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Ion-Molecule Reactio] 

Reactions of ions with neutral molecules-possi 
the fastest known elementary reactions-are review 

J. H. Futrell and T. O. Tier] 

A succession of breakthroughs in the 
development of sophisticated instrumen- 
tation for the investigation of chemical 
reactions has radically altered the nature 
and scope of problems which can be 
pursued both technologically and in the 
laboratory. Furthermore, substantive 
improvement in existing processes and 
development of new synthetic pathways 
are dependent upon knowledge of re- 
active intermediates and upon detailed 
information about reaction mechanisms. 
Consequently, the field of reaction ki- 
netics is being pursued with renewed 
vigor in an attempt to answer detailed 
questions of reaction mode and molecu- 
lar dynamics which were scarcely posed 
a few years ago. 

Because many of the intermediates 
are so reactive and their lifetimes are 
so short in practical systems, it is diffi- 
cult to investigate their properties and 
reactions directly in complex reaction 
mixtures. It is desirable to isolate the 
elementary reaction of interest in the 
closely coupled system so that it may 
be studied on a molecular basis. Thus 
it is frequently necessary to carry out 
these experiments under conditions that 
are very different from those in the sys- 
tem whose fundamental chemistry is in 
question. Nevertheless, if the molecular 
description is sufficiently precise, the 
properties of the intermediates should 
accurately characterize the process. 
Mass spectrometric techniques, which 
have been used to study ion-molecule 
reactions, have been devised mainly to 
elucidate and describe the elementary 
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concentrate on the basic physics of ion- 
ization and dissociation. The nuisance 
of secondary processes was largely elim- 
inated, and great strides were made in 

elucidating the properties of isolated 

gaseous ions. Chemists fortunate enough 
to have access to mass spectrometers 
during this period were mainly inter- 
ested in analytical applications, and it 
remained for Tal'rose and Lyubimova 
in the Soviet Union (6) and for Steven- 
son and Schissler in the United States 
(7) independently to rediscover this 

important class of reactions. Their work 

provided the first quantitative estimation 
of reaction rates and emphasized the 

probable importance of ion-molecule 
reactions in any system in which ions 
are formed. This field of research has 

developed rapidly since then, particu- 
larly in the refinement of experimental 
techniques. A few of these developments 
will be cited along with selected ex- 

perimental results. 
A number of reviews of ion-molecule 

reactions are available (8-12); each re- 
flects to some degree the particular bias, 
chemical or physical, theoretical or ex- 

perimental, spectroscopic or kinetic, of 
the respective authors. Our approach in 
the present work emphasizes certain 

analogies with more conventional chem- 
ical systems and points out some sys- 
tematic features recently discovered 
which may be of general chemical 
interest. 

Theory 

If one considers the general ion-mole- 
cule reaction of primary ions, P+, with 
neutral molecules, M 

P ..- M - [PM+1 -S S + N (3) 

to produce secondary ions, S+, it is con- 
venient to divide the theoretical descrip- 
tion of the reaction into two parts- 
the formation of the collision complex 
PM+ and its subsequent dissociation 
into various secondary ions. Only the 
first part has been considered in any 
detail thus far. 

The classical orbiting model, derived 

by Langevin (13) and developed in de- 
tail by Gioumousis and Stevenson (14), 
considers the ion as a point charge for 
which the interaction potential with a 

structureless, polarizable neutral particle 
is 

V(r) = -- 
ae2/2r (4) 

where a is the polarizability of the mole- 
cule, e is the electronic charge, and r 

represents the internuclear distance. The 
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Fig. 1. Ratio of secondary to primary ion 
intensities I(m/e17)/I(m/e16) in methane 
as a function of the pressure of the ion 
source. The linearity of this curve suggests 
a simple second-order reaction since the 
molecular ion intensity, m/e 16, is first- 
order with respect to methane pressure. 

Heisenberg uncertainty principle re- 

quires that the angular momentum at 
the minimum impact parameter, rnvrc 
be very much larger than h, the quan- 
tum of action, if classical mechanics is 
to be used to describe the collision. This 
criterion is generally satisfied for the 
inverse fourth-power potential, provided 
impact energies are below 1 electron 
volt. 

