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Abstract

We present an overview of the interstellar medium, including physi-
cal and chemical conditions, spectroscopic observations, and current
challenges in characterizing interstellar chemistry. Laboratory stud-
ies of ion-atom reactions, including experimental approaches and
instrumentation, are described. We also tabulate and discuss com-
prehensive summaries of ion-neutral reactions involving hydrogen,
nitrogen, and oxygen atoms that have been studied since Sablier and
Rolando’s 1993 review.
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1. INTRODUCTION TO THE INTERSTELLAR MEDIUM

The physical conditions of the interstellar medium (ISM) are unlike any that occur
naturally on Earth, and they are extremely difficult to reproduce in laboratory ex-
periments. The ISM particle densities in our galaxy range from 10~* cm™ in diffuse
regions to 10° cm ™ in dense clouds, the latter comparable to the best laboratory vac-
uums. Temperatures in these regions range from 10 K to 150 K. Bug, strange as it may
seem, an active chemistry converts these atoms to molecules, some large and complex.

Despite the harsh, seemingly unproductive conditions in the ISM, two aspects of
astrochemistry emerge as critical. One is that ions, formed by particle collisions, in-
tense UV starlight, and cosmic rays, have high ion-neutral reaction rates. The other
pertains to the timescales over which reactions can proceed. In a typical diffuse inter-
stellar cloud, the average time between particle collisions is measured in decades—but
cloud lifetimes can be millions of years. In denser interstellar clouds, collision times
are reduced to a few hours.

Laboratory experiments are a valid means of exploring the chemistry of the ISM
because steady-state conditions can be achieved and pressure and temperature ef-
fects are generally understood. The relevant reactions are two-body processes with
no activation barrier; the neutral partner has a dipole moment that either occurs
naturally or is induced by the ionic collision partner, so there is an attractive force
between the particles. The frequency of reactive collisions can be determined by
cloud densities and reaction rate constants. Unfortunately, most rate constants have
been measured at room temperature, not at the very cold temperatures of interstellar
space. However, temperature-variable experiments have often demonstrated either a
simple temperature dependence or no dependence at all.

Evidence thata rich chemistry does operate in the ISM (1, 2) has been found in the
observations of ~140 molecules to date (Table 1). There is evidence for the existence
of far larger molecular species, the identities of which currently elude investigators.
Laboratory results enable theorists to construct accurate chemical models of these
clouds. These models refine the calculated abundances of observed species and make
predictions about other species not yet observed.

Because this review is intended for a general scientific audience, we first give an
overview of the physical and chemical conditions in the interstellar medium, then ad-
dress several major challenges in astrochemistry that can be explored in the laboratory.

1.1. Physical and Chemical Conditions in the Interstellar Medium

The ISM is extremely heterogeneous. Instead of a rarefied, uniform environment,
astronomers find a patchy, clumpy medium with extremes of temperature and a broad
range of densities. Table 2 presents physical data characteristic of the various regimes
in interstellar clouds, derived from observations made throughout the electromag-
netic spectrum using ground- and space-based telescopes.

1.1.1. Observations. The ISM was first detected by astronomers who observed that

the Milky Way is punctuated by dark clouds (Figure 1). The interstellar dustis visible,
and dark clouds obscure the stars within and behind these regions. The interstellar gas
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Table 1 Detected interstellar molecules®?

H,ed CF* SiCN CyH- CH;3NH,

AlF Czef AINC HC,NC c-C,H40
AlCI GH SiNC HCOOH H,CCHOH
Cyde C,0 HCP H,CNH CH,CHCN
CHe® C,S c-CGH H,C,0 CH3;C3N
CHte CH,4f -C3H H,NCN HC(0O)OCHj3
CNe HCNFg N HNGC; CH3;COOH
coedf HCO C;0 SiH, CH

Ccot HCO* Cs3S H,COH* H,Cs

CcP HCS™* CH,¢ HC3N CH,OHCHO
SiC HOC* NH; CsH CH, CCHCN
HCld H,0 HCCN I-H,C4 CH;C4H

KCl H>S HCNH* C,H, CH;CH,CN
NHe¢ HNC HNCO CH3;CN (CH;3),0

NO HNO HNCS CH;NC CH;CH,OH
NS MgCN HOCO* CH;0H HC,N

NaCl MgNC H,CO CH;SH CH;3;C(O)NH,
OH4f N,H* H,CN HC3;NH* CgH

PN N,O H,CS HC,CHO CsH~

SO NaCN H;0" NH,CHO CH;3CsN
SO+ ocCs ¢-SiCs CsN (CH3),CO
SiN SO, CH;¢ FHC4N (CH,OH),
SiO ¢-SiC, Cs ¢-H,C;0 CH;3;CH,CHO
SiS CO,¢ C4H CeH HCyN

CS NH,¢ I-C3H, CeH~ CH;C¢H
HFef H;te c-C3H, CH;C,H HC; N

SH H,D* H,CCN HCsN

0,8 HD,™* CH, CH3;CHO

Annotations:

* Most of this information was gathered from Reference 13. Many of these species have detected
isotopologues, which are not listed. Additional detections that are questionable or probable include N,
FeO, SiH, -HC4H, H, CCNH, /-HCsH, CH, CHCHO, CsHg, C,Hs OCH;3, H,NCH, COOH
(glycine), and 1,3-dihydroxypropanone.

PMolecules without annotations have been detected only by rotational transitions in the radiofrequency
spectrum.

“Detected by vibrational transitions in the infrared region.

dDetected by electronic transitions in the UV region.

¢Detected by electronic transitions in the visible region.

fDetected by rotational transitions in the radiofrequency spectrum, as well as another method or
methods, as specified.

gDetected by rotational transitions at submillimeter wavelengths.

is visually evident only when it is hot and glowing (the reddish regions of Figure 1);
spectroscopic observations are usually needed to explore the properties of the gas.
On its journey to us, starlight is selectively absorbed by atoms, ions, and molecules
in interstellar space. There are few absorption lines at visible wavelengths because
only transitions arising from the ground electronic state are seen, and these occur
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Table 2 Physical conditions in molecule-bearing interstellar clouds®?

Cloud type
Property Diffuse atomic Diffuse molecular Translucent Dense molecular
Defining characteristic f'y, < 0.1 f'y, > 0.1 flco < 0.9 flco > 0.9
f’cqy > 0.5 fhcy < 0.5

Ay (minimum) 0-~0.2 ~0.2-~1 ~1~S ~5-~10
Typical ngg (cm ™) 1-100 100-500 500-5000 10*-10°
Typical T (K) 30-150 30-100 15-50 10-50
Observational techniques UV/visible UV/visible/IR Visible/UV, IR IR absorption,

absorption, H I absorption, radio absorption, radio radio emission

radio emission absorption absorption/emission

*Abbreviations: f"11,, the fraction of hydrogen nuclei contained in the form of Hy; "1, = 2N(H;)/[N(H) + 2N(H,)], where the N symbolizes
column density, which is the product of the volume density and the path length between Earth and the observed star; "¢y and f"co, the
ionized carbon or CO molecular fraction, as compared to the total hydrogen, using observed column densities; Ay, the dust extinction
parameter, a logarithmic value expressed in units of stellar magnitudes, refers to the extinction at visual wavelengths; ng, the volume density of
hydrogen nuclei, which is usually inferred by indirect means; H I, the astronomical term for H-atom; IR, infrared.

bBased on table 1 in Reference 26.

mostly in the UV region. The density, and therefore the collision rate, is too low
to maintain populations in excited electronic states. Typically, in the visible region,
interstellar atomic lines are observed for Na (the D lines), K, Fe, and Ca, and for
some ions, such as Ca™ (the H and K lines). About 70 years ago, three molecules were
identified in visible-wavelength spectra: CH, CH™", and CN (3—6). These observations
led to the first discussions concerning how molecules could form in the low-density
environment of interstellar space; ion-neutral reactions were proposed as efficient
mechanisms (7-9). For a review of this topic, see Dalgarno (10).

