains are by mass minor
constituents of the ISM (less than a few percent). De-
tection of the chief component occurred in the early
1950's with the observation of the 21 cm, hyperfine
transition of atomic hydrogen. Though some half-dozen
interstellar molecules were detected before 1970, these
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were of low abundance and most astronomers consid-
ered the interstellar gas to be chiefly in atomic form.
The large fractional abundances of H, and CO that have
been detected by observations above the atmosphere and
by millimeter wavelength radio telescopes, respective-
ly, now establish that the mass fraction of the ISM in
molecular form is at least comparable to that in atoms.
Thus the study of chemical reactions in the ISM is of
astrophysical interest. General references for the
topics discussed in Sec. I.A include Spitzer (1968), and
Kaplan and Pikelner (1968). Recent conference and
summer school proceedings that contain up-to-date
summaries have been edited by Kerr and Simpnson
(1974), Pinkau (1974), Verschuur and Kellerman (1974),
Ba.lian, Encrenaz, a.nd Lequeux (1975), and Wilson and
Downes (1975).
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't. Distribution of the ISlVl within the galaxy

The ISM represents about ten percent of the mass of
stars in our galaxy. This fraction varies both with dis-
tance perpendicular to the galactic plane and with radi-
al distance from the galactic center. Whereas the half-
width of the ISM perpendicular to the plane is approxi-
mately 200 pc, the half-width averaged over stellar
type is near three times this value. At the location of
the sun roughly 10 kpc from the galactic center, ISM
mass/stellar mass is -0.1. Toward the galactic center
this ratio seems to decrease and reaches -10 ' at the
center. In the neighborhood of the sun, the average
density of the ISM corresponds roughly to one hydrogen
atom per cm '. It does not, however, vary monotoni-
cally in the galactic plane, but is associated with the
spiral arms and is an order of magnitude or more
greater in these arms than in the interarm region (Fig.
1). In fact, except in the local region of the galaxy, the

21 cm transition of interstellar hydrogen is the tracer
that is employed to delineate the arms. Recent studies
find that the molecular fraction (mainly H,) of the inter-
stellar gas increases dramatically toward the galactic
center and reaches a peak of -0.9 at about 5 kpc in com-
parison with-0. 5 near the sun (Fig. 2).
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2. Mass exchange between the ISM and stars

The galaxy began as interstellar gas of which ninety
percent has been converted to stars in the lifetime of
the galaxy (-10"yr). Whether a net conversion of gas
to stars continues is unclear. If star formation rates
for the solar neighborhood based on the abundance of
young stars are extrapolated to the entire galaxy, the
rate at which mass is taken from the gas for star for-
mation is one solar mass (2&10" g) per year. Mass is
returned to the gas from stars in a number of ways,
though the chief contribution probably comes when stars
of one to five solar masses reach the top of the red
giant branch. A star evolves off the main sequence to
the giant branch when hydrogen is exhausted in its core.
Mass is lost continuously from the extended-envelopes
of these red giants, ultimately leaving in large fraction
of the stars (-1/2) only the hot, dense core which be-
comes a planetary nebula. The overall mass return to
the ISM is uncertain Estimates also yield approxi-
mately one solar mass per year so that the direction of
the net flow of mass between the stars and gas is un-
clear. In addition, high velocity gas clouds of hydrogen
at high galactic latitudes have been interpreted by some
investigators to represent a net infall of material into
galactic plane. This rate might also be as high as one
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FIG. 1. Superimposed maps of the neutral, atomic hydrogen
in the galaxy as interpreted by Kerr and by Weaver. The points
marked "I" denote regions that are interpreted as markedly
deficient in hydrogen. Dashed lines and hatched areas indicate
regions where the location is uncertain, not regions where the
hydrogen is weak or strong. The radius of the solar circle is
10 kpc. Galactic longitude is shown around the edge of the map.
(from Simonson, 1970).

FIG. 2. Radial distribution of the interstellar gas. Observa-
tions of radio emission from CO enable a derivation to be made
of the large-scale distribution of molecular hydrogen. The
number density of H2 shown here is obtained with the assump-
tion [H2]/[CO] =1.7X 1Q4. Also shown is the number density of
atomic hydrogen (HI) obtained from 21 cm observations (from
Gordon and Burton, 1976).

Rev. Mod. Phys. , Vol. 48, No. 4, October 1976



W. D. Watson: Interstellar molecule reactions

solar mass per year for the galaxy and thus may influ-
ence the mass balance and composition of the ISM.

The relative abundance of elements heavier than heli-
um in most stars (-few percent by mass) is widely ac-
cepted to imply that the stars are at least second gen-
eration. Negligible production of these elements is
thought to occur in the pregalactic phase of the uni-
verse. They must then have been synthesized by nucle-
ar reactions in the interiors of an earlier generation of
stars and returned to an ISM out of which the observed
stars were formed. Hence, chemical and isotopic com-
position can, in principle, be used to study mass ex-
change between stars and the ISM. Quantitative studies
focus at present on the (N/0) and the ("C/"C) ratios in
the ISM as the most sensitive indicators for the amount
of material which has been returned after undergoing
nucl. ear processing in stellar interiors. There is tenta-
tive evidence that the (N/0) ratio increases toward the
galactic center and that ("C/"C) has been increased by
a factor of 2 or so due to ejection of material rich in
"C by stars since the formation of the solar system.

3. Constituents of the ISM

Consistent with above discussion, the relative abun-
dances of most elements in the ISM are assumed to be
the same as measured at the surfaces of the younger
stars; i.e. , cosmic abundances (Table l). Direct mea-
surement of atomic abundances in the ISM suffers from
the lack of radio frequency transitions of adequate
strength and from optical depth uncertainties for the
ultraviolet absorption lines of the abundant elements
(e.g. , C, N, O). The chief question is the degree to
which elements heavier than He are locked up in inter-
stellar dust grains. Abundances for certain elements
(e.g. , Fe, Ca, Ti) are sufficiently accurate to establish
that these are greatly underabundant in the gas in com-
parison with cosmic abundances and must be in the
grains. In fully ionized regions very close to hot stars
(H II regions), some element abundances can be ob-
tained by studies of optical emission lines. Icy grain
mantles may be destroyed in these regions, so that the
abundances are not necessarily representative of the
general ISM.

Interstellar dust grains are thought to consist of a
refractory core, possibly covered by a mantle of ices
(especially CH~, NH„H,O). The cores condense in outer
layers of cool, red giant stars and are expelled along
with the gas. Condensation temperatures of the ele-
ments correlate well with the degree to which ISM ele-
ments whose abundances can be established are de-

4. Interstellar cosmic ray particles and radiation

Though the abundances of a few, rare elements and
isotopes (i.e., Li, Be and B) are strongly affected by
nuclear interactions of cosmic rays with the ISM, the
chief influence of cosmic rays is through ionization of
the interstellar gas. Due to the rapid decrease in the
cosmic ray particle flux with energy (approximately as
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pleted from the gas. A mantle which may be compar-
able or larger than the core then forms by slow freez-
ing of the gas onto the core in the general ISM. Inter-
stellar gra. in temperatures are low enough (=10'—20'K)
that icy mantles can form without difficulty. The chief
evidence for interstellar dust grains is the extinction of
optical starlight. Extensive studies for the wavelength
dependence of interstellar extinction (Fig. 3) have been
performed to obtain the properties of the grains.
Though the composition of the grains cannot be deduced
with confidence, the characteristic dimensions are
10 ' cm, and the total mass must be about 0.01 that of
the ISM. Surveys find that the ratio of grains to gas is
roughly a constant which has the value, expressed as
the surface area of grains per H atom, =5&&10 "cm'.

. This total mass restricts the primary composition to
abundant elements (C, N, 0 and Si). An interesting con-
sequence of the presence of grains is their polarizing
effect on starlight. Polarization of a few percent is
widely observed parallel to the plane of the galaxy (Fig.
4). The phenomenon is interpreted as due to elongated
grains aligned perpendicular to the galactic plane as a
result of relaxation in the galactic magnetic field. Ob-
servation of infrared radiation emitted'by hot grains
near bright stars now provides further evidence for
appreciable abundances of dust grains throughout the
galaxy. Interstellar grains have recently been re-
viewed by Aannestad and Purcell (1973).

TABLE I. Cosmic abundances of the elements by number rel-
ative to hydrogen (from Allen, 1973). Numbers in parenthesis
indicate the power of ten. 4

4 5 6
I/I (pa9~

H
He
LI.
c
N

G
Ne
Na

1
0.09
5 (-12)
3(-4)
9(-5)
7(—4)
8(-4)
2(—6)

Mg
Al
Si
S
Ca
Fe
Hg

3(-5)
2(-6)
3(-5)
2(-5)
2(-6)
4(—5)
8 (—12)

FIG. 3. Interstellar extinction curves vs wavelength whichgen-
erally define the envelope of such observed curves. Labels to the
curves indicate the star toward which the extinction is mea-
sured. The 'hverage" is taken over a large sample. Extinction
is expressed in terms of the difference between the extinctions
(in magnitudes) at wavelengths X and Y, =E(X'—Y), where B
and 'V represent the blue and visual wavelengths (from Bless
and Savage, 1972}.
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FIG. 4. Interstellar polarization of optical starlight. Direction of polarization is indicated by the lines. Coordinates are galactic
latitude and longitude (from Mathevrson and Ford, 1970).

[energy] ') as well as the decrease in the ionization
cross section, the low energy end of the spectrum dom-
inates the ionization of the ISM. At low energies
(K1 MeV/nucleon) the spectrum must turn over due to
the weak penetrating ability of cosmic rays at these en-
ergies. Unfortunately, the solar magnetic field modu-
lates galactic cosmic rays by a large and uncertain fac-
tor at energies below a few hundred MeV/nucleon so
that only a lower limit can be estimated by extrapolat-
ing the measurements at higher cosmic ray energies.
This limit corresponds to an ionization rate -10 " to
10 " ionizations (H atom sec) ' in the ISM. Element
abundances in cosmic rays are roughly similar to cos-
mic abundances with nuclei Z ~ 6 being enhanced by an

order of magnitude or so.
The interstellar radiation spectrum is shown in Fig.

5. Cosmic blackbody radiation at 2.7 K has little influ-
ence in the ISM except to populate certain low-lying
molecular states associated with radio transitions.
Ultraviolet starlight and soft x-rays are of major im-
portance for ionization and dissociation of atoms and
molecules, as well as for heating the dust grains. Al-
though the ultraviolet radiation spectrum (-1000-
2000 A) is not measured directly, stellar fluxes and
statistics along with interstellar extinction are ade-
quately known to allow determinations to factor of two
accuracy in the general ISM. Within condensations
(clouds) of the ISM, extinction due to dust grains can
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FIG. 5. Badiation density per frequency interval pu„, as estimated or measured for the vicinity of the sun.

Rev. Mod. Phys. , Vol. 48, No. 4, October 1976



W. D. Watson: Interstellar molecule reactions 517

cause attenuation of the starlight by orders of magni-
tude and introduce severe uncertainty. Except within
these clouds, starlight is quite uniform and is esti-
mated to vary by less than a factor of two within ninety
percent of the galactic disk. Atomic hydrogen absorbs
starlight at energies greater than 13.6 eV near the
stars and thus causes the radiation spectrum in the
general ISM to cut off at that energy. Atoms with ion-
ization energies greater than hydrogen are normally
neutral in the general ISM, whereas those with lower
energies are ionized. Soft x-rays at energies below
100 eV are the main cause for photoionization of hydro-
gen and helium. Although, the intensity of x-rays at
this energy has not yet been measured directly, obser-
vations at slightly higher energies indicate a steeply
rising spectrum toward lower energy. The measured
flux is estimated to yield an ionization rate in the ISM
=10 " (H-atom s) '. At these low energies, the pene-
trating ability of x-rays is quite weak and corresponds
to a column density of hydrogen =10"cm ' ("column
density" =number density&&path length). In comparison,
column densities of typical interstellar clouds are
~10" cm '. The source for these x-rays is unclear,
though it may be bremsstrahlung from a hot (T- 10'-
10' 'K) component of the ISM whose presence is sug-
gested by quite recent observations of interstellar OVI.

5. State of the interstellar medium

Hot stars (mainly mainsequence 0 and B stars, plan-
etary nebulae) produce sufficient radiation at energies
greater than 13.6 eV to ionize fully the ISM within per-
haps 10 pc of the star. These Horegions or Stromgren
spheres produce a rich spectrum of emission lines as
well as optical, infrared, and continuum radiation.
Valuable information on chemical abundances, stellar
properties and interstellar gas dynamics can be ob-
tained from analysis of these data. Such regions com-
prise about ten percent of the ISM. Arguments support-
ing the presence of a region around main-sequence 0
and B stars with a gas temperature -10'-10' K have
been presented quite recently. The chief evidence is
the observed O~ mentioned below. A recent review by
Osterbrock (1974) of topics related to HII regions is
available. For the general ISM (that excluding HII re-
gions), observations have for about ten years indicated
that there is a division into hot, dilute (T- 10' 'K,
n —0.1 cm ') and cold, dense (T- 10' 'K, n a 10 cm ')
components. Evidence for the cold component is exten-
sive and includes interpretation of 21 cm observations
of atomic hydrogen, ratios of ortho- to-Pa&a hydrogen,
electron densities, and populations of rotational states
for molecules. Observational evidence for the hot or
intercloud component is more controversial and is
based mainly on thy difference in line profiles between
21 cm radiation seen in emission and that seen in ab-
sorption against a strong source of continuum radiation
in the background. High abundances of OVI (approxi-
mately one part in 10 of the ISM oxygen) have quite re-
cently been observed in the directions of most bright
O and B stars in the solar neighborhood. Ultraviolet
absorption of OVI appears in spectrum of these stars
when observed with the Copernicus satellite. It is
argued that the OVI is truly interstellar and not asso-

ciated with the outer layers of the star. OVI cannot be
present in adequate quantities in the phases of the ISM
discussed above, and a third phase at temperatures
g = 10'-106 K has been proposed. Collisional ioniza-
tion then produces the OVI and bremsstrahlung from
this gas will be the previously unknown source for the soft
x-rays in the galaxy. , In addition to the stars mentioned
above, supernovae blasts are a proposed origin for this
hot gas.

Until about 1970, the accepted picture of the general
ISM was that of an intercloud region (temperature
=10' K, number density= 0.1 cm ') containing diffuse
clouds for which the properties typically are: number
density= 10 cm ', kinetic temperature= 100 K, radius
= 7 pc, mass= 400 solar masses, visual extinction= 0.2
magnitudes. Except for hydrogen which can be partly
in molecular form, the gas is mainly atomic. The
spatial density of such clouds is= 5&& 10' (kpc) ' and they
contain a mass comparable to that of the intercloud re-
gion. Detection of certain millimeter wavelength mo-
lecular transitions now implies that regions of much
higher gas density (=10'—10' cm ') also occur. Higher
densities are required to excite these transitions in
collisions with other gas particles. The total mass of
such regions is probably comparable to that in diffuse
clouds and in the intercloud medium. Many of these
dense regions are known to be associated with bright
stars and are likely to be influenced significantly by
stars. Ignore for the moment these higher density
clouds and consider the general ISM of diffuse clouds
and intercloud matter which is likely to be relatively
unaffected by stars and comprises most of the volume
of the galactic disk, at least near the sun.

Efforts to understand the state of the general ISM
have occupied a large fraction of the theoretical and
observational work in the ISM for the past ten years
(see e.g. , Dalgarno and McCray, 1972; Field 1974). In
particular, the focal question has been the source for
heating and ionization of the gas. Pulsar dispersion
measures and ratios of atomic ionization states have
been interpreted to imply electron densities =0.04 cm '
in the ISM. Ionization of hydrogen is thus indicated,
which requires a new ionizing agent since starlight be-
yond 13.6 eV is expected to be negligible in the general
ISM. Further, estimates for the energy loss rates at
observed temperatures in. diffuse clouds, due mainly to
collisional excitation of the C'('P, ~,) state followed by
radiative decay, give losses considerably in excess of
known sources of energy input. These difficulties, as
well as the temperature/density contrast between dif-
fuse clouds and the intercloud region, led to proposals
that an intense flux of low-energy cosmic rays or x
rays is present at unobservable energies; An equation
of state for the ISM is then obtained as shown in Fig. 6.
Point C is thermally unstable, and points B and D
agree well with diffuse cloud and intercloud param-
eters. This steady-state model in which diffuse clouds
and intercloud gas coexist in pressure equilibrium is
highly appealing. However, a number of serious objec-
tions can be raised; e.g. , soft x rays cannot penetrate
diffuse clouds, the total energy of the cosmic rays
places severe demands on the unknown sources, to ob-
tain proper cloud temperatures the relative abundance
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of carbon must be a factor of 10 or more below its
cosmic abundance. More directly, the abundance of
molecular HD is sensitive to the ionization rate of hy-
drogen and can be interpreted as strong evidence
against any significant enhancement in diffuse clouds
of the cosmic ray or x-ray flux beyond that which is
observed. The two-phase, steady-state model remains
attractive due to its ability to account naturally for the
hot and cold regions. It is likely that the basic fea-
tures of this model are relatively insensitive to the ex-
act energy source or combination of sources present in
the general ISM.

The low densities of the ISM cause the equilibration
time scales to be quite long, and possible time-depen-
dent effects must be considered. For typical param-
eters, the time scale for cooling in both diffuse and
intercloud regions is about 10' yr. The electron re-
combination time is 10' yr under normal intercloud
conditions. Supernova explosions seem to be the most
important cause for di.sturbance in the ISM. In partic-
ular, the same. supernova which are normally assumed
to produce the postulated cosmic rays of the steady-
state model must have some effect. According to de-
tailed studies, whether time-dependent effects are dom-
inant depends upon the exact supernova rate in the gal-
axy and the manner in which the supernova energy is
deposited. It is possible that they are of major impor-
tance. The time-dePendent model for heating of the
ISM is qualitatively similar to the two-phase model in
that it predicts a bimodal temperature distribution for
the gas. The result follows from the probability distri-
bution for the ages of regions exposed to supernova x-
ray flashes and the temperature dependence of the en-
ergy loss for a hot gas. Difficulties seem to arise in
attempts to obtain the proper cloud sizes in present
time —independent models.

The presence of OVI in the ISM discussed above now
tends to support the idea that time-dependent effects
are important. Calculations indicate that supernova

LOG p

FIG. 6. The "equation of state", p(pressure) vs p(density)
for the time-independent model for the heating and cooling of
the interstellar medium. g is the net cooling. The curve g = 0
divides the p —p plane into cooling and heating regions. S is
the entropy and T, the temperature (from Field, 1075).

blasts can also produce appreciable quantities of the
very hot (=10'—10' K) gas that will account for the Ovl.
An alternative possibility —that the OVI is associated
with intense stellar winds from the hot stars in whose
spectra the absorption lines are measured —also has
implications for the general ISM. The intense wind can
sweep up low-density gas in a snowplow effect to pro-
duce the "diffuse clouds" at -10 pc from the star. Data
on OVI is quite recent and has not been fully digested

The presence of interstellar clouds with much greater
optical extinction (a3 magnitudes) than the diffuse
clouds has been recognized for some time from statis-
tical studies of optical star counts in different direc-
tions. Because of the dependence of such studies on
optical radiation, information was limited to the local
region of the galaxy. Only in the past few years with the
aid of numerous molecular transitions at radio wave-
lengths have these more dense parts of the ISM been
fully appreciated, if not understood. These regions can
be classified according to their activity into either
"dark clouds" or "molecular clouds. " The latter are as-
soc iated with active phenomena —bright 0 and Bstars, HII
regions, infrared emission, or continuum radio emis-
s ion —and exhibit broad spectral lines corresponding to
turbulent velocities of 4-40 km/s. In contrast, dark
clouds are not associated with activity but are quiescent
with linebreadths indicative of only 1 km/s internal veloci-
ties. Furthermore, molecular clouds have higher kinetic
temperatures (50—100 K vs 10-20 K), are larger (10-
30 pc vs 1—5 pc), can be more dense (10'-10' cm ' vs
10'—10' cm '), and may be more massive (10'—10' so-
lar masses vs 10'-10 solar masses). Both types are
mainly molecular hydrogen, though for other molecules
larger abundances and greater. complexity are found in the
molecular clouds. Star formation maybe in progress in
molecular clouds. In fact, in the absence of rotation, mag-
netic fields, turbulence, etc. , to inhibit contraction, the
collapse time for a dark or molecular cloud due to its own
self-gravitation is only about 10' yr. Since the rate of star
formation would then exceed the observed rate by a fac-
tor of about 10, factors which inhibit star formation
must be present. Evidence from the residual gas as-
sociated with young star clusters and the masses of the
clusters indicates that no more than about ten percent
of the cloud mass collapses all the way to stellar den-
sities. Reasonable values for magnetic fields or rota-
tion rates can provide the remaining needed retardation
of cloud collapse.

To summarize, the ISM can be divided for conven-
ience into H II regions, a possible "third phase, " an
intercloud mediu~, and three type clouds —diffuse,
dark and molecular. In practice, discrete classes do
not exist and the three type clouds form a relatively
continuous sample.