The classical trajectories for ion scat- 

tering in the polarization potential are 
shown in Fig. 2. There is a critical im- 

pact parameter, b0, which divides the 
orbits into those which pass through the 

scattering center for b < b0 and those 
which approach no closer than bo/V/2 
for b > b0. In an actual case, repulsive 
forces would come into play for the 
first class of closed trajectories. If we 
now assume that a critical internuclear 

Table 1. Comparison of experimentally de- 
termined rate constants with values derived 
theoretically on the basis of simple theory. 

kthermal 3 Calculated 
Reactants (X 109 cm' value 

mole-' sec-1) 

CH4+- + CH4 1.22* 1.36 

NH3+ + NH3 1.00* 1.23 

H2S+ + H2S 0.77* 1.12 

D2+ + D2 1.43t 1.45 

Ar+ + H2 1.68t 1.50 

Ar+ + D2 1.35t 1.09 

C02+ + H2 1.15t 1.49 

* Values obtained by Gupta et al. (36). X Val- 
ues obtained by Stevenson and Schissler (7, 37). 

separation for chemical reaction, re, 
exists and that r, < bo/V/2, we can de- 
duce a cross section, r, for the ion- 
molecule reaction which depends in- 
versely on the relative velocity of the 
reactants 

a (v) = rbo' = (sr/v)(4ae2'/I,t)2 (5) 

where v is relative velocity and uL is the 
reduced mass of the reactants; the 
other quantities have been defined 
previously. 

For Maxwellian velocity distributions 
for both ion and neutral reactants, a 
rate constant, k = va(v), may be de- 
fined, which leads to an energy-inde- 
pendent constant 

k - 27re(a/u) l (6) 

Table 1 compares theoretical rate con- 
stants thus calculated with experimental 
determinations for some simple sys- 
tems. (These theoretical considerations 
refer to the rate of formation of the 
orbiting complex and should be multi- 
plied by a transmission coefficient for 
comparison with the rate of formation 
of a particular product.) Table 1 as- 
sumes a coefficient of unity for the 
calculated values. 

It is rather remarkable that this de- 

gree of agreement between theory and 
experiment is achieved from such simple 
theoretical considerations. The inverse 
fourth-power potential is invalid except 
for a very narrow range of energies. 
For actual molecules the polarizability 
is a tensor rather than a scalar field. 
Polar molecules involve an inverse 
sixth-power contribution suitably aver- 

aged, and for molecular ions the as- 
sumption of a point charge certainly 
breaks down. Quantum effects must be 
important for many systems, and the 

range of chemical forces is hardly well 
described as a 8-function at r = r,. This 
treatment has also ignored constraints of 

angular momentum in the decomposi- 
tion of the complex. 

Despite these serious criticisms, how- 
ever, the theory of the orbiting complex 
appears to be a reasonably adequate 
framework for describing low-energy 
ion-molecule interactions. Experiments 
have not yet progressed to a stage that 
requires a more rigorous description of 
the basic physics of the reaction com- 
plex. Most criticisms of the theory 
should more properly be addressed to 
the second part of the general theo- 
retical problem, the decomposition of 
the complex. Most, if not all, discrep- 
ancies between calculated and experi- 
mental cross sections can be rational- 
ized by considering the probable 
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multiplicity of reaction channels for the 
reaction complex. These must include 
such possibilities as charge exchange, 
back reaction into the original reactants, 
and all possible exothermic reaction 
products in the general case. Very re- 
cent theoretical developments provide 
some guidance regarding this phase of 
the problem. However, as is also true 
for other areas of kinetics, for the pres- 
ent we must rely on experiment for 
detailed information on the actual re- 
action channels accessible to a given 
pair of reactants. 

Experimental Methods 

Beginning in the late 1950's, the first 
extensive, quantitative investigations of 
ion-molecule reactions utilized conven- 
tional mass spectrometers at slightly 
elevated pressures. More recent research 
has been accomplished with specially 
designed or modified instrumentation 
capable of more sophisticated experi- 
ments. Among the techniques with a 

particularly chemical orientation have 
been those for the study of successive 
reactions which permit many collisions 
to occur prior to mass analysis. Through 
construction of tightly enclosed ion 
sources and incorporation of a high de- 
gree of differential pumping (and oc- 
casionally by unconventional means for 
ionizing the gas), it has proved possible 
to increase source pressures by factors 
up to 105 (15). An alternative recent 
development is the use of ion trap 
sources (10, 16) which extend the 
source residence time a thousandfold 
and permit the observation of a com- 
plex sequence of ion-molecule reactions 
at low pressures. Figure 3 shows an 
electrostatic ion trap designed (10) to 
simulate upper atmosphere conditions 
in which low gas density leads to long 
time delays between collisions. Contain- 
ment by strong magnetic fields (17) 
also gives rise to very long ion-residence 
times and extensive ion-molecule reac- 
tions at low pressure. Both ion trapping 
and high pressure techniques for the 
achievement of a controlled, appreciable 

number of ion-neutral collisions permit 
a qualitative description of the sequence 
of ion-molecule reactions in a given 
system. 