Because most electronic transitions arising from the ground state of atoms, ions,
and molecules occur at UV wavelengths, most interstellar absorption lines can only be
observed from telescopes above the Earth’s atmosphere. There have been many orbit-
ing space-based observatories that obtain UV spectra, culminating with the Hubble
Space Telescope. With these telescopes, most common elements (except helium) can
be observed in either neutral atomic or ionic form. Moreover, the most abundant
molecules in space, such as H, and CO, have absorption lines in the UV and are
easily observed, at least in diffuse clouds where UV radiation can penetrate. A typical
UV spectrum, including both atomic and H; lines, is shown in Figure 2.

A new means of observing interstellar molecules was developed in the 1960s,
when the first rotational emission lines were detected at millimeter wavelengths
(11, 12). Despite the low gas densities, occasional collisions—especially in denser
clouds—have enough energy and frequency to maintain a population of rotationally
excited molecules. Only molecules that have a nonzero dipole moment can be detected
through millimeter-wave emission lines when the rotationally excited molecules cas-
cade down to the ground state. Homonuclear molecules, such as H; and C;, have
no dipole moment and no rotational (or vibrational) transitions, and can be observed
only through their electronic dipole transitions or through forbidden (quadrupole)
vibrational transitions. About 140 molecules have now been detected through their
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Figure 1

The interstellar medium. This CCD image, taken by Adam Block at the Caelum Observatory,
shows many aspects of the interstellar medium, including dark clouds, ionized hydrogen
regions (known as H II regions due to H-« emission) (red ), a newly-formed star cluster (fower
center), nebulae caused by light scattered from dust grains (blue), and stars (reddish color) seen
through the interstellar dust. Most molecules identified by their radio emission lines are found
in the dark clouds; however, some are found in more diffuse regions through optical and UV
absorption along the lines of sight toward reddened stars. Copyright Adam Block and Tim
Puckett. Reproduced with permission.

radio emission lines, from diatomics to polyynes with 13 atoms (Table 1) (13).
The vast majority of the detected species contains carbon. Although no biological
molecules have been conclusively detected, the search for simple amino acids is on-
going and shows some promise (14); however, the one reported detection is probably
not valid (15).

Until recently, only neutral and singly charged positive ions had been found, but
there have now been exciting discoveries of several negative ions (16-18). These
anions may be important in forming some interstellar neutrals through ion chem-
istry; however, studies of such mechanisms are in their infancy. To date, the largest
unambiguously identified interstellar molecules contain carbon chains, but there are
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UV spectrum showing interstellar absorption lines obtained by NASA’s Far Ultraviolet
Spectroscopic Explorer. In this image, most of the line absorption features are due to
interstellar H, molecules, two lines are the result of interstellar atoms and ions, and one line
represents interstellar HD molecules. The smooth profile is a fit to the H band, with
rotational levels from ] = 0 to] = 5. Both the H; and HD features are due to transitions
from the ground electronic and vibrational states, but some excitation to low-lying rotational
states is evident. Abbreviations: Ar I, neutral form of argon; Fe II, singly ionized form of iron.
Copyright NASA and the Center for Astrophysics and Space Astronomy, University of
Colorado. Reproduced with permission.

hints that much larger species exist. Interstellar polycyclic aromatic hydrocarbons
(PAHs) are almost certainly present, as shown by their infrared (IR) emission bands
(19-21).

IR emission and absorption constitute another spectral window for observing in-
terstellar molecules; the observed lines are predominantly the result of transitions
between vibrational levels. Only in irradiated, relatively dense regions (known as
photon-dominated regions or PDRs) are vibrational lines seen in emission. Interest-
ingly, H,, which has no allowed vibrational transitions, is seen in emission in PDRs
through low-probability quadrupole transitions (22, 23); this detection is possible
because of the high abundance of H,.

A few IR interstellar absorption lines from gas-phase species are observed, usually
from the ground- and vibrationally excited levels of the ground electronic state. De-
spite its high abundance, H, is rarely seen in IR absorption (24); however, CO, which
has allowed vibrational transitions and is second in abundance among interstellar
molecules, is observed in absorption (25).
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1.1.2. Physical conditions. As already noted, the ISM is heterogeneous, with rela-
tively dense clouds or nebulae that account for most of its mass. At the other extreme,
the intercloud medium has extremely low densities and occupies most of the volume
of the galaxy. The dense molecular clouds are often components of large aggregates
containing many hundreds of solar masses. These complexes, such as those seen in
Figure 1, are the birthplaces of new stars. Table 2 summarizes the conditions in
these clouds, where the temperatures can be as low as 15-20 K and the densities as
high as 10°~10° cm~>.

The dense clouds are largely molecular in nature and are composed primarily
of H, followed by CO, which constitutes about 10~ of the abundance of H, by
number. Other simple species such as OH, CH, CN, and H,O represent only 10~/
of the abundance of H,, at most. The density of PAHs in the general ISM is unknown,
but some astronomers estimate the abundance as comparable to the simple species
mentioned above, thus accounting for 15 to 20% of the carbon in the ISM (19-21).

Both translucent and diffuse molecular clouds (Table 2) have molecular pop-
ulations. Figure 3 illustrates several types of clouds. Although the sequence is not
necessarily evolutionary, one can imagine a set of conditions smoothly changing from
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Figure 3

Physical and chemical conditions in interstellar clouds. The ordinate specifies the density of
the given species relative to total hydrogen; the abscissa indicates the total hydrogen column
density (the product of the hydrogen volume density and the path length). Moving from the
diffuse atomic clouds (/ef?) to the dense molecular clouds (right), there are major transitions of
the dominant atoms, ions, and molecules. Molecules in the dense molecular and translucent
clouds can be observed by radio-wave emission lines, and some molecules (such as CO) can be
detected by the same method in diffuse molecular clouds. In diffuse atomic and molecular
clouds, the interstellar species are primarily observed through absorption lines at visible or UV
wavelengths. Reproduced with permission from Reference 26.
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diffuse atomic to dense molecular clouds. Figure 3 and Table 2 indicate that diffuse
atomic clouds contain mostly atomic hydrogen and ionic species, with a molecular
fraction (i.e., H, as compared by number to all hydrogen nuclei) of 0.0 to 0.1. For
diffuse molecular clouds, the molecular hydrogen fraction lies between 0.1 and ~0.5,
and increases to nearly 1.0 in translucent and dense molecular clouds. The distinc-
tion between these latter clouds relates to the form of carbon: In translucent clouds,
carbon exists as the ionized or neutral atomic form with the CO fraction beginning
to rise. In dense molecular clouds, all of the hydrogen and most of the carbon are in
molecular form.

