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Kinetic energy dependence of AI+ + O~AIO+ + 0 
M. E. Weber, J. L. Elkind, and P. B. Armentrout-> 
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The ~dothermic ~ea~ion of AI + with O2 is studied using a guided ion-beam apparatus. The 
reaction cross section IS measured as a function of kinetic energy from 0 to 20 eV. The threshold 
energy for the reaction, Eo, is determined from an empirical model to be 3.64 ± 0.04 eV. Phase 
s~~ calculations of the cross section performed with Eo as the only adjustable parameter yield a 
similar result, Eo = 3.60 ± 0.02 eV, and predict the absolute magnitude of the reaction cross 
sectio~ wi~ experime~tal error. We conservatively quote the threshold energy as 3.62 ± 0.12 
e V which IS ~omewhat higher than the thermodynamic threshold calculated using literature 
thermochemistry, 3.40 ± 0.16eV. This may indicate that a slight barrier to the reaction exists or 
that AIO+ is produced in an excited state, or that the literature thermochemistry needs revision. 
Our results suggestDg (AIO+);;;.1.50 ± 0.12 eV and I.P. (AIO) <9.75 ± O.13eV. 

INTRODUCTION 

The gas-phase oxidation of metal atoms is ofinterest due 
to its importance in atmospheric chemistry,1 in the develop
ment of new laser systems, and in the determination of metal 
oxide thermochemistry. Such reactions have also been useful 
model systems for the applicability of various statistical the
ories of reaction dynamics.2.3 Aluminum and its oxides have 
been particularly well studied both in neutral4-10 and ion
icll

•
12 chemical studies. In the present study, we focus on the 

endothermic gas-phase ion-molecule reaction, 

AI+ + 02-AIO+ + O. (1) 

Using guided ion beam techniques, we have measured the 
reaction cross section as a function of kinetic energy. Similar 
experiments have been conducted previously by Rutherford 
and Vroom (RV) 11 and by MuradY Including the present 
work, reaction (1) becomes one of the most well-studied 
endothermic reactions. 

Our interest in this system centers on an evaluation of 
the translational energy dependence of the reaction cross 
section. Both RV and Murad have noted that reaction (1) 
has a threshold very near that expected from literature ther
mochemistry. This makes this reaction an attractive system 
to evaluate models of endothermic reactions and test the 
ability of these models and experiments to provide quantita
tive thermochemical data. By using empirical models, Ar
mentrout et al. 13 analyzed the data ofRV and found that the 
line-of-centers (LOC) model14 provided a reasonable fit to 
the data and a threshold in agreement with the literature. We 
have recently begun using statistical models, in particular, 
the phase space theory of chemical kinetics, 15.16 to perform 
similar analyses of a number of ion-molecule reactions. 
Most of these have involved reactions of atomic ions with 
H2. These cross sections typically rise rapidly from thresh
old and are modeled reasonably well by phase space the
ory17.18 and often by the LOC model. 17-19 

The applicability of phase space theory to reaction ( 1 ) is 
unclear. On one hand, the long-range attractive forces in
trinsic to ion-molecule reactions help ensure that activation 

oj Presidential Young Investigator, 1984-1989. 

barriers are small or nonexistent, and that loose transition 
states exist for both entrance and exit channels. On the other 
hand, phase space theory assumes that a strong-coupling 
collision, which results in complex formation, occurs if this 
barrier is surmounted. In general, a collisional complex 
which is long lived relative to a rotational period and per
haps to vibrational periods would have strong coupling. 
However, reaction (1) is highly endothermic and involves 
only three atoms. This suggests that at the energies necessary 
to drive the reaction, the AI02+ intermediate will not be 
terribly long lived and the reaction will be direct. 

POTENTIAL ENERGY SURFACES 

One interesting facet of reaction (1) that has not been 
previously discussed is the nature of the reactive potential 
energy surface. It is complicated by the existence of several 
low-lying states of AIO+. While no experimental data are 
available, calculations by Schamps20 predict a ground state 
of3n, with a 11;+ state at 3OOcm- 1 (O.04eV) and a In siate 
at 2250 cm-1 (0.28 eV). As a comparison, similar calcula
tions performed on the isoelectronic species, MgO, predict 
that the 11;+ state, the experimentally determined ground 
state, lies 2360 cm -1 below the 3n state.21 For AIO + , the 3n 
or 11;+ is probably the ground state, but the accuracy of the 
calculations, -1000 cm-1,21 does not permit a definitive 
prediction of which is in fact the ground state. 