Perhaps the most powerful technique 
developed to date for isolating particular 
ion-molecule reactions is the use of 
tandem mass spectrometers (18). Fig- 
ure 4 shows schematically the details 
of a tandem instrument that we devel- 
oped; a pictorial view of this machine 
is given in Fig. 5. Since the ion source 
and reaction chamber are physically 
separated, the properties of the ion and 
neutral reactant may be controlled in- 
dependently in this apparatus. The tem- 
perature and pressure of the neutral 
molecule and the mass and kinetic en- 
ergy of the reactant ion are parameters 
to be specified for a given experiment. 
In some favorable cases the state of 
electronic excitation of the ion can also 
be varied. The second-stage mass spec- 
trometer may be used to identify and 
measure quantitatively the various prod- 
ucts from any given ion-molecule re- 
action. It is probable that a more ad- 
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Fig. 2 (left). Classical trajectories for scattering of point 
charges of velocity, v, by a stationary polarizable molecule, 
for which the interaction potential is V(r) = - ae2/2r4. For 
impact parameters, b > bo, the mass points approach no closer 
than bo//2, whereas for b < bo the trajectories pass through 
the center of mass of the collision partners. For b - bo, orbit- 
ing occurs. For clarity in presentation the incoming trajec- 
tories are shown, and the figure suggests a chemical cross 
section for ion-molecule reactions of radius ro bo/V/ 2. 
[By permission of John Wiley and Sons, Inc.] Fig. 3 
(above). Ion trap source designed by Tal'rose to achieve 
very long ion-residence times, thereby enhancing the prob- 
ability of ion-molecule reactions at low pressure. A thin 
wire electrode, B, is held at a negative potential with respect 
to the chamber walls, A (for the study of positive ions). 
For negative ions the potentials would be reversed. A burst 
of ions is formed by a pulse of electrons from the cathode, D. 
Because of the small surface area of the central wire, trajec- 
tories of the type shown schematically will be described, and 
ions can be held in the source for a few tenths of a second, 
compared to typical ion-residence times of microseconds. 
After a suitable time delay the outer electrode is pulsed 
negative, and a known fraction of the ions in the cavity at 
that point in time is extracted through grid E and analyzed 
by a mass spectrometer. [By permission of John Wiley and 
Sons, Inc.] 
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Fig. 4. Schematic representation of a tandem mass spectrometer. Ions are formed by 
electron impact in the source at the left; their energy is analyzed by a 90? electric 
sector. The aperture of the energy stop, 1f, establishes the spread in kinetic energy of 
the transmitted ion beam. The masses of the ions are analyzed by a 60? magnetic 
sector, MI, and deflected by a 60? electric sector into a deceleration lens which focuses 
them into a collision chamber and establishes their terminal energy. Unreacted ions 
and products from ion-molecule reactions of these ions with neutral molecules, sup- 
plied to the collision chamber by a separate system for gas handling, are measured by 
the second mass spectrometer. The ultimate ion detector, D2, is a venetian-blind elec- 
tron multiplier operated in pulse-counting mode which counts individual ions. The in-line 
configuration of the mass spectrometers was chosen to maximize collection of product 
ions resulting from momentum transfer collisions since ion-molecule reaction products 
are expected to forward-scatter. 

vanced version of the instrument will 
be capable of measuring both energy 
and scattering angle as well as product 
mass. Pulse counting of product ions 

approaches the capability to detect 
single ions. 

Another recent technique for the 

study of ion-molecule reactions involves 
the use of radiolysis and short wave- 

length photolysis to create ions in gases 
at atmospheric or near atmospheric 
pressure (19). A detailed knowledge of 

the kinetics of such systems and a ju- 
dicious application of selected scaven- 

gers (reagents which are known from 
other studies to react in a specific man- 
ner with ions suspected of being present 
in the radiolysis or photolysis system) 
and of deuterium-labeled compounds 
has made it possible to obtain relative 
rate constants and mechanistic data with 
reliability and precision comparable to 
careful mass spectrometric measure- 
ments. 