The main factors that determine the physical and chemical conditions in the
various cloud types are density, temperature, and the radiation field. The density is
controlled by gas motions caused by random perturbations, stellar winds, and stellar
explosions such as supernovae (the ISM is a violent environment!). The temperatures
in the various regimes are determined by heat input, which depends upon radiation
and kinetics of the gas, and heat losses, which primarily depend upon radiative losses
from excited states of atoms, ions, and molecules.

The intensity of the radiation field is driven by the field’s proximity to hot stars
and the attenuation (i.e., extinction) of starlight by dust. When very close to a hot star,
molecules can still form despite the high intensity of the radiation field as long as the
density is sufficiently high (high density may result from shocks compressing the gas).
Interstellar dust further away from hot stars causes wavelength-dependent extinction
(Figure 4), which greatly affects the ambient radiation field and hence the molecular
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Figure 4

The UV interstellar dust extinction curve. The effect of interstellar dust in blocking starlight
rises toward short wavelengths; therefore, in the UV portion of the spectrum—where the
majority of interstellar atoms, ions, and molecules have electronic transitions—it is difficult to
observe the interstellar absorption lines. The prominent “bump” centered at 2175 A is
thought to be caused by carbonaceous dust or perhaps by polycyclic aromatic hydrocarbons.
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population. As Figure 4 shows, the extinction rises toward UV wavelengths, so the
effect of dust is greatest in the spectral window where molecules are mostly likely to
be either dissociated or prevented from forming. As shown in Table 2, dust extinction
(denoted by Ay, a logarithmic value) is a critical factor that varies with cloud type.

1.1.3. Chemical modeling of interstellar clouds. A complete chemical model of
an interstellar cloud should include the physical and chemical conditions described
above, namely (#) the gas kinetics; (b) the depth-dependence of density and temper-
ature from the exterior to the interior of the cloud; (¢) the time variability as the
cloud evolves; and (d) the correct reaction rates. These are demanding criteria, and
no complete model has been developed, although progress is being made. See Snow
& McCall (26) for a recent summary of chemical modeling.

1.2. Current Challenges

We identify several problems in constructing better models and gaining more insight
into the chemistry of the ISM. In this section, we outline some of those challenges.

1.2.1.The interdependence of related reactions. A stable population of a given
molecular species is maintained through the combination of formation and destruc-
tion processes. As many abundant species are formed through a sequence of steps,
the rate constants of many intermediate processes can be important; however, many
of these rate constants are poorly understood, if at all.

Recently, Markwick-Kemper compiled a list of the most important reactions,
ranked by potential impact due to uncertainties in the rate constants (27). Some
of the most abundant species have been shown to have uncertainties in their theo-
retical abundances of 50% or greater; these uncertainties can be propagated through
the network of sequential reactions. Wakelam et al. (28) have recently considered the
effect of uncertainties on the chemical models of dark clouds.

There are at least two major databases of reaction rate constants that are relevant
to ISM chemistry models: One database is maintained by Woodall et al. (29) and the
other by Herbst (30). There is occasional disagreement between these databases,
which highlights uncertainties and identifies the rate constants that should be
re-examined.

1.2.2. The formation and abundance of molecular anions. The first molecular
anions (C4H™, C4H™, and CgH™) have recently been detected (16-18) in interstel-
lar space and circumstellar envelopes (i.e., shells or bubbles of gas ejected by stellar
winds). Observations of other carbon chain anions are anticipated. Millar et al. 31),
using the code for PDRs proposed by Le Petit et al. (32), have calculated that CioH~
should be comparable in abundance to CsH™ and CsH~ (~107 of the total particle
number density). As the length of the carbon chain increases, the abundance is ex-
pected to diminish only slowly; thus, even larger anions could potentially be observed.

Negative molecular ions, in addition to being sufficiently abundant for detection in
space, can play a crucial role in ion chemistry. Our work has shown that some observed
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interstellar neutrals can be formed by reactions involving anions as reagents. These
reaction sequences can form, for example, cyanoacetylene and glycine, the simplest
amino acid (33). Positive ion gas-phase syntheses for interstellar carboxylic and amino
acids have been proposed by Bohme and colleagues (34).

1.2.3. The search for biological molecules. A new field of astrochemistry, known
variously as bioastronomy or astrobiology, has been born. Astrobiology has generated
new courses, conferences, faculty lines, and institutes (e.g., the Search for Extrater-
restrial Intelligence Institute), as well as funding from the National Aeronautics and
Space Administration. Although no sign of extraterrestrial life has been found to date,
many scientists remain optimistic.

One step toward the discovery of extraterrestrial life would be the positive de-
tection of biological molecules in interstellar space. As noted above, mechanisms for
producing simple amino acids in interstellar clouds have been found to be feasible,
and there has been a reported (14) but contested (15) detection of interstellar glycine.
However, models based on experimental work predict that glycine, and perhaps other
biogenic molecules, should be sufficiently abundant for detection. Such discoveries
could yield insights into the origin of life.

1.2.4. The diffuse interstellar bands. Diffuse interstellar bands (DIBs) have a long
history, having first been reported in 1922 (35). DIBs consist of a set of absorption
features (Figure 5), are definitely interstellar, and are almost certainly caused by
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Figure 5

Diffuse interstellar bands (DIBs). This figure shows four broad, weak features that are part of
the 300+ DIBs. At right are the interstellar sodium D-lines and one stellar line (He I represents
helium in its neutral state). The two DIBs toward the left end of the spectrum are those first
noticed more than 85 years ago (35). Data from the 3.5-m telescope at Apache Point, New
Mexico, operated and owned by Astronomical Research Corporation. Used with permission.
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large organic molecules (36, 37). The identity of the DIB carriers is the oldest astro-
nomical spectroscopic mystery by far. After decades of being ignored or viewed as a
fringe problem, beginning in the 1980s DIBs have been recognized by astronomers
as holding the key to numerous issues in ISM chemistry.

Based on observational properties and the probable presence of PAHs in the ISM,
along with experimental data and physical models of the ionization state of inter-
stellar PAHs (38, 39), PAH cations have emerged as very strong candidates for DIB
carriers. Carbon chains are also considered candidates as they comprise the majority
of identified interstellar molecules (see Table 1). However, carbon chains have not
yet been detected in diffuse atomic clouds in which DIBs are strongest.

The models and experiments point to PAH cations having 30 or more carbon
atoms as the most likely DIB carriers (39). However, such large PAHs present diffi-
culties to kineticists and spectroscopists as they are difficult to vaporize and retain in
the gas phase as cations. From solid-state spectroscopy, we know that PAH cations
having 30 or more carbon atoms have strong spectra at visible wavelengths and that
neutral PAHs tend to have their lines and bands in the UV; however, only gas-phase
spectroscopy can identify the specific species responsible for the DIBs.

Estimates of the PAH abundance in the ISM suggest that 15-20% of the entire
galactic ISM carbon budget could exist in this form (19-21); this abundance would be
sufficient to account for the observed absorption of starlight through DIBs. Whatever
molecules are responsible for DIBs, their identification will yield new insights into
the chemistry of the ISM. It will reveal their role in the energy budget of the ISM
and in the formation of other species, possibly including biogenic molecules. Great
acclaim surely awaits the scientists who finally identify the DIB carriers, and lab work
will play a major role in that eventual success.