Determination of which AIO+ states can actually be 
produced from ground state reactants, 
AI + e Sg) + O2 e1;; ), requires consideration of spin and 
angular momentum correlation rules. Table I shows the pos
sible states of the AIOt intermediate which can be formed 
from the reactants and the various product channels in C ooV' 
C 2v' and C s symmetries.22 These correlations predict that if 
Coo v symmetry is maintained, both AIO+en) and 
AIO+(I1;+) can be formed via a 31;- intermediate. In C 2v 

and Cs symmetries, this pathway is maintained, but now the 
intermediates are 3A2 and 3A If, respectively. Thus, produc
tion of either the 3n or 11;+ state conserves both spin and 
angular momentum. 

Figure 1 displays the potential energy diagram for reac-
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1522 Weber, Elkind, and Armentrout: The reaction AI+ + O,--AIO+ + 0 

TABLE I. Spin and angular momentum correlations 

Intermediate states 

Channel Spin Coo v C 2v Cs 

AI+es.) + 02el:.-) 3 l:- A2 A" 
AIO+em +OePg ) 5,3,1 l:+ AI A' 

5,3,1 l:- A2 A" 
5,3,1 II BI +B2 A'+A" 
5,3,1 tJ. AI +A2 A'+A" 

A10+(1l:+) +oePg ) 3 l:- A2 A" 
3 II BI +B2 A' +A" 

tion (1) .20,23 It shows that the ground state reactants, 
Al + (ISg) + O2 e1:g- ), correlate with the separated atoms, 
AI+eSg)+20ePg), as does one product channel, 
AIO+en) +OePg ). On the other hand, the product 
channel, AIO + e 1: +) + 0 e Pg ), correlates with Al + e S) 

+ OeDg) + OePg), which in tum correlates with an ex
cited state of reactants, AI+esg ) +02e1:u-)' We con-
clude that the primary product channel is the diabatically 
favored process, AIO+en) + OePg ). Formation of 
AIO+e1:+) from ground-state reactants could possibly 
proceed via a curve crossing which would most likely occur 
in the exit channel. Calculations on this region have not been 
performed but would be quite useful. 

No spectroscopic or theoretical information is available 
for the intermediate species, AIOt; however, it has 14 va
lence electrons and in analogy with NCN can be expected to 
be linear with a 31:g- ground state.23 Based on the correlation 
rules discussed above, this state is accessible to both the reac
tants and the products. AI02+ is apparently stable having 
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FIG. 1. Potential energy surfaces for reaction ( 1 ) assuming a single state for 
reactant AI + and for product O. The potential curves on the left are of O2 

(Ref. 23), while those on the right are of AI0+, obtained from SCF calcula
tions (Ref. 20). 

been observed in the electron impact ionization spectrum of 
the vapor over alumina. 7,8 A value of 10 ± 1 eVwasobtained 
for I.P.(AI02). In addition, Cornides and Gal4 have ob
served AIOt in a spark ion source containing alumina, Fur
thermore, preliminary studies in our laboratory have pro
duced AIot from sequential reactions between Al + and 
N20. The exothermicity for forming the intermediate, 
AIOt, from AI+ + O2 is 1.3 ± 1 eV.24 This shallow well 
indicates that the formation of a long-lived complex is at 
least feasible. The fact that the well is less than half the reac
tion endothermicity implies that the lifetime of such a com
plex is probably less than a rotational period at the energies 
required to observe reaction (1). 

EXPERIMENTAL 

The ion beam apparatus and experimental techniques 
used in this work are described in detail elsewhere.25 Mass 
analyzed Al + ions with well-defined translational energies 
are allowed to react with O2 in a gas cell. U nreacted AI + ions 
and AIO+ product ions undergo mass analysis and are de
tected using ion counting techniques. The problem of secon
dary ion collection losses, which is common in conventional 
beam-gas experiments, is essentially eliminated by the use of 
the ion beam guide technique.26 This technique also permits 
low ion kinetic energies « 0.1 eV) and provides routine 
energy analysis. Our ability to accurately calibrate the abso
lute energy scale using this technique has now been con
firmed by several experiments. 18,19,25 They demonstrate that 
the uncertainties are less than ± 0.1 eV lab (0.05 eV CM). 
Absolute magnitudes of the cross sections reported here 
have an uncertainty of ± 20%. 

