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Chemical Reactions of 
Anions in the Gas Phase 

Charles H. DePuy, Joseph J. Grabowski, Veronica M. Bierbaum 

The study of bimolecular reactions be- 
tween ions and neutral molecules in the 
gas phase presents special experimental 
difficulties. The usual conditions for the 
generation of gaseous ions (low pressure 
and short residence time of the ions in 
the instrument) are the opposite of those 
necessary for the occurrence of reac- 
tions. The problems are compounded for 
the study of anions, since they them- 
selves must often be prepared indirectly 
in one or more bimolecular steps. Thus, 
the study of the chemistry of gas phase 
anions has lagged behind comparable 
studies of cations, despite the fact that 
most synthetically useful organic reac- 
tions involve anions rather than cations. 

Although high-pressure mass spec- 
trometry, tandem mass spectrometry, 
and ion beam experiments have made 
important contributions to the field, the 
most widely used experimental tech- 
nique, especially for organic reactions, 
has been that of ion cyclotron resonance 
(ICR) spectroscopy, in which ions are 
allowed to react by trapping them at  low 
pressures for relatively long periods of 
time (1). The recent development of Fou- 
rier transform ICR should make this 
technique even more versatile. 

For  our work, we have used the lesser 
known, but equally powerful, flowing 
afterglow technique developed by Fergu- 
son et al. (2). Bohme and Young (3) were 
the first to make extensive use of this 
method for the investigation of organic 
reactions of anions and, more recently, 
McDonald and Chowdhury (4) have 
made important contributions. Here, 
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ions. Gas phase ion-molecule chemistry 
has also been used to account for the 
complex chemistry of the atmospheres 
of the planets (8) .  Ion reactions are im- 
portant in flames, discharges, and lasers, 
and they may play a key role in plasma 
etching of silicon semiconductors as  well 
as in other industrial processes. Funda- 
mental thermochemical data are also po- 
tentially available from studies of gas 
phase ion-molecule chemistry (9). Final- 
ly, experimental data on the kinetics of 
ion-molecule reactions have been of crit- 
ical importance in the evaluation of theo- 

too, a recent experimental development, ries of reaction dynamics and have stim- 
namely, the selected ion flow tube ulated the further development and re- 
(SIFT) technique of Adams and Smith finement of these theories (10). 
(3, has greatly increased the versatility Our interest in this area arose from a 
of the method. In the flowing afterglow, long involvement with research on the 

Summary. Anions of many types, both organic and inorganic, familiar and exotic, 
can be generated in the gas phase by rational chemical synthesis in a flowing 
afterglow apparatus. Once formed, the rates, products, and mechanisms of their 
reactions with neutral species of all kinds can be studied, not only at room 
temperature but at higher energies in a drift field. These completely unsolvated ions 
undergo a large number of reactions that are analogous to those they undergo in 
solution, as well as some that are less familiar. New types of ions, for which there are 
no counterparts in solution, can be produced and their chemical reactions explored. 

bimolecular reactions are made possible mechanisms of ionic organic reactions in 
by working at both moderately high pres- solution. A recurrent question in this 
sures and relatively long ion residence field has been that of the role of solva- 
times, and anions can readily be  generat- tion. When we think we are studying the 
ed and studied. In this article, we use reactions of an ion in solution, are we 
examples mainly from our own work to really studying the solvent instead? As 
illustrate the similarities and differences we desolvate hydroxide ion, we know it 
between reactions of ions in solution and becomes more reactive, but d o  its chemi- 
those in the gas phase. cal reactions really change or  does it 

simply undergo the same reactions more 
rapidly? The ultimate answers should be 

Why Study Ion-Molecule Reactions? available from studies of totally unsol- 
vated and partially solvated ions in the 