B. Observation of interstellar molecules

Energies associated with electronic transitions in
molecules are much greater than the kinetic energy in
ISM clouds where molecules are located. Thus, mo-
lecular emission at optical and ultraviolet wavelengths
is not detectable. Absorption due to molecules ean,
however, be observed at these wavelengths in the spec-
tra of bright, 0 and B type stars. To observe the line
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absorption, the continuous absorption due to dust grains
in the cloud must be small. Optical and ultraviolet in-
vestigations are then limited to the diffuse clouds.
Furthermore, the general extinction of 1 magnitude/kpc
in the galactic plane restricts these studies to the ISM
within approximately one kiloparsec of the sun. In con-
trast, the galactic attenuation at wavelengths for radio-
frequency transitions in molecules is negligible, and
observations of molecules in the ISM throughout the
galaxy can be made using radio-telescopes. Velocity
differences between the various clouds along a line of
sight are normally sufficient to prevent the radio fre-
quency lines of one cloud from shielding those of anoth-
er. However, except in a few cases at longer wave- .

lengths where a source of strong continuum radia-
tion is present behind the cloud, the gas density
must be high enough that the molecular transitien will
be collisionally excited. This normally restricts radio
observations to the dark and molecular type clouds, .
Summaries of optical and ultraviolet data include those
by Morton (1975), Spitzer and Jenkins (1975), as well
as the classic study by Herbig (1968). Reviews of mea-
surements and their analysis at radio-frequencies
have been given by Heiles (1971), Turner (1974),
Zuckerman and Palmer (1974), and Penzias (1975).
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FIG. 7. Absorption spectrum and profile fitting for inter
stellar H2 lines in a limited part of the spectrum as observed
toward the star $ Per. Except for P(4) and R(5) all lines are
associated with the (1 —0) vibrational branch (from Spitzer
it al. , 1973).
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Although the first three interstellar molecules (CH, CH,
CN) were detected by ground-based optical telescopes and
identifi;ed around 1940, no other. s frere found until OH was
detected this year at 3078 A. Molecules that are abundant in
the optically accessible diffuse clouds do nothave strong
transitions at wavelengths longer than the atmospheric
cutoff at about 3000 A. The launch of the Copernicus
satellite in 1972 made it possible to explore i.n detail the
ultraviolet (-1000-1500 A) region which contains the
electronic transitions of abundant molecules. A few

-rocket flights of short duration had provided a glimpse
of the rich, ultraviolet spectrum. Measurements of H,
as shown in Fig. 7 established its abundance as a com-
ponent of the ISM comparable to atomic hydrogen. Ex-
tensive studies of the populations of the rotational states
of H, have provided data on physical conditions in the

ISM. In addition, carbon monoxide has been studied in
detail. HD and quite recently OH have been detected.
Potentially valuable upper limits to the abundances of a
number of molecular species including CH„C,and H,O
have also been established. Unfortunately, lack of
knowledge of the oscillator strengths prevents investi-
gators from assessihg the significance of these limits.
Except possibly for CO, uncertainties concerning op-
tical depth, line shape and excitation do not present
cr itical problems in determining abundances from optical
and ultraviolet measurements. Nevertheless, optical
depths in the center of the strong lines of H, can be
about 10'. A problem that does arise is delineating at
what location along the line of sight the particles occur.
There are often two or more such gas clouds whose
spectra are found to be superimposed when examined
with sufficient resolution to separate the various veloc-
ity components. Conditions may be quite different from
one component to another. For example, the velocity
dispersion for the CH' molecule is much greater than
for CH, CN, and OH and indicates that -CH+ is less lo-
calized in the gas. Most ultraviolet measurements suf-
fer to some extent from this type ambiguity. Radio de-
tections of OH, CO, and probably H, CO also exist for
diffuse clouds.

Fractional abundances of molecules and other rele-
vant properties for the cloud(s) toward the star Zeta
Ophiuchi —a representative diffuse cloud —are pre-
sented in Table II. This cloud contains all type mole-
cules that are found in diffuse clouds, as well as all
type molecules detected at optical and ultraviolet wave-
lengths.

2. Dark and molecular clouds

TABLE II. Properties of the cloud(s) in the direction of the
star Zeta Ophiuchi —a representative diffuse cloud in the ISM.
F~actional abundances are given for the molecules, in addition
to the visual extinction A„(magnitudes) through the cloud due
to dust grains, the total gas density [n], the electron density
[e] and the gas kinetic temperature T. Except for OH (Snow,
1976, based on the oscillator strength of Ray and Kelly, 1975;
Crutcher and Watson, 1976a) and NH (Crutcher and Watson,
1976b) data are from Morton (1975).

&v
[n] (cm )
[e] (cm 3)

T (K)
H2
H
HD
co
CH+

CH
CN
OH
NH

~ Toward Xi Persei.

1
10

~0
~50

0.3
0.4

1x10 7

(0.8 —4) x10 6

7x10 '
3x10-'
6x10

-3x 10 8

5 x 10-10

From a comparison of the number of molecules ob-
served by radio telescopes (Table III) with those ob-
served at optical and ultraviolet wavelengths (Table II),
it is evident that molecular astrophysics is dominated
by radio astronomy. This conclusion is even stronger
when the numbers of sources, molecular transitions and
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520 W. D. Watson: interstellar molecule reactions

TABLE III. Interstellar molecules that have been detected at radio frequencies. An estimate
for the fractional abundance by number of each molecular species is given in the parenthesis
(x) =1(P . The gas is mainly H2 in the regions where these molecules are observed, though
the H& is not observed directly.

CH
CN
CS
SO
SiS
HDO
HCN
OCS
NoH+

C2H
NH3
H2CS
HCOOH
NHgCN
CI-ISOH

NHoHCO

CH3CgH
CH3NH2
CHpCHCN

Methylidyne (-8)
Cyanogen (—8)
Carbon monosulphide (—7)
Sulphur monoxide (—7)
Silicon sulphide (—7)
Heavy water
Hydrogen cyanide (-6}
Carbonyl sulphide (-8)
Protonated nitrogen (—7)
Ethynyl (—7)
Ammonia (—6}
Thio formaldehyde (—10)
Formic acid (—10)
Cyanamide (—9)
Methanol (—7)
Formamide (—10)
Methyl acetlyene (—9)
Methylamine (-10)
Vinyl cyanide (—10)

(CH3) 20
CO
OH
SiO
NS
HgS
HNC
SO2
HCO+
HCO
H2CO
HNCO
HC3N
CH2NH
CH3HCO
HC5N
HCOOCH3
CH3CH2OH
CH3C3N

Dimethyl ether (—10)
Carbon monoxide (—4)
Hydroxyl (—7)
S ili.con monoxide (—7)
Nitrogen sulphide (—8)
Hydrogen sulphide (—8)
Hydrogen isocyanide (—6)
Sulphur dioxide (—7)
Protonated carbon monoxide (—7)
Wrmyl (—8)
Pormaldehyde (-8)
Isocyanic acid (—9)
Cyanoacetylene (—8)
Methanimine (—10)
Acetaldehyde (-10)
Cyano diacetylene (—10)
M.ethyl formate (—10)
Ethanol (—10)
Methyl cyanoactelyene (—10)

isotopic species are included. Although the first radio
detection occurred in 1963 with the OH radical (Weinreb
et a/ , 1963.), the explosive growth in radio observations
really began in 1968—69 with detections of NH, (Cheung
et a/. , 1968), H, CO (Snyder et a/. , 1969), and H, O
(Cheung et a/. , 1969). The last is not a true interstel-
lar molecule in the sense that it is detected only in
compact, maser ing sourc es whose phys ical conditions
and dimensions are drastically different from those of
interstellar clouds. Since 1969, some 34 new chemical
species and numerous isotopic forms have been found.
Representative molecular lines as observed by a radio
telescope are shown in Fig. 8. Here, the slightly
greater linebreadth of the U 90.66 line in comparison
with HCN and HCO+ is evidence in support of HNC as
the proper molecular identification for this line. The
quadrupole splitting which produces three lines for HCN
is much smaller in HNC a,nd appears only as an en-
henced linebreadth. Subsequent laboratory measure-
ments of the HNC frequency established beyond doubt
that U 90.66 is due to HNC. With increasing gas densi-
ty, the ability to detect molecules is normally improved
both by the higher excitation rates and an increased rate
for chemical reactions which produce the molecules.
The two most favorable galactic sites for molecule ob-
servations a.re the gas cloud(s) in the Orion Nebula and
Sagittarius B2 cloud(s) near the galactic center. These
also seem to have the highest gas densities, though the
observability of the Orion Nebula benefits as well from
the relative closeness of the nebula to the sun (-2 kpc).
The spatial extent of various molecules along one axis
passing through the molecular peak is shown in Fig. 9
for the Orion Nebula. In total, there are several hun-
dred interstellar gas clouds in which molecules have
been detected with radio telescopes.

Unlike the optical and ultraviolet measurements,
there is often significant uncertainty in relating radio
frequency data to the molecular abundances. Consider
the transfer of radiation of intensity I„associated with a
transition between an upper level (u) and lower level (/)

L 154
(a) u90.66

('HNC')

=0.33 km s

=0.34 km s

( b ) X -OGEhl
(HCO+)

TA =0,5 K

—KI =0.34 km s (c}HCN

I I l I

-3 0 3 6
LSR VELOCITY ( km/sec)

FIQ. 8. Observed emission spectra from the interstellar
cloud L134 for (a) U90.66 now identified as HNC (b) X-ogen
now identified as HCO', and (c) HC¹ All are J=1—0 transi-
tions. The ordinate can be considered as relative intensity and
the abscissa is the velocity of the gas in relation to the
local standard of rest LSH {from Snyder and Hollis, 1976).

a,s it propagates through a homogeneous medium of
thickness L representing an interstellar cloud. Radio
astronomical measurements at frequency v are usually
expressed in temperature units J(Ta) =c'I„/2@v'where
the brightness temperature T~ is defined in terms of the
Planck function B„(Ta)

I„=B,(Ta) =(2@v'/c')/(e""~" & —1) .
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OH

NH3
H 2C0 (2 1.1

—110~

H2CO{1to 1&&)

CO
N

HCN
HC3N
CS

1.667
23.694

140.839
4.830

115.271
113.492
88.632
9.098

146.969

7.7 x
3.6 x
5.3x
4.2 x
7.5x
1.3 x
2.4x
4.0x
6.1x

10
1O-'
1O '
10 8

1O-'
1O-'
1O '
10 8

1O '

TABLE IV. Spontaneous emission rates A and frequencies v

for representative transitions of interstellar molecules (from
t,.ompilation by Turner, 1974).

-05'50—

I I I I

5 33 30 32 30 31 30
R IGHT AS( E NS ION (1950,0j

F/G. 9. The Orion Nebula. A region of bright stars and
ionized gas with which a molecular cloud is associated. The ex-
tents along one axis of the emission from various molecular
transitions are indicated by the bars. Axes are astronomical
coordinates in degrees and minutes, and hours, minutes and
seconds, of arc.

Thus TI3 is the temperature of a blackbody that subtends
the same solid angle as the source and emits the same
radiative intensity at frequency v. Frequently the
Rayleigh —Jeans limit is applicable so that J(Ts)- Ts.
The quantity obtained in molecular line measurements
is the difference between the intensity on the line at an
adjacent frequency for which the brightness tempera-
tures are T~ ~ and T~ ~, respectively

aJ =J(Ts ~) J(Ts c) =[J(—Tg —J(Tc)][1—exp( —v(v)]

(1.2)

for an optical depth r(v) given by

from T~ becomes easier. Representative values of A.

are given in Table IV. At millimeter wavelengths the
continuum radiation is due to the 2.7 K universal black-
body flux, whereas at centimeter wavelengths galactic
and extragalactic radio sources can dominate. Thus,
observation of 4J does not directly yield the molecular
abundance, since, in general, both w and T,„must be
known. Various methods are employed to estimate
these. For example, under certain circumstances z
can be estimated from ratios of hyperfine components
or isotopic forms for which 7«1 can be studied and
these abundances scaled by an assumed isotope ratio.
An additional consideration is the possibility that a ve-

locityy

gradient occurs in the gas cloud and has an im-
portant influence on the radiative transfer of the molec-
ular radiation.

As a result of the low ISM densities, surprising mo-
lecular excitations as described by T,„canoccur. For
example, one of the first detected molecular transi-
tions —the 6 cm transition of formaldehyde —has an ex-
citation temperature T, „

less than the 2.7 K of the
universal blackbody radiation. The observed transition
is between the 1yp and 1pp states shown in Fig. 10. An

7 (v) = (c'AN, g„/Swv'g, )f (v)[1 —exp(hv/kT, „)]. (1.3) &oo

Here, A. is the radiative decay rate for the upper state,
N, is the column density of molecules in lower state,
the g's are the degeneracies of the states, f(v) is a
normalized function describing the line shape, T~ is the
temperature of any continuum microwave emission lo-
cated behind the cloud, and T,„isthe excitation temper-
ature defined by the populations n of the two states

n„/n, = (g„/g,)exp( hv/kT )— (1.4)

Thus for a line to be detectable, T,„must be altered
from T~. This normally occurs by collisions with H or
H, in the gas so that for typical sensitivity of 'radio tele-
scopes, the excitation rate by collisions must very
roughly be comparable with the radiative decay rate A
when g & 1. Excitation cross sections 0 have been poor-
ly known, though recent calculations hopefully have al-
leviated this problem. Typical values are g = 10 "cm'
for rotational excitations at the relevant temperatures.
However, when w»1, the emitted radiation is reab-
sorbed a number of times before it escapes the cloud
and A. is effectively decreased to A/~ Alteration o.f T,„

Hgco
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FIG. 10. Energy level diagram appropriate for microwave
transitions of formaldehyde, a slightly asymmetric rotator.
Ortho and para states are indicated bye and P, respectively.
Transitions between these are negligible.
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asymmetry in the collision cross sections tends to pop-
ulate the 2» state preferentially over the 2» state in
collisions with molecular hydrogen when the formalde-
hyde is initially in the 1» or 1» state, as it is mainly.
Radiative deexcitation dominates collisional deexc ita-
tion and leads to an enhanced population in the 1» state
due to selection rules that allow 2,2 1y] but not 2»

1j 0 transitions . The asymmetry in the col l is ion cros s
sections and its influence on formaldehyde excitation
was originally recognized by Townes and Cheung (1969)
from classical considerations. Detailed calculations
have verified that an asymmetry of the appropriate
magnitude does occur (Augustin and Miller, 1974;
Evans, 1975; Ga.rrison et al. , 1975). Astrophysical
evidence also supports strongly this explanation.

As a result of the low gas densities in the ISM, the
abundances of reactive radicals and molecular ions are
often comparable with the abundances of the relatively
unreactive molecules that are readily available in the
laboratory. A major problem has been the determina-
tion of microwave frequencies for the reactive mole-
cules. Typically, an accuracy b. v/v= 10 ' is needed in
order to perform a sensitive observation with a radio
telescope. The reliability of calculations is normally
Av/v= 10 ' to 10 '. A recent breakthrough in the ability
to measure microwave frequencies of reactive mole-
cules has recently been made by C. Woods and colla=
borators. Their measurements include HCO', DCO+,
HNC, and N, H' (e.g. , Woods et al, , 1975; Saykally
et at. , 1976).

3. I sotope abundances

Isotope abundanees throughout the galaxy are of par-
ticular interest as a result of their relation to mass ex-
change between stars and the ISM. In addition, the
deuterium to hydrogen ratio is relevant to cosmological
questions. With the exception of atomic deuterium in
the local region of the galaxy, only molecular observa-
tions are able to detect the less abundant isotopes.
Measurements of "CH' at optical wavelengths, as well
as "'CO and HD in the ultraviolet, have been obtained
with the usual limitation to about 1 kpc from the sun.
Excluding some upper limits, the remaining informa-
tion on isotopes is due to radiofrequency observations
of interstellar molecules. Factor of 2 or so deviations
from solar system isotope ratios is what is normally
expected. At this level of precision, uncertainties in
the radiative transfer discussed in the previous section
cause difficulties. To some extent this problem is al-
leviated by studying hybrid ratios (e.g. , "C"'0/ "C"0)
where the lower abundances reduce the influence of
saturation on the molecular line intensities. Bertojo,
Chui and Townes (1974) recently summarized the obser-
vational status of isotope abundances in the ISM. As a
result of the "C abundance, "C/"C is the most exten-
sively studied isotope ratio.

Hydhogen/deutehiurn . The atomic (D/H. ) ratio in the
interstellar gas is measured by the Coperzizzs satel-
lite to be 2&&10 ' (Rogerson and York, 1973). Although
the measurement is for the local region of the galaxy,
the ratio is probably typical of the galactic disc as a
whole if the galactic center is excluded. Radio mea-

surements in distant regions of the galaxy employing
the 92 cm hyperfine transition of the deuterium atom
yield upper limits, &1/13, 000 toward CassioppeaA
(Weinreb, 1962) and ~1/2000 at the galactic center
(Pasachoff and Cesarsky, 1974). Interstellar HD is
also observed at ultraviolet wavelengths and found to
have an abundance that is typically 10 ' to 10 ' that of
H, in diffuse clouds (Spitzer et al. , 1973). Self-shield-

— ing by molecular H, at the wavelengths for its ultra-
violet photodissociating transitions slows the dissocia-
tion of H, but not HD. When this difference is included,
the observed ratio actually implies that HD is produced
at a rate -10' faster than H, per D or H atom, respec-
tively. Radio observations have detected DCN
(Jefferts, Penzias and Wilson, 1973; Penzias et al. ,
1976), HDO (Turner et at. , 1975), DCO' (Hollis et at. ,
1976), and obtained upper limits to OD/OH (Sl/400 in
the galactic center, (Allen, Cesarsky and Crutcher,
1974); ~1/30 toward 3C123, (Dickel and Radick, 1976).
The detections yield DCN/HCN- (2 —5) x 10 ' in the six
loca.tions studied and DCO'/HCO'-0. 1 to 1 in three
locations if HCO is optically thin. Since H, O is de-
tected only in masers and not in clouds, no HDO/H, O
ratio can be determined. Clearly, large effects of
chemical fractionation are present in DCN and DCO+.
The fractionation can be understood as a result of ion-
molecule exchange reactions and the difference in zero-
point vibrational energies of hydrogen and deuterium in
molecules (see Sec. IV.C).

Carbon isotopes. Radio observations of carbon iso-
topes are based mainly on H, CO, CO, CS and HCN.
Bertojo, Chui and Townes (1974) conclude that the evi-
dence does support a "factor of two" enhancement in the
"C/"C ratio over the solar system value of 1/90. '

Since their review, a number of observational studies—
with CO (Wannier et at. , 1976a); with H, CO (Wilson, T.
et al. , 1976 and Matsakis et al , 1976); w. ith CS (Wil-
son, R. et al. , 1976); with HCN (Linke et al , 1975)—.
seem to provide support for the idea that this "factor of
two" enhancement prevails throughout much of the gal-
axy. There are indications of source-to-source varia-
tions. In contrast, optical observations in the solar
neighborhood for '3CH+/" CH' (Bartolot and Thaddeus,
1968; van den Bout, 1972; Hobbs, 1973) are in some
disagreement but tend to support a solar system value.
These observations should be influenced less by line
saturation than the radio measurements. Chemical
fractionation may also be a significant, and possibly
dominant, effect in "C/"C ratios from interstellar
molecules. Preliminary data indicate that the abundance
of H'3C»C»CN is half that of H"C"C"CN or
H"C"C"CN (Churchwell, Walmsley and Winnewisser,
1976). A likely mechanism to produce chemical frac-
tionation of carbon isotopes has also been suggested (see
Sec. IV.C).

ONer isotopes. Other rare isotopes that have been
observed in interstellar molecules are "O, "O, "N,
"Sand "S. Recent work includes that of R. Wilson et al.
(1976) for sulfur isotopes and Wannier et al. (1976b) for
oxygen isotopes. These isotope ratios for 0, N, and S
are less well studied than carbon, but are generally
similar to solar system values. Evidence for deviations
does exist.
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C. Introduction to reactions of interstellar molecuies

Reactions involving molecules in the ISM occur under
drastically different conditions from those in the labo-
ratory. Thus it is desirable at the outset to recall the
relevant physical conditions. For convenience of dis-
cussion, two general type conditions that are represent-
ative of the ISM are considered: diffuse clouds and
dense clouds. The latter represent the previously dis-
cussed "dark" and "molecular" clouds taken together.
Gas temperatures less than 100 K and grain tempera-
tures 10'-20 K are assumed for both. At these tem-
peratures and the low ISM densities, reactions must in
practice be exothermic to be important. Particles with
internal excitation are quite rare and have not been
found to influence molecule formation and destruction.
Reactions under high temperature can be important in
cloud —cloud collisions (Aannestad, 1973a) and in inter-
stellar masers (Goldreich and Scoville, 1976), but will
not be considered here since both influence only a small
fraction of the ISM. Gas densities 10-10' cm ' are
representative of diffuse clouds, whereas 10'-10' cm '
are more typical for, dense clouds. However, the essen-
tial difference between the two type regions is the pres-
ence of galactic, optical, and ultraviolet starlight in the
diffuse clouds which can ionize and dissociate the atoms
and molecules. With the exception of hydrogen which is
perhaps half molecular, the gas is mainly in atomic
form, and those atoms whose ionization energies are
below 13.6 eV are ionized. The occurrence of carbon
primarily as C' is particularly important for reactions.
In dense clouds, optical and ultraviolet radiation is as-
sumed to be excluded as a result of the large optical
depths at these wavelengths. Because of this obscura-
tion and their distance from the sun, the dense regions
are not well understood so that in practice the assumed
absence of starlight is open to some question. Bright
stars and infrared radiation from hot grains are nor-
mally observed in the neighborhood of molecular clouds.
It is unclear whether they are sufficiently close to the
molecular regions to affect reactions involving the ob-
served molecules.