Fig. 5. Front view of the tandem mass spectrometer at Aerospace Research Laboratories. 
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Mann, Hustrulid, and Tate observed 
the gas phase reaction 

H20+ + H20 -- H30O +- OH (7) 

for the formation of the hydronium ion 
in 1940 (20). The great stability of 
this product ion plus the small size and 
large heat of formation of the proton 
are responsible for the fact that the 
unsolvated proton cannot exist in solu- 
tion. In concentrated acid solution it 
is plausible that the acid species is 
HO30+. However, mass spectrometric 
studies in the gas phase at high pres- 
sures have shown that higher hydrates 
are readily formed and are quite stable. 
The reaction sequence (21) 

H:O+ + H2O - H5O2 (8) 
H5,O- + H20 -> H7,O+ (9) 

H703 + H20 -- H,Oj1 (10) 

implies that the heat of formation of 
the hydrates decreases with increasing 
hydration number. 

These experiments further show that 
there is a very substantial decrease in 
stability for hydrates higher than H)O4+, 
a deduction also supported by studies in 
aqueous solution (22). This conclusion 
has been challenged in a recent study 
by Searles (22a). Figure 6 suggests 
a possible reason for the excep- 
tional stability of the lower hydrates. 
The implication is that acidic aqueous 
solutions contain mainly the hydrates 
H;0+, H02+?, H73O+, and H904+ in 
relative amounts which vary with the 
extent of dilution. 

Studies of methanol and ethanol va- 

por have shown analogous behavior for 
the mono-, di-, and trisolvated proton, 
whereas dimethyl ether provided evi- 
dence for only mono- and disolvated 

protons (23). Figures 7 and 8 present 
structures consistent with observation 
which rationalize these results. The 

proton in alcoholic solution of acid is 
therefore most probably present as 

(ROH),,H+ (where n 1, 2, 3, de- 

pending on dilution); in ether solution 
the proton is probably present as 

(R1OR2),,H+ (n = 1, 2, depending on 
dilution). 

Intrinsic Acidity or Basicity 

Cross reactions between various pro- 
tonated species are of interest because 

they establish a scale of acid and base 

strength. For acids dissolved in the 
same solvent (for example, water) acid 
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strength is defined by the concentration 
of the solvated proton in equilibrium 
with the undissociated acid. The fa- 
miliar unit for characterizing this prop- 
erty is the pH of the resulting solution, 
which establishes the relative sirength 
of weak acids. In order to distinguish the 
acid strength of strong acids (those com- 

pletely dissociated in aqueous solution), 
however, it is necessary to use various 

nonaqueous solvents. Finally, in order 
to determine the intrinsic acidity and 

basicity of species (for comparison be- 
tween solvents), it is necessary to use 
the Br0nsted-Lowry definition which 
characterizes an acid as a substance 
which can transfer protons to a base. 

In gaseous ion chemistry, therefore, 
for mixed solvent systems the stronger 
acid will transfer protons to the stronger 
base. For example, the reaction 

H30+ +C2H5 C2HH C25OH2+ + H20 
(11) 

which takes place in the mass spec- 
trometer, establishes that H3O+ is a 

stronger acid than C2H50H2+ and that 
C2H5OH is a stronger base than H20. 
This scheme can be used for syste- 
matizing proton transfer reactions in 
the gas phase. 

For the series of compounds NH3, 
CH3NH2, (CH3)2NH, (CH3 )N, such a 

comparison of competitive proton trans- 
fer proved particularly interesting (24). 
Simple organic theory predicts that in- 

creasing methyl substitution, which in- 
creases the electron density on the ad- 

jacent atoms, should increase the base 

strength of the molecule and decrease 
the acid strength of the monosolvated 

proton. Mass spectrometric data re- 
vealed that (CH3)3N is a stronger base 
than (CH3)2NH, whch is stronger than 
CH3NH2, which is a stronger base than 

NH3-precisely the order predicted 
from theory. In aqueous solution a dif- 
ferent order is observed, which must be 
attributed to a differing amount of sol- 
vation of the ammonium and substituted 
ammonium ions. The reaction in solu- 
tion should therefore be written as 

NH4+ 4H20 + (CH3)N -> 
(CH3)3NH+ * HO + NH3 + 3H20 

(12) 

and the energy required to break up the 
solvation shell is undoubtedly respon- 
sible for the heat absorption of the 
reaction. In the gas phase the reaction 

NH4+ + (CH3)3N -> (CH3)3NH+ + NH3 
(13) 

takes place readily, just as predicted by 
simple theory for the methyl inductive 
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Fig. 6. Possible structure for the solvated proton H904+, here represented as 
H30+(H20)8. The first solvation sphere in which the three hydrogen bonds of the central 
ion are saturated is probably a structure of exceptional stability. Fig. 7. Analogous 
structures for the methanol-solvated proton, here represented as CH3OH2+(CH.OH),, 
with n = 0, 1, 2. In this case the solvation sphere is completed when n =2. 
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Fig. 8. Analogous structures for protonated 
dimethyl ether, in which the protonated 
dimer is the ion of exceptional stability. 

effect. In such gas-phase studies, there- 
fore, complicating solvation effects are 

absent, and the intrinsic acidity and 

basicity of species may be examined. 