The original impetus for the develop- gas phase. 
ment of the flowing afterglow technique 
was the study of the chemistry of the 
ionosphere (6), that part of our atmo- Nature of Ion-Molecule Reactions 
sphere between 50 and 400 kilometers. 
At these altitudes, solar radiation pho- Before we describe the flowing after- 
toionizes the atmospheric gases, and the glow apparatus and some of our results, 
chemistry is dominated by ion-molecule it would be well to consider the energet- 
reactions. As radio astronomers became ics of ion-molecule reactions in the gas 
aware that interstellar space swarms phase, since they differ profoundly from 
with complex organic molecules (7), it neutral-neutral reactions or ion-neutral 
was postulated that many, if not all, such reactions in solution. In a chemical reac- 
molecules are formed by reactions of tion involving neutral species, the reac- 
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Fig. 1. In the SIFT modification of the flowing afterglow apparatus, ions of a single mass-to- 
charge ratio are injected and allowed to react with neutrals. If desired, they can be given klnetic 
energy by a drift field. 

tants encounter one another only by dif- 
fusion, and when they collide, they pos- 
sess only thermal energy. Since most 
reactions have an activation barrier, neu- 
tral-neutral reactions at room tempera- 
ture are ordinarily slow and become 
even slower at lower temperatures (for 
example, the very low temperatures of 
interstellar space). In solution, ions are 
greatly stabilized by solvation, and ener- 
gy must usually be supplied in order to  
surmount an activation barrier. 

By contrast, ions in the gas phase 
attract neutrals by ion-dipole and ion- 
induced dipole forces, so  that by the time 
they reach typical reaction distances 
they have as much as  20 kilocalories of 
relative kinetic energy per mole, more 
than enough to overcome many activa- 
tion barriers. This same amount of ener- 
gy is required to separate the products 
once formed, so that only reactions that 
are overall thermoneutral or exothermic 
are observed. However, this ion-dipole 
energy can be "borrowed" within the 
reaction complex to overcome activation 
barriers or to fuel reversible endothermic 
reactions. As a consequence, many ion- 
molecule reactions occur at  nearly every 
collision, even at very low temperatures. 

The Flowing Afterglow Technique 

A flowing afterglow apparatus used in 
our laboratory is shown schematically in 
Fig. 1. It consists of a stainless steel flow 
tube (100 by 8 centimeters) in which ion- 
molecule reactions are carried out, a 
quadrupole mass filter and electron mul- 
tiplier for analysis and detection of the 
ions, and gas handling and pumping 
equipment. A buffer gas, usually helium, 
is continuously pumped through the flow 
tube by a large capacity pump, establish- 
ing pressures near 0.5 torr and flow 
velocities of lo4 cm per second. Ions are 
generated by electron impact on trace 

amounts of added gases, either directly 
in the flow tube (conventional flowing 
afterglow) or  in an external ion source. 
In the latter configuration, ions are ex- 
tracted and separated by a quadrupole 
mass filter, and ionic species of a single 
mass-to-charge ratio are injected into the 
flow tube, thus converting the flowing 
afterglow into a SIFT (5). In either 
case, the ions are allowed to flow at least 
30 cm down the tube before addition of 
the neutral reagent. During this time, the 
ions undergo many thousands of colli- 
sions with helium, thus ensuring that 
they are in thermal equilibrium with the 
buffer gas. The ion population is continu- 
ously sampled through an orifice at the 
end of the flow tube, analyzed, and de- 
tected. In measuring kinetics, the reac- 
tion distance, and therefore the reaction 
time, may be varied by changing the 
point of reactant addition, or the neutral 
concentration may be varied. 

Our flow tube consists of a series of 
thin cylindrical sections that are electri- 
cally connected and grounded for ther- 
mal energy ion-molecule experiments. 
However, the flow tube can easily be 
converted to a drift tube (11) by inserting 
precision resistors between adjacent 

Table 1 .  Gas phase acidities. The gas phase 
ac~dity is the energy required to remove a 
proton from RH; that is, it is AH for the 
reaction RH + R- + H + .  Values are taken 
from (18). 

Acidity 
(kcallmole) 

rings and applying a voltage across the 
complete assembly. Ions are accelerated 
to a steady-state drift velocity by the 
resultant electric field, and ion-molecule 
reactions and mechanisms can be stud- 
ied as a function of ion kinetic energy. 