It is clear from the foregoing that the physical state
of the ISM is far from thermodynamic equilibrium. The
ionization state is dramatically altered by the radiation
from that which would prevail at the kinetic tempera-
ture of the gas. Similarly, the atoms in interstellar
clouds would all be tied up in molecular form. Finally,
in thermodynamic equilibrium, elements other than
hydrogen and helium will be frozen out onto the cold
dust grains, probably as H, O, CH4 and NH3. This is
prevented in part by the dis-equilibrating effect of star-
light and cosmic rays, and in part because the time to
reach full equilibr ium is comparable with or longer than
cloud lifetimes. In the dense clouds from which star-
light is excluded, high-energy cosmic rays (&100 MeV/
nucleon) seem to provide adequate stimulation fOr the
reactions that prevent the molecular abundances in the
gas from attaining thermodynamic equilibrium.

Consider now the approximate time scales for major
competing processes relevant to interstellar molecule
reactions. When appreciable ultraviolet radiation is
present, destruction of molecules is often due to photo-

t„qq=300/n yr (A+B A+ B) (1.6)

in a gas of density n(cm '). In most such collisions no
new molecule is produced. To form a molecule when A
and 8 are atoms, it is necessary to lose the excess en-
ergy either through emission of radiation for which,

;„~23&&10'/n yr (A+B-AB+hv) (1.7)

per atom in the ISM for this type collision, or- to the
surface when the collision between A and B occurs on a
dust grain. For reactions on a grain surface, the anal-
ogous time scale is

t~= 10 /n yr (A+B+grain- AB+grain) (1.8)

In the ISM, three-body reactions in the gas can be neg-
lected

t, b,~„&3&&10"/n'yr (A+B+M-AH+M). (1.9)

If either A or 8 is a molecule, exchange reactions
become possible. Tge time scale for a particular par-
ticle of type A to produce a new molecule through such
an exchange reaction can be as short as

t„a10' yr/f~cn, (A+BC-AB+C). (1.10)

Although this formation process seems fast in comparison
with Eqs. (1.7) and (1.8), the fractional abundance fee of
particles that can react by exchange reactions in the ISM
is small and the net molecule formationthrough (1.10) is
normally comparable with other processes. For example,
most reactions with H, are endothermic or have activa-
tion energy barriers unless particle A is ionized. With
the exception of chlorine, atoms whose ionization ener-
gy is below 13.6 eV and can thus be ionized by starlight
do not react exothermically with H, . The ionization rate
for some atoms (e.g. , D, 0) can however be large enough
that exchange reactions with H, are somewhat faster
than competing reactions. Certain other type exchange
reactions are also somewhat faster than competing re-
actions and are of major importance in producing new
molecules from old ones. Radiative association reac-
tions probably also are faster when one particle is al-
ready' in molecular form. A cross section has been
proposed for the radiative association C'+ H, - CH+, +hv
that is 10' greater than employed for Eq. (1.V). Mole-
cular ions now seem to play a major role in reactions
in the ISM. Their lifetime is usually governed by dis-
sociative electron recombination for which the lifetime
per ion is typically,

t~, = 0.1/[e] yr (AB'+e- A+B)

at an electron density [e] cm '. For comparison, the
analogous time for radiative electron capture by the ion
is roughly

t„=3000/[e] yr (A'+e —A+hv) (1.12)

In diffuse ctouds, comparison of Eqs. (1.5) and (1.V)

dissociation which oc|:urs in a typical time

t«„=300 yr (AB+hv- A+ B)

per molecule in the unshielded galactic radiation Qux.
A particular atom or molecule collides with some other
particle (mainly hydrogen) on a short time scale,
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or (1.8) indicates that only about 10 'n of the atoms are
expected to be in atomic form in a steady state. For
molecular hydrogen, self-shielding increases Eq. (1.5)
by -10' to 10', so that H,/H 1 frequently occurs.
These predictions are in qualitative agreement with the
observations (Table II). Steady state is a. good approxi-
mation for molecular abundances in most diffuse clouds
since the mean time between disruptive events —cloud—
cloud collisions, collision with a star, cloud collapse-
is greater than about 10' years. For dersse clouds, the
lifetimes of molecules are normally much longer so
that the contributions of certain phenomena with long
time scales must, in principle, be considered. For
example, molecules are observed in the atmospheres
of cool stars from which mass is being blown into the
ISM. -If the lifetimes of molecules in dense clouds are
essentially the lifetime of the cloud, injection by stars
might be significant. One such example where this
seems to occur is the region IRC+10216. However, in
general, the mass loss rate is not great enough to have
wide influence for molec Jles in the IBM. In addition the
presence and abundance of certain molecular species—
DCN, DCO', HNC —indicates that molecules in dense
clouds a.re. produced in the low temperature/density
environment where they are observed. The high DCN/
HCN and DCO+/HCO+ ratios are apparently thermal ef-
fects due to the difference in zero-point energies and
thus require low temperatures. HNC is readily rear-
ranged by collisions into the lower energy structure
HCN. From Sec. IV.B, the characteristic time for the
main gas-phase reaction chains that are stimulated by

. cosmic ray ionization in dense clouds can be estimated
to be about 10' years. If interstellar clouds are col-
lapsing at near their maximum rate (i.e. , free fall), the
molecules produced by gas-phase reactions will not
reach quasistatic abundances. The rate at which parti-
cles stick to grains always becomes faster than cloud
collapse at the higher densities and suggests that sur-
face reactions do reach a quasistatic situation. In
the dense clouds, the optical extinction through the
clouds indicates that optical depths at ultraviolet wave-
length are greater than ten. A comparison of the life-
time against photodissociation (i.e. , Eq. (1.5) increased
by a factor of 10' or more) and formation rates (Eqs.
(1.7) and (1.8)) suggests that dense clouds in the ISM are
mainly molecular —a conclusion that is consistent with
observations.

Historically, the first comprehensive study of inter-
stellar' molecule reactions seems to be that of Bates and
Spitzer (1951) directed toward understanding the abun-
dances of CH and CH+ in diffuse clouds. These authors
recognized the possible importance of most processes
considered at present and concluded that serious diffi-
culties arise. Since that time the CH/CH question has
received more attention than any other abundance prob-
lem. Nevertheless, the abundance of CH+ is not under-
stood in terms of its relevant reactions at present un-
less CH'+e - C+ H is unusually slow despite theoretical
conclusions to the contrary. A second phase of study
concerning interstellar molecule formation began in the
early 1960's in relation to the H, molecule. Detection of
H, requires observation of its ultraviolet absorption
spectrum from above the atmosphere. This had not yet

been achieved and it was supposed that a large fraction
of the galactic mass might be hidden as H, . Radiative
association and all other gas phase processes are com-
pletely negligible for H, formation. Detailed investiga-
tions concluded that essentially every H atom that hits a
dust grain will stick and be converted into H, through
reactions on the surface (Hollenbach, Werner and Sal-
peter, 1971). This prediction has now been confirmed
by observation of interstellar H, beginning in 1970. In
response to the rapid expansion in molecule observa-
tions beginning in 1968—1969, re-investigations of both
gas and surface reactions were undertaken. The chief
success seems to be in the consideration of reactions
between molecules and positive ions which are produced
directly or indirectly by cosmic rays. Most small
molecules can be produced as a consequence of "ion-
molecule" reactions. A number of successful, semi-
quantitative conf rontations with observational data have
been formulated. Some successful predictions have
even been made in an area long dominated by the obser-
vations. Basic work on the application of "ion-mole-
cule" reactions in the ISM includes Black and Dalgarno
(1973), Herbst and Klemperer (1973), and Watson
(1973d, 1974a) .

The elementary processes relevant to surface and
gas-phase reactions in interstellar clouds are discussed
in Secs. II and III. These processes are then applied in
a straightforward manner in Sec. IV to interstellar
clouds. For simplicity, the emphasis is toward the
most abundant elements H, He, C, N, and O. Recent
reviews of interstellar molecule reactions include
Dalgarno and Black (1976), Herbst and Klemperer (1976)
and Watson (1975). The last reference considers in
more detail many of the topics in Secs. II and III.

II. PHYSICAL PROCESSES RELEVANT TO
REACTIONS AT THE SURFACES OF
INTERSTELLAR GRAINS

A first consideration is simply the rate at which a
gas atom will hit a grain since this determines an upper
limit to the influence of surface reactions. Based on
the dust-grain surface area per H atom discussed in
Sec. I.A, a typical atom or molecule of atomic weight
A in the gas [temperature T(K), number density n]
strikes a grain in a mean time t~

t~ = 10'/l(T/100@)n yr (2.1)

For positive ions, Eq. (2.1) is sensitive to the charge on
the grain and may be increased by a factor up to about
4 or decreased drastically if the grain is positively
charged (Sec. 1I.B). The similarity between this time
scale and that of competing processes [Eq. (1.7) and
(1.10)] requires that surface reactions be considered.

The probable presence of inert grain surfaces in as-
trophysical situations where surface reactions are of
interest is fortunate since the processes may then be
relatively insensitive to the precise surface structure
and to unpredictable surface chemistry. For reactions
of gas atoms to occur at the grain surfaces, the gas par-
ticles must stick when. they hit. This question has been
debated especially with regard to the sticking of H
atoms, but now seems settled with H atoms sticking in
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p'erhaps one-third of their collisions under typical con-
ditions (Sec. II.D). Grain temperatures (Sec. II.A) must
be sufficiently low that thermal evaporation will not
eject an adsorbed particle before other particles stick
and react with it. Surface mobility of the adsorbed par-
ticles must be considered, especially for hydrogen
(Sec. II.E). After reactions at the surfaces, the product
molecules must be returned to the gas. At the average
grain temperatures characteristic of the general ISM,
thermal evaporation seems inadequate except for H, .
Nonthermal ejection processes are uncertain (Sec. II.F).
In. any event, we conclude (Sec. II.G) that essentially
every reactive particle (except possibly positive ions)
incident on an interstellar grain does react with some
other particle from the gas (it just may not be returned
to the gas). Attachment of H atoms to any incident atom
seems to be the dominant occurrence, and it is difficult
to go beyond this first level of complexity. At present
one can only speculate on the mechanisms by which com-
plex molecules might be formed on the cold grain sur-'
faces of the general ISM. Near intense sources of star-
light, grains in the interstellar clouds may be hot
enough (T~~ 75 K, perhaps) to catalyze surface reactions
through bonds to the surface of chemical strength as
occurs under laboratory conditions (Brecher and Arrhe-
nius, 1971; Anders et a/. , 1974; Bar-Nun, 1975; Iguchi,
1975). Only processes relevant to the cold grain sur-
faces of the general ISM are included here.

A. Temperatures of interstgllar grains

Under conditions of the general ISM, grain tempera-
tures will be determined by the steady state reached in
the absorption of starlight at optical wavelengths and
the re-emission of this energy as infrared radiation.
The steady state for a grain at temperature T~ is then
given by

F A. A. dA. = B A. , T A. dA. ,

where E(&, T~) is the Planck function for blackbody radia-
tion at temperature T~ and wavelength &. Here E(&) is
the radiative flux incident on the grain. At an average
point in the galactic disk, E(&) in the optical region has
a shape similar to that of a blackbody at 104 K, but re-
duced in intensity by a factor of approximately 10' . In-
terstellar grains are much smaller than the wavelength
of the infrared radiation which they emit and are thus
hotter than the equivalent blackbody temperature for the
starlight energy density (-3 K). Some representative
values for the absorption efficiency Q(&) are presented in
Fig. 11 (see also van de Hulst, 1957). Calculations for
temperatures of grains with various compositions have
been performed by a number of investigators (e.g. ,
Werner and Salpeter, 1969; Greenberg, 1971). For
grains of standard size (radius = 500—100 A), average
temperatures are 10-20 K relatively independent of rea-
sonable uncertainty in composition. Purcell (1969) has
deduced minimum grain temperatures (~6 K) from limits
on Q(A. ) implied by the Kramers-Kronig dispersion rela-
tions, though temperatures greater than 10 K are again
more realistic. Calculations show that grain tempera-
tures decrease somewhat (-factor of 2) inside inter-
stellar clouds due to the shielding of starlight, though

IO

lp

LU

4
IJJ

tp-3
O

CL
IL
O
C/)
CO

ip-4

( M2

io'
Q2

X

)p-6

jo'
Ot IOO jp3

g3

ip4

X(g)~
FIG. 11. Absorption efficiency as a function of wavelength
for the grain-models studied: ~ —o 0.05', pure graphite grains;
x-x 0.15@ core-mantle grains. The diagonal lines between
100@ and 10 p show the absorption efficiency for various values
off, the amount of enhancement by impurity oscillators in the
far infrared; f=. 1 corresponds to the maximum enhancement
permitted in the theory of Field (1969). CM~, CM2: core-mantle
grains enhanced with f=1,0.1; G, G, G: graphite grains en-
hanced with f=1,0.1, 10 3. The heavy portions of these curves
show the efficiency when the enhancement is effective only at
A. &750 p (from Werner and Salpeter, 1969).

the decrease is smaller than might be expected. Infra-
red r'adiation emitted by grains on the outside of the
cloud penetrates to the interior and heats these grains
(Werner and Salpeter, 1969).

'&he above discussion refers only to time-averaged
grain temperatures. Interstellar grain temperatures
are well below the Debye temperatures (typically a few
hundred K) of the materials so that the specific heat is
low. The energy imparted to a grain by, for example,
passage of a cosmic ray (Watson and Salpter, 1972a) is
sufficient to cause large temperature increases. For
smaller grains (radius &100 A), absorption of optical
photons causes temperature increase well above the
average grain temperature (Duley, 1973; Greenberg and
Hong, 1974; Purcell, 1976). Similar temperature puls-
es occur if most of the recombination energy in mole-
cule formation is imparted to the grain (Allen and Ro-
binson, 1975).

B. Electric potential of interstellar grains

Competition between photoemission of electrons and
the sticking of charged particles (mainly H+, C+ and e )
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FIG. 12. Photoemission yields that are representative of that
expected for interstellar grain materials (from compilation of
Watson, 1973a).

from the gas determines the electric potential of grains.
Until recently photoemission was ignored. If. the stick-
ing efficiency is the same for positive ions and electrons
that make contact with the grain surface, the higher
velocity of the electrons then causes a negative grain
charge. In this ca,se the average grain potential Q is
(Spitzer, 1948)

e(f)/kTg„———2.5,
when H is the chief positive ion. It is somewhat more
negative when heavier positive ions are the most nu-
merous.

Now that ultraviolet data on photoemission are avail-
able, it is not clear that the grains are negatively
charged in interstellar clouds of low optical depth (Wat-
son, 1972). Although photoemission yields (electrons
ejected/photons absorbed) depend upon the poorly known
composition of the grains, some generalizations are pos-
sible (see Fig. 12). For most refractory materials con-
sidered for interstellar grains (e.g. , silicates, oxides,
silicon carbide and graphite) photoemission yields
are about 0.03 to 0.10 at photon energies -10—13.6 eV.
For small grains (radius =100 A), the yield will be fur-
ther increased by geometrical effects. The other major
class of likely grain materials —frozen CH4, NH„and
especially H, O—probably hive weak photoemission be-
low 13.6 eV due to the high ionization energies of the
free molecules. If these ices are rearranged in some
manner as has been proposed (e.g. , radiation process-
ing) into more complex molecules, the photoemission
yields may be near 0.1 again (e.g. , Fujihira et al. ,
1978). A surface layer of ten or so monolayers of frozen
H2O would probably serve as an effective barrier to pre-
vent photoelectrons from escaping with high efficiency.

The average cross section for a particle of charge g

from an equilibrium gas to hit a grain with electric po-
tential @ is determined from Coulomb orbits and differs
from the geometric cross section by a factor

photoejec tion
electron sticking

JQ(~)&(~)x«(3/0. 1)
[e]&,S, [e] cm '

(2.2)

for photoemission yield p, electron density and velocity
[e] and v„respectivelyr and an electron sticking effi-
ciency S, =1. Electron densities in interstellar clouds
seem to be 0.1 to 1 cm ' so that grains may be either
positive or negative depending upon y. No data are
available for the sticking of electrons to surfaces under
the conditions of interest. For the sticking of low-
energy (&1 eV) electrons onto neutral surfaces, labora-
tory data indicate that S, ~ 0.3 for likely surface mate-
rials (see Watson, 1972). For positive grains and kT~„
= 0.01 eV, then S,= 1 is a safe assumption. For nega-
tive grains, the likely value for S, is unclear.

C. G~ain surfaces and binding energies of
particles to grains

Even if the composition of the grain surface were
known, in general, the problem of estimating the bind-
ing energy D for a reactive atom or molecule to the
surface would still be formidable. Laboratory experi-
ments almost always involve either unreactive gas
molecules/surfaces or binding energies of chemical
strength (& 0.5 eV/particle). Possible bond strengths
range from that for ckemisoxPtion (chemical strength)
to that of physical adsoxpHon. Pure physical adsorption
involves only the van der Waal. s interaction between the
surface and the adsorbed particle. Approximate binding
energies and surface potentials for physical adsorption
are obtained simply by summing independeritly the van
der Waals potential between the adsorbed particle and
the individual molecules of the solid. This typically
yields a binding energy four to eight times the van der
Waal. s well depth for a pair, or a few tenths eV in most
cases of interest except hydrogen for which D is small-
er. Additionaj. effects often increase the binding energy
above that for pure physical adsorption. These include
exposed ions in an ionic solid, a permanent dipole mo-
ment of the adsorbing particle, surface irregulatities
and impurities, and the degree of coverage of the sur-
face.

Although the nature of the binding between gas par-
ticles and the surfaces of interstellar grains is highly
uncertain, it is nevertheless useful to consider physical.
adsorption since this represents one limit —the ~in&-
mum Possible binding. Further, under conditions in the
general ISM surfaces or sites of strong chemical bind-
ing will simply become covered over by a chemisorbed
monolayer. Additional. monolayers will be added until
the binding for incident particles is much wea;ker than
for strong chemical binding. This occurs in the labora-
tory (e.g. , Gomer, 1959; Folman and Klein, 1968), and

1—,q P & 0; exp ( q—@/k T„,), q @ & 0.
gRS

A grain will be positive at a gas temperature of -100'K
if, roughly,

Rev. Mod. Phys. , Vot. 48, No. 4, October 1976



Nl. D. Watson: Interstellar molecule reactions 527

even for reactive atoms and radicals the binding may
be only that for physical adsorption. While it is clear
that the binding of a chemically saturated mo1.ecule to
an inert, molecular crystal is weak, there is little di-
rect evidence concerning reactive atoms and radicals.
Clearly the binding of H, C, N, 0, etc. , atoms to inert
grain surfaces such as ice is an essential question. An
experiment (Marenco et al. , 1972) which measures the
energy transmitted to a surface from incident atomic
hydrogen indicates that the binding of H atoms to a fro-
zen H, O surface is comparable to that expected from
physical adsorption (see also Klein, 1968).

Since van der Waals attractive forces are proportion-
al to the polarizabil. ity of the partic1. es, estimates for
physical adsorption energies of various type particles
can be made from the measurements with one type ad-
sorbed particle. In Fig. 13 physical adsorption ener-
gies for N, on various surfaces are presented which can
be employed in conjunction with the polarizabi1. ities of
Table V for such estimates. Physical adsorption of
hydrogen is unusually weak due to the low polarizabil. ity
of hydrogen, as well as to the large quantal zero-point
energy that results from the l.ow mass of hydrogen. If
only physical adsorption can occur for H atoms, the
formation of molecular hydrogen on grains is sensitive
to the exact value of the binding energy. Hol. lenbach and
Salpeter (1970) deduced a well depth of 800 K for the
surface potential of the H-H, O system based on an ex-
perimental binding energy for the H, -H,O system of 500
K. Their H-H, O surface binding energy is 450 K when
the zero-point energy is included. More recently the
binding energy for H, on frozen H, O and on CO has been
measured to be 860 K and 350 K (Lee, 1972). For
atomic H the analogous energies are then estimated as
750 K and 280 K. If a monolayer of H, is first placed
on the H, O surface, binding energies of 650 K and 520
K are found for H, and H.

The zero-point energy needed to deduce the binding
energy for atomic H from measurements for H2 or from
theoretical calculations of the surface potential has been
obtained by Hollenbach and Salpeter (1970). The surface
potential not only varies perpendicular to the surface,
but is periodic in directions paral. l.el to the surface as
indicated in Fig. 14. An energy barrier of perhaps one-

TABLE V. Representative polarizabilities of atoms and mole-
cule s.

Particle Polarizability (10 4 cm3)

He
Ne
A

H2

02
N2

CO
NO

HpO

NH3
CH4
H
0

0.21
0.41
1.6
0.81
1.6
1,7.

1.9
1.7
1.5
2.2
2.6
0.67
0.73

0 0

half the well depth exists between potential wel. ls. A
harmonic oscillator treatment to estimate the zero-
point energy is inaccurate, and a variational calculation
has been performed using a delocalized wave function
that has the correct periodic variation along the sur-
face. This yields the 450 K mentioned above.

Based on data such as that in Fig. 13 and that of Lee
(1972), we conclude that all reactive atoms of interest,
C, N, 0, etc. , except possible H, wi1. 1. be adsorbed to
interstellar grains with binding energies greater than
about 800 K per particle. The binding for smaJ. 1 mole-
cu1es, e.g. , H, O, CH4, NH„wi1.l be somewhat stronger
(& 1000 K per particle). If several layers accrue, the
more abundant molecules (CO, H, O, CH~, etc. ) might
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FIG. 13. Heats of adsorption for N2 on various solids (1 kcal/
mole = 0.044 eV/particle). From Dormant and Adamson (1968).