Aluminum ions are produced using a surface ionization 
source. In this source, a rhenium filament is resistively heat
ed to -2100 K and exposed to vaporized AICl3 or AIF3• If 
the ions equilibrate at the filament temperature, calculations 
show that virtually 100% of the Al + ions are in the IS 

ground state. Less than 10-4% are in excited states. 27 The 
energy spread in the ion beam has a FWHM ranging from 
0.35 to 0.70 eV lab (0.19 to 0.38 eV CM). 

The two aluminum salts are introduced onto the fila
ment differently. The more volatile AICl3 (sublimes at 
- 500 K) is contained in a heated reservoir external to the 
vacuum chamber. This source, which was used for all experi
ments described here, is subject to clogging, as the precise 
temperature range to which the reservoir must be heated is 
difficult to locate and maintain. In later experiments, AIF3 
( sublimes at - 1500 K) proved to be a more reliable source. 
Here, AIF3 is contained in an oven immediately adjacent to 
the filament. This oven is wrapped in wire which is resistive
ly heated to high temperatures (probably approaching 1000 
K). 

The threshold region obtained from the beam-gas geom
etry is less sharply defined than that from a crossed-beam 
apparatus. This is due to the random thermal motion of the 
reactant molecules in the gas cell, which creates a distribu
tion of interaction energies for a given nominal ion energy. 
Since the beam is directional, and thus less random, this 
energy distribution is narrower for crossed-beam geome
tries. In either case, this so-called Doppler-broadening effect 
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FIG. 2. Cross section for reaction (1) as a function ofre1ative translational 
energy (lower scale) and laboratory energy (upper scale). The present data 
(points) are compared with literature results as reported by Rutherford and 
Vroom (open circles) and Murad (open squares). 

results in an apparent threshold energy which is lower than 
the true threshold.28 We account for this effect by convolut
ing a trial function for the true cross section with the target 
gas and ion beam energy distributions29 before comparison 
with the experimental cross section. 

RESULTS 

The total cross section of reaction ( 1) is shown in Fig. 2 
as a function of relative translational energy. As expected for 
an endothermic reaction, the cross section is zero until the 
apparent threshold energy, about 3 eV. The cross section 
reaches a maximum value of 1 }..2 at - 5.5 eV, slightly above 
the O2 dissociation energy [Dg (02 ) = 5.115 eV30). Beyond 
this energy, the cross section declines due to the onset of the 
dissociation reaction, 

Al+ + 0r-+Al+ + 0 + O. (2) 

Also shown in Fig. 2 are results from other researchers. 
RVll used a crossed-beam apparatus to investigate reaction 
(1). Near threshold, the magnitude of RV's cross section is 
comparable to ours. However, above 4.0 eV, it levels off to 
reach a peak magnitude which is approximately half that of 
ours. This is presumably due to the collection system ofRV, 
in which product ions are collected only in the direction of 
the Al + beam. At higher energies, product ions could be 
scattered from this direction and not collected. Further
more, RV's threshold data lie approximately 0.2 eV below 
ours, outside the limits of our energy scale uncertainty. This 
is surprising since the crossed-beam system has less energy 
broadening and thus would be expected to have an apparent 
threshold higher in energy compared with our beam-gas ge
ometry. The discrepancy is presumably due to an error in the 
energy scale of RV. This may have been caused by the ex
traction field used to collect secondary ions. Alternatively, 
contact potentials or similar effects may have introduced 
errors in the calibration performed using retarding potential 
measurements. 

The results of Murad,12 obtained with a beam-gas sys
tem, are also shown in Fig. 2. The threshold data here either 
lie higher in energy compared with our data or slightly lower 

in absolute magnitude. Murad measured the ion beam ener
gy using conventional retarding potential analysis and justi
fied the accuracy of his energy scale by noting that his appar
ent threshold (uncorrected for Doppler broadening) was 
consistent with the endothermicity calculated from available 
literature thermochemistry. The cross-section magnitude 
measured by Murad is comparable to our data considering 
his experimental uncertainty of 50%. This is reasonable 
since Murad's apparatus used a hemispherical grid extractor 
system designed for high collection efficiency. At higher en
ergies, Murad's data fall off extremely fast and are incom
patible with our results. 