1.2.5. Identifying polycyclic aromatic hydrocarbons in the interstellar medium.
In addition to the DIB problem, the PAHs themselves represent a challenge to ISM
chemists. The infrared emission bands associated with PAHs arise from vibrational
transitions (such as C-C or C-H stretching or bending modes), which are relatively
similar for most PAH molecules (19-21). However, the electronic spectra are unique;
therefore, if the electronic spectra of PAHs or their cations were known, astronomers
could search for specific molecules, perhaps even those responsible for DIBs. More
relevant to this review, laboratory studies of reaction rates with appropriate modeling
can identify PAHs for spectroscopic study, which in turn can enable identification of
PAHs in the ISM.

Another branch of the PAH family tree is represented by the heterocyclic PAHs
and their cations. Nitrogen, in particular, can be exchanged with CH groups to form
polycyclic aromatic nitrogen heterocycles (PANHs) (40). As much as half of the nitro-
gen content of the galactic ISM is unaccounted for (41); thus a substantial quantity of
nitrogen may be hidden away in PANHs, which are currently estimated to incorporate
more than 1% of the available nitrogen.

Obtaining experimental reaction rates or spectra of PANH cations is challenging
as these species—especially those with interior nitrogen atoms, which are the most
likely sources of the observed IR emission spectra (40)—are difficult to synthesize.
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Some neutral PANHs are unstable in the lab because they have unpaired electrons;
however, these radicals can survive in the ISM because of the low collision rates. The
performance of experimental studies of PANHs and PANH s remains an important
challenge to the laboratory astrophysics community.

1.2.6. Reactions forming the first molecules in the universe. Cosmological ob-
servations and theory both implicate H, as the trigger for the formation of the first
stars and galaxies, in short, for the creation of all the complex matter in the universe. In
the absence of H,, the universe would contain only atomic hydrogen, a small amount
of *He, and traces of other elements (such as Li and Be) formed in the initial big
bang. All of the other elements and isotopes that make up the matter in the universe
were created by nucleosynthesis in stellar interiors. And without H,, no stars would
ever have formed.

H, serves as a coolant in star formation through its quadrupole transitions, al-
lowing atomic clouds to condense (42). However, gas-phase reactions forming H,
are very slow, so most models assume H, formation on solid-grain surfaces (43, 44).
Although this mechanism is adequate for interstellar clouds containing dust, there
was no dust in the beginning. Thus, scientists have invoked associative detachment
of HwithH- (45): H+ H™ — H, +e".

The rate constant for this crucial reaction has been measured in only one laboratory
and has large error bars. Recent work (46) highlights the importance of this reaction
rate and explores the consequences of values at either end of the uncertainty range.
Clearly, this reaction rate constant must be refined.

2. REVIEW OF LABORATORY STUDIES
OF ION-ATOM REACTIONS

2.1. Methods

The development of sophisticated analytical instrumentation has enabled the detailed
characterization of the interstellar medium described above. Both ground-based and
space-based telescopes with spectroscopic detection capabilities throughout the elec-
tromagnetic spectrum have allowed the determination of the chemical and physical
properties of the ISM.

Similarly, laboratory studies of relevant chemical reactions have been dependent
on the development of analytical techniques with increasingly powerful capabilities.
For studies of charged particles, mass spectrometry has provided an exceptionally
versatile approach. Studies during the last five decades have utilized ion cyclotron res-
onance (ICR), flowing afterglow, flowing afterglow—Langmuir probe, Fourier trans-
form mass spectrometry, ion beams, ion traps, ion storage rings, selected ion flow
tube (SIFT) instruments, and a low-temperature supersonic flow technique, which
has allowed studies of ion chemistry at 10 K (47). Moreover, an array of ionization
methods has allowed the generation of both common and exotic ions (48). These
approaches have explored a wide variety of processes such as bimolecular ion chem-
istry (A* + B — C* + D), associative detachment (A~ + B — AB + e"), radiative
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association (AT + B — AB™T + hv), and dissociative recombination (AB™ + e~ —
A + B), among others, all of which are important in the ISM. Several reviews and
compilations have described the analytical approaches (49, 50) and summarized the
available data (51-53).

One of the most challenging areas of laboratory research involves the gas-phase
reactions between ions and neutral atoms, as both partners are often highly reactive
species. A review of gas-phase ion-atom reactions was published in 1993 by Sablier
& Rolando (54). Our paper provides a comprehensive review of laboratory studies
done since 1993 of positive ion and negative ion reactions with three atomic species
that are important in the ISM: H, N, and O. These studies have been carried out
almost exclusively with the SIFT technique; however, several reactions of positive
ions with H-atoms have recently been reported utilizing a newly developed multi-
electrode ion trap. These instruments, as well as the methods of atom production and
measurement, are described below.

2.1.1. The selected ion flow tube. Flow tube techniques for studying gas-phase
ion chemistry were first introduced 40 years ago by Ferguson and colleagues (55)
at the National Oceanic and Atmospheric Administration laboratories in Boulder,
CO. Since that time, the technique has been extended and refined (56, 57) to in-
corporate temperature (58, 59) and kinetic energy variability (60), a variety of ionic
and neutral sources (61), Langmuir probe detection (62), laser interrogation methods
(63), triple quadrupole detection (64), and mass selection of the reactant ion (SIFT)
(65).

Figure 6 presents a schematic diagram of the SIFT instrument used in our lab-
oratory for the study of ion-atom reactions of interstellar relevance. The apparatus
consists of regions for (#) ion production, (b)) mass selection and injection of ions,
(¢) reaction of the ions with neutral reagents, and (d) detection of the ionic reactant
and products. Positive and negative ions are generated in a flow of helium by a variety
of methods. For example, electron ionization of N, O generates O~, which reacts with
CHy to form HO™. Subsequent addition of acetylene produces HC=C~ by proton
abstraction. Carbon chain anions, such as C; 7, are readily formed by a dc discharge
between a graphite rod and the stainless steel flow tube. Molecular cations of PAHs
are formed by the Penning ionization reaction of metastable argon (formed in a cold
cathode discharge) with the parent PAH. For compounds of low volatility, such as
coronene, a resistively heated oven can be utilized to increase the vapor pressure of
the neutral in the source flow tube.

The ions are extracted through a nose cone and focused by lenses; the desired
ion is mass-selected by the SIFT quadrupole mass filter, refocused by lenses, and
injected into the reaction flow tube through a Venturi inlet. The ions are entrained
in a flow of helium buffer gas (P = 0.5 torr, F = 200 atm cm’ s7!) that provides
thermalization of the ions and transport along the flow tube. The neutral reactants
(H, N, or O) are added downstream of the ion injection, and the ion-neutral re-
action occurs throughout the remainder of the flow tube. Most of the gas mixture
is exhausted by a large Roots blower system, and the ions are sampled through a
nose cone, mass-analyzed, and detected with an electron multiplier. Rate constants
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Figure 6

The flowing afterglow—selected ion flow tube (SIFT) instrument. The tandem flow tube
instrument allows the production of ions by a variety of ionization techniques, followed by
selection of the desired reactant ion with the SIFT quadrupole mass filter, interaction of the
ion with atomic or molecular reagents in the reaction flow tube, and detection of reactant and
product ions with a quadrupole mass analyzer coupled to an electron multiplier detector.

are determined from the decrease of reactant ion signal with increasing flow rate
of the atomic reactant, and other experimental parameters including the pressure
and flow of helium, the temperature, and the reaction time. Alternatively, for stable
neutral reactants such as molecular hydrogen, the reagent can be introduced into
the flow tube through a manifold of inlets, and the reactant ion signal can be mon-
itored as a function of increasing reaction distance. Product distributions are deter-
mined by the ratio of the product ions under conditions where mass discrimination is
minimized.