FIG. 14. The physical adsorption potential for H on an H20
surface as a function of height & above the surface is shown in
(b) for three surface points labeled by numbered positions in
(a). Open circles in (a) denote the surface atoms of the lattice.
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TABLE VI. Critical temperatures T~ for various gases to
freeze onto interstellar grains if they form pure crystals. The
hydrogen density is taken as 10 cm 3, and that for the other
gases is 1 cm

Substance +c (K)

H2

Ng

co
CH4
NHg

HgO

&2.5
13
14
19
60
92

freeze out as pure crystals in which case the critical tem-
perature for freezing onto the grains can be determined
from laboratory vapor pressure data (Table VI).

Appreciable migration of particles from the surface
into the interior of a grain is possible, as frequently
occurs in the laboratory. It is difficult at present to
evaluate this effect. If the binding for a particle is
greater in the interior than, on the surface, the interior
probably becomes saturated early in the lifetime of a
grain. Alternatively if the binding is greater on the
surface, the particle will tend to remain there. Thus
migration into the interior is likely to be unimportant
in comparison with reactions on the surface.

D. Sticking of atoms and molecules onto grain surfaces

"Sticking" means here that the incident particle be-
comes thermalized to the grain for at least a brief time.
The very weak binding to the surface if only physical
adsorption occurs, along with the low ratio of the mass
of the H atom to that of the surface particle (e.g. , H, O),
suggests that the energy transfer might be quite low for
H atoms incident onto an ice surface. In order to stick,
the incident particle must transfer its translational
energy to the surface before it bounces back off the sur-
face. The problem has been investagated extensively as
a, topic in surface physics and elaborate, detailed cal-
culations have been performed. To illustrate the es-
sential aspects of sticking under the rel. evant astro-
physical conditions, it is adequate to summarize the
classical treatment of Hollenbach and Salpeter (1970)
directed toward the sticking of atomic hydrogen onto ice
for the formation of H, .

This calculation is based upon the following:

(1) The collision of the gas atom with the surface can
be represented by a gas atom colliding with the repul-
sive potential of a single surface atom which is at rest
at its equilibrium position until. the onset of the repul-
Sive collision.

(2') As a first approximation this single atom is at-
tached by a spring of naturai frequency ~ (the Debye
frequency of the solid) to a stationary wall. .

(3) The energy of the collision is (a+0.75 V . ), where
& is the kinetic energy of the gas atom outside the range
of the surface potential and t/' . is defined by Fig. 14.

(4) The repulsive potential of the surface can be ap-
proximated by a,n exponential in the neighborhood of the
classical turning point

V= —0.75 V . +(a+0.75 V . )e "~'.

A characteristic coll. ision frequency can then be deter-
mined for a collision involving a reduced mass p.

= 1, 1 & cu/&u, & 1.68. (2.3)

To find a sticking probability from &E, , the three-
dimensional hopping of the gas atom across the surface
must be considered. In order to stick, a particle must
survive approximately (e/&&, ) hops without being scat-
tered into a sufficiently small angle 6 from the normal
to the surface that it will escape. Instead of calculating
and dealing with exact differential scattering cross sec-
tions, a probability is introduced for scattering into
8- 6IO of the form

P = (~./&)', (2.4)

where 0 (radians) is a parameter near unity. The prob-
ability for adsorption of a particle with incident energy
e is then (Hollenbach and Salpeter, 1970)

I', =exp[ ——'(c/&, ) ],
where

With y =E, /AT, the sticking probabiiity can then be ob-
tained for a Maxwell. ian particl. e distribution with tem-
perature T

S(T) = (y'+0. 8y )/(1+2.4y+y'+0. 8y'). (2 5)

For comparison with laboratory experiments it is de-
sirable to calculate the accommodation coefficient
o.(T)—the fraction of the energy of the incident particles
which is transferred to the surface. This comparison
tests many of the approximations involved in finding
S(T).

In Table VII, calculated and experimental. values for
S(T) and o'. (T) are summarized. These data do support
the predicti. on that H atoms stick to interstellar grains
with S=1/3. The temperature dependence of S(T) is il-
lustrated in Fig. 15. For atoms and molecules heavier
than hydrogen (C, N, 0, etc. ), all factors —large V .
and m. —improve the likelihood for sticking. Thus
S(Tc 100 K)= 1 for these particles. For positive ions
incident from the gas, evaluation of the sticking is com-
pl.icated by effects of recombination at the surface.
Within the constraints of present information, it seems
that S(T) might be quite small or near unity for positive
ions.

~o = v'(&+0.75 V . )/2p. b'.

By following the one-dimensional classical trajectory,
the energy transferred to the surface atom A&, can be
calculated. For sticking under astrophysical conditions
of most interest (especially H atoms on frozen H20),
the calculated &&, agrees well with results of more de-
tailed calculations (e.g. , Goodman, 1966) which do in-
clude the response of the entire crystal. However, the
experimental data often involves systems in which the
collision is slow enough that the entire crystal. can re-
spond (~,« ~). An analytic expression which repro-
duces, the results of the calculations by Goodman (1966)
is

&&, (m, /m~)/(&+0. 75 V,.„)= 2~',~(~' —~') ', &u/no ~ 1.68
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TABLE VII. Sticking and accommodation coefficients. "Exp." denotes experimental values; "1"and "2" refer to calculations em-
ploying 0 =1 and 0 =2; e~ includes a correction [from Hollenbach and Salpeter, 1970, except (a) from Marenco et aE. , 1972 and
(b) from Day, 1973j.

System
D

('K)
b

(A)
M CO ()

()(1Q13 s 1) ( K)
T

(K) S, ~exp

Xe/W 2400 0 38 2 17 0 75 170

1500 0.38 2.17 0.74

900 0.38 2.17 0.85

100
200
300

100-
200
300

100
200
300

0.42

0.91
0.78
0.64

0.77
0.52
0.35

0.51
0.25
0.14

0.96
0.85
0.75

0.85
0.66
0.50

0.65
0.36
0.24

0.92
0.85
0.68

0.77
0.57
0.46

0.49
0.33
0.29

0.91
0.74
0.57

0.72
0.44
0.28

0.42
0.18
Q.10

0.92
0.85
0.77

0.80
0.59
0.46

0.53
0.31
0.24

Ne/W

Ne/CO2

O2, CH4, CO+graphite (b)

H p/CO2

H,/H, O

H,/H, O (a)

H2/graphite (b)

240 0 38 2 17 0 60

350 0.35 2.50 0.75

450 035 250 280
375 0.30 3.00 3.00

1.3
9.5

21

100

78

273

78

78

77
200
273

0.21 0.25 0.35

0.48 0.44

0.55 0.54

0.25

0.57

0.66

0.025 0.046 0.05

0.78—0.96

-0.7
0.8
0.4
Q

0.014 0.04

0.75
0.45
0.40

H/H 20 300 0.30 3.00 4.00 78 0.32 0.45

E. Mobility of atoms on grain surfaces

Motion across a surface by adsorbed particles is in-
hibited by the irregularities of the surface potential
that result from the discrete positions of the lattice
molecules. For particles to move between adjacent
surface minima (a few angstroms), a barrier whose
height is typically Es = V,.„/2must be surmounted (Fig.
14). When chemisorption dominates, this estimate can
be quite poor and E~ may be al.most equal to V . or it
may be much less than V . /2. An adsorbed particle
moves between potential minima as a result of classic-
al, thermal hopping and quantum mechanical tunneling.
Thermal hopping is slow, but uncontroversial. Theory
and experimental measurements of surface tunnel. ing is

1.0

0.8

Q

o0.6
O

still regarded as somewhat uncertain, at l.east in. detail.
ln thermal hopping the characteristic time required

for an adsorbed particle to acquire an energy greater
than the barrier height E~ by thermal. fluctuations and
hop over the barrier is

t, (1)= v, 'exp(Es /kT~), (2.6)

where v0= 10"s is the eharacteristie vibration frequency
for the adsorbed particle. Since this is a random pro-
cess the adsorbed particle requires a time,

t, (N) = vo'N' exp(E~/kT ), (2 7)

to get to a point N lattice spacings away. Thermal. mi-
gration of adsorbed particles has been observed in the
laboratory (e.g. , Gomer et al. , 1957; Folman and Klein,
1968) in approximate agreement with Eg. (2.7).

Quantum mechanical tunneling is of particular interest
here because the adsorbed atoms are light, and &~ for
physical adsorption is relatively small. An estimate
can be made from the Wentzel-Kramers —Brillouin ap-
proximation (WKB) for a one-dimensional barrier to
find the time,

z
X
O
v)04 I;, = v0'exp —2 5 p dx, (2.8)

0.2

40 80 &20

GAS TEMPERATURE (K)

180 200

FIG. 15. Semiempirical sticking probability for atomic hydro-
gen on a graphite surface (from Day, 1973).

required for an adsorbed particle to move between ad-
jacent potential mimima. Here P =v'2m~[E —V(x)],
where & is the energy of the adsorbed particle, and the
integral is over that part of the path between surface
wells for which V(x)&E. For physically adsorbed atom-
ic H on frozen H,O, [ V(x) —E]= 0.05 eV over a distance
=2 A. . Then t, = 10 ' s. To obtain an accurate value for
t, (which is clearly sensitive to small uncertainties), it
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is necessary to obtain the delocalized wave function for
the adsorbed particle in the manner of Hollenbach and
Salpeter (1970). Then f, can be determined from the
breadth in energy &&„ofthe lowest energy band,

t, (1)= 4k /&&~ . (2.9)

Representative values of &&~ are presented in Table
VIII. Although other calculations for the surface mo-
bility (e.g. , Ricca et a/. , 1969) on different systems
are, in general. , in agreement with these, the only rel. -
evant experimental. support seems to be that by Dash
and collaborators (e.g. , Dash, 1968; Bretz and Dash,
1971). In these experiments the specific heat per ad-
sorbed particle is measured at temperatures near 1 K
and is found to be near k (Boltzmann's constant) per
particle. The experiments employ the particle/surface
combinations He'/Ar, He'/graphite and He~/graphite.
A specific heat near k per particle is expected for a
two-dimensional, mobile gas. If the adsorbed particles
were tightly bound in the potential wells, a specific heat
much smaller than k would result. Quantitative inform-
ation about &&~ can also be obtained from the temper-
ature dependence of the specific heat and is consistent
with results from calculation@i methods similar to that
employed to find the &&~ of Table VIII.

Unlike thermal motion, the time required for quantal
tunneling to a location N surface sites away where a
second reactive particle is located is (Hollenbach and
Salpeter, 1971)

t (N)= Nt, (1). (2.10)

Realistic grain surfaces are probably not uniform as
assumed above, but have a number of irregularities due
to impurity atoms, ejection of surface atoms by cosmic
rays, etc. The particle is then scattered by these ir-
regularities and Eq. (2.10) must be modified

(2.11)

for a, fractional abundance of irregular surface sites f
(assumed randomly located).

Thus an adsorbed particle with D= 800 K remains on a
grain at T~ = 20 K for about 10's. The more abundant
particles H„CO, H20, CH~, etc. , might freeze onto
grains as relatively pure crystals in which case the
more accurate evaporation rates can be obtained from
vapor pressure data as in Table VI.

OFor quite small grains (radius & 100 A), the excur-
sions from the average T~ mentioned in Sec. II.A when
a photon is absorbed or when a chemical reaction oc-
curs on the surface wil. l be sufficient to eject weakly
adsorbed particles. Purcell (1976) find that these tem-
perature fluctuations will be able to return the adsorb-
ed particles to the gas if D ~ 0.1 eV and the grain radius0
is ~ 100 A. If the binding is as large as 0.3 eV, ac-
cretion will. not be prevented by this effect for grains0
with radii ~ 50 A. The presence of large numbers of
these smal. l grains in the interstell. ar gas is as yet un-
certain. Further, the apparent presence of larger grains
in appreciable abundance would in any event be a cause
for depletion for atoms from the gas at approximately
the sticking rate to grains.

More extreme, but less frequent, temperature fluc-
tuations in grains are caused by the passage of low-
energy cosmic rays. Two processes are of possible
importance: (1) Evaporation due to the elevated tem-
perature of the entire grain. (2) "Spot heating" which
results from the initial depositing of the energy lost by
the cosmic ray into a tube of radius ten or so angstroms
centered on the cosmic ray path. Before the energy
diffuses through the entire grain, the temperature is
very high and can cause evaporation of adsorbed par-
ticles or of the outer layers of the grain. Processes
(1) and (2) have been investigated in detail (Watson and
Salpeter, 1972a). For favorable grain properties '(com-
position, binding energy D) and low gas densities, it
might be possible to return molecules efficiently to the
gas. An accurate knowledge of the low-energy cosmic
ray flux is, however, unavailable.

2. Photo-ejection

F. Processes for ejecting adsorbed particles from grains

l. Thermal evaporation

Except for H, and possibly CO and N,
„

thermal evap-
oration at the average grain temperature T~ in the gen-
eral ISM is relatively ineffective for the ejection of ad-
sorbed particles. To an adequate approximation for the
purpose here, the average time for an adsorbed particle
to gain. sufficient energy by thermal fluctuations to
overcome the surface binding D is t~ = vo' exp(D/kT~).

TABLE VIII. Band widths &&& for surface states of adsorbed
atoms. V =well depth. From Hollenbach (1969); Hollenbach
and Salpeter (1970).

Arguments have been presented to suggest that ejec-
tion of physically adsorbed particles by ultraviolet ra-
diation may be efficient (Watson and Salpeter, 1972a).
Since theoretical ideas about surface processes are
subject to severe uncertainties, efficient photo-ejection
must be regarded with caution until adequate experi-
mental measurements have been performed. The only
relev3nt experiment does suggest that photo-ejection of
physically adsorbed particles iN efficient (Greenberg,
1973). The astrophysical parameters involved (gas
density, radiation flux) are such that ejection of par-
ticles by radiation might reasonably keep interstellar
grain surfaces "clean" when the interstellar radiation
is not severely shielded. It is convenient to employ an
efficiency & such that the rate for photo-ejection of an
adsorbed particle is

Atom/surface

He/Ar
H,/H, O
H/H, O
Heavy atom/H&O

2
1

20

V (.K)

200
800
800
800

AE~ ( K)

0.12
7
30
7.5x10 4

g-1 gg-1
. p

where t& is the mean time for the particle in the gas
phase to absorb an ultraviolet (= 6-13.6 eV) photon from
the average, unshielded galactic radiation (t z

= 10's,
typical. ly).
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A model for the ejection process similar to the dis-
sociation of a molecule has been suggested. Absorption
of a photon then invol ves excitation to an electronic
state of the adsorbed particle. At the equilibrium sep-
aration for the ground state from the surface, the ex-
cited state may be repulsive. Ejection. will. occur if the
adsorbed atom is not deexcited by transfer of the elec-
tronic excitation into the surface. A semiquantitative
examination of the locations of the potential well minima
in the ground and excited states, as well as the time
scales for dissociation versus that for transfer of elec-
tronic excitation, indicates that &= 1 may be typical. for
physical adsorption. For tight binding to the surface
(chemisorption), transfer of excitation into the surface
should be faster so that &«1. The limited experimental
data for photo-ejection and electron impact ejection
(which may involve a similar mechanism) do yield 5
& 0.01 for chemisorption (see references in Watson and
Saipeter, 1972a; Greenberg, 1973).

Experimental photo-ejection yields for weak binding
are presented in Table IX. To convert these yields to
& it is necessary to divide by the fraction of the incident
radiation that is absorbed in the adsorbed layer. Such
information is not available. Absorption cross sections
obtained in the gas phase are not helpful since most of
these molecules exhibit little or no absorption at the
2000-2750 A of the experiment. Greenberg (1973) sug-
gests that a reasdnable estimate for the fraction ab-
sorbed in his experiment is = 10 ', though it could be as
large as = 10 '. For the former value &=0.1 to 1.

TABLE IX. Photoejection yields (molecules ejected per in-
cident photon) for weakly bound gases onto cold fused quartz
for radiation of wavelengths 2000 —2750 A. (from Greenberg,
1973) .

Yield Molecule

-1x1O '

-1x1O-'

-1O-' —1O'

10 8

Cs,

02
04 &)

0
&CgH6

C4H~O

N2

( CH4
H20
CH~OH

E.NH3

Cu20

3. Ejection in reactions

A discussion of ejection in chemical reactions is given
for H molecules by Hollenbach and Salpeter (1970), and
for other molecules by Watson and Salpeter (1972a). No
direct experiments exist, though measurements by
Marenco et al. (1972) for the energy transferred to an
ice surface («4.5 eV per molecule) indicates that most
of the formation energy is retained by the ejected mole-
cule. No experimental constraints are placed on wheth-
er it is mainly translational, vibrational, or rotational

energy.
The semiquantitative theoretical discussions examine

the magnitudes of the forces, distances and time scales
associated with the classical trajectories of physical. ly
adsorbed particles. As the molecular potential of two
recombining particles on a surface pulls them together,
they are pulled against the repulsive potential of the
surface'. A force && can then occur between the surface
and the center-of-mass of the molecule of mass M.
This imparts a net momentum

P~ —— F~dt,

when the force is integrated over the reaction trajec-
tory. If the resultant energy &~ =P2~/2M exceeds the
binding energy D, the molecule will be ejected directly.
For H, molecules Hollenbach and Salpeter (1970) esti-
mate &~= 0.20 eV&D. The larger mass of heavier
atoms (e.g. , OH, NH, CH) tends to reduce &~ so that it
is unclear whether &~ exceeds D. If it does not escape,
the "hot" molecule can hop across the surface and con-
vert some additional vibrational energy into transla-
tional energy needed for escape. However, due to the
large difference. between the time scales for vibrational
and translational motion, the collisions seems to be
quite adiabatic with little energy conversion. Calcula-
tions for the recombination process and the subsequent
"hopping" have been attempted, but the results are only
an indication (Watson and Salpeter, 1972a). It seems
likely that both ejection and equilibration to the surface
will occur with non-negligible px obabilities.

4. Sputtering

The ejection of surface particles through direct col-
lision with an incident gas particle has been discussed
most recently by Aannestad (1973b). At average inter-
stellar cloud temperatures (-100 K), sputtering is
completely negligible based on these rates. However,
sputtering may be important in the overall mass bal-
ance between the grains and gas by returning atoms to
the gas from icy grain mantles during a high temper-
ature phase (i.e., "intercloud") of the gas.

G. Summary and conclusions for reactions on
interstellar grain surfaces

Clearly, the uncertainties in the physical processes
and astronomical conditions are severe. A detailed
investigation of all possibilities is thus hardly worth-
while (even if possible) and I will concentrate on general
conclusions. As stated previously, only the chid grains
of the general ISM are considered here. Hot grains
(T& 50 K) near intense sources of radiation are ignored.
Reactions are assumed to occur on top of the surface,
though the general conclusions are not likely to be al-
tered s ignif icantly if diffus ion into the inter ior is con-
sidered.

First, I wish to emphasize that the occurrence of a
grain surface that strongly binds (chemisorbs) the gas
particles is no bar to reaction with other particles in.

the ISM. To prevent reactions, ' an atom must stick,
remain immobile and unreactive, and then be ejected in
atomic form. The only process that might eject strong-
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10 '5~ t '& t '=10 "n(cm ') (2.12)

to prevent reactions. Since probably & & 0.01 for chem-
isorbed particles, Eq. (2.12) is not satisfied at densities
&~ 1 cm ' appropriate for interstellar cl.ouds. Strong
binding is thus no problem for molecule formation.

1. Reactions to produce molecular hydrogen

The specific parameters for H, formation on frozen
H, O surfaces employing only van der Waa1's binding for
atomic H wil. l be emphasized since this has been studied
in detail and is representative of the inert surfaces
which are expected to occur. The description here is
in the spirit of Hollenbach and Salpeter (1971). An H

atom from the gas sticks to the grain in about one of
three collisions. Keeping the atomic H bound to the
grain until. a second H atom sticks has seemed to be the
chief problem. That is, for reacti. ons to be efficient,
the thermal evaporation time from the surface must at
least be greater than the sticking time

ly bound particles rapidly enough to be important is
photo-ejection. For this, the rate t~' for photo-ejection
of an adsorbed particle roust be faster than the rate
t, ' at which the site is covered over by one or more
monolayers on top of which the binding wil. l be weak.
That is,

creases smoothly near monolayer coverage as suggest-
ed by data such as that in Fig. 13 or if the H, mono-
layer is not sufficiently rigid to prevent replacement by
H atoms, an H atom that hits a grain will normally re-
main long enough to react with another H atom before
returning to the gas (Watson, 1975).

At higher grain temperatures than will. satisfy Eq.
(2.14) for a regular (no impurities) ice surface (T~& 20
K), reaction to produce H, will be inefficient unless
other effects are present. It- is probable that a few sites
of enhanced binding D'(H) occur T. hese may be due to
ejection of surface particles by cosmic rays, growth
irregularities, or impurity atoms which may have a
semi-chemical attraction for atomic H. Atomic H is
likely to replace molecular hydrogen in such sites as is
necessary. The number and strength of such sites is
governed by the requirements that an H atom migrate to
an enhanced site before it is evaporated from the regu-
lar surface and that D'(H) is great enough to prevent
evaporation before other H-atoms stick to the grain.
Hollenbach and Salpeter (1971) find that a single such
site of D'(H)/k= 2000 K on a grain will be adequate for
T, ~40 K.