Threshold behavior 

A value for the translational threshold energy, En is 
found by fitting the data with an empirical model for the 
cross section, 0', as a function of relative translational energy, 
E. The general form for the model is 

(3) 

where 0'0' n, and m are energy independent adjustable pa
rameters. Various models for atom-diatom reactions predict 
values for m of 0.0, 0.5, 1.0, 1.5,3.0, and n, with n ranging 
from 0.5 to 4.0.31 In light of these models, we explicitly 
evaluate the empirical model using all integral and half-inte
gral values of m from 0 to 3, and m equal to n. Values of 0'0' 

Er , and n are allowed to vary freely until an optimum fit is 
obtained (as determined from nonlinear least-squares 
regression analysis). Prior to comparison with the data, the 
empirical models are convoluted with target gas and ion 
beam energy distributions to account for Doppler broaden
ing. In all optimizations performed here, the model is fit to 
the data from below threshold to at least 4.85 eV, slightly 
below the onset of product dissociation. 

Five sets of data taken over a nine-month period are 
analyzed. These include two threshold scans from 0 to al
most 6 e V and three scans from 0 to 20 eV. Analysis of the 
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FIG. 3. Cross section for reaction ( 1) as a function of relative translational 
energy (lower scale) and laboratory energy (upper scale). The experimen
tal data (points) are compared with the empirical model (broken line) us
ingm = 3.0, n = 2.0, andET = 3.61 eV (shown by the arrow) and with the 
convolution of this model over the experimental energy distribution (solid 
line). The inset shows the data and fits expanded by a factor of 10 and offset 
from zero. 
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FlO. 4. Cross section for reaction ( 1) as a function of relative translational 
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(points) are compared to the phase space calculation (broken line) per
formed with the parameters given in Table II and Eo = 3.60 e V (shown by 
the arrow) and to the convolution of this calculation over the experimental 
energy distribution (solid line). The phase space cross sections are reduced 
by 15.8%. The inset shows the data and calculations expanded by a factor of 
10 and oflliet from zero. 

two threshold scans should yield more precise thermochemi
cal results due to the higher density of data in the threshold 
region. These five scans have been merged into one compos
ite set of data shown in Figs. 3 and 4. 

For all values of m, values of n and ET could be found 
which fit the data well. Higher values of m result in a lower 
ET, but the range of ET'S for a given data set is <0.13 eV. 
The average ET of all these fits for all sets of data is 
3.64 ± 0.04 eV, while the composite data file has an ET of 
3.59 ± 0.04 eV. The best fit uses m = 3.0 and 
n = 2.0 ± 0.10. With m and n held at these values, the aver
age optimum ET is 3.61 ± 0.05 eV, while for the composite 
data file, theoptimumET is 3.60eV. This fit is shown in Fig. 
3. We conclude that the best value for ET (and pooled esti
mate of error2

) resulting from the empirical model is 
3.61 ± 0.04 eV. 

To calculate Eo, the threshold energy for reaction ( 1 ) at 
o K, the energy available in internal degrees of freedom of 
the reactants must be considered. As noted above, the Al + 
beam is pure ground state IS. The O2 reactant, however, is at 
305 K. At this temperature, excited vibrational states are 

TABLE II. Constants used in phase space calculations. 

Atom mass (amu) 
Diatom mass (amu) 
Neutral po1arizability, a(I\l) 
Symmetry number. s 
Reactive electronic surfaces, g 
Total electronic surfaces, G 
WE (em-I) 
WE XE (em-I)' 
BE (em-I) 

• A Morse oscillator is assumed. 

26.981 
32.000 

1.57 
2 
3 
3 

1580.361 
12.07 

1.4457 

negligible, but many rotational states are populated. With 
the average rotational energy taken as simply kT, 0.025 eV, 
the value of ET derived above can be corrected to 
Eo = 3.64 ± 0.04 eV. We can also treat the rotational states 
explicitly through Eq. (4): 

u(E) = Lg( J)u(E,J), (4) 
J 

J refers to a given rotational state of O2, g( J) is the fraction 
of molecules in that state [l:g( J) = 1], and u(E, J) is given 
by Eq. (3) with E T equal to Eo minus the rotational energy 
for that state. Statistical populations and equal reaction pro
babilities are assumed. This treatment yields an Eo which is 
0.026 eV greater than E T , again 3.64 ± 0.04 eV. 

Phase space calculations 

According to phase space theory, the reaction cross sec
tion for forming a particular product is proportional to the 
probability of dissociation of the collisional complex into the 
given product channel. This probability of dissociation is 
defined as the fraction of the total phase space available to 
that channel. The phase space available to each channel is 
found by summing the rotational-orbital states and then 
convoluting over the vibrational states. The total reaction 
cross section is then calculated classically by integrating 
over the initial rotational energy distributions and the im
pact parameter. This classical expression for the cross sec
tion is given elsewhere.33 Bowers and Chesnavich 16 have de
veloped programs to perform these calculations for atom
diatom reactions. We use these programs with minor modifi
cations to calculate a theoretical cross section as a function 
of translational energy for reaction (1). 