The flowing afterglow technique with 
SIFT-drift capabilities has a number of 
valuable features for the study of ion- 
molecule reactions. Two of the most 
important are chemical versatility and 
control of reaction energy. Reactant ions 
can be generated by various techniques, 
the most important of which is chemical 
synthesis within the flow tube. With the 
SIFT, almost any positive or negative 
ion, including highly reactive or isotopi- 
cally labeled ones, can be injected into 
the flow tube and studied in the absence 
of neutral precursors and ions of other 
masses. The choice of neutral reagents is 
similarly wide. Stable neutrals can be 
added easily. Unstable neutrals can be 
generated by pyrolytic, photochemical, 
or other techniques at their inlet to the 
flow tube. Atoms, radicals, and even 
vibrationally excited molecules have 
been studied with the flowing afterglow 
technique (12). Ordinarily, the relatively 
high helium pressure ensures that the 
reactant ions are at thermal energy. 
However, with the flow-drift technique, 
ion-molecule reactions can be studied at 
energies between 0 and 10 electron volts. 
Temperature-variable flowing afterglows 
have been constructed in which reac- 
tions can be examined between 80 and 
900 K (13). 

Ion Synthesis 

As organic chemists, we are particu- 
larly interested in the study of anions 
(14), since the vast majority of syntheti- 
cally useful ionic organic reactions pro- 
ceed through anionic rather than cationic 
intermediates. However, the usual meth- 
ods of ionization lead to the ejection of 
an electron and the formation of cations. 
Only a relatively few molecules give rise 
efficiently to anions in the gas phase. 
These anions may then be used for the 
synthesis of others through ion-molecule 
reactions. 

We usually begin our experiments 
with amide (H2N-), hydroxide (HO-), 
or fluoride (F-) ions, since these can be 
made readily. Amide and fluoride are 
produced by electron impact on NH3 and 
NF3, respectively. Hydroxide ion is pro- 
duced by electron impact on water or,  
preferably, on a mixture of N 2 0  and CH4 
(Eq. 1). 

CH 
N 2 0  '-'-; N2 + 0 -  HO- + CH3 

(1) 
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In the gas phase, these ions are extreme- 
ly reactive and highly basic. For exam- 
ple, amide ion reacts at every collision 
with many gases to form new ions (Eqs. 
2 to 5) (15, 16). 

Here, the flow nature of the flowing 
afterglow is especially useful. By adding 
the reactant gas near the beginning of the 
flow tube, H 2 N  can be completely con- 
verted into, for example, OCN- whose 
reactions can then be examined by add- 
ing another neutral reagent farther down- 
stream. Even multistep ion syntheses are 
possible; for example, phosphorous ana- 
logs of nitrogen-containing ions can be 
prepared as  shown in Eq.  6 (17). 

This is especid!y iniportant for produc- 
tion of ions like SCP- for which there 
are no solution counterparts and hence 
no simple precursors. 

Because amide and hydroxide ions are 
such strong bases in the gas phase, they 
can be used to prepare carbanions direct- 
ly by proton abstraction. The gas phase 
acidities of a number of common com- 
pounds are listed in Table 1 (18). Since 
water is less acidic than most organic 
molecules, hydroxide ion will abstract a 
proton from propylene, toluene, and 
molecules containing carbonyls or other 
electron-attracting groups. Amide ion is 
an even stronger base and will abstract a 
proton from benzene, butadiene, and 
many other compounds containing aryl 
and vinyl protons (Fig. 2). Only alkyl 
anions and the vinyl anion itself cannot 
be formed by simple proton abstraction 
reactions with H2N- or HO- .  