Independent of which of the above cases does occur,
return of the H, molecule to the gas presents no prob-
lems. The molecule will either be ejected directly in
the reaction or by thermal evaporation.

v, 'exp[D(H)/kTg]~([H] v„~2) ' (2.13)
2. Reactions to produce molecules other than H2for a grain of radius &, onto which H atoms from the

gas of density [HJ and velocity vH are incident. For
representative values in Eq. (2.13) (x~= 10 ' cm, v„
=10' cm/s, [H] =10 cm ')

D(H)/kT, o 35 (2 14)

D(H~)/k —D(H)/k= 100 K. (2.15)

In analogy with Eqs. (2.13) and (2.14), the surface will
be covered over by a monolayer of H, when

D(H, )/kT, ~ 50. (2.16)

If the H2 moholayer is sufficiently rigid that H atoms
cannot replace the moleucles, the binding for the atoms
on top of the monolayer will be quite small (perhaps
200 K). Equation (2.14) will not then be satisfied ex-
cept at lower than the usual grain temperatures. Onl. y

'

a few degrees Kelvin separate the temperatures which
satisfy Eqs. (2.14) and (2.16). If, however, D(H, ) de-

is needed. Grain temperatures 10 to 20 K then require
D(H)/k& 350 to 700 K which is consistent with the D(H)
deduced in Sec. II.C from the work of I ee (1972). Since
the sticking time from Eq. (2.13) is much greater than
the time for the H atom to traverse the entire grain
surface according to Eqs. (2.7) and (2.10), only two
atoms on a grain will. be sufficient to find each other
and react before evaporating when Eq. (2.13) is satis-
fied.

At somewhat l.ower grain temperatures than defined
by'Eq. (2.14), the situation can be complicated by the
presence of mol. ecular hydrogen on the surface. Due to
its greater mass and polarizability, molecular hydrogen
is normally expected to be bound more tightly by physi-
cal. adsorption than is atomic H

In light of the predicted high efficiency for forming
H„reactions of other atoms and mol. ecules must be
considered likely. Serious difficulty is encountered,
however, in understanding the return to the gas. We
foll. ow here the discussion of Watson and Salpeter
(1972a, b). Heavier atoms (C, N, 0, etc. ) easily stick
and remain on the grain. Positive ions may, encounter
some difficulty in sticking and will be strongly repelled
if the grain is positively charged. Positive grains may
dominate in low-density clouds, but not in clouds with
moderate optical extinction. Again, the emphasis is
toward inert surfaces with weak binding for reactive
particles. Unless the surface has specific chemical
properties that prevent reactions between heavy atoms
and H atoms, the normal path is for reactive heavy
atoms that are incident to become chemically saturated
with hydrogen. Reaction with hydrogen is preferred
both beca.use of its much greater relative abundance and
its greater mobility. From the treatment of H, pro-
duction it is clear that an H atom can always "find" an-
other reactive particle that is already on the surface.
The requirement that the heavy atom remain until an
H atom sticks is analogous to Eq. (2.14) and is easily
satisfied for T, & 22 K since D(C, N, 0, etc. )/k ~ 800 K
(Sec. II;C). After the heavy atoms have been converted
into chemically saturated molecules (e.g. , CH„NH„
H, O), further reactions are strongly inhibited by large
activation energy barriers (=0.3 eV). It might be pos-
sible for molecules, which are still highly excited im-
mediately (of the order of several vibration, periods)
after a recombination reaction, to collide with satur-
ated molecules and react. Excitation of the adsorbed
molecules by radiation may also provide energy to
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ne"'~( cm) ~ 1()'/f. (2.17)

Here sources of radiation are assumed to be outside the
cloud, 7„is the visual. optical depth to the cloud center,
and f is the fraction of heavy atoms that remain on the
grains after all reactions.

In summary, reactive heavy particles are certainly
converted into mol. ecules when they hit grains in the
general ISM. Hydrides (OH, CH, NH, CH„H,O, etc. )
are mainly produced. The chief uncertainty is in re-
turning the molecul. es to the gas, though a significant
fraction may be returned in the reaction process and by
photo-ejection when starlight is present. Temperature
fluctuations of very small grains (radius& 100 A) that
result from the energy emitted in the chemical reac-
tion might be able to cause ejection of weakly bound
mol. ecul.es. The presence of such grains is uncertain.

overcome energy barriers. Incident C, N, 0, etc. ,
atoms might react before they are thermalized with the
adsorbed moleeules if the activation energy is small.
If the incident particle is ionized (e.g. , O', HCO'),
there will probably be'no energy barrier and reactions
seem likel. y, for exampl. e

C+ + H, O(grain) + e(grain) —H, CO

HCO+ + H, (grain) + e(grain) —H, CO+ H.

Direct return of the product to the gas is more likely
than in previous cases since the C+ and HCO+ are not
adsorbed. The possible rates for such processes based
on astronomical. conditions are competitive, though
little information on cross sections is available.

During the reaction process between a heavy atom or
radical and hydrogen, an appreciabl. e fraction of the

-products are most likely ejected nonthermally back to
the gas. Some will be ejected in intermediate reactions
as OH, CH, CH» NH, NH» 'etc. , while others remain to
produce the chemically saturated forms CH4 NH3 H20,
etc. , of which a fraction are not ejected in the reaction.
If these are not returned to the gas, heavy elements will
be frozen out of the gas in a time comparable to that
usually associated with the lifetime of interstel. l.ar
clouds. Application of the analog for Eq. (2.16) indi-
cates that thermal evaporation will not eject the par-
ticles at normal T~ (& 20 K) for typical D (heavy mole-
cule)/k~ 1000 K. Thus nonthermal ejection mechanisms
are needed and photo-ejection must be considered. If
6= 1 and the heavy elements in the gas are in atomic
form, photo-ejection will prevent significant depletion
of the gas when

treatments of reactive collisions are available. These
require considerable computational effort and have been
applied to only the simplest systems. In addition to
treatment of the collision, the equally formidable task
of obtaining an accurate adiabatic potential. energy sur-
face for a polyatomic must also be met. The most ex-
tensive variational calculations normally give energies
accurate at best to = 0.05-0.1 eV (e.g. , Schaefer, 1972).
Col.lision energies in the astronomical context are
& 0.01 eV. The ever present possibility for smal. l. , "ac-
tivation energy" barriers in reactions between neutrals
is a source of particular concern at these low temper-
atures. It is evident that uncertainties tend to be great-
est at the lower energies where information is needed
for astrophysical purposes.

From the experimental viewpoint, essentially no
cross sections have been measured at temperatures
below 300 K. Information is often unavailable on the
energy dependence. When available it is usually ob-
tained from a fit to the experimental data of the form

o.'=( vv) =A exp( —E/kT) cm's (3 1)

12.0

I 0.0

in a quite different temperature region from that of the
interstellar gas. The "rate coefficient" n in Eq. (3.1)
is the product of the cross section and velocity aver-
aged over a Maxwellian distribution. Use of such ex-
pressions can yield cross sections that are either too
large or too small. The presence of a slower reaction
channel that does not dominate at high temperatures,
but has little or no activation energy is possibl. e. Low-
lying excited states of the reacting partiel. es that are
populated at laboratory densities may dominate the re-
action. At the low densities of the interstellar gas,
these states will be underpopulated in comparison with
thermodynamic equilibrium. Excited electronic states
are usually much more reactive than the ground state.
Further, quantal tunneling through an activation energy
barrier might enhance the reaction rate at low tem-
peratures over that given by Eq. (3.2). As indicated by
the temperature dependence of the D+H2 reaction shown
in Fig. 16, present evidence suggests that such tunnel-
ing will not be of major importance in astrophysics.

In the absence of extensive experimental data, semi-
empirieal guidelines have been employed. Which of

III. PHYSICAL PROCESSES FOR REACTIONS
IN THE GAS PHASE

A. Cross sections for chemical reactions

Chemical reactions of the type

A+BC-AB+C,
where A and BC represent atoms or radicals, and ean
be neutral or ionized are considered here. Purely the-
oretical calculations do not normal. ly yieM cross sec-
tions for such collisions that are sufficiently accurate
for practical. application. Only a few fully quantum

8.0
O

4.0 I

2.0
I i I

3.0 4.0
~ooo/T (K ')

f.
5.0

FIG. 16. Experimental data for the reaction D+ II2 HD+ H.
The molar rate coefficient &3((~)=k~/6 &&1023 cmas t) vs
(temperature) ~ (from Mitchell and Leaoy, 1973).

I
6.0
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numerous competing reactions are likely to dominate
can then be delineated in order that the crucial labor-
atory measurements can be performed. Because of the
low collision rate in the interstellar gas, a reaction
must usually occur at essentially every "hard col.li-
sion, " as wel. l as be exothermic due to the low temper-
ature, in order to be important. The rate coefficient
for "hard coll.isions" is then a useful value against
which to compare reaction rates. Positive-ion reac-
tions with neutrals almost always seem to occur at near
this rate when only a few atoms are involved. Neutral-
neutral reactions with no activation energy often pro-
ceed at nearly every col.lision. A characteristic dif-
ference of one-to-two orders of magnitude exi.sts be-
tween ion-neutral and neutral-neutral rate coefficients
for collision. A hard collision is considered to be a
class'ical collision in which the impact parameter is
small enough that the long-range attractive & " po-
tential (n& 2) will overcome the angular momentum
barrier. The particles wil. l then spiral into the chemi-
cal region of the potential and form a complex which is
likely to decay into products different from the incident
particles. For ion-molecule systems, polarization
gives a long-range potential at a distance &

A +B-AB+e,
have been considered (Dalgarno and McCray, 1973) and
seem to be less important under astrophysical condi-
tions than the reactions discussed above. Only H +H
-H, +e will be considered (Sec. IV. A. 1).

B. Charge transfer

Because of the simplified geometry, the reaction pro-
cess in charge-transfer between atoms

A+ +B—B+ +A,

is l.ess complex than the molecular rearrangements
discussed in the previous section. Charge transfer can
be considered as the transition between the two potential
energy curves associated with the asymptotic ionization
states of the atoms. As in chemical reactions, the
transition usually occurs mainly in the neighborhood of
the crossing between the two states. A two-state ap-
proximation may be adequate in certain low-energy col-
lisions and provides physical insight into the process
(e.g. , Mott and Massey 1965). Within the Born-Oppen-
heimer approximation the total wavefunction is taken
to be of the form

V,. (r) = —ee'/2r4, (3.2) 0 =y, (r, R) E( R) +y, ( ,rR) E(R),

V„(r)= —(e, e,/r')I (3.3)

These lead to rate coefficients to spiral into the chemi-
cal region of the potential

where & is the polarizability of the neutral. In neutral-
neutral reactions the long-range attraction. is due to the
van der Waal's force,

where the y are electronic wave functions for the two
states obtained by ignoring interaction between the
states ("diabatic" states). The E represent the nuclear
wave functions which are dependent on internuclear
separation A, but not the electron coordinates &. By
substituting 4 into the Schrodinger equation, the cou-
pled equations,

and

o. , = ( o v) = 2z(ee2/p)'~'

n„=m13.5(e,E'2I /p)'I'( v'I3),

(3 4)

(3.5)

P7 +k —V )E = V„E,, .

(%2+k', —U„)E,= V, OEO

are obtained. Here,

(3.'I)

for a reduced mass p. in the collision. Representative
values —polarizabilities =10 ' cm, p, =2mB, I =1 Ry,
and temperature =100 K—give n;=2&-10'cm's ', and- 4~10

As a working guide, exothermic neutral —neutral re-
actions whose rates are near n„under laboratory con-
ditions (T=300'K) probably have similar rates in the
interstellar gas. A laboratory rate significantly slower
than e„suggests an activation energy ba'rrier or re-
action from an excited state which will. normally cause
the reaction to be unimportant at the low temperature/
density conditions of the interstellar gas. Activation
energy barriers usually occur when a chemical. ly satur-
ated molecule is involved (reactant or product), but
are likely not to occur in reactions involving only atoms
and radicals. In contrast, exothermic ion-molecule
reactions involving small moleucles usually proceed at
near n, and are temperature independent. It is this
convenient property that has made it possible to per-
form with reasonable confidence detailed studies of ion-
mol. eeule reaction schemes in the interstellar gas. To
illustrate the general characteristics of reaction rates,
we present in Table X and Table XIA-D some repre-
sentative data.

Reactions between negative ions and neutrals

V„=(2p./k') V(R, r)cp*, y, d r, . (3.8)

Reaction T {K) A(cm3 s ) A(cm3 s ) E(eV)

H +CH4
H+HpCO
0+HCN
0+CH4
0+H2CO
0+C2Hp
0+OCS
N+ C2H2
OH +H2~ H20+H
CH2+Hg CH3+H

OH+N NO+H
OH+0 Op+H
CN+0 CO+N
CH3+0 H2CO+H
OH +H H2+0
NH +NO

300
300

300
300
300
300
300

300

300

2x 10
6x]0 ~3

Qx 10 13

7x 10
&5x10 i4

7x 10
5x 10 ~~

3x1O "

1x1O "
2x 10
9x10
5x10 ~~

2x10 "

1x1O "
10-11

0.51
0.17
0.35
0.23

0.26

0.10

0.34

TABLE X. Measured rate coefficients a for representative
reactions between neutrals at temperature T. A and E (activa-
tion energy) are obtained by fitting to the assumed form
e =A exp(-E/kT).
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TABLE XI. Measured rate coefficients for representative
ion —neutral reactions at temperatures =300 K.

TABLE XII. Representative data for charge-transfer collisions
between atoms.

, Reaction 0.'(10 ~ cm3s ~) Charge-transfer n(10 ~ cm3 s ~)

A. Reactions involving hydrogen transfer

H2+ H2 H3+ H
0++ H2 OH++ H
OH++ H2 H20++ H
H20++ H2 H30++ H
N++ H, -NH++ H
NH++ H2 NH 2+ H
C++ H2+ endothermic
CH++ H2 CH 2+ H
C 2+ H2 C2H++ H
CH'+ H- C++ H,
H', +N, —HN,'+ H,
He H++ H2 —H+3+ He
HCG++.HCN H2CN + CO
N2H++ CO HCG++ N2

2
1.6
1
0.6
0.5
1

1
1.1
8x lp &5T5~4

1.0
1.8

1

CH 4+ CH4 CH ~+ CH3
CH3+ CH4 C2H 5+ H2
CH 3+ NH3 NH4+ CH2

CH2NH 2+ H2

NH3+ CH4 NH4+ CH3
C++NH3 H2CN + H

C+ NH3
C++ H20 HCO++ H

C. Reactions involvimg dissociation by helium

1.2
0.95
0.17
Q.66
0.39
1.1
1.1
2

B. Reactions involving transfer of atoms heavier than hydrogen

H++ 0 0++ H
0++ H 0+ H+
N'+ Na- Na'+ N

N +Ca —Ca +N
O'+ Na- Na'+ O
O +Ca-Ca'+O

0.38
0.68
Very small
1.1
Very small
0.76

particular interest as the initial reaction in producing
OH and H, O (Sec. IV.A. 3b). It also contributes to neu-
tralizing H+ (Sec. IV.A.2). In this charge transfer, re-
action from the ground states is endothermic by &E/k
= 227 K, but the first excited fine-structure state of
oxygen is &&/k=228'K above the ground state. A third
fine-structure state is &&/k =326 'K above the lowest
state. Laboratory measurements are available only
down to temperatures 300'K and at pressures such that
the populations of the fine-structure states are in.

thermodynamic equilibrium. Representative data on
atom-atom charge-transfer are presented in Table XII.

When a molecule is involved in the charge transfer,
more states (especially vibrational states) are available
to take up the energy. Thus rate coefficients near the
usual. ion-molecule rate a = 10 ' cm's ' normally pre-
vail as suggested by the representative data presented
in Table XIII.

He++ H2 H++ H+ He—H2+ He
HeH++ H

He++ CO C++ 0+He
He++ N2 —N 2+ He

N++ N+ He
He++ CH4 CH4+ He

—CH+3+ H+ He
CH 2+ H2+ He
CH++ H2+ H+ He

D. Isotope-exchange reactions

D +H2 HD+H+
H 3+ HD H2D++ H2
HCO++ HD DCG + H2

CD3+ H2 CD2H +HD~ CDH2+ H2
CH+, + D, —CH, D'+ HD

CHD2+ H2
H30++ D2 H2DO++ HD

HD20++ H2

H2 CN ++ D2 ~ HDCN++ HD
i3C ++ 12CO i3CO+ 12C +

~lxlp 4

&10 '
&10 4

-1.4

1.2
0.04
0.06
0.90
0.20

lb
0.3

&0.02

0.51

0.55

-0.001

&0.0025
0.2

C. Radiative association

VYhen two atoms collide, the probability that a mole-
cule will be formed is quite l.ow. The particles enter'
the collision with a total. energy that is positive and will
simply dissociate again unless the energy is lost. In
laboratory reactions the excess energy is given to a
third particle or to a surface. Three-body collisions
are absolutely negl. igible in the interstellar gas. Sur-
face reactions that may occur on interstellar dust
grains have been discussed in Sec. II. Another pos-
sibility that may be of importance in astrophysics, but
is rarely if ever significant in the laboratory, is the
emission of energy as radiation during the collision.
To be competitive the radiative transition probability
A(s ) must be fast. An electric. dipole transition be-
tween two electronic states is thus required. The upper
electronic state must be attained in collisions between
the atoms in their lowest atomic states (including fine

- Deduced from the inverse reaction at higher energy by
Solomon and Klemperer (1972) and valid only for &&100 K.

Measured down to 80K by Fehsenfeld et al. (1973).

TABLE XIII. Same meaning as Table XII except that collisions
involve molecules.

where p, is the reduced mass, k~ and k, the asymptotic
wave numbers, V is the potential. energy, and the y are
assumed to be orthogonal. For the energies of interest
here, coupled equations analogous to Eqs. (3.7) but
formulated in terms of the adiabatic states, are actual-
ly more useful.

Unfortunately, no calculations (except H+H ) for
charge transfer have been performed at the low ener-
gies of interest here. The 8++0 charge transfer is of

Charge- transfer

H++ 02 02+ H
H++ H20 H20++ H
H++ NH3 NH 3+ H
C++ NH3 NH 3+ C
0++H20- H20++ 0
N++ CO~ CO++ N

02+ Na 02+ Na+
H20++ Ca H20+ Ca+

~(10 'cm's ')

1.2
8.2
5.2
1.1
2.3
0.5
1.4
4 p
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s VQI, UMp 44 ++MgpR 26', rations. The upper state must
also be attractive, since the transition probability is
large only at separations comparable with molecular
dim ens lons .

A detailed tr.eatment of the collision, along with an
accurate knowledge of the radiative transition probabil-
ityA (x) and the potential energy curves, is needed for
a reliable determination of the radiative association
probability (e.g. , Giusti-Suzor, Roueff and van Rege-
morter, 1976). However an order-of-magnitude esti-
mate can easily be made to provide physical apprecia-
tion of the process. For" classical motion of the nuclei,
the probability to reach a bound state by emission of
radiation during a collision is

-37.80-

~ -37.90—
a

-3$00-

2
Pg I2
li
'4d

2p

P=2g A (B)[dt /dRjdR = gA (Ro)T (3.9)
R (au)

I

12

when the upper state is attractive. Here the time t is
related to internuclear separation R by the classical
orbit described by the turning point a. Ro is the sepa-
ration for the potential minimum, g the probability for
reaching the upper molecular state from the ground
atomic states, and T is the characteristic vibration
period for a highly excited vibrational state of the nu-
clei. With T=2B,v'g/2V, „=2&&10'4s (V,.„=potential
well depth, p= reduced mass), A (A, ) =10" appropriate
for a near ultraviolet stabilizing transition such as the
CH'('Z —'ll) and g=1/4

FIG. 17. Correlation of atomic and molecular states in the
C + H collision. The transition involved in the radiative asso-
ciation is iO iZ. Fine-structure splitting ~ is exaggerated
(from Giusti-Suzor et al. , 1976).

compl. ex can be formed with a lifetime greater than one
vibrational period. Black, Dalgarno and Oppenheimer
(1975) have suggested that such effects might cause the
rate coefficient for

P= ZO-8. C++H~- CH2 +hv (3.11)

For our purposes a close col.lision has an impact pa-
rameter smaller than the critical value for orbiting
Eqs. (3.4) and (3.5) so that for radiative association to
form a diatomic

o. =( o v) = Po, = 10 '" cm3s (3.10)

when one particl. e is ionized.
Astrophysical. interest in radiative association has

centered mainly on the C + H collision with calcula-
tions by Kramers and ter Haar (1946), Bates (1951),
Solomon and Klemperer (1972) and Smith et al. (1973).
Electronic energy l.evels for the CH+ system are given
in F1g. 17. Most recently the semiclassical treatment
of Giusti-Suzor ««. (1975) includes the calculation of
such effects as nonadiabatic transitions between the
molecular states and tunneling through the centrifugal
barrier. This seems to produce the most accurate
cross section presently available (Table XIV). Other
radiative associations between atoms are not thought to
be important.

It is important in astrophysics that as shown in Fig.
20 the two electronic states of H, ( Z„,'Z ) that can be
reached in low-energy coll.isions between ground-state
H atoms differ in spin ('Z„ is also repulsive). From
the oscillator strength estimated by Gould and Salpeter
(1963), the radiative association rate coefficient o.
&&0 " cm s '. Thus the most frequent collisions in the
interstellar gas (due to the abundance of hydrogen) can-
not lead to radiative association. Radiative association
between an atom and a molecule might be much faster
for certain systems than for two atoms s inc e the pr es-
ence of additional modes allows the possibility that a

TABLE XIV. Bate coefficients n for radiative association at
gas temperatures =50—100 K.