One of the most powerful features of flow systems is their capability for study-
ing atomic neutral reactants, including H, N, and O atoms. Hydrogen atoms can
be formed by passing molecular hydrogen through a microwave discharge (66).
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However, as shown in Figure 6 our SIFT experiments usually utilize thermal dis-
sociation (67), which produces H(*S) atoms in the absence of metastable species.
High-purity H, flows through a molecular sieve trap immersed in liquid nitrogen,
over a heated tungsten filament, and through a second cooled sieve trap. This pro-
cess efficiently removes trace impurities. The molecular hydrogen is dissociated by
passage over a second heated filament, and dissociation ratios of about 30% can be
achieved. To introduce the hydrogen atoms into the reaction flow tube, the “isother-
mal calorimeter” is withdrawn into a side arm. From the exit of the second thermal
dissociator to the entrance of the reaction flow tube, the H/H; mixture flows through
Teflon tubing in order to minimize recombination. To measure the H-atom flow rate,
the Teflon tubing is positioned above the isothermal calorimeter, which consists of a
platinum wire mesh that efficiently recombines the H-atoms. A self-balancing Kelvin
bridge accurately measures the heat released in this process, thereby also measuring
the flow rate of the hydrogen atoms. Alternatively, a calibration reaction with known
rate constant can be examined to determine the atom flow rate.

N(*S) atoms are formed by flowing pure molecular nitrogen through a microwave
discharge operating between 10 and 50 W. Phosphoric acid coating of the discharge
tube can be utilized to minimize wall recombination, and dissociation ratios of about
2% can be achieved. OCP) atoms are formed by adding NO (5% in helium) imme-
diately downstream of the nitrogen discharge (Figure 6) to initiate the quantitative
reaction N + NO — O + N, (68). This method is preferred over direct microwave
dissociation of molecular oxygen, which is known to also generate reactive O, (' A,)
metastables. The flow rates of the nitrogen and oxygen atoms are determined by the
endpoint of the N + NO titration.

2.1.2. The multi-electrode ion trap. Gerlich and colleagues (69, 70) have recently
described an innovative instrument for the study of ion-neutral reactions, including
atomic neutral reagents, at temperatures as low as 10 K. A schematic diagram of the
Atomic Beam 22-Pole Trap apparatus is shown in Figure 7. The hydrogen atoms
are generated in a radiofrequency (rf) plasma source, which has been optimized to
maximize dissociation and minimize recombination. The atoms are cooled by passage
through a glass tube at 100 K; they then pass through a copper accommodator with
a temperature range of 10-300 K, as determined by a silicon temperature sensor.
The effusive beam of H-atoms is skimmed, differentially pumped twice, and focused
by two hexapole magnets into the 22-pole trap. The number density of atomic and
molecular hydrogen in the reaction region is determined using a calibrated universal
detector based on ionization via electron bombardment.

Primary ions are generated in a standard storage ion source, mass-selected with
an rf quadrupole, and injected into the trap via an electrostatic quadrupole bender.
The trap is maintained at a temperature between 10-300 K. A variable storage time
(milliseconds to seconds) allows the extent of the ion-neutral reaction to be varied
and monitored. The ions are then extracted, mass-analyzed, and detected. Due to

3

the high efficiency of trapping, reaction rate constants as low as 10713 cm?® s! can be

determined by this approach.
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Figure 7

The Atomic Beam 22-Pole Ion Trap. Hydrogen atoms are generated in a radiofrequency
plasma source, cooled to temperatures as low as 10 K, and focused by two hexapole magnets
into a temperature-variable 22-pole trap (see text for details). Reproduced with permission
from Dieter Gerlich.

2.2. Reactions of Positive Ions with Hydrogen, Nitrogen, and Oxygen

Tables 3, 4, and 5 summarize the laboratory studies of the reactions of positive ions
with H, N, and O atoms, respectively; these studies have been carried out since the
comprehensive review of Sablier & Rolando (54). The reaction products, branching
ratios, reaction rate constants, and literature references are tabulated. Ions for which
no reactions were observed are also identified.

2.2.1. Positive ions with H-atoms. Although this review focuses on the reactivity of
ions with H-atoms, some discussion of reactivity with molecular hydrogen is included
as these species inevitably coexist in laboratory experiments. The reactions of aro-
matic cations with hydrogen atoms are particularly important because PAH cations
have been implicated as the carriers of the DIBs. The parent molecular cations of
benzene (CsHs™), naphthalene (CioHg™), pyrene (CisHio™), chrysene (CigHi, ™),
and coronene (C,4H;j, ™) are radical cations, and they react readily with H-atoms by
addition (71-73); only in the case of benzene is there a competing H-atom abstrac-
tion channel. Similarly, the radical cations CsHyt and CjoHg* react efficiently with
H-atoms. In contrast, the singlet cations CsH;s* and CjoH; ™ are essentially unre-
active with hydrogen atoms, but react with molecular hydrogen by addition. The
observation of this latter process at the low pressures of an ICR indicates that radia-
tive association is occurring, even for these relatively small systems (74); thus these
reactions are likely to be important in the diffuse ISM. In analogy to these smaller
systems, CjsHo™ might be expected to be a singlet cation and therefore unreactive
with H-atoms; however, both theoretical calculations and its high reactivity with hy-
drogen atoms confirm that CsHo™ is a triplet cation in its ground state. The reactions
of the singlet protonated naphthalene cation (CoHy") and protonated pyrene cation
(Cyi6Hi1 ™) with H-atoms or molecular hydrogen are very slow, suggesting that these
protonated species will be terminal ionic species in interstellar environments where
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Table 3 Experimental results for the reactions of positive ions* with H-atoms at 298 (£ 5) K, unless otherwise

specified
Ionic reactant Reaction products | Branching ratio Rate constant (cm® s™1) Reference
CgHg ™ (benzene) C¢H7t ~0.65 2.1 x 10710 76
CsHst + H, ~0.35
CioHg™ (naphthalene) | CjoHo™ 1.0 1.9 x 10710 71
CmHl()Jr (pyrene) C16H11+ 1.0 1.4 x 10710 72
CisHj, ™ (chrysene) CigHypst 1.0 1.8 x 10~10 73
Cy4Hj; ™ (coronene) CoyHyst 1.0 1.4 x 10710 73
CioHg* CioH;* 1.0 ~2 x 10710 71
CioH7* CioHgt 1.0 <5 x 10711 71
C10H9+ C10H10+ 1.0 ~4 x 10712 71
CmHgJr C]()I‘Il()Jr 1.0 ~1.6 x 10710 72
CléHll+ C15I—112+ 1.0 ~3 x 10712 72
C,H;* CHt + H; 1.0 6.8 x 10711 76
H2C3H2Jr C3H3Jr + H; 1.0 1.7 x 10710 76
HC3H3Jr C}I‘I}+ + H; 1.0 3.0 x 10710 76
C3H;s* C3Hgt 1.0 1.6 x 10710 76
C3H7Jr C;HﬁJr + H; 1.0 3.2 x 1071 76
C4HT CyH, ™ 1.0 ~5.8 x 10710 76
C4H,* CyH3t 1.0 2.6 x 10710 76
C4H3Jr C4H4Jr 1.0 ~5 x 10711 76
C4H6+ C2H3+ + CyHy ~0.15 1.9 x 10710 76
CyHs;t + CH, ~0.65
CyHs™ + H, ~0.20
C4H8+ C4H7+ + H; 1.0 1.1 x 10710 76
c-CgHyt CgHst 1.0 3.3 x 1071 76
CO™* H* + CO 1.0 4.0 x 10710 78
CO,* HCO* +0 >0.95 4.7 x 10710 78
H* + CO; <0.05
SO, * SO* + OH 1.0 42 x 10710 78
CS+ HCS* + S 1.0 2.8 x 10710 78
CN+ H* + CN 1.0 6.4 x 10710 78
C;N, T HNC* + CN 0.8 6.2 x 10710 78
C2H+ + N, 0.2
C,H;* CHt +H; 1.0 6.8 x 10711 78
CH* Ct+H; 1.0 13x10% at Tg=Tion =50 K 70
8.7 x 10719 at Ty = 100 K, T, =80 K
CHy* CH;* + H; 1.0 6.0x 10719 at Ty =Tien =50 K 69, 70
5.1x 10710 3t Ty = 100 K, Tion =80 K
CH;s™* CH4* +H> 1.0 Ix 10712 at Ty =12 K, Tiepn =10 K 70