One drawback of producing ions di- 
rectly in the flow tube is that their neu- 
tral precursor is then present in large 
excess. For  example, electron impact on 
N 2 0  produces 0-, but this ion is de- 
stroyed by rapid reaction with N 2 0 .  
Electron impact on O2 also forms 0-, 
and although 0 is not destroyed by 0 2 ,  
many other ions are (19). In the low- 
pressure ion source of the SIFT, 0 can 
be separated from its neutral precursor 
and from other ions produced in the 
ionization process and injected into the 
flow tube. Indeed, direct electron impact 
on partially enriched water gives a mix- 
ture of 160-, HI60- ,  180-, and H I ~ O - ;  
ions corresponding to any one of these 

species can be separated and injected. 
Thus the SIFT is especially suited for 
tracer studies with isotopically labeled 
ions. 

The contrast between the reactions of 
amide and hydroxide ions with carbon 
dioxide is instructive. Amide forms cya- 
nate at  every collision by addition and 
elimination of water (Eq. 3). Hydroxide 
ion, under the same conditions, appears 
to react much more slowly, even though 
addition to form the bicarbonate ion is 
highly exothermic. In the gas phase, 
simple addition reactions between small 
ions and molecules are inefficient be- 
cause the adducts have no way to get rid 
of the excess energy acquired from the 

H2N- + 

Fig. 2. Many types of carbanions can be 
produced in the gas phase by proton abstrac- 
tion with hydroxide or  amide ion. In solution, 
H O  and H 2 N  are much less basic because 
of solvation. 

Fig. 3. Formation of the bicarbonate ion by 
addition of hydroxide to carbon dioxide can- 
not be observed unless the energy released in 
the addition is removed by collision with 
helium. However, tracer studies show that 
addition and intramolecular proton transfer 
occur at nearly every collision. 

/ \ 
1 

4 
Nu- + Si-X Nu-Si + X- 

Fig. 4. The mechanism of nucleophilic dis- 
placement reactions on carbon and silicon 
halides can be studied by investigating the 
effect of the nucleophile on the reaction rate. 
Displacement on carbon occurs through the 
symmetrical transition state (1). whereas dis- 
placement on silicon occurs through a penta- 
covalent intermediate (3). 

bond formation; thus the bicarbonate ion 
dissociates back to hydroxide ion and 
carbon dioxide (Fig. 3) (20). Formation 
of the bicarbonate ion gradually in- 
creases as the helium pressure is raised, 
since energy is removed from the adduct 
by collision with the buffer gas. Howev- 
er,  if H1'O- is injected and allowed to 
react with C 0 2 ,  a fast "invisible" reac- 
tion is exposed. The H180- ion is rapidly 
converted to HI60-  via a proton transfer 
within the adduct (Fig. 3), a process that 
is, of course, not observable in the reac- 
tion between unlabeled hydroxide and 
carbon dioxide. Proton transfer among 
the oxygens of bicarbonate ion must be 
fast compared to decomposition since 
the oxygen atoms become equivalent o r  
nearly so in the course of a single colli- 
sion. Similar exchanges occur between 
H1'O- and SO2 (fast) and N 2 0  (slow) 
(21). 

Displacement Reactions on 

Carbon and Silicon 

One of the most fundamental reactions 
in organic chemistry is that between an 
alkyl halide and an anion (Nu-). From 
extensive studies in solution, it is known 
that the anion attacks the carbon-halo- 
gen bond from the rear and that a new 
Nu-C bond forms simultaneously with 
the breaking of the carbon-halogen bond 
(Fig. 4). Structure 1, with a new bond 
partially formed and an old one partially 
broken, represents an energy maximum 
on the reaction pathway, since carbon 
can accommodate a maximum of four 
covalent bonds. 

Silicon lies just below carbon in the 
periodic table and forms an extensive 
series of compounds resembling those of 
carbon. However, silicon is capable of 
expanding its valence shell to accept five 
or even six bonds. Thus a silicon halide 
could react with an anion in the same 
way that carbon does (path a in Fig. 4), 
or there could be an actual pentacovalent 
intermediate formed (path b), which sub- 
sequently decomposes to products. Al- 
though the distinction may seem almost 
trivial, if even simple silicon compounds 
react easily via a pathway unavailable to  
carbon, it becomes difficult to  draw anal- 
ogies between reactions of carbon and 
silicon compounds, despite structural 
similarities. 