Beaction ~(cm s )

C++H —CH +@v
C+ H- CH+»
0+ H-OH+@v
N+ H NH+hv
C+ 0 CO+@v
N+ 0 NO+hv
H+ H —H2+ hv
H++ H-H+, +»
HCO++ H2 H3CO++h v
C++ Hp CH g+~v

1.3 x 10
3xlp iv b

4xlp i~

~pd
10-"-10-"
1P-i6 1P-is
~p
10 at 500 K
10-i8 f

)4x ]0 i70

Giusti-Suzor et al. (1975), at 100 K.
Solomon and Klemperer (1972).
Smith and Zweibel 1976; see also Julienne eg al. (1971).
Julienne and Krauss (1973).
Bates (1951), rate decreases rapidly at lower temperature.
Herbst and Klemperer (1973).

g Fehsenfeld gt al. (1974).

to be as large as n= 10 " cm's '. Theoretical investi-
gations do indicate that this rate coefficient will be
greater than for diatomics (Pearson and Roueff, 1976;
Herbst and Delos, 1976), though its actual value has not
yet been obtained. Indirect experimental evidence also
exists (Fehsenfeld, Dunkin and Ferguson, 1974). Ra-
diative associations involving larger molecules with
H, have also been estimated (Herbst and Klemperer,
1973; Herbst, 1976). Representative data for radiative
associations are summarized in Table XIV.
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D. Electron-ion recombination: Radiative
and dissociative

[e][lc;]a„=[x,] J (r(v}a(v}dv,
0

(3.12)

where v(v) is the photoionization cross section at fre-
quency v, and B(v) is the blaekbody radiation flux. Use
of the Saha equation to obtain the ratio [X,]/([e) [X,.])
in equil. ibrium at temperature T yields

~g }('2 exp(I, /kT)
g, c'v'v(m k T)'

Radiative recombination

The radiative recombination coefficient n„=(vv) is
usually obtained from the cross section for the inverse
process, photoionization (e.g. , Bates and Dalgarno,
1962). In thermodynamic equilibrium the number den-
sities of the ionized and neutral form of an atom [X,.]
and [Xo] are related by

U
LK

z'

0
G.

x (hv)'o(v)d(hv)/[exp(hv/kT) —1]. (3.13)

Here go and g, are the statistical weights of the two ion-
ization states, and I, is the ionization energy of the
neutral. atom. For the physical conditions of interest,
Io» kT, and v'o(v) remains close to its value at thresh-
old I',vo/0 ' in the region that contributes to the integral.
Then

INTERNUCLEAR SEPARATION R

FIG. 18. Illustration of molecular, electronic energy curves
involved in the dissociative electron recombination of the mo-
lecular ion AB+.

(3.14)

n] (T) =q. 4x10 }&/T cm3S (3.15)

to ten percent accuracy.
Radiative recombination rates for most molecular

ions are considered to be comparable with those for
atoms. Except possibly for a few special cases, disso-
ciative electron recombination wi1. 1. then dominate by a
substantial factor so that the exact radiative rate is un-
important.

2. Dissociative recombination

Dissociative electron recombination competes with
other processes, and usually dominates, in the destruc-
tion of molecular ions which play a key role in proposed
ion-mol. ecule reaction schemes. Dissociative recom-
bination involves capture of an electron to form the neu-
tral molecule in an excited electronic state that can dis-
sociate. In most cases considered, the state is repul-
sive so that dissociation takes place directly as shown
in Fig. 18. Recombination to the state AB in Fig. 18
occurs by a radiationless transition in which an electron
of the positive ion is excited to absorb the energy of
the recombining electron. Immediately after recom-
bination, state AB has electronic energy greater than
the ionization energy. The inverse process (autoion-
ization) can simply ionize the molecule again and

A typical photodissociation cross section (10 " em2) and
IO=1 Ry yields n„(100'K)=10'~ cm's '. If recombina-
tions to all. states except the ground state are summed
to give n„' for H' at temperatures 30 & T(K) & 125,

f(e)[X,J/f, = o(e)@[X,.]dn(e)/de

for autoionizing state ~, and a differential electron

(3.16)

nothing has been achieved. However, if the nuclei sepa-
rate somewhat before the autoionization occurs, the
electronic energy will drop below that needed for ioni-
zation. Autoionization will. not then be probable. The
nucl. ei will continue to move apart and the molecule will
dissociate.

The characteristic several. orders-of-magnitude dif-
ference in reaction rates between radiative and disso-
ciative recombination can be estimated by classical
methods following, for example, Bates and Dalgarno
(1962) and Bardsley and Biondi (1970). First consider
the relative rates for autoionization and dissociation
for the state AB in Fig. 18. Autoionization 1.ifetimes are
known from experiments with atoms to be typically
t, ~ 10 "s. A representative force on the nuclei de-
duced from the slope of the potential energy curve is
about 5 eV/A. Then for a reduced mass of 8MH, the
nuclear kinetic energy is increased by 0.75 eV in clas-
sical motion at the expense of the electronic energy in
a time 7&10 "s. The separation is increased by ap-

0
proximately 0.15 A, roughly the De Broglie wavelength.
This is a reasonable estimate for the separation time
t, after which autoionization will not occur, so that

t, and autoionizing states will dissociate rather than
autoionize. The dissociative recombination coefficient
nd, = (cr(e)v) can then be estimated by determining the
electron recombination coefficient to an autoionizing
state. It is again convenient to determine the recom-
bination coefficient from the inverse process. In ther-
modynamic .equilibrium
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spectrum dn(e)/de. Also

f (e)de =
) y, (A,) )'(dR, /de)de (3.17)

is the probability that an electron will be ejected with
kinetic energy & into the interval. d& as a result of the
autoionization process. Only the ground vibrational
state of AB' [wave function y, (R)] will be populated
under the relevant astrophysical. conditions. In Eq.
(3.17) the variation of the nuclear overlap integral with
R is assumed to be mainly due to cpo. R, is the inter-
nuclear distance when the separation of the AB and AB'
curves is &. In the Born-Oppenheimer approximation,
only the electronic potentials can contribute to the out-
going energy & for the el.ectron and nuclear position and
energy are constant during the transition. By making
use of the Saha equation and noting that ~, is higher in
energy than X; by an amount e

o'.„,(T) = ' » — f (e)e '+r de.
g, (2nmkT)'& t, (3.18)

At energies of interest (kT= 0.01 eV) essentially all the
contributions to the integral. come from the point at
which the curves for AB and AB' cross. Then

g, Co f(0)kT
de (3.19)

with Co=2.1XIO '6 cm3('K)3~. It is thus clear that the
chief criterion for a large dissociative recombination
cross section is that the crossing point of AB and AB'
must be in the region where the lowest vibrational wave
function of AB+ is appreciable. For the favorable case
of Fig. 18, n~, can be estimated by taking ~cp, (B)~'
= (1 A) ', (de/dR, )=5 eV/A, t, = 10 '~ s and g, /g, =1. for
which

nd, (T) = 10 ' cm' s '

at100 K.
Thus dissociative recombination can be many orders

of magnitude greater than radiative recombination. In
fact, it seems that essentially all. molecules do have
states with favorable crossings for dissociative recom-
bination (Table XV). Equation (3.19) exhibits the char-
acteristic T '& dependence usual. ly attributed to the pro-
cess. This is not always followed, however (e.g. , HCO'
in Table XV). Bardsley and Biondi (1970) have reviewed

possible arrangements of electronic states that can l.ead
to other than a T '~ dependence. The representative
data given in Table XV are mainly for diatomics. For
molecular ions of most interest in dense clouds (e.g. ,
CH,', H, CN+, NH4), probably o!d,(= 100 'K) = 10 ' cm' s '
or slightly greater as found for HSO'.

At present one of the most serious problems in under-
standing molecular abundances is that of CH' (see Sec.
IV.A.3). For most processes the predicted CH+ abun-
dance can be analyzed relatively independent of uncer-
tainties in the physical conditions and fails by a con-
siderable factor to reproduce the observed abundances
if o.&.(CH+)=10 ' cm's '. Calculations (Bardsley and
Junker, 1973; Krauss and Julienne, 1973) indicate that
a suitable potential energy curve for excited CH crosses
the curve for CH' within the region of the l.owest vibra-
tional state in CH+ (see Fig. 19). Hence, a large o.d, is
indicated.

Although the rate coefficients ad, for molecular ions
can be estimated, the products are highly uncertain when
the recombination involves polyatomic ions, e.g. ,

H,O +e-H, O+H

or -OH+ H,

H2CN + —HCN + H

or» CN+H2 .
— Almost certainly HCO' and N, H' dissociate to CO and

N, as a result of the strong binding of these diatomics.

—37.8 5—

—37'.90

E. Photodissociation/Photoionization

Although direct photo-excitation to a free nucl. ear state
of the ground electronic state is negl. igible, a change in
the electronic state can leave the nuclei in a free state.
Specifically, in the Frank-Condon approximation the
photoabsorption cross section is proportional to the ma-

TABLE XV. Representative dissociative electron recombina-
tion coefficients for positive, molecular ions (from Bardsley
and Biondi, 1970; Leu et aE. , 1973a, b, c).

c 3795
O
L

0)

Ion ~«(&0 ' cm's ')
—38.00—

HBO
H+

B

H5
HCO.
He+2

Ne2+

2

02
NO+

10(540 K)
3(205 K) '

36(205 K)
3(205 K}

&0.1(300 K)
2(300 K)
3(300 K}
2(300 K)
4(300 K)

Temperature dependence & ~ indicated.
b Temperature dependence & ~ indicated.

—38.05—

3 4 5 6 7 8 9 iO

Internuclear Distance (A, U. )

FIG. 19. Electronic energy of excited states of CH that are
of interest in the dissociative electron recombination of CH+.
Energy is in hartrees (27.2 eV} and distance in Bohr radii
(from Bardsley and Junker, 1974).

Rev. Mod. Phys. , Vol. 48, No. 4, October 1976



W. D. Watson: interstellar molecule reactions

trix element

(3.20)
& 50,000—

—20

where e, n denote electronic and nuclear wave functions
in the initial (i) and final (f) states. The sum is over
position vectors of the electrons. There then exist
three possible dissociation mechanisms.

(i) The nuclear overlap can be appreciable for a con-
tinuum state g.

(ii) The electronic state cpz can "cross" a third state
for which mixing can occur. The molecule may then
dissociate in the third state (predissociation).

(iii) The excited electronic state may decay radiative-'
ly to a lower state (e.g. , ground) for which the nuclear
overlap with a continuum state is appreciable.

The chief quantity of interest in astrophysics is the
total photodissociation rate

I3.6 H'
dissociation rate = . E(v)a(v)dv,

0

0 H-H

100,000—

Cf77

50,000—

15

(8 V)

H(n =1) + H(n = 1}5

where the cutoff at 13.6 eV in the interstellar radiation
spectrum E(v) is due to absorption by the abundant
atomic hydrogen. Since E(v) at 1000-2000 A is com-
parable to that at - 3000 A, photodissociating transi-
tions in the former wavelength interval normally be-
cause of the large number of electronic states well.
above the dissociation energy and the tendency for far-.
ultraviolet transitions to be strong.

Photodissociation of type (iii) above is usually less
important than (i) and (ii). However, for the most abun-
dant molecule in the interstellar gas —molecular hydro-
gen —it is the only significant mechanism. As seen from
the positions of the electronic energy curves (Fig. 20),
a direct transition to a free state [type (i)j is not ener-
getically possible for radiation below 13.6 eV. Pre-
dissociation also does not occur. The chief contribution
to photodissociation of H, arises from excitations to the
'Z„state (Lyman band) followed by a radiative decay
into a free nuclear state of the 'Z~ ground state. After
the suggestion by Solomon (see Field et a/. , 1966),
Stecher and Williams (1967) demonstrated quantitatively
that this is the dominant dissociation mode. Precise
calculations (Dalgarno and Stephens, 1970) show that
23% of the Lyman excitations lead to dissociation in a
uniform radiation field and that the contribution of the
Werner band ('ll„-'Z~) is negligible. Dissociation is
probable in the Lyman band onl.y for final. vibrational
states & 7 which correspond to wavelengths & 1000 A.
Since the natural linebreadth of the Lyman band is due
only to the radiative decay, the lines are unusually nar-
row in comparison with dissociating transitions for
most molecules. Along with the large relative abund-
ance of hydrogen, this causes the Lyman bands to be-
come saturated even in interstellar clouds of modest
thickness. The photodissociation rate for H2 is then
decreased by factors up to -104 in the interstellar
clouds that have been observed.

With the exception of H, and HD, photodissociation
data are poor for molecules with which accurate corn
parisons between prediction and observation might be
made (e.g. , CO, CH, OH, NH, CN). Although dissociation

0-—

R t~P 8cm

FIG. 20. Electronic energy for low lying states of molecular
hydrogen vs internuclear separation.

TABLE XVI. Representative lifetimes against photo-dissocia-
tion for molecules in the galactic radiation field of Habing
(1968).

Molecule Lifetime (sec)

H2
HD
CH
OH
CO
CN
H2CO
NH3
H20
CH3+

2 X10'0 ~

2 x10'«
1 x10i0b

~~5 x 10
1011d

10i0 d

108 e

10"
10"

Z10" '

~ Hollenbach et al. (1971).
Smith et al. (1973). The time for photoionization is =0.4

x10 s for the cross section of Walker and Kelley (1972).
c Smith and Zweibel (1976)."Estimate by Solomon and Klemperer (1972).

Steif et al. (1971).
~ Blint et al. (1976).

through the A. 'Z+-~'Il transition at -3100 A in OH has
been studied extensively in the laboratory, it probably
is weaker than the OH transitions in the 1000-2000 A

region. In Table XVI we present representative data for
photodissociation. For comparison, an oscillator

0
strength of 0.5 at wavelengths near 1000 A corresponds
to a lifetime of .about 10~s in the galactic radiation field.
We emphasize that many of the rates in Table XVI are
only estimates.

Photoionization can also lead to destruction of the
molecules, but is typically less important than photo-
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dissociation at photon energies below 13.6 eV (Stief
et al. , 1972). Possible exceptions of astrophysical in-
terest include CH and CH, . For negative ions which are
of potential interest in molecule formation, the photo-
ionization rate is comparable with that for H —about
2x10 's '.

Lifetimes presented in Table XVI are for unshielded
galactic radiation. The extinction for ultraviolet ra-
diation which causes the chief photodissociation is much
greater than for visible radiation. However, the rela-
tive importance of scattering and absorption in this ex-
tinction is not well known. A reasonable estimate for
the effective attenuation factor at a point within an in-
terstellar cloud is exp(-2. 5T„),where v„ is the visual,
optical. depth from the point to the nearest edge of the
cloud (Watson and Salpeter, 19'l2b).

IV. COMPARISON OF PREDICTED AND OBSERVED
MOLECULAR ABUNDANCES IN THE
INTERSTELLAR GAS

This section is devoted to indicating the basic aspects
of reaction sequences that presently seem to be of chief
importance in the general interstellar gas. The two
extreme astronomical conditions —diffuse and dense
clouds —are considered separately. For molecular reac-
tions, the chief differences result from the fact that
galactic starlight easily penetrates diffuse clouds (opti-
cal extinction A„&1 mag. ) to photodissociate molecules
and, except for hydrogen, keep the atoms mainly in
atomic form. In contrast the dense clouds are suffi-
ciently thick (A„~7) that photodissociation and photo-
ionization by starlight incident on the outside of the
cloud is slower than competing processes and can be ig-
nored. There certainly exist intermediate astronomical
conditions, though the basic features can be illustrated
with less complication by considering the extremes. In
practice, we cannot exclude the possibility that most
dense clouds which actually occur in the galaxy do con-
tain sufficient numbers of bright stars that photopro-
cesses influence the reaction sequences. %'e also do not
consider catalysis on hot grains (T~~ 50 'K) or reactions
at elevated temperatures (T~, ~ 100 K) which may be im-
portant in dense interstellar clouds. Indications that
these are not, in general, dominant are mentioned in
Secs. I.C and IV.B.

Molecular reactions have their greatest importance in
dense clouds where they produce the large variety of
complex molecules and possibly influence the thermody-
namics of the gas relevant to star formation. However,
most investigators agree that the diffuse clouds provide
the best laboratories in which to test the basic ideas
about interstellar reactions. As discussed in Sec. I and
above, the physical conditions are quite poorly known in
dense clouds. The distance is much greater and the ob-
servational angular resolution poorer than in diffuse
clouds so that the observational measurements can in-
clude contributions from different physical conditions.
Finally the possible reaction chains are more numerous
and complex in dense clouds due to the slow dissociation
rate which even allows the possibility for time-depen-
dent effects. As a result of the rapid photodissociation
rate in diffuse clouds, a local steady-state situation

certainly prevails. Abundances in diffuse clouds are
measured by the absorption from the spectrum of a
bright star. Thus there is no problem with angular res-
olution. The diffuse clouds that are observed are nearby
so that only one or a few condensations of neutral gas
occur along the path to the star. Though some uncer-
tainty does exist at present, these can be reasonably
well separated by radial velocity data. Information on
atomic and molecular abundances, electron density,
temperature, ionization rates, starlight intensity, etc. ,
are far more detailed than for dense clouds, despite
some disagreements in the prec ise interpretation. It is
expected that a quantitative understanding of reactions
in the diffuse clouds will provide a foundation from
which studies of dense clouds can proceed. Of course,
valuable information is also obtained directly from dif-
fuse clouds —e.g. , data on the low-energy cosmic ray/
x-ray flux, on the role of surface reactions, on the re-
lation between young stars and the gas, etc.

General information about the interstellar gas is dis-
cussed in Sec. I.A and data on molecular abundances is
given in Sec. I.B.

t ' =(n v v~S/n)n/2 = n~Sn/2 s ', (4.1)

where n S/2=10 "cm's '. Normally, the fastest gas
phase process is (McDowell 1961; Dalgarno and McCray
19"13),'

H+H -H, +e, o. (2) =1.3&&10 ' cm's '

The critical abundance of H is determined by

H+e —H o. (3) =10 "T( K) cm's ',

(4.2)

(4.3)

H +kv- H+e Io(4) =2X10 'exp(-v„) s ',
H +A'-H+A o'. (5) =4&10 'T( K) '~' cm's ', (4.5)

in addition to Eq. (4.2}. For standard conditions in dif-
fuse clouds, Eq. (4.5} is always somewhat slower than
competing reactions and T„&2. The H rate analogous
to Eq. (4.1) can be compared with the expected rate on
surfaces

n 1+ 150/[H]t„' [e] v'T( K)/100-- (4.6)

present information on the number densities n, [H], and
[e] yields t~'/t„'~ 10'. Another possible sequence

H+H -H., +h~,

H,
+ +H- H +H+,

(4.7}

(4.6)

Rate coefficients are designated o. (= (ov)) and photoionization/
dissociation rates I'0 computed in the Habing (1968) galactic
radiation field are used throughout.

A. Diffuse interstellar clouds
't. H2 abundance

I

As discussed in Sec. III.C, radiative association of H
atoms to produce H, (H+H- H2+hv) is strongly forbidden
and is completely negligible even for astronomical time
scales. Production of H, molecules on grains of surface
area o and density n~ is predicted to occur at a rate
per H atom in the gas (Hollenbach et a/. , 1971)
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I" (I-r, ) = r, (H, )g
x exp-N, h, cr& v —T 0, v d

= I;(H, ) exp(-~, }giz, u, J, ge. ,k, . .(4.9)

The sum is over all lines i (associated with the final
vibrational states) of the Lyman band, each of which has
oscillator strength f„crosssection o,. (v), probability
for dissociation ~; and fractional population A; in the
initial state. Absorption at 1000 A due to dust grains of
optical depth 7.

~ is also included. Under the time-inde-
pendent conditions that previal, the local number den-
sity ratio is

[H, ] n Sn Z(N, )
[H] 2r(H, }

To compare with observation

dN, 1 Z(N, )
dN 2 1+Z(N, )

(4.10)

(4.11)

must be integrated through the cloud. Here N is the
column density of total hydrogen (H+2H, ) from the edge
of the cloud. To the accuracy of the above treatment for
the radiative transfer and to the extent that constant
total density n is a good approximation, the ratio no~S/
I;(H, ) is determined by the observed N, and N for an
interstellar cloud.

In Fig. 7, part of an absorption spectrum showing the
H, lines from an interstellar cloud is presented. Some
representative observational data in the directions of
various stars is given in Table XVII. Molecular hydro-
gen fractional abundances tend to be either quite small
(H, /H& 10 ') or large (H, /H~ 0.1) due to influence of

is unimportant at low temperatures (T & 100 'K) because
of the small rate coefficient for Fq. (4.7). It is o =10 "
cm's ' at T =500 K and decreases rapidly at low tem-
peratures. At elevated temperatures (T ~ 1000 'K) it
can compete with the H sequence.

Photodissociation of H, by the ultraviolet galactic ra-
diation (912-1000 A) is the dominant destruction mecha-
nism in diffuse clouds. The rate is I'0(H, ) =5&&10 " s
for the average galactic radiation intensity in the solar
neighborhood (Habing 1968) and is expected to vary little
througl:out the galaxy except near hot stars. There are
suggestions that a spatial association exists between dif-
fuse clouds and the bright 0 and B stars (Sec. I), so that
I'0(H, ) may be systematically enhanced by factors up to
about 10. Shielding of one cloud by another may fre-
quently reduce I'0(H, ) by perhaps a factor of two or so.
Large fractional abundances of H, are not solely a result
of the efficient production process, but are due in a large
part to the radiative two-step dissociation process that
causes the narrow, natural breadth for the absorption
lines. Doppler broadening determines the line cores.
The radiative transfer of the dissociating radiation is
usually simplified to radiation incident perpendicular to
the planar interface between the cloud and intercloud
medium. If the column density of H, molecules from the
edge of the cloud to an interior point is N„ the dissocia-
tion rate at that point is

Star logNp logPf & logV(HI)

f Per
g Per

Per
5 Per
a Cam
f Ori
g Oph
10 Lac
7 Sco
e Eri
0 Sgr

20.29
20.28
19.59
18.91
19.81
15.2
20.46
19.12

& 12.54
& 12.51
& 12,63

20.39
20.21
19.56
19.18
19.94

20.10
19.26

20.78
20.92
20.56
20.18
20.72
20.26
20.61
20.84
20.58
20.17
20.58

0.59
0.46
0.30
0.24
0.37
1.8 x 10"5

0.67
0.082

& 1.8 x 10-8
& 4.3 x10
& 2.3 x10

self-shielding on. the dissociating radiation. From the
observed N, and N, the formation rate is deduced by the
methods described above and is presented in Table
XVIII. Since the number densities are n =10'-10' cm ',
n~S is in semiquantitative agreement with predictions.
Limits for o.,S have also been obtained by Jura (1974)
from data on the ISM where N, /N«1.