Chemical Ionization 

In addition to reactions of familiar 
acids and bases, it has been possible to 

study some rather startling acid-base 
reactions for species which cannot exist 
in ordinary solutions. For example, the 

species CH5+ produced in Eq. 2 turns 
out to be a very strong Br0nsted-Lowry 
acid. The reaction 

CH5 + H20 -> H30+ + CH4 C14) 

is in agreement with our experience 
that a species such as CH5+ cannot 
exist in aqueous solution. Similarly, the 

ethyl ion species C2H5+ would react in 

aqueous solution in the same manner 

C2H5 + H20 -> Ha30 + C2H4 (15) 

but in many common organic solvents 
would react as follows: 

C2H5+ + RH -> R+ + C2Hs (16) 

Here the ethyl ion is reacting as a Lewis 

acid, or electron acceptor, rather than 
as a proton donor. 

These reactions cannot be carried out 

in solution in a controlled manner but 
are readily investigated in the gas phase. 
They form the basis of a new approach 
to analytical mass spectrometry which 
has been termed the chemical ionization 
method by Field and Munson (25). The 

ionization process for the molecules ex- 
amined takes place by way of the char- 
acteristic acid-base reactions cited above 
rather than directly by electron or pho- 
ton impact. It is, therefore, a much 
more selective means of ionizing mole- 
cules and can be shown to involve spe- 
cific functional groups in complex mole- 
cules. The specific nature of these ionic 
reactions is indicated by single-ion ex- 

periments in which the tandem mass 

spectrometer at Aerospace Research 
Laboratories has been employed. In an 

investigation of the reactions of propyl 
and butyl ions with a series of isomeric 
C6 alkanes (26), a close correlation was 
observed between the rate of reaction 
in a particular case and the structure of 
the neutral reactant. Data for these re- 
actions are presented in Table 2. We 
infer from these results that secondary 
and tertiary hydrogens are reactive 
sites, but that primary hydrogens are 
much less reactive to these ions. 

Carbonium Ion Reactions 

Carbonium ion reactions constitute 
an important mechanism by which 
chemical change is effected in organic 
systems. The concept of the carbonium 
ion intermediate may be traced back 
to the early works of Walden (27) and 

Gomberg (28). In independent investi- 

gations these authors demonstrated by 
conductivity measurements that certain 

triphenylmethyl systems behave as elec- 

trolytes; they thus became the first 
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Table 2. Relative reaction rates of ions with 
isometric C, alkanes. The numbers in paren- 
theses indicate the number of secondary and 
tertiary hydrogens in neutral reactant. 

Neutral species 

n-Hexane (8) 
2-Methylpentane (5) 
3-Methylpentane (5) 
2,2-Dimethylbutane (2) 
2,3-Dimethylbutane (2) 

Relative rate of 
reactant ion 

C3H7+ C4H9+ 

8.0 8.0 
5.1 5.0 
5.1 5.0 
2.0 1.8 
2.2 2.9 

workers to obtain, by physical methods, 
evidence for stable carbonium ions in 
solution. It was gradually realized that 
carbonium ions might be involved as 
intermediates in many chemical reac- 
tions. A broad body of organic reaction 
theory has evolved over the years 
through the efforts of such investigators 
as Meerwein, Ingold, and Whitmore. 
The experimental evidence which pro- 
vided the foundations for the develop- 
ment of this theory, however, was de- 
rived exclusively from kinetic and 
stereochemical observations. Until quite 
recently, the simple alkylcarbonium ion 
species, which were often postulated as 
transient reaction intermediates for so- 
lution reactions, had not been detected. 
This resulted largely from the short 
lifetimes (hence very low steady-state 
concentration) of these ions in solution 
and the inadequacy of existing physical 
methods of detection. In fact, it was 
not until 1963 that Olah (29) and co- 
workers first observed a stable alkyl- 
carbonium ion complex in a solution of 
tertiary butyl fluoride dissolved in ex- 
cess antimony pentafluoride (which acts 
as a Lewis acid) 