To  probe this question, we have com- 
pared the rates of reaction of methyl 
iodide and trimethylsilyl chloride with a 
series of anions of different reactivity, 
taking advantage of our ability to synthe- 
size anions in the flow tube as described 
above (22). The two halides show dra- 
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matically different responses to changes 
in the reactant anion. For  methyl iodide, 
there is a gradual decline in reactivity as 
the anion becomes less basic, much the 
same change as  is observed in solution. 
Trimethylsilyl chloride, in contrast, ei- 
ther reacts with an anion at essentially 
every collision or does not react a t  all. 
This is exactly the behavior expected if a 
pentacovalent intermediate is formed 
each time the anion and the silyl chloride 
come together. The intermediate will 
then decompose in a direction deter- 
mined by the thermochemistry of the 
reaction, either to products, if that is 
thermodynamically favorable, or back to 
starting materials, if that is the favorable 
direction. 

Indeed, pentacovalent silicon anions 
of types that have been postulated but 
not observed in solution can be  prepared 
and studied in a flowing afterglow (Eq. 
7 ) .  

always been a central issue in mass spec- 
trometry, and a variety of techniques, 
including collisional activation, have 
provided important structural data. 
However, chemical reactions, if they are 
properly chosen, can be used to deter- 
mine ion structure in the gas phase just 
as they are used to determine molecular 
structure in solution. For example, pro- 
ton abstraction from methyl ethyl ketone 
forms a mixture of isomeric enolate an- 
ions; since they have the same mass-to- 
charge ratio, the product ions will appear 
as a single peak in the mass spectrum. 
Reaction of this mixture of ions with 
methyl nitrite forms nitrosomethane and 
nitrosoethane anions (Fig. 6) (23). We 
picture these products as arising from 
nitrosation and cleavage within the reac- 
tion complex. To  show that the reaction 
is indeed diagnostic of the structure of 
these ions, we needed a means of gener- 
ating each, uncontaminated with the oth- 
er. This can be done by reaction of their 
trimethylsilyl derivatives with fluoride 
ions (24). For  example, the isomeric eno- 
late ions can be formed from the isomer- 
ic silyl en01 ethers, and each reacts as  
predicted with methyl nitrite (Fig. 7). 

Oxidation and reduction reactions can 
also be carried out efficiently in the gas 
phase. The cyclohexadiene anion, 
formed by reaction of cyclohexadiene 
with amide, is a potent gas phase hydride 
donor, since transfer of hydride forms 
the highly stable benzene molecule. This 
anion, in turn, can be used to make the 
oxidant H 0 2 -  or the reductant HNO-.  
The former oxidizes benzaldehyde to 
benzoate; the latter reduces it to  benzyl- 
alkoxide ion (Fig. 8) (25). 

These simple reactions demonstrate 
the range of standard organic reactions 
that can be performed in the gas phase. 
Condensations, Michael additions, frag- 
mentations, and rearrangements all pro- 
ceed with ease in properly chosen sys- 
tems. Most types of reaction that occur 
in solution appear to have gas phase ion- 
molecule counterparts. 

Fig. 5. During a single ion-molecule encoun- 
ter, complex multistep reactions can occur. 

e O- 
C H ~ ~ H C C H ~  and CH3CH2CCH2 

In these experiments, the relatively high 
pressure in the apparatus is crucial, since 
the exothermicity of the reaction must be 
removed from the product ion by colli- 
sion with helium, or else they will redis- 
sociate. 

Fig. 6. Proton abstraction often gives a mix- 
ture of isomeric anions. Chemical reactions 
can then be used to elucidate the structures of 
these ions. 