2. HD abundance

Observations by the Copernicus satellite in 1973 de-
termined an abundance ratio HD/H, =10 ' as typical for
diffuse clouds with appreciable H, . However, as a re-
sult of the severe self-shielding which occurs for H, but
not for HD, the destruction rate is slower for H2 by a
factor of about 10'. The production rates t„oand t„'"2
(s ') per D or H atom are then related to the number
densities for the atoms [D] and [H],

[D] t„-,'/ [H] t~' -10-'.
Subsequently, atomic deuterium has been measured in
the interstellar gas to have an abundance [D]/[H]=10 '
so that t„D=10tH'. If atomic H is converted to H, at
about one-third of its collisions with grains as is pre-
dicted and is indicated by analysis of the observations
(Table XVIII), then HD must be produced mainly by re-
actions in the gas. These are generally accepted to be
(VFatson 1973; Black and Dalgarno 1973)

(4.12)

TABLE XVIII. Formation rate nn~S/2 for molecular hydro-
gen on grain deduced for interstellar gas clouds in the direc-
tions of various stars. Constant gas density and I'p(H2) =5
x10 ~~ s ~ are assumed (O'Donnell and Watson, 1974). The
analogous rate tH- ~ from Eq. (4.6) for formation by the H
chain is also given for n =10 cm, T =100 K, and electron
density =5x10 4n+n (H+) tobtained using methods of Sec.
IV.A.2] .

no.~S/2{10 ~7 s ) t~- '(10 "s ')

10 Lac
A, Ori A

Per
e Cam
g Oph

75
110
190
230
530

0.5
0.05 ~

0.05
0.05
0.05

TABLE XVII. Observed column densities and upper limits for
molecular hydrogen [Np for J=0 state, N& for 4=1 state], and
for atomic hydrogen HI in interstellar gas clouds in the direc-

- tions of various stars. f=2(Np+N&)/fÃ(HI)+2(N()+N~)] = frac-
tional abundance of molecular hydrogen. From Spitzer et al.
(1973).

Rev. Mod. .Phys. , Vol. 48, No. 4, October t976



W. D. Watson: Interstellar molecule reactions

H'+D-D'+H, n=10 'exp[ —41/T('K)] cm's '

(4.13}

followed by

)0-15

D +H2- HD+H+, o. =10 9 cmobs '. (4 14)

The rate coefficient for reaction (4.14) has been mea-
sured down to 90 K as a result of its astrophysical im-
portance. It has no energy barrier, unlike the analo-
gous reaction between neutrals (Fig. 16), 0 oph

(1050)
D+H~- HD+H. (4.15)

Since HD is produced directly by reaction of H, the
abundance of HD serves as an indicator for the H abun-
dance and thus for the intensity of unobserved, low-en-
ergy x rays or cosmic ray particles that are the chief
cause for hydrogen ionization.

-17
10

i ill
l0

l I I I I I tll

10
number density n

Cosmic ray proton/x-ray + H —H" + e + (4.16)

H'+e-H+hv, n=7x10 "/vT ( K) cm's ' (4.17)

Ionization of H, leads mainly to H', , not H'. To deduce
an ionization rate from the H abundance, it is also
necessary to consider the neutralization processes

FIG. 21. Upper limits to the ionization rate $(H-atom s) ~ as
a function of total number density n in interstellar gas clouds
located toward the indicated stars. The value of 0~M/I'0(H2)
der ived for each cloud is given in par enthes is and an x marks
the minimum likely value of +. In these calculations I'0{HD)
= I' (8&) =10 s

'~

H' +0- O' +H, n = 1 X 10 exp[ 227/T(—'K)] cm' s ',
(4.1S)

O +H -OH +H, a =2&10 cm s (4.19)

3. Diatomic hydridss (CH, CH+, OH, NH)

Representative abundances for these molecules ob-
served in diffuse interstellar clouds are presented in
Table II.

a. Surface processes

Consider first the abundance of the neutrals (CH, NH,
OH) that can result from reactions on grain surfaces
followed by efficient ejection back to the gas. It is un-
clear whether these will be ejected mainly as diatomics
or in the chemically saturated form (CH„NH„H,O). At
lower densities (n& 103 cm ', for the galactic average
starlight intensity), this is relatively unimportant as
photo-dissociation or photo-ionization followed by disso-

Reaction (4.19) is followed by a number of possible reac-
tions which usually have the net effect of neutralizing
the ions without further ionizing hydrogen (see O'Don-
nell and Watson 1974). The rate coefficient n for Eq.
(4.18) is uncertain under astrophysical conditions (see
Sec. III.B}, though the observed OH abundance can be
interpreted to support the rate coefficient suggested
above (see Sec. IV.A.3). Since this value is near the
maximum reasonable cross section, an upper limit to
the ionization rate of hydrogen g(H atom s} ' can be
obtained. These limits are shown in Fig. 21 as a func-
tion of gas density for diffuse interstellar clouds located
in the directions of several stars. Actual gas densities
are not known accurately, though probably 10'a n (cm '}
&10'. The limits on $ in Fig. 21 are well below that
apparently required for heating and ionizing the general
interstellar gas (Sec. I.A).

Similarly, destruction of the diatomics will be mainly
by photo-dissociation at lower densities and by reac-
tions at higher densities

C +CH, NH, OH- C~, CN, CO+' ' ' . (4.21)

Although the overall energetics are favorable, reaction
of these hydrides with the abundant atomic H is thought
to be excluded by activation. energy barriers. For OH,
a barrier is known. to be present. By employing the
rate at which heavy atoms stick to grains,

[OH] [I' (OH) +10 [C'] 416
[O] (4.22)

for number densities n, a photodissociation rate 10(OH}
and n~ defined by Eq. (4.1). Similar relations hold for
NH and CH, though the sticking of C' may be severely
altered by positive grain charges. Thus the likely abun-
dance ratios for these diatomic hydrides to hydrogen
are about 10 under typical conditions in diffuse inter-
stellar clouds. CH' will not, of course, be ejected
directly from grain surfaces but may be produced by
photo-ionization of the CH.

b. OH abundance due to gas phase reactions

After reaction (4.19) the OH' continues to react at
every collision with H, until H,O, which does not react
with H„is produced. Conversion of H,O' to OH is ex-
pected to be relatively efficient

H, O +e-OH+H, ,
—H,O+H . (4.23)

ciative electron recombination are expected to convert
the saturated forms to diatomics with good efficiency.
At higher densities, reactions can dominate over radia-
tive processes and reduce this efficiency, e.g. ,

C +H,O, CH4, NH~ HCO', C,H „H,CN'+' ' ' . (4.20)
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Again, the H, O mill be photodissociated to OH at the
lower densities. HD is produced by reactions analogous-
to those for OH beginning with a charge transfer from
H+ and is destroyed by photodissociation. Thus at the
lower densities mhere photodissoeiation is a major fac-
tor in the destruction of OH, the HD/OH ratio is insen-
sitive to the uncertainties in physical conditions. If
the other cross sections involved are known, the quite
uncertain rate coefficient for Eq. (4.18) can be deduced
from the observed OH abundance if this is the dominant
production process. Of the known formation mecha-
nisms for OH, only reactions on grains is competitive.
From the abundances of OH determined by the recent
detection of this molecule in diffuse clouds, the required
value for the rate coefficient is that given in Eq. (4.18)
with an uncertainty of perhaps a factor of three (Crutcher
and Watson, 1975a).

CH'+e —C+H, o. (4.24)=10 ' cm's '('?) (4.24)

CH +H2- CH+, +H, e =10 ' cm's ',
though apparently not

CH+ +H- C+ +H2

(4.25),

(4.26)

at temperatures belom 100'K. The rapid rate of Eq.
(4.25) assures that the CH which is observed in an in-
terstellar cloud does not occur in the central portion of
this cloud where H, is located. With the indicated cross
section, reaction (4.24) is also sufficiently fast to cause
serious difficulty in understanding the observed abun-
dance of CH . Three possibilities are considered seri-
ously.

(a) Photoionization of the CH produced on grain sur-
faces

h&+CH- CH'+e.

(b) Radiative association of carbon with hydrogen

C +H- CH++e.

(c) Rapid radiative association of carbon with H,

C'+H, —CH', +h~,

(4,27)

(4.28)

(4.29)

followed by a number of further reactions as shown in

pig. 22.

The predicted abundance employing Eq. (4.24) along
with reaction (a) is

-9
n o.(4.24)

when all CH is converted to CH . For reaction (b),

[CH'] n(4. 28)
n n(4. 24)

c. CH and CH+ abundance due to gas phase reacitons

The early observation of CH and CH' (before 1940) has
caused these to be test cases for a long period in at-
tempts to understand interstellar molecule reactions.
Unlike the neutral diatomics, CH is susceptible to de-
struction from

FIG. 22. Reaction chain for formation of CH and CH+ through
gas phase reactions in diffuse interstellar clouds. Here,
indicates a photodissociation or photo-ionization; e, a disso-
ciative electron recombination; H2 either a radiative associa-
tion or a hydrogen transfer reaction with H2,. H, a radiative
assoc iation.

The upper limits are based on an electron density due to
carbon ionization alone. This apparent failure to repro-
duce the observed ratio n(CH )/n= 10 ' has led to the
viewpoint (Solomon and Klemperer, 1972) that n(4.24)
is significantly smaller than. the =10 ' cm's ' indicated
by calculations (Fig. 19) and typical for dissociative
electron recombination (Table XV). The third possibility
(c) has recently been advocated by Black et al. (1975).
It seems to place severe restrictions on the physical
conditions. It also requires favorable values for un-
known cross sections, notably an n(4. 29}=10 "cm's
and cross sections that cause efficient conversion of
CH', to CH'. One of the two possibilities for the latter-
the photodissociation of CH+, to CH —has been found to
be ineffective (Blint, Marshall and Watson, 1976). The
necessary n(4.29) is, of course, much greater than is
characteristic for diatomics. This possibility is dis-
cussed briefly in Sec. III.C. Because of its widespread,
observed abundance and the central role of carbon in
more complex molecules, the CH' abundance is con-
sidered by most to be the outstanding problem in studies
of interstellar reactions.

In contrast the observed n(CH)/n=10 ' can be repro-
duced relatively easily within present uncertainties by
surface reactions [Eq. (4.21}], or by the reaction chain
in Fig. 22 initiated by either Eq. (4.28) or Eq. (4.29).

d. NH abundance due to gas phase reacitons: A test
of gas vs surface reactions

Reactions in the gas phase that are known to produce
NH are significantly slower than the rate for surface
reactions employed in Eq. (4.22). This causes the NH

abundance to be of special interest as an indicator for
the role of surface reactions in producing molecules
other than H„mhich is easily returned to the gas by
thermal evaporation. Gas phase reactions that lead to
NH,

'

though apparently at slower rates than are possible
by surface reactions, include the following:

(a}N+H-NH+h~
(b) H', +N-NI-I', +H
(c) He" +N-N+ +H,
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4. Other diatomics (CO, CN, C2, N2, NO, 02)

Although the dominant reactions producing the diatomic
hydrides for the initial step in converting atoms to mole-
cules might be either surface or gas phase, the diatom-
ics with two "heavy" atoms are almost certainly pro-
duced mainly by gas phase reactions. Exchange colli-
sions of a hydride with a heavy atom are energetically
favorable, e.g. ,

CH +0- CO+ H+

+N-{ N+H

OH+O' —CO+ H+

+N- NO+H

+0- 02+H

CH w:N- CN+H,

though probably,

CH+0- HCO' +e- H+CO.

(4.30)

(4.31)

(4.32)

(4.33)

(4.34)

(4.35)

(4.36)

The product molecule in (4.30}-(4.32) may also be ion-
ized. It, however, will be neutralized by charge ex-
change with hydrogen or in a series of reactions with
H, . At the higher densities (n~ 10' cm'), reaction of C'
with NH, (or possibly NH, ) and H, O produced in surface
reactions or in ion-molecule reactions terminating as
in Eq. (4.23) becomes competitive:

C +H20- HCO+ + H (4.37)

HCO + e H +CO,

N +H~-NH +H.

Reactions (b) and (c) will be followed by rapid reaction
with H2 until NH+, is reached. NH', is likely to be con-
verted into NH with good efficiency by dissociative elec-
tron recombination and possibly photodissociation. How-
ever, in diffuse interstellar clouds the H, abundance is
not expected to be high enough to make (b) competitive.
A large charge-transfer cross section, which seems
unlikely, is needed in (c). For nitrogen the charge
transfer analogous to (4.18) is endothermic. Finally,
the rate coefficient for (a) has been found to be small.

If the observed OH is a result of surface reactions,
according to Secs. II and IV.A. 3a, NH should be produced
at about the same rate per atom if grains have inert
surfaces as expected. Then, NII will be present in dif-
fuse clouds at a level which can be roughly predicted
from the OH abundance and in Eq. (4.22) for NH as well
as OH. Uncertainties do arise concerning photodisso-
ciation rates, especially in determining the expected
abundance of NH if most nitrogen is ejected from grains
as NH, . Such questions have been analyzed in detail by
Crutcher and Watson (1976b). These authors conclude
that the observed NH/OH upper limit (Table II) is incon-
sistent with the formation-of NH at the same rate per
particle as OH. It is thus considered to be evidence
against formation of OH on grains. The conclusion does
assume that atomic nitrogen is not depleted in the gas
below the abundance given in Table I in relation to oxy-
gen. There is reason to believe that no such depletion
occurs.

C +NH~ —H~CN+ + H

H, CN'+ e- H, +CN, HCN+H.

(4.36)

Certain of the products in the above are also susceptible
to further exchange reactions:

C+ +NO- CO+ +N

+02- CO+0+,

N+NO- N~+0.

(4.39)

(4.40)

(4,41)

B. Dense interstellar clouds

Since these regions are assumed to exclude starlight,
the gas is mostly neutral and in molecular form. The
slow ionization due to high-energy (~100 MeV/nucleon)
cosmic rays occurs at a rate ( = 10 "-10 " ionizations
(H, molecule sec) '. The relative abundance of C, N,
0, etc. , elements is unknown by direct observation and
particularly uncertain due to the possible influence of
freezing onto grains. Total gas densities n are greater
than 10' cm '. The role of grains is especially uncer-
tain. Grains are negative and certainly neutralize posi-
tive ions that hit them. In view of the inability to make
precise predictions from surface reactions (except H,
production) and the uncertainty concerning the ejection
mechanism (if one exists) for the reaction products in
dense clouds, current models for dense clouds often
simply ignore the grains altogether. Certain gas reac-
tions are faster than the time for a particle to hit a
grain so that ignoring effects of surface reactions can
be justified. A possible way to avoid severe depletion
of heavy elements from the gas by freezing is the rapid
conversion of these elements to CO, O„and N, . The
vapor pressure of these is high enough that freezing onto
the grains may not occur. Slow dissociation of the CO,
0, and N, might then provide the constituents of less
abundant molecules for time scales comparable with a
lifetime for a dense interstellar cloud. Predicted mo-
lecular abundances from the pure gas phase models can
be compared with observations as a test of the assump-
tions. The above viewpoint for reactions in dense inter-
stellar clouds is the basis for the "ion-molecule"
scheme (Herbst and Klemperer, 1973; Watson, 1973d,
1974a) presented in the following. Most atoms are tied
up in unreactive molecular forms in dense clouds so
that further reactions with neutrals are severely in-
hibited by activation energy barriers and the absence of
exothermic reactions. In contrast, reaction with an

Here CN is apparently protected by activation energy
barriers from destruction through reaction with N and
O. Photodissociation is then the chief destruction mech-
anism for CO; CH and N„and at the lower densities for
NO, C„and0,. Unfortunately, the cross sections are
poorly known so that a precise test of the proposed reac-
tions is severely hindered. Estimated photodissociation
rates are 10(CO}=I'o(CN) =10 " s ' in the galactic aver-
age radiation field (Sec. III.E). If these are employed,
it is clear that the observed [CO]/n=10 '-10 ' and
[CN]/m =10 ' [see Table II] can be produced at gas den-
sities n =10'-10' cm ' appropriate for diffuse inter-
stellar clouds. Exchange reactions with the CH, CH+,
and OH at their observed abundance is adequate.
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ion usually does not involve an activation energy and is
more often exothermic. The strength of the ion-molecule
scheme is based upon transferring most pf the ionization
of hydrogen and helium to less abundance species. In a
manner similar to the ionization of D and 0 in diffuse
clouds, these particles are then ionized at a much great-
er rate by this indirect process than from the direct
ionization by cosmic rays. Steady-state abundanees are
assumed to prevail, though this is somewhat less well
established than for diffuse clouds. I anger and Glass-
gold (1976) have questioned the use of steady-state abun-
dances. Except in subsection 1. below, the discussion
of reactions in dense clouds is limited here to delineat-
ing the major reactions. The uncertainties in physical
conditions and the close coupling between most reac-
tion chains makes detailed abundarice predictions ques-
tionable at present. Extensive numerical calculations
have been performed by Herbst and Klemperer (1973).

zation through the slow radiative recombination will again
be necessary and the predicted electron abundance will
be raised.

For simplicity consider the minimum fractional ioni-
zation obtained by assuming that the rate limiting step
in neutralization of the gas is the dissociative electron
recombination of the dominant ion H' produced,

H, +e-H, +H or 3H.

Then,

[e]=[H,]=6x10 64(g/10 "s ')[H ] cm '. (4.50}

The fractional ionization can be increased by one to two
orders of magnitude as a result of the effects mentioned
above.

2. Abundances of certain small rnolecules

1. ) onization state

The initial step is

rate (per particle)

H2+e
cosmic ray+H, —

H+H +e

+He- He'+e

Equation (4.42) is followed immediately by

H2+H~- H 3+H

(4.42)

(4.43)

(4.44)

(4.45)

Except for HCO" and N, H' in (a) below, the genera-
tion of interstellar moleeules depends more on the ion-
ization of helium than on the ionization of hydrogen. Be-
cause neutralization of He' is slow due to the small rate
coefficient for Eq. (4.46), most initial ionizations of
helium are employed in the breaking up and ionizing un-
reactive molecules such as CO, N„and 0, [Eq. (4.47)].
The products then enter into reactions to produce mole-
cules.

a. HCO+, N2H+

In practice, .the proton transfer

He' + H, —pr oducts, a & ].0 "cm' s ',
He' + CO- He + C +0

(4.46)

+N, —He+N +N

+02- He+0+ +0
a =10 ' cm's ' (4.4 7)

H+ +0,-0+ +H

+H 0-H 0 +H

C +0,—CO+0

+H20-HCO +H

+H, -CH, +hv

(4.48)

(4.49)

depending upon the exact abundances. The 0 and N
produced will be converted to molecular ions imme-
diately by reaction with 82. Neutralization by hitting
negative grains also occurs, though at a somewhat
slower rate. The abundance of free atoms with low ion-
ization energy (e.g, , Si, Ca, Na, Mg) might be sufficient
in dense clouds that charge exchange between these and
molecular ions will transfer appreciable ionization back
to atoms (Oppenheimer and Dalgarno 1974). Neutrali-

Rates for dissociative electron recombination of mole-
cules are much larger than the radiative electron re-

I

combination rates for atoms. Hence H', is lost rapidly,
and H' and He that are produced at a slower rate than
the H, can be the determining factors for initiating
reactions and for the electron density. These may, how-
ever, be converted to molecular ions, e.g. ,

H+ +CO- HCO +H,

+N2- N2H + H2,

(4.51)

(4.52)

can compete with electron recombination in the destruc-
tion of H', . A large fraction of all cosmic ray ioniza-
tions [Eq. (4.42)] then lead to HCO'. No other molecule
is sufficiently abundant (except possibly H, O which is
unobservable} to compete with the electron recombina-
tion. Hence the abundance of HCO is given approxi-
mately by Eq. (4.50). The presence of HCO in dense
clouds was thus recognized as the basic test for the in-
fluence of reactions involving ions (Herbst and Klem-
perer 1973; Watson 1974a). At the time of these inves-
tigations, one of the strongest radio lines from dense
clouds was an unidentified emission at 89,189 MHz
(Buhl and Snyder 1970). Without consideration of its
significance in the above reactions, Klemperer (1970)
had suggested HCO' as the source of this unidentified
feature based on its approximate moment of inertia.
Before progress was made in the identification of HCO,
a group of microwave emission lines from dense clouds
was detected and identified as due to N, H' (Green et al.
1974). Due to the lack of observational information on

N, in dense clouds, N, H had not previously been em-
. phasized as a basic indicator for "ion-molecule" reac-
tions. Clearly, if the abundance of N, is comparable
with thatof CQ, N2H has a parallel position to HCO
since the relevant reaction cross sections for proton
transfer from H', are similar. Subsequently, a radio
line was detected at the estimated frequency for the iso-
tope substituted form H"CO+ (Snyder et a/. , 1976). Final-
ly, the H'2CO" (&=1-0) frequency was measured in the

Rev. Mod. Phys. , Vol. 48, No. 4, October 1976



546 W. D. Watson: Interstellar molecule reactions

laboratory (Woods et al. , 1975) and found to be in excel-
lent agreement with the best astronomical frequency
89, 188.55 MHz for the proposed H"CO' line (Snyder
and Hollis, 1976).