1.3x107H at Ty =Tion =50 K
23 %107 at Ty = Tion = 100 K

2No reactions were observed for C;*, C;HT, HC3H, T, c-C3sH; T, C4Hs ', C4Ho ™, ac-CsHa ™, ac-CsH;s T, c-CsHs ™ (76), or NO, ™ (78).
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Table 4 Experimental results for the reactions of positive ions® with N-atoms at 298 (+5) K

Ionic reactant Reaction products Branching ratio | Rate constant (cm® s~!) | Reference
CsHgt (benzene) CsHst + HCN 1.0 1.2 x 10710 71
CgHgt (benzene) CsHs* + HCN >0.95 1.4 x 10710 79
C3H3Jr + C3H3N <0.05
CioHg™ (naphthalene) | CoH;™ + HCN 0.3 2.3 x 10711 71
CyoHgN™ 0.7
CisHio™ (pyrene) Cy5Hot + HCN <0.05 1.5 x 10712 72
Ci6HoN™* >0.95
Cy4H 3 (coronene) None observed <1 x 10712 73
C16H9+ C16H9N+ >0.8 ~3 x 10711 72
CH;™* HCNH' + H 0.65 9.4 x 10~11 79
HCNT + H, 0.35
CyH,* HC,N* +H 0.60 2.4 x 10710 79
HCNHT + C 0.25
CzI\IJr + H; 0.10
CH' + HCN 0.05
CyH; ™ HCCN™T + H, >0.90 2.2 x 1071 79
H,CCN*t +H <0.10
CyH4™ CH,CNH* + H 1.0 3.0 x 10710 79
Cst C3N™* 1.0 2.3 x 10710 79
C;H* C;N* + H 0.9 2.7 x 10710 79
HC;N* 0.1
C3H " CH,™ + CN 0.85 44 x 10711 79
HCNHT + C; 0.15
ac-C3H3 ™ HC;N*T +H;, 1.0 5.8 x 10711 79
CyHy C;H' + HCN 0.90 1.9 x 10710 79
C4HN* + H 0.05
HCNHT' + C; 0.05
CeHy* CsH' + HCN 1.0 1.9 x 10710 79
c-CgHst CsHyt + HCN 1.0 3.7 x 10711 79
CN* N,T+C 1.0 6.1 x 10710 80
HCN+ CH" + N, 1.0 2.2 x 10710 80
HC;N+ C,N*t + HCN 0.6 2.4 x 10710 80
C3HT + N, 0.4
H,O" NOH' + H 0.8 1.4 x 10710 80
NO™* + H; 0.2
N+ N3+ 1.0 1.4 x 10711 80
CO* NOt +C 1.0 8.2 x 1071 80
Oyt NO* +0 1.0 1.0 x 10710 80
CO,* CO*™ +NO 1.0 3.4 x 10710 80
H;* NH, " + H 45 x 10710 94
<5 x 1071 81

No reactions were observed for CyoH; ™ (71); Ci6Hyy ™ (72); CoHst, e-C3H; T, C3Hst, C4H; T, ac-CoHs ™+ (79); HCNH™,
HC;NHT, H; O, HCO*, HCO, ™" (80).

246

Snow o Bierbaum



Annual Review of Analytical Chemistry 2008.1:229-259. Downloaded from www.annualreviews.org
by Fordham University on 12/16/11. For personal use only

Table 5 Experimental results for the reactions of positive ions* with O-atoms at 298 (£ 5) K

Ionic reactant Reaction products Branching ratio | Rate constant (cm? s~1) | Reference

CsHg ™ (benzene) CsHgt + CO 1.0 9.5 x 10711 71

CsHg ™ (benzene) CsHg™ + CO 0.9 1.4 x 10710 82
C4H;0" + CH, 0.1

CioHg™ (naphthalene) | CoHg™ + CO 0.55 1.0 x 10710 71
CoHgO™ 0.45

Ci6Hio™ (pyrene) CisHypt + CO <0.05 9.5 x 10711 72
Ci6H (Ot >0.95

Cy4Hi, T (coronene) CyH;, OF 1.0 1.3 x 10710 73

CisHot CisHot + CO ~0.5 ~2 x 10710 72
CisHyO ~0.5

CH; ™" HCO™ + H, 1.0 4.1 x 10710 82

CH,* HCO*h + CH 0.5 2.0 x 10710 82
HC, 0" +H 0.5

CyH; ™ H,CCOT +H 0.85 1.0 x 10710 82
CH;0" 0.10
CH3;* + CO 0.05

CyH4™ CH;* + HCO 0.45 24 x 10710 82
HCO* + CH; 0.35
HC,0" +H, + H 0.10
CH;COT +H ~0.05
H,CCO" + H, ~0.05

ac-C3H3t CGH,Ot +H 0.30 1.5 x 10710 82
C,H;* + CO 0.30
C;H T + HCO 0.25
HC;()+ + Hz 0.15

CyH, ™ C4HO'T + H 0.50 2.7 x 10710 82
Cs;H ™ + CO 0.40
C;HO™ + CH ~0.05
C4H, 0" ~0.05

c-CgHst CsHs* + CO 0.6 1.0 x 10710 82
C3H3Jr + C3H,0 0.4

HC3;N™* C;NO*t +H 0.50 4.1 x 10710 83
HC,N* + CO 0.40
HC;NO* 0.10

N+ NOt +N 0.95 1.4 x 10710 83
Ot +NO 0.05

H;+ OH* + H, 0.70 1.2 x 1077 84
H,O" + H 0.30

No reactions were observed for CjoH;* (71); CiHy ™ (72); CoHst, c-C3H; T, ac-C3 Hs+, C4H; T, ac-CgHs+ (82); HCNH™,
H,C; N, H,OF, HCO*, HCO,* (83).

band/or HOC*.
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they and their derivatives are able to survive. For a comprehensive review of earlier
studies of ion-neutral chemistry of PAHs and fullerenes, see Bohme (75).