Complex Organic Reactions 

Since carbanions of nearly any type 
can be generated in the gas phase by 
proton abstraction with amide or  hy- 
droxide ions, examining their chemistry 
is straightforward. Indeed, they undergo 
a wide variety of chemical reactions, 
most of which are completely analogous 
to ones familiar to any organic chemist 
who carries out reactions in solution. 
For  example, the allyl anion reacts with 
nitrous oxide by a diazotransfer reaction 
to form vinyl diazomethane anion (15). 
The allyl anion adds to N 2 0 ,  there is an 
intramolecular proton transfer, and hy- 
droxide ion is lost to form vinyldiazo- 
methane (Fig. 5). However, the ion and 
neutral products are still in a complex, 
and before they separate, a proton trans- 
fer occurs to form the diazo anion and 
water. It is important to recognize that 
this final proton transfer must occur be- 
fore separation of the ion and the neutral 
products; once separation has occurred, 
the vinyldiazomethane, because of its 
low concentration, would never be 
reionized. Usually the most stable anion 
emerges from a reaction complex, al- 
though in highly exothermic reactions 
there may be separation before equilibra- 
tion is complete. 

The assignment of ion structure has 

Fig. 7. Trimethylsilyl derivatives are excellent 
precursors of specific isomeric anions when 
proton abstraction generates a mixture of 
ions. 

Hydrogen-Deuterium Exchange in the 

Gas Phase 

Hydrogen-deuterium exchange has 
been widely used in solution for proofs 
of structure and for mechanistic studies, 
and we have shown that it can be of 
equal value in the gas phase (26). For  
example, the anion from 1-hexene can be 
generated by proton abstraction with 
amide ion. If D 2 0  is added downstream, 
rapid H-D exchange occurs (Fig. 9). The 
extent of exchange depends on the con- 
centration of D 2 0  and, with high flows, 

Fig. 8. Proton abstraction from cyclohexa- 
diene followed by hydride transfer to oxygen 
or nitric oxide allows the gas phase synthesis 
of HOz- and HNO-. These anions serve as 
excellent oxidizing and reducing agents, re- 
spectively, for a variety of organic and inor- 
ganic molecules. 
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Fig. 9. Hydrogen-deuterium exchange occurs 
readily in many anions and can be used to 
study ion structure. 

essentially complete exchange of all 11 
protons can be observed. 

More acidic hydrogens-for example, 
those next to  carbonyl groups-do not 
exchange with D 2 0 ,  but readily ex- 
change with the stronger gas phase acid 
CH30D.  Just as  for molecules in solu- 
tion, H-D exchange can be used to count 
the number of acidic protons in an Ion. 
For  example the 2- and 3-pentanone eno- 
late ions exchange four and three hydro- 
gens with CH30D,  respectively (Fig. 9).  

For  kinetic studies, we have reversed 
the exchange reaction (27). Using the 
SIFT, we inject DO- into the flow tube 
in the absence of D 2 0  or HO- and allow 
it to react with molecules (hydrogen, 
amines, and vinyl and aryl compounds) 
that are less acidic than water. All H-D 
exchanges demand that an endothermic 
proton transfer occurs in the reaction 
complex (for example, from benzene to 
DO-), and the energy for t h ~ s  transfer 
must come from the ion-induced dipole 
attractive energy of the complex (Eq. 
8). 

DO- + C6H6 -+ [DOH + C6HS-] -+ 

HO- + C6H5D (8) 

Exchange rates for neutrals with s~milar  
acidity correlate well with estimated rel- 
ative ion-neutral attractive energies. For  
example, ammonia exchanges rapidly 
with DO-, even though it 1s 13 kcallmole 
less acidic than water. Since ammonia is 
polarizable and has a dipole moment, 
there is a large amount of attractive 
energy available in the reaction complex, 
and an otherwise endothermic proton 
transfer is easily possible. Hydrogen is 
more acidic than ammonia (10 kcallmole 
less acidic than water), but exchanges 
only very slowly because ~t has no dipole 
moment and is only slightly polarizable; 
there is insufficient energy in the com- 
plex for rapid exchange. Similar consid- 
erations apply to organic molecules. For  
example, ethylene does not exchange, 
but attaching a polarizable tert-butyl 
group (that is, tert-butylethylene) brlngs 
about moderately rapid exchange. 

Studies of H-D exchange can also be 

revealing about the site of reaction with- 
in ions. For  example, the pentadienyl 
anion exchanges four protons rapidly, 
demonstrating that proton addition oc- 
curs more rapidly at  the ends of the 
conjugated system than in the middle 
(26). 