A difference between HCO' and N, H' is that the reac-
tions

N,H'+CO- N, +HCO+, (4.53)

provides a destruction mode that is unavailable to HCO'.
As the total gas density n of a dense interstellar cloud
is increased, the CO abundance probably increases al-
most linearly whereas the electron density probably in-
creases more slowly —as vn according to Eq. (4.50).
Thus at higher gas densities Eq. (4.53) candominate the
destruction of N, H' and reduce its abundance in relation
to that of HCO'. This effect is apparently present in
the observations. Reaction with certain other molecules
such as CO, whose abundance is unknown is also possi-
ble for N, H', but not for HCO'.

N +H -NH +H

NH +H2- NH2+H

NH 2 + H2 —NH~+H
(4.54)

NH, + H, —very slow .
The last reaction is quite slow (o. =5&&10 "cm' s ') at
300 K and exhibits a strong temperature dependence
that suggests it is unimportant under astrophysical con-
ditions (Fehsenfeld et al. , 1975). Similarly,

C +H, —CH', +hv

CH 2 +H2 —CH 3+H

CH', + H, —endothermic .
(4.55}

Thus the sequences terminate before a molecular ion is
reached that can dissociatively recombine with an elec-
tron to produce NH, and CH4. This is currently a prob-
lem in understanding the NH, abundance. One possibility
is neutralization of the NH', by charge transfer to atoms
with low ionization potential (Si, Ca, Mg, Na, etc. ; see
Sec. I&.B.1). The initiating reactions in the H, O and
NH, chains can also be

H', +0-OH'+H, {or H, O'+H)

+N NH2+H,

if atom 0 and N is in sufficient abundance.

(4.56)

c. CCH

CCH, which has now been widely observed, is almost
as basic to "ion-molecule" schemes as HCO' and N, H .
It was identified without laboratory measurements for
t.'he line frequencies by considering the relative spacings
and strengths of the lines in the multiplet (Tucker, Kut-
ner and Thaddens, 1974). CCH is expected to be a natu-

h. CH4, NH3, H20

Of these, H,O is produced in a straightforward manner
as in Eq. (4.23) fromthe 0' generated in Eqs. (4.47)
if 0, is abundant. Equations (4.47) also produce N' and
C'. For NH, the reactions with H, apparently terminate
at NH3

ral product of the presence of C+ and any of the CH,
CH„CH„CH4gro' up. One such reaction chain is

C++CH- C+, +H

C 2+H2- C2H +H

C H++H -C H++H

C,H, +e-C,H.

(4.57)

Quantitative predictions for the abundance of CCH are in
agreement with the subsequent observation.

d. HCN, HNC

Vfith the presence of an appreciable abundance of NH,
established by observation and C' as a direct product
from Eqs. (4.47), the reactions that are expected to
dominate are

C+ +NH3- H2CN+ +H,

H, CN +e —HCN+H.

Reaction with C' also destroys HCN

C +HCN- C2N +H.

(4.58)

(4.59)

(4.60)

Then in the time- independent s ituation that is as sumed
to prevail, a constraint exists on the abundances

+(HCN)/&(NH, ) & o. (4.58)/o. (4.60)

=0.6. (4.61)

e. H2 CO

Formaldehyde is widely observed throughout the gal-
axy at radio wavelengths. It occurs in both high and
relatively low density interstellar clouds. Thus the re-

Rate coefficients o. for the designated reactions are due
to Anicich and Huntress (1976). Whether Eq. (4.61) is
satisfied seems unclear at present from the observa-
tions. Other processes that might produce HCN are

CH, +N- HCN+H,

CH2+N —HCN+H

CH ~+N- H2CN +H

followed by Eq. (4.59). The presence of the isomer HNC
in an abundance comparable with that of HCN seems to
support the presence of reaction (4.59) in the forma, —

tion of HCN and HNC. Since the structure is HCNH', it
is expected to dissociate frequently to HNC in reaction
(4.59). HNC is rearranged easily by collision to HCN
as evidenced by the difficulty with which it is prepared
in the laboratory. Its occurrence is thus a strong indi-
cation that nonthermal reactions at low gas density and
temperature dominate the interstellar molecule reac-
tions. This excludes reactions in circumstellar shells
of gas and in shock waves through the gas, as well as
surface reactions in which the products are thermalized
at the grain temperature. Until the laboratory mea-
surement of Saykally et al. (1976), the interstellar HNC
emission was another strong, unidentified line. Addi-
tional astonomical evidence obtained prior to the labora-
tory data had strengthened the identification HNC (Sny-
der and Hollis, 1976}.
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actions that produce formaldehyde must be operative
under a range of physical conditions. Also, formal-
dehyde is perhaps the most complex interstellar mole-
cule for which specific gas phase reaction sequences
have been proposed. It thus becomes a test case for
whether the- more complex molecules are likely to be
generated in gas phase reactions or whether reactions
on surfaces are necessary. The basic reactions of the
chief gas-phase possibilities are the following

(i) HCO'+H, —H,CO'+H

H,CO'+e- H, CO+H,

(Herbst and Klemperer, 1973),

(ii) CH, +0- H, CO +H,

(4.62)

(4.63)

01

(iii) CH+, +0- H, CO+ +H (4.64)

(Dalgarno et al. , 1973). Indirect laboratory studies of
Eqs. (4.62) are not encouraging (Fehsenfeld et at. , 1974),
For Eqs. (4.63) and (4.64) a serious problem is the neu-
tralization of the molecular ion without its destruction.
In Eq. (4.63), CH ~ must apparently be neutralized to
obtain the necessary CH, since CH', does not react with

H, . The rate coefficient for reaction of H,CO with H,
is slow and probably negligiMe (Huntress and Anicich,
1976). One possibility for neutralization of CH, and

H, CO' is charge-transfer with atoms such as Si, Mg,
Na, etc. (Dalgarno et al. , 1973). If CH, is an inter-
mediate in the formation of formaldehyde as postulated
in (ii) and (iii) above, the reaction of Eq. (4.69) must
enhance the abundance ratio [HDCO]/[HCO] substan-
tially over the total D/H ratio. Observations seem to be
inconsistent with the required enhancement (Watson
et al. , 1975). Recent laboratory measurements also
find that the product in reaction (4.64) is HCO in more
than ninety percent of the reactions (Fehsenfeld, 1976).

terium is widely accepted, until recently the possible
enhancement of other less abundant isotopes has re-
ceived little attention. While the alteration. of molecular
properties associated with exchanging carbon isotopes
is much smaller than that for hydrogen isotopes, the
magnitude (~25/o) of the fractionation which will influ-
ence the interpretation of observations is also much
smaller. The observations and the discussion here con-
cerning isotope fractionation are limited to dense cloud
conditions. In diffuse clouds only the enhancement of the
"CO/"CO ratio is likely to be of practical interest
(Watson, Anicich and Huntress 1S76). Observations are
not yet sufficiently sensitive to detect this effect.

HCN+HD=DCN+H, +~a, (4.65)

or

Hy«ogen/deuterium

Observational data for deuterium in interstellar mole-
cules are summarized in Sec. I.B.3. The most direct
cause for fractionation is the difference in binding ener-
gies of molecules related by isotope substitution. At
ISM temperatures this energy is comparable with or
greater than the gas kinetic energy. Then if isotope ex-
change reactions occur which approach thermodynamic
equilibrium, an isotope selection is introduced. Nor-
mally, interstellar molecule abundances are far from
thermodynamic equilibrium. It is thus not at all evident
that the small differences in binding energy can be im-
portant. A detailed examination does, however, indicate
that certain isotope exchanges are likely to approach
equilibrium. Although we limit the following discussion
to these isotope-s. election processes, nonthermal selec-
tion effects might also be important especially for deu-
terium (Watson, 1973b).

Solomon and Woolf (1973) suggested that the reaction

HCN +D = DCN +H +~E (4.66)

C. Fractionation of isotopes (dense clouds}

As discussed in Sec. I.B, radio observation of less
abundant isotopes in interstellar molecules provides the
only means for studying the abundance of these isotopes
in the ISM throughout the galaxy. Isotope ratios yield
information on nuclear processes in the astrophysical
environment. The basic uncertainty is to what extent the
ratios of isotopes in molecules can be rel. ied upon to
give information about the actual ratio in the ISM. In
the case of deuterium, the DCN/HCN ratio detected in
six locations is roughly a factor of 200 greater than the
D/H ratio in the neighborhood of the sun, whereas the
DCO /HCO ratio seems to reflect a 10~ to 10' enhance-
ment. Although the actual D/H ratio is unknown in these
regions, the possibility that the deuterium abundance is
larger by these factors is not considered seriously. A
fractionation process that favors deuterium in HCN and
HCO is indicated. In view of the extreme fractionation
of the hydrogen isotopes, the "factor of 2" deviations
from the solar system value C"/C" =1/90 that have now
been established for interstellar molecule ratios in cer-
tain locations must be examined carefully for fractiona-
tion effects. Although fractionation in favor of deu-

in the gas or on grain surfaces might produce the en-
hancement of DCN. These choices appear less likely to
approach equilibrium at ISM temperatures due to likely
activation energy barriers and to the low abundance pf
atomic deuterium expected in dense clouds. Ion-mole-
cule reactions which do not have the activation energy
barriers are more plausible candidates (Watson, 1974;
Watson, Crutcher and Dickel, 1975). The first such
reaction to consider is (see also Dalgarno, Black and
Weisheit, 1973)

D +HCN DCN+H+ +&E.

However, the low abundance of D' as a result of its ra-
pid loss through reaction with H2 [Eq. (4.14)] probably
cause this exchange to be unimportant. Essentially all
deuterium is thought to exist as HD in dense interstellar
clouds so that reactions of the form

(4.67)

where X is any molecular structure are likely candi-
dates. In this case the neutral molecule which is ob-
served would be produced through a subsequent electron
recombination or charge exchange. These neutraliza-
tions occur far from equilibrium conditions and should
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normally exhibit little or no isotope selection. Inter-
mediate reactions that alter XD' may occur between re-
action (4.67) and the neutralization. Then the molecular
structure involved in the isotope exchange and that which
is observed are only indirectly related. For polyatomics
XH', reaction (4.67) is exothermic by a few hundredths
eV or so for all cases that have been examined. Since
H, initiates a major chain of reactions and is a source
for hydrogen atoms to a number of molecules (see es-
pecially Sec. IV.B.1 and IV.B.2), the reaction

H ~ +HD= H2D +H~+&R (4.68)

can influence the deuterium in many molecules. Its
rate coefficient has been measured to be n =3&10 '
cm's ' at 300'K (Anicich and Huntress, 1976). How-
ever, the energy difference aE/k=178 'K for reaction
in the lowest states is marginal at the indicated gas
temperatures to produce the large observed enhance-
ments. This ~E is obtained from the H, vibrational
frequencies of Borkman (1970) which are supported by
'experiment (Petty and Moran 1970). Standard relations
given by Herzberg (1945) are employed to relate the
frequencies of H, D' to those of H', . A measurement of
the zero-point energy for H,D' will be valuable.

Other reactions of the form in Eq. (4.67) have been
examined at 300 'K for X =H,Q, HCN, NH„CO, and
CH, (Anicich and Huntress, 1976; also Harrison and
Keyes, 1973; Kim, Theard and Huntress, 1974). Only
the reaction

CH', +HD= CH, D'+H, +~X (4.6 9)

CH2D+ +N -HDCN+ +H

followed by reaction (4.76). Another possibility is

(4.70)

for which n = 5 && 10 ' cm' s ' has a large rate coefficient
(~10 ' cm' s '). Calculations yield bE/k -300'K for
Eq. (4.69) (Blint, Marshall and Watson, 1976), though
this might be an underestimate. Reaction (4.69) will then
influence the observed abundances through, for example

However, the most likely cause for the enhancement of
DCO+ is probably reaction (4.77) below.

The observed abundance of DCQ+ and the probable
high abundance of H,D' influences other molecules
through reactions such as

HCN HDCN

(4.76)

followed by

HDCN

3 3

DCN

H, DO' +e- HDO (also OD)+H. (4 76)

NH3D „ NH2D

In addition, H, D can participate in other reactions

H2D+ +CO- DCO+ + H2

+N2 —N2D + H2

+ Q - HDQ+ + H

+N- NDH +H, (4.77)

etc.
Knowledge of the physical conditions in dense inter-

stellar clouds is not yet sufficient to determine which of
the above possibilities is primarily responsible for en-
hancement of deuterium in particular molecules. To il-
lustrate how the fractionation depends upon parameters,
consider a simplified case. A molecular species ulti-
mately is produced from a molecular ion that exchanges
with HD as in reaction (4.67) with a rate coefficient ci„.
The molecular ion can be destroyed in dissociative elec-
tron recombination (rate coefficient ci,) and in reactions
with particular neutral particles M (rate coefficient n„).
If g is a statistical factor of order unity that represents
the probability for a deuteron in the molecular ion to
reach the molecular species of interest, then the ratio
of deuterium to hydrogen in the resulting molecule is

CH, D +e- CHO+H, (4.71) gn„[HD]
n„[H,] h + (y,[e]+ ~~[M]

(4.78)

after which

CHD+N —DCN +H . (4.72)

The natural reaction to cause the enhancement of deu-
terium in DCO is

HCO +HD = DCO +H2 +~E (4.73)

CH2D+ + Q -DCO+ +H2 . (4.74)

for which b, E/k should be approximately the same as for
the exchange with isoelectronic HCN (=460'K). Mea, —

surements for the analogous reaction with D„which
should normally be accurate for HD, yield a small rate
coefficient (2&&10 " cm' s ', Huntress and Anicich,
1976). There also exists the possibility for which there
is some evidence (Herbst et al. , 1976) that the isomer
CQH' is produced in large abundance from H', +CQ or
other reactions in the ISM. Then the exchange analogous
to Eq. (4.73) for COH+ might be rapid. The COH+ pre-
sumably is rearranged into the observed HCO in colli-
sions with CQ. It is also possible that the abundant
CH, D+ produced in Eq. (4.69) leads to the DCO+ through

Here h =e xp(-b. E/kT) for an energy b, E arising in the
exchange reaction analogous to reaction (4.67). It is
evident that a strong temPerature dePendence in (D/II), i

is a possible, though not a necessary consequence if
reactions similar to Eq. (4.67) lead to the observedfrac-
tionation in favor of deuterium. For b.E/k=400 K,
~„=5&10'o cm's ', ~, =10 8 em's ', and g=1, the
above expression for (D/H) o~ predicts an enhancement
factor of about 200 above the actual (D/H) ratio in the
ISM. This factor is essentially constant at T & 60'K
when [e]/[H, ]= 10'—a reasonable electron density in
dense clouds. Similarly, the degree of enhancement
may be not the same for all molecules since a single re-
action (4,67) probably is not responsible for all mole-
cules. Even the observed temperature dependence of the
fractionation may not be the same. For example, if
reaction (4.70) produces DCN and (4.77) generates the
DC 0 y (le for CH, D+ is probably a factor of 10 or so
greater than for H,D+, and &E for the two is quite dif-
ferent. Temperature variations within interstellar
clouds and the possibility that more than one reaction
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chain contributes significantly to the abundance of a par-
ticular molecule provide further complications for in-
terpretation of the observational data in terms of par-
ticular fractionation processes. The relative constancy
of DCN/HCN in a number of dense clouds (Penzias
et al. , 1976) is quite consistent, and the increase in
DCO'/HCO' that is indicated for decreasing gas tem-
perature (Hollis et a/. , 1976) is strong support for the
type fractionation process described above.

2. Carbon isotopes

The reaction
3C+ + 2CO 13CO+12C +~E (4.79)

where 2 E/k =35 'K has been measured at 300 'K to have
a rate coefficient o. =2&&10 '0 cm's ' (Watson, Anicich
and Huntress, 1976). Since the reaction rate (two times
exchange) is large (about one-third of the total collision
rate), i'he rate coefficient is probably of the usual tem-
perature independent form that is characteristic of ion-
molecule reactions. Then Eq. (4, 79) will approach ther-
modynamic equilibrium if other molecules with which
C+ can react rapidly are less abundant than CO by a fac-
tor of about 10. All molecules that have been observed
satisfy this requirement. However, certain potentially
abundant molecules are effectively unobservable at pres-
ent, e.g. , O„H20, CO„and CH . Since carbon that is
incorporated into most molecules other than CO will
probably have existed more recently as C+ than as CO
(see Secs. IV.A.3, .4 and IV.B), the carbon isotope ratio
in these molecules will reflect that of C'. If the ex-
change of carbon isotopes between CG and other mole-
cules is fast in comparison with changes in the physical
conditions and only reaction (4.79) is effective in ex-
changing carbon isotopes, an equation exactly analogous
to Eq. (4.76) relates the "C/"C ratio in most molecules
other than CO to the "CO/"CO ratio. This predicts that
the ratio in CO should be increased over the actual ISM
value, whereas in other molecules "C/"C should be be-
low the ISM value. However, observationally the "C/"C
ratio seems to be increased from the solar system value
in most moleeules in most locations.

This general increase might be due to the following.
There is evidence of various types that an appreciable
fraction of the atoms and molecules other than hydrogen
and helium freeze out of the gas onto dust grains (Secs.
I.A and II) in interstellar clouds. Of the carbon-bearing
molecules, CO has the highest vapor pressure with a
critical temperature =14 K for vaporization in inter-
stellar clouds. Since grain temperatures ar e no lower
than 10-20 K, the carbon which freezes onto grains is
likely to do so in molecular species other than CO. .

These molecules are deficient in carbon-13 according
to the above discussion. Thus carbon-12 is preferen-
tially lost from the gas, and the carbon which remains
in the gas is enriched in carbon-13 above the actual ISM
value. The exact increase depends upon additional con-
siderations, though depletion of carbon by a factor of 3
to 10 which is consistent with data on depletion can eas-
ily give a factor of 2 or so increase in the "C/"C ratio
in all molecules in the gas (see Watson et al. , 1976).
For reasons similar to those in D/H fractionation as
well as other factors, an observable temperature de-

pendence is not a, necessary consequence of this "C/"C
fractionation process. The temperature dependence in
the DCO" /HCO observations lends qualitative support
to the idea for the analogous effect among carbon iso-
topes. Isotope studies of HC, N do, of course, indicate
a fractionation process (Sec. I.C).

V. SUMMARY
Although the abundances of molecules in the ISM are

far from thermodynamic equilibrium, a steady-state
situation is likely to be a good approximation, at least
for the abundant molecules. Starlight and cosmic rays
prevent equilibrium abundances from being attained at
the kinetic temperature of the gas.

By coincidence, the rate at which atoms stick to dust
grains typically is comparable to rates of molecule for-
mation by various gas phase reactions. Uncertainties
concerning the surface processes —especially the ejec-
tion to return the molecule to the gas —make it unclear
whether dust grains are, in fact, of major importance
for reactions other than H+H in the ISM. For formation
of H„theoretical investigations that predict almost
every H atom that hits a grain will be converted to a
molecule are compelling. The required rate of forma-
tion deduced from observation agrees well with the pre-
diction. Possible gas phase processes are orders-of-
magnitude slower. For formation of other "small"
molecules, however, studies in. the past few years have
found that reactions between positive ions and moleeules
are comparable or faster than the possible rate due to
surface processes on grains. To be effective at the low
kinetic temperatures of the ISM, reactions must be exo-
thermic and have no activation energy barrier. In con-
trast with neutral-neutral reactions, those between posi-
tive ions and molecules almost always satisfy the latter,
and more frequently satisfy the former requirements.

To discuss molecule reactions in the ISM, it is con-
venient to consider limiting conditions in the gas, de-
signated as ". diffuse" and "dense" clouds. Except for
hydrogen, the gas in the diffuse type is mainly atomic
since these are transparent to the starlight which dis-
sociates molecules. Dense clouds are opaque and are
thus mainly molecular. Due to our better knowledge of
the physical conditions in the diffuse clouds, observa-
tional tests of theories for molecule reactions are most
precise in these regions. In addition to confirmations of
the predicted formation rate for H, the rate for forma-
tion of HD is found to be much greater (&& 10') than the
rate of sticking to grains. It can only be understood in
terms of gas phase, ion-moleculereactions. There are
indications from the abundances of NH and OH that gas
phase reactions are dominant in. the diffuse clouds. In
dense clouds, the presence of certain molecules that
are especially indicative of proposed ion-molecule reac-
tion. schemes —HCO+, N, H+, CCH, HNC —is strong evi-
dence in their favor. In addition to these molecules, the
isotope fractionation that enhances deuterium in mole-
eules is a further indication that the molecule formation
process does occur under the low temperature/density
conditions where the molecules are observed. High-
energy cosmic rays are assumed to produce the ioniza-
tion required to initiate the reactions.

Understanding the formation processes for the eom-
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plex molecules is the chief problem at present. Formal-
dehyde (H,CO) is perhaps the most complex species for
which specific processes have been proposed. No pro-
posals seem to be in agreement with the observational
constraints. Other current questions include the possi-
ble fractionation of carbon isotopes in molecules and
understanding how CH' can be abundant and ubiquitous
in diffuse clouds.

Laboratory investigations to determine microwave
frequencies for molecules and to measure ion-molecule
reaction cross sections have been especially valuable to
the progress in understanding reactions in the ISM.
Further studies in these areas, as well as for photo-
dissociation cross sections, oscillator strengths at
ultraviolet wavelengths and surfaces relevant to astro-
physical conditions are needed.
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