(CHa)SCF + SbF5 --> (CHa) C+SF6- (17) 

by the use of proton magnetic resonance 
spectroscopy. Prior to the observations 
of Olah for solutions, however, the for- 
mation (30) and reactions of carbonium 
ions produced in the gas phase by elec- 
tron impact had already been exten- 
sively investigated by mass spectro- 
metric techniques. A great deal of 
information on reactions of simple 
carbonium ions has already been ob- 
tained from such gas-phase studies. In 
addition to the early work of Stevenson 
and, Tal'rose and colleagues, a substan- 
tial body of information on carbonium 
ion-molecule reactions in hydrocarbons 
was contributed by Franklin, Field, and 
Lampe (8). Subsequently, many workers 
have engaged in such studies (12). 

Ionic reactions in solution are com- 

plicated by such factors as solvation. 
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Therefore, data relative to the forma- 
tion and reactions of carbonium ions, 
which are derived from investigations 
in the gas phase, are inherently more 
informative than those obtained from 
studies of reactions in solution and per- 
mit a more realistic assessment of re- 
action trends. 

Several general modes of reaction for 
carbonium ions with organic compounds 
have been identified from studies in the 
gas phase. We have already alluded to 
some of these in the discussion of acid- 
ity and basicity. For example, the ear- 
liest major type of ion-molecule reaction 
to be identified for saturated hydro- 
carbons was the hydride-ion transfer 
reaction. Expressed in general form, 
this reaction is 

XJ + CH21+2 -> XH + CHH22^+1+ (18) 

where X+ represents an alkyl ion. Obvi- 
ously, this process may also be visual- 
ized as an acid-base reaction in which 
the reacting ion functions as an electron 
acceptor or Lewis acid. Such reactions 
were initially established by the mass 
spectrometric measurements of Field 
and Lampe (31). Ausloos and co-work- 
ers (19, 32), by employing the radiation 
chemical techniques already outlined, 
have obtained a considerable amount of 
information on the rates of these reac- 
tions. They have also drawn some sig- 
nificant conclusions with respect to the 
structure of the reactant ions and the 
nature of the intermediates involved. 
Their studies suggest that for simple 
alkyl ions the rate of the hydride ion 
transfer reaction is independent of the 
source of the reacting ion. This, in turn, 
implies that the reactant carbonium ion 
must be capable of readily rearranging, 
by a shift of H atoms, to the same 
structure. The investigations of Ausloos 
(19, 32) further indicate that the inter- 
mediate complex formed in these re- 
actions (which is somewhat analogous 
to the activated complex of reaction 
rate theory) must be quite short-lived, 
if the term "complex" is at all meaning- 
ful for these processes. 

The earlier studies of this reaction 
in conventional mass spectrometers nec- 
essarily involved systems in which sev- 
eral ions contributed simultaneously to 
the hydride-transfer product, which ob- 
scured many details of the reaction 
mechanism. Accordingly, we have re- 
investigated these reactions with the 
tandem mass spectrometer (33) which 
permits an investigation of the reactions 
of individual ions with selected mole- 
cules. 

Table 3. Relative rates for hydride ion trans- 
fer reactions of propyl ions observed in the 
tandem mass spectrometer. 

Relative rates 
Neutral 

molecule Experi- Calculated from 
mental simple theory 

Propane 1.00 1.00 
n-Butane 4.44 1.07 
n-Pentane 6.04 1.13 
n-Hexane 0.58 1.20 

The data for the hydride ion transfer 
reaction obtained with the tandem in- 
strument display some interesting trends. 
In Table 3 are shown the relative rates 
for the hydride ion transfer reaction of 
propyl ions with a series of alkane mole- 
cules. Here the reaction rate for propane 
has been arbitrarily assigned a value of 
1 for purposes of this comparison. 
In agreement with simple collision 
theory, there is an increase in the re- 
action rate with increasing molecular 
size of the neutral molecule. This theory 
predicts a reaction rate which is propor- 
tional to (a/l)l/2, where a is the polariz- 
ability of the neutral molecule. The 
molar polarizability increases in value 
with molecular weight in a given series 
and leads to the quantitative trend in- 
dicated in the third column of Table 3. 

Hexane appears experimentally to be 
an exception to these trends, but this 
deviation can be explained on the basis 
of competing reactions. Hydride ion 
transfer is essentially the only mode of 
reaction for propyl ions with propane, 
n-butane, and n-pentane. In the case of 
hexane, however, ionic reaction prod- 
ucts other than the parentless hydrogen 
are observed. If these additional reac- 
tion channels are taken into account, 
hexane is observed to have the highest 
reaction rate in this series. 