ROD H~C=CH-FH-CH=CH~ - 
Finally, H-D exchange can provide some 
information about the lifetimes of ion- 
molecule complexes. For  example pro- 
ton abstraction from 2-substituted pro- 
pylenes by DO- gives appreciable 
amounts of deuterated ally1 anion, show- 
ing that multiple proton transfers occur 
within a single complex (28). 

X 
I 

+ CH2=C-CH2- + HOD 

The Electron Affinity of H 0 2  a 

The study of gas phase ion-molecule 
reactions can also contribute to the 
determination of fundamental thermo- 
chemical data, including gas phase acid- 
ities, basicities, electron affinities, ion- 
ization potentials, and bond dissociation 
energies. We recently made the first ex- 
perimental determination of the electron 
affinity of the hydroperoxy radical 
[EA(H02 a)] (29) defined as  the enthalpy 
change for Eq. 11. 

The hydroperoxy radical is an important 
species in the atmosphere and in a host 
of chemical and biological processes. 
For this measurement, the chemical syn- 
thesis of ions in tile flowing afterglow 
was especially useful. To  complete a 
thermochemical cycle and calculate 
EA(H02 a ) ,  we needed an accurate de- 
terminat~on of the proton affinity of 
H 0 2 - .  However, H 0 2 -  is a strong oxi- 
dant and reacts with many neutrals by 
oxidation rather than by proton transfer 
(Fig. 8). Indeed, it even reacts with H 2 0 2  
by disproportionation (Eq. 12), so that 
H 2 0 2  cannot be used as the source of the 
hydroperoxy anion. 

Fig. 10. Reaction of the ethylene cation with 
ethylene neutral proceeds through a chemical- 
ly activated complex that decomposes by 
three pathways. Competition among these 
channels can be studied as a function of ion 
kinetic energy in drift experiments. 

It can, however, be made by hydride 
transfer from organic molecules, as men- 
tioned earlier. The experiment also re- 
quired two acids of known standard en- 
thalpy change (AHoacid) that would not 
be oxid~zed by H 0 2 -  and so could be 
used to bracket the basicity of H 0 2 - .  
Fluoroform and hydrofluoric acid 
proved to be ideal for this purpose. 

From experimental measurement of the 
equilibrium constants for these acid-base 
reactions and known heats of formation, 
we determined E A ( H 0 2  +) to be 1.16 
k 0.15 eV, considerably lower than pre- 
vious estimates (1.85 to 4.6 eV). Thresh- 
old photodetachment spectroscopy was 
subsequently performed to determine 
the more preclse value of 1.19 i: 0.01 eV 
(29). 

Reactions as a Function of 

Ion Kinetic Energy 

Very recently we have begun drift 
studies to examine some fundamental 
reactions as a function of iori kinetic 
energy. Ions are injected in the SIFT and 
then accelerated relative to  the reagent 
and buffer gases by an electric field. 
They quickly reach a constant velocity 
defined by the magnitude of the applied 
electric field and the neutral gas density. 
Although Ion energies as high as 10 eV 
have been reported (30), our initial stud- 
ies have been confined to energies below 
2 eV. The flow drift therefore provides 
data in the energy regime between ther- 
mal and that conveniently accessed by 
tandem mass spectrometry and ion beam 
techn~ques. 

Our preliminary results reveal some 
important advantages of the drift tech- 
nique. For  example, drifting allows the 
anions to react like stronger bases. Al- 
though HO- does not react with ammo- 
nia at zero field, reaction to form H2N- 
readily occurs in our drift tube. This 
opens up a method for the generation of 
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carbanions, which are considerably less 
acidic than water. Because ethylene is 
even less acidic than ammonia, the gas 
phase chemistry of the vinyl anion has 
not been studied. Ethylene does not 
even exchange with DO- in the gas 
phase. However, in our drift experi- 
ments, DO- with kinetic energy 
[DO-(KE)] reacts with ethylene to pro- 
duce large signals of the vinyl anion as  
well as  HO- by exchange (Eq. 15). 