Based on these and other results, we have modeled (38, 39) the hydrogena-
tion and charge states of PAHs in the ISM for molecules ranging from benzene to
those containing 200 carbon atoms. In diffuse clouds, neutral and positively charged
species dominate, and the degree of hydrogenation depends strongly on molecular
size. Small PAHs (<15-20 carbon atoms) are destroyed in most environments while
intermediate-size PAHs (20-30 carbon atoms) are stripped of most peripheral hy-
drogen atoms. Larger PAHs (>30 carbon atoms) primarily have normal hydrogen
coverage (each peripheral carbon atom bears a single hydrogen atom) with compe-
tition from the protonated form; these PAHs are good candidates for DIB carriers.
Finally, very large PAHs may be fully hydrogenated to give products with two hydro-
gens on every peripheral carbon atom.

The reactions of a variety of small hydrocarbon cations C,,H," have been re-
ported (76) (Table 3). Two types of reaction occur with hydrogen atoms: (1) H-atom
transfer to produce C,,H, ;" + H,, if this process is exothermic; and (2) associa-
tion to form C,,H,;;". With molecular hydrogen as a reactant, highly unsaturated
cations undergo primarily hydrogen atom abstraction to form C,H,.;* + H; more
highly saturated ions are unreactive. McEwan et al. (77) have utilized these data and
other experimental and computational results in their model of dense cloud inter-
stellar chemistry. They found that reaction with hydrogen atoms is an important
mechanism for increasing the saturation of C,,H," ions with m > 3 in dense inter-
stellar clouds, even though the H/H, abundance ratio is 10~*. They also concluded
that a significant abundance of benzene could be produced in dense clouds through
ion-neutral chemistry followed by ion-electron recombination.

The reactions of several oxygen-, sulfur-, and nitrogen-containing cations with
hydrogen atoms (78) are also shown in Table 3. Reactions proceed by charge transfer,
atom transfer, and rearrangement. The rate constants are consistently below the
Langevin capture rate, and spin statistics has been identified as the cause in several
cases. Notably, the reactant ion CO™ and three of the product ions (SO, HCO*,
and HCS™) have been detected in dense clouds (Table 1).

Recent major advances are the development of the 22-pole ion trap instrument and
the measurement of ion-hydrogen atom reactions atlow temperatures by Gerlich etal.
(69, 70). These researchers have reported the reactions of CH*, CH4*, and CH;5™"
with hydrogen atoms, which proceed by hydrogen abstraction to form molecular
hydrogen and C*, CH;", and CH4", respectively. The reactions of both CH™ and
CH4* are rapid at low temperatures and decrease slightly with increasing tempera-
ture. In contrast, the reaction of CHs ™ is extremely slow at 10 K and increases slightly
as the temperature increases. A more complete understanding of these experimental
results remains a significant challenge for theorists.

2.2.2. Positive ions with N-atoms. Although molecular nitrogen is relatively un-
reactive with most ions due to its strong triple bond and high ionization energy,
nitrogen atoms exhibit moderate reactivity and rich chemistry. Reaction of N-atom
with C¢Hs™ proceeds by abstraction of CH to generate CsHs™ and the interstellar
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neutral hydrogen cyanide (HCN). This pathway rapidly decreases in importance as
the aromatic cation increases in size, and simple addition dominates (71-73). For
hydrocarbon cations (79) and other small positive ions (80), various product chan-
nels are formed in which nitrogen is incorporated into the ionic or neutral product.
These reactions provide potential mechanisms for generating the nitriles and other
nitrogen-containing species detected in the ISM. The rate constant for the important
reaction of H3* + N has been recently refined to be less than 5 x 107! cm?® s~1 (81).

2.2.3. Positive ions with O-atoms. Atomic oxygen is remarkably reactive with
small aromatic and PAH cations. For CsHg" the major pathway is extrusion of a
carbon atom from the ring to form CsH¢* and CO. Although the rate constant
remains moderately large, simple addition dominates the reactivity for the pyrene
and coronene cations (71-73). The reactions of hydrocarbon cations with O-atoms
generally proceed at a substantial fraction of the collision rate; the processes occur
by multiple channels and show C-O bond formation in the ionic or neutral prod-
uct (82). The rate constants and product branching ratios for the important reac-
tion of O-atoms with N,* (83) and H;* (84) have been remeasured using the SIFT
technique.

2.3. Reactions of Negative Ions with Hydrogen,
Nitrogen, and Oxygen

Tables 6, 7, and 8 summarize the laboratory studies of the reactions of negative ions
with H, N, and O atoms, respectively, which have been carried out since 1993. The
reaction products, branching ratios, reaction rate constants, and literature references
are tabulated. Tons for which no reactions were observed are listed in the footnotes.

2.3.1. Negative ions with H-atoms. Our studies (85) of the reactions of carbon
chain anions and hydrogenated carbon chain anions were prompted by the proposal
(86) that C;~ might form some of the DIBs, and by the fact that unsaturated hydro-
carbon species have been detected in the ISM. The recent discovery of C;H™, CsH™,
and CgH™ in the ISM confirms the relevance of these anions. We found that C,~
anions react rapidly with H-atoms by associative detachment, with larger ions (n > 7)
also reacting by association. The hydrogenated carbon chain anions react exclusively
by rapid associative detachment. None of these ions reacts with molecular hydrogen.
Similarly, Viggiano and colleagues (87) have found that the small fluorinated hydro-
carbon anions CF;~, C;Fs~, and C;F; ™ react by associative detachment with H and
are unreactive with H;. This research group has also explored the reactivity of fluo-
rinated anions containing sulfur (88) and chlorinated anions containing phosphorus
(89) with H-atoms as a function of temperature. Halogen atom abstraction dominates,
and the reactions show only small changes in reactivity between 300 and 500 K.

2.3.2. Negative ions with N-atoms. The carbon chain anions and hydrogenated

carbon chain anions are unreactive with N, but react at moderates rates with N-
atoms (90). Associative detachment occurs for all ions, and several atom transfer and
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Table 6 Experimental results for the reactions of negative ions® with H-atoms at 298 (+ 5) K, unless

otherwise specified

Ionic reactant Reaction products Branching ratio | Rate constant (cm? s~1) | Reference
Cy~ CoH + e 1.0 7.7 x 10710 85
Cy~ CiH + e 1.0 6.2 x 10710 85
Cs~ CsH+ e 1.0 6.2 x 10710 85
Cs™ C¢H + e 1.0 6.1 x 10710 85
Cy~ CH+e 0.41 6.9 x 10710 85
C;H- 0.59
Cg~ CgH + e 0.33 7.3 x 10710 85
CgH~ 0.67
Co~ CoH + ¢~ 0.17 7.2 x 10710 85
CoH~ 0.83
Cio~ CioH + e~ 0.24 7.5 x 10710 85
CioH™ 0.76
HC,~ CH, + e 1.0 1.6 x 1077 85
HC4~ CyH; + e 1.0 83 x 10710 85
HC4~ C¢Hy + ¢ 1.0 5.0 x 10710 85
HC;~ C/H, 4+ e 1.0 7.4 x 10710 85
CF;~ Product + e~ 1.0 5.3 x 10710 87
C,yFs— Product + e~ 1.0 6.0 x 10710 87
C3F3~ Product + e~ 1.0 9.0 x 10710 87
F- HF + e~ 1.0 1.4 x 1072 at 500 KP 88
SF4~ SFs~ + HF 1.0 3.1 x 107102t 298 K 88
2.5 x 107192t 500 K
SOF4~ SOF;~ + HF 1.0 1.8 x 107102t298 K 88
1.2 x 107193t 500 K
SO,~ cis-HOSO + e~ 1.0 2.3 x 10719 3¢ 298 K 88
2.6 x 107192t 500 K
SO,F;~ SO,F~ 4+ HF 1.0 3.2 x 107102t 298 K 88
2.6 x 10719 3¢ 500 K
PO,Cl~ PO,~ + HCI 1.0 3.6 x 107102t 300 K 89
3.7 x 10710 2t 500 K
POCIl,~ POCI~ + HCI 0.94 1.6 x 107193:300 K 89
Cl- + HPOCI 0.06 1.6 x 107192t 500 K
POCI3~ POCI,~ + HCI 1.0 3.8 x 107102t 300 K 89
X