While the trends in reactivity shown 

Table 4. Hydride ion transfer reactions: rela- 
tive reaction rates of C4H9+ ions from differ- 
ent sources. 

Relative rates 
Neutral 
source n-Pentane Iso- Neo- 

pentane pentane 

N-Hexane 0.966 0.991 0.0925 
2-Methyl- 

pentane .685 .624 .124 
3-Methyl- 

pentane .594 .616 .0852 
2,3-Dimeth- 

ylbutane .412 .364 .143 
Cyclo- 

butane 1.21 1.16 0 
Cyclo- 

pentane .821 .810 .0681 
Cyclo- 

hexane .181 .175 .0210 
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in Table 3 are consistent with simple 
theory, the observed rates actually in- 
crease at a much faster rate than is 

predicted. This can be interpreted as 

indicating that not every ion-neutral 
collision leads to reaction. The trans- 
mission coefficient for the reaction is 
somewhat less than unity for propane 
and increases with increasing degrees of 
freedom for the reaction complex. 

It is also informative to compare the 
relative reaction rates of alkyl ions de- 
rived from different source molecules 
with various neutral species (26). Table 
4 shows the rates observed for reactions 
of C4H + ions derived from three iso- 
meric pentanes. Since the rates for 
these ions obtained from both n-pentane 
and isopentane are essentially identical, 
it can be concluded that the reactant 
ions in both cases have the same struc- 
tures. Presumably the thermodynam- 
ically more stable structure is the one 
in which the charge is localized on the 
secondary carbon atom. Since this sec- 
ondary butyl ion would also be pro- 
duced from isopentane if the methyl 
fragment removed were the branched 
group, the formation of this structure 
does not necessarily involve rearrange- 
ment that requires carbon atom migra- 
tion. 

The C4H9+ ions derived from neo- 
pentane, in which the ions almost cer- 
tainly have the tertiary structure, clearly 
react at a slower rate. This is probably 
a steric hindrance effect in the inter- 
action. The two types of C4HA+ are 
clearly distinguished in these experi- 
ments, and rearrangement to the ther- 
modynamically more stable tertiary 
butyl structure does not occur when 
n-pentane and isopentane are used as 
source molecules. 

We have already noted that ion- 
molecule reactions may involve specific 
functional groups in the neutral re- 
actant. As an example, the specificity 
of the hydride transfer reaction is 
readily demonstrated by studies with the 
tandem mass spectrometer in which iso- 
topically labeled molecules are em- 
ployed. From the reaction of C3H7+ ions 
with CD3CH,CD3, the only observed 
product ion is CD3CHCD-+-. Similarly, 
the reaction of C3H7+ with CD3CH,- 
CH2CDa yields a product ratio of CD.- 
CH,CH2CD3+/CD3CHCH2CD3+ equal 
to 0.08. Thus the preferential point of 
attack in both cases is at secondary po- 
sitions of the neutral alkane. 

Another important ion-molecule re- 
action involves transfer of a proton 
from certain donor ions to the neutral 
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reactant. These reactions occur for 
certain carbonium ion systems. Addi- 
tional ion-molecule reactions which 
have been systematized include the 
transfer of H2-, H9, and H species. 
Many such reactions are cataloged in 
other comprehensive reviews (12). 

Ion Energetics 

It has already been mentioned that 
heats of solvation can be derived from 
certain ion-molecule processes. We will 
now consider briefly other useful ther- 
mochemical information which may be 
obtained. In single-source mass spectro- 
metric studies, one of the principal 
means of establishing the reaction mech- 
anism involves a comparison of appear- 
ance potentials for reactant and product 
ions. The appearance potential (A.P.), 
is the minimum electron energy at 
which a given ion appears in the mass 
spectrum. If the reaction that produces 
a given ion does not form excited prod- 
ucts, the appearance potential is effec- 
tively the heat of the reaction. With 
this assumption, heats of formation of 
ions can be obtained from such data. 
Thus for a given reaction induced by 
electron impact 

R1R2 + e- -> R1 + R2 + 2e- (19) 

Hess's Law of constant heat summation 
yields the relation 

A. P.(R1+)= A arH.ection = AHf(Ri+) 
+ AHf (R,)- AHf(R,R,) (20) 

Appearance potentials have been used 
by many investigators to obtain esti- 
mates of bond strengths (D) and ioni- 
zation potentials (I.P.) of ions from 
the relation 

A.P.(R1+) = I.P.(Rq) + D(R, - R) 

(21) 

If the heats of formation of reactant 
and product species are known, one can 
determine the heat of reaction for a 

given ion-neutral interaction. This quan- 
tity is of considerable significance in 

determining the probable reaction path- 
way of an ion-molecule reaction, since, 
to a very good approximation, any re- 
actions observed in conventional mass 
spectrometers for ions of low velocity 
must be exothermic or thermoneutral. 