DO-(KE) + CH2=CH2 

-+ C H , = ~ H  + DOH 

Once formed in this way, chemical reac- 
tions of this anion can be studied. For 
example, the vinyl anion adds to C 0 2  
and also reacts w ~ t h  N 2 0  and 0 2 .  

Drifting DO- can also induce new 
reaction pathways, even for highly reac- 
tive neutrals (31). For  example, DO- 
displaces chloride ion from methyl chlo- 
r ~ d e  at every collision at zero field. In a 
drift field, two new reaction channels, 
proton abstraction and H-D exchange, 
appear (Eq. 16). 

DO-(KE) + CH3CI 

- CH,CI + DOH (16) 

Thus, by using the drift technique, we 
are able to examine the chemistry of 
anions that cannot be generated by pro- 
ton abstraction with H2N- in a conven- 
tional flowing afterglow. 

Although most of our work has in- 
volved anions, cations can also be gener- 
ated and studied in the flowing afterglow 
and SIFT. One reaction that has been 
extensively studied in many different 
types of instruments is that between the 
parent positive ion of ethylene and ethyl- 
ene itself. The products are the simple 
adduct and the adduct in which a methyl 
radical or hydrogen atom has been lost 
(Fig. 10). At low pressure-for example, 
in an ion cyclotron resonance spectrom- 
eter-no simple adduct is seen; the ex- 
othermicity of the reaction is removed 
by fragmentation. In a flowing afterglow, 
as in a high-pressure mass spectrometer, 
all three product ions are seen, since 
energy can be removed from the addition 
product by the buffer gas. In the drift 
mode, the addition product is formed 
with more and more energy as the kinetic 
energy of the reactant ion is increased, 

and the variation in product ratios is 
studied as a function of ion energy. As 
expected, more fragmentation is seen as 
this energy increases. It is clear that 
careful studies of the variations in pro- 
duction ratios as  a function of ion kinetic 
energy will provide new insights into 
how ion-molecule reactions occur. 

Concluding Remarks 

An understanding of the chemistry and 
reactivity of ions in the gas phase is 
important to a variety of diverse fields- 
from the synthesis of molecules in inter- 
stellar space to the most familiar of reac- 
tions in solution. A number of experi- 
mental techniques have been successful- 
ly applied to the study of gas phase ion- 
molecule chemistry. The flowing 
afterglow, with selected ion flow tube 
and flow-drift capabilities, provides a 
versatile approach to the generation and 
study of a host of ions, both organic and 
inorganic, both common and previously 
unknown. These techniques have al- 
lowed us to examine rates, products, 
mechanisms, and thermochemistry of a 
wide variety of reactions, both at  room 
temperature and as  a function of ion 
kinetic energy. The traditional tools of 
organic chemistry are also valuable in 
the gas phase: the kinetics of reactions 
(for example, displacement on carbon 
versus silicon) allows us to assign mech- 
anisms; isotopically labeled reactants al- 
low us to probe intramolecular rear- 
rangements; and hydrogen-deuterium 
exchange allows us to distinguish struc- 
tures. Moreover, the underlying concep- 
tual framework of synthetic organic 
chemistry appears to  apply as  well to 
carbanions in the gas phase as it does to 
those in solution. Shorn of their solvent 
molecules, gas phase anions-both or- 
ganic and inorganic-react rapidly, but 
usually by familiar pathways. This 
makes the occasional dramatic differ- 
ences between reaction in the gas phase 
and in solution all the more interesting, 
since these differences must owe their 
origin to solvation or to some fundamen- 
tal change in reaction mechanism in the 
two phases. Indeed, as is usual in sci- 
ence, it is the deviation from expected 
behavior that can reveal the most 
about natural processes. The study of 
anions in the gas phase is still a relative- 
ly young field, and rapid progress and 
new insights are to be expected in the 
future, aided by new instrumental devel- 

opments as well as  by our increasing 
ability to recognize the similarities and 
differences between solvated and unsol- 
vated ions. 
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