3.7 x 107103t 500 K

*No reactions were observed for SFs~, SOF;~, SO,F~ (88); PO,Cl,~ (89).
bMeasured relative to the rate constant (1.6 x 107%) at 298 K (95).
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fragmentation channels appear, with formation of C-N bonds. Several of these nitrile
species, including CN, C;N, CsN, HC, N, and HC4N, have been detected in the ISM.
Unfortunately, it was not possible to determine the branching ratios for these pro-

cesses due to the occurrence of rapid secondary reactions.

Recent measurements (91) have found that the rate constant for O;~ + N is a
factor of two slower than previously determined, and that a second product channel
(O™ + NO, 35%) occurs in addition to the associative detachment reported earlier.
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Table 7 Experimental results for the reactions of negative ions® with N-atoms at 298 (+5) K

Ionic reactant

Reaction products

Branching ratio

Rate constant (cm? s 1)

Reference

Cy~

Cy~

Cs~

Cg~

C;-

HC,~
HC4~

HC4~

Oy~
SO~

PO,CI~

CN™ +C
CzN + e
CN™ +GCs
C3;7 +CN
C4N + e
CN™ + C4
C4~ +CN
C3N7 + Cz
CsN + e~
CN™ +Cs
Cs— +CN
CN™ +GC;
CgN + e~
CN™ + G
C¢~ +CN
CiN™ +Cy
C5N7 + Cz
CsN + e~
HCCN + e~
CN- + HC;
CN + HC3;~
HCN + e
CN- + HC;s
C3;N~ + HG;
HCgN + e~
NOZ + e
O~ +NO
SO~ +NO
ST+ NO;
PO;~ + NCI
PO,N~ + Cl

1.0

0.65
0.35
>0.90
<0.10
0.34
0.66

2.3 x 10710

2.0 x 10710

2.7 x 10710

1.5 x 10710

2.2 x 10710

5 x 1071

~6 x 10712

~1 x 10711

2.3 x 10710

1.8 x 10710

8.0 x 10~

90

90

90

90

90

90

90

90

91

88

92

*No reactions were observed for SFs~, SFs~, SO,F~, SO,F,~, SOF; ~, SOF4~ (88); POCl; —, POClL, ™ (92).

Rate constants and product branching ratios were recently determined for the
reactions of SO, (88) and PO,Cl~ (92) with N-atoms; various other ions (Table 7)
were found to be unreactive.

2.3.3. Negative ions with O-atoms. Oxygen atoms react rapidly with carbon chain

anions and hydrogenated carbon chain anions by carbon atom abstraction to generate

carbon monoxide; associative detachment also occurs (90). Moreover, for the hydro-
genated anions, oxygen/hydrogen exchange is observed. The rate constants for several

of these reactions exceed the Langevin collision rate; a new approach that includes

the polarizability of the anion has been developed and provides good agreement with

experiments (93).
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Table 8 Experimental results for the reactions of negative ions with O-atoms at 298 (+5) K

Ionic reactant Reaction products Branching ratio | Rate constant (cm? s~1) | Reference
Cy~ C™+CO 5.8 x 10710 90
CzO + e
Cy~ C3;~ +CO 5.6 x 10710 90
C40 + e~
Cs~ C4y~ +CO 6.4 x 10710 90
C;0™
CsO +e™
Cs™ Cs~ +CO 47 x 10710 90
CsO + e~
Cy Cs~ + CO 53 x 10710 90
C7O + e
HC,~ HC + CO 6.2 x 10710 90
H+ C,0™
HC,0 + e~
HC4™ HGC;~ + CO 53 x 10710 90
H+ C40~
HC40 + e~
HCs™ HCs™ + CO 54 x 10710 90
H+ CsO™
HCsO + e~
(O O3 +e” <0.55 3.9 x 10710 91
O +0; >0.45
SFs~ F~ + SOF;4 1.0 54 x 10711 88
SF¢~ O~ + SF¢ 1.0 1.1 x 10710 88
SO,F~ F~ +S0;3 0.60 1.5 x 10710 88
SO~ +F 0.40
SO, F,~ SO3F~ +F 1.0 9.1 x 10~11 88
SO,~ O™ + S0, 1.0 4.0 x 10710 88
SOF;~ SOk, +F 1.0 7.7 x 10711 88
SOF4~ F~ 4+ (SOF; + F) 1.0 7.9 x 1071 88
POCL3~ POCL~ + CIO 1.0 3.9 x 10710 92
POCIL,~ PO,CI~ + Cl >0.84 3.7 x 10710 92
Cl~ + PO,Cl <0.09
PO, +Ch <0.04
Cl,~ + PO, <0.03
PO,CI~ PO;~ + CIO 0.34 2.6 x 10710 92
PO;~ +Cl 0.66

The newly determined rate constant (91) for reaction of O, with oxygen atom
is slightly larger than the previously reported value. Reactions of fluorinated sulfur
anions show charge transfer and F-atom or F~ exchange in the reactant ion (88).
Reactions of PO,CI,~ are rapid and proceed primarily by loss of chlorine from the
reactant ion (92).
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SUMMARY POINTS

1. The ISM is extremely heterogeneous with a broad range of temperatures,
densities, and extinction parameters.

2. Spectroscopic observations throughout the electromagnetic spectrum have
detected more than 140 molecular species in the ISM, despite the relatively
hostile conditions.

3. Chemical modeling of interstellar clouds relies on accurate laboratory data,
including rates and products of ion-neutral reactions.

4. Studies of ion-atom reactions pose unique experimental challenges. Two in-
novative techniques, the SIF'T and the multi-electrode ion trap, have proven
to be powerful approaches for these studies.

5. The past fifteen years have seen active research in experimental studies
of both positive and negative ions reacting with hydrogen, nitrogen, and
oxygen atoms; many of these systems are relevant to interstellar chemistry.

FUTURE ISSUES
1. Laboratory studies of ion-atom reactions at extremely low temperatures
with newly developed instrumentation will provide unprecedented data.

2. The detection of negative ions in the ISM highlights the need for a com-
prehensive understanding of negative ion chemistry.

3. Experiments with other atoms, especially carbon, and with molecular radi-
cals detected in interstellar clouds pose challenges for future studies of ion
reactions.

4. Large PAHs, as well as PAHs containing nitrogen and oxygen, are possible
carriers of the diffuse interstellar bands; experimental studies of their ion
chemistry are essential.

5. Additional studies of other gas-phase reactions, including radiative associa-
tion and dissociative recombination, as well as full characterization of their
products, are critical for developing accurate chemical models of interstellar
clouds. Synthetic routes to biological models remain an intriguing challenge.

6. The future of astrochemistry is bright: The synergy of astronomical obser-
vations and laboratory studies will continue to advance our understanding
of both the ISM and its fundamental chemical processes.
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