In many cases, it is difficult to obtain 
by direct electron impact particular ions 
formed in an ion-molecule reaction. In 
such cases, if it is assumed that for the 
reaction observed AH - 0, and if the 
other thermochemical data are known, 

upper limits for heats of formation of 
these unorthodox ions can be estab- 
lished from Hess's Law. Such thermo- 
chemical data are tabulated elsewhere 
(8, 12); a comprehensive tabulation of 
heats of formation of gaseous ions pro- 
duced directly by electron impact is 
available (29). 

Another useful thermochemical quan- 
tity which can be evaluated from ion- 
molecule reactions is the proton affinity, 
P. In principle, this could be determined 
directly by carrying out the ion-mole- 
cule reaction 

B + H+ -> BH+ (22) 

The proton affinity is the negative heat 
of this reaction 

P(B) - - AH22 = D(B - H+) 

That is 

(23) 

P(B) [AH(BH+) 

-AHf(H+) - AHf(B) (24) 

Munson (34) has obtained relative pro- 
ton affinities indirectly for some polar 
molecules by observing proton exchange 
reactions between molecules. The order 
of such proton affinities can be readily 
determined from such experiments. If 
the proton transfer reaction 

BH+ C ---CH+ - B (25) 

occurs, then P(C) > P(B). In this man- 
ner, Munson established the order: 
P(H20) < P(CH3OH) < P(CH30CH3); 
P(HCHO) < P(CH3CHO) < P(CH3- 
COCH3); P(CHOOH) < P(CH3CO- 
OH); P(NH3) < P(CH3NH2) < P- 
(CH3) 2NH < P(CH3) 3N. 

In addition to data obtained with low 
velocity ions, one can obtain insight 
into the energetics of certain reactions 
by using accelerated ions. Giese and 
Maier (35) have pioneered the study 
of endothermic dissociative charge 
transfer reactions for the determination 
of bond energies. A sharp threshold is 
observed for such processes in which 
the translational energy of the impact- 
ing ion is used to drive the reaction. 
The amount of energy Er which is 
available for reaction with a neutral 
particle of mass Mn is related to the 
laboratory energy of the impacting ion 
of mass M, by the expression 

Er = Ei[Mn/(Mn + M1)] (26) 

which relates the center-of-mass energy 
to the measured laboratory energy. 
At threshold this energy should corre- 
spond to just that energy necessary 
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to overcome the heat absorption of 
the dissociative charge transfer re- 
action. This is directly related to the 
appropriate bond energy of the dissoci- 
ating species. Threshold energies ob- 
served by Giese and Maier (35) for 
CO, N9, and NO20 were in excellent 
agreement with that predicted from ac- 
cepted values of bond energy for these 
systems. Any uncertainty in the kinetic 
energy of the impacting ion is reduced 
by the mass ratio in Eq. 26, which con- 
siderably reduces any effects of energy 
spread in the beam. This suggests that 
the technique may become as valuable 
as electron or photon impact for the 
determination of such properties for 
neutral molecules. 

Summary 

Although some of the best work in 
progress explores the fundamental phys- 
ics of ion-molecule interactions by mea- 
surements of microscopic cross sections 
as a function of energy with crossed- 
beam studies of inelastic and elastic 
scattering, we have emphasized instead 
the chemical implications of ion-mole- 
cule reactions. Many of the general 
reactions can be systematized as acid- 
base reactions by considering the ionic 
reactants as either Lewis or Br0nsted 
acids. 

Data on the energetics of ion-mole- 
cule reactions and on the reactions of 
specific ions yield significant informa- 
tion relevant to carbonium ion reactions 
and radiation chemistry. Studies of the 
elementary reactions of isolated ions 
with molecules have only recently be- 
come possible, and we can anticipate 
some exciting results in this area. 
Nearly all studies to date have addressed 
themselves to positive ions, and tech- 
niques have just now evolved which 
make possible the detailed investigation 

of reactions of negative ions. Whatever 
directions these new developments take, 
the study of ion-molecule reactions will 
constitute one of the most active areas 
of chemical kinetics for the next several 
years. 
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