The parameters used in the phase space calculations are 
given in Table II. For the reactant channel, 
Al+ ctS) + 02el:;), the molecular constants are well 
known. However, the constants, WE' WEXE , and BE' for 
AIO+ (3n) in the product channel are uncertain. The values 
shown are our best estimates obtained from examining sever
al sources. Schamps gives theoretical values for these con
stants from SCF calculations.20 Comparison of similar cal
culations on isoelectronic species to experimental results 
indicates WE is generally between 9% and 12% too 
high.2l,34,3s Another estimate places WE for Alo+Cn) as 
intermediate between that of the isoelectronic species, MgO 
and AlN.36 Table III provides a summary of the various 

16.00 
42.981 
0.802 
1 
3 

54 
820 ± 110 

12.7 ± 3.2 
0.57 ± 0.06 
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TABLE III. Values for AlO+ molecular constants. 

BE (em-I)" WE (em-I) 

3n 11:+ 3n 

0.5808 0.6380 911 
0.51 0.58 710 
0.57 0.625 820 

"Calculated from rE using BE = h 18cjt(llrE )2. 
b Reference 20. 
c Reference 36. 

11:+ 

819 
820 
740 

Reference 

b 
c 
d 

d From 'E 1 % higher than and WE 10% lower than values in Ref. 20 (see the 
text). 

estimates for WE for both AlO+ err) and AlO+ e:I+). An 
analysis of the values given for rE shows that the SCF values 
are generally about 1 % lower than experimental rE's.ZI,34,35 

JANAF adopts rE for AlO+err) asO.l A longer than that 
of AlzO. 36 Table III also gives a summary of the BE values as 
calculated from estimates for rE' Note that, within the limits 
of uncertainty, the constants for the 3rr state are indistin
guishable from the constants for the I:I + state. In phase 
space calculations, the state of a species is identified only 
through these constants and the number of reactive sur
faces.33 (The total number of surfaces is used only for the 
reaction channel.) Thus, since both product channels have 
three reactive surfaces, the phase space calculations are in
sensitive to which product state is actually formed. As dis
cussed above, we assume AIO+ is in the 3rr state. 

The final parameter necessary in the calculations is the 
activation or threshold energy for a particular channel. Eo is 
the only freely adjustable parameter in the calculations per
formed here. For a given set of parameters, Eo is optimized to 
within ± 0.01 eV by trial and error through comparison 
with the composite data file. Again, the calculations are con
voluted with target gas and ion-beam energy distributions 
prior to comparison. A reasonably good fit to the composite 
data file is made with Eo = 3.645 ± 0.005 eV and the molec
ular constants listed in Table II. 

To estimate the error due to uncertainty in the molecu
lar constants of AlO+ , phase space calculations are also per
formed for the upper and lower limits of these constants. 
These include Schamps' molecular constants which have a 
high value of both WE and BE and JANAF's constants 
which are both low values. The best fit of the calculations to 
the data uses both the high BE and high WE and yields the 
lowest Eo. 3.63 eV. The poorest fit uses both low values of B E 

and WE and yields a higher Eo, 3.69 eV. Further calculations 
show that, in general, an increase of 10% in WE results in a 
decrease of approximately 0.01 eV in Eo. Likewise a 10% 
increase in BE decreases Eo by about 0.02 e V. Increasing WE 

and BE also gives better fits at higher energies. Additional 
calculations obtained by holding BE to the value of 0.57 
cm -I and simultaneously optimizing WE and Eo, and like
wise by holding WE to 820 em -I and optimizing BE and Eo 
result in very good fits. These calculations indicate that the 
best WE with these restraints is about 985 cm -I and the best 
BE is about 0.63 em-I, and in both cases Eo = 3.62 eV. In
cluding only calculations which gave good fits to the cross-

section data, the average Eo from phase space is 3.63 ± 0.02 
eV. 

All comparisons made above do not include a considera
tion of the 20% uncertainty in our absolute cross section 
magnitude. This can be taken into account by allowing the 
phase space calculations to be scaled to the data. This analy
sis shows that the shape or curvature of the phase space re
sults are only slightly sensitive to the molecular constants of 
AlO+. Changes in these constants primarily affect the abso
lute magnitude. In all cases, the scaled calculations fit the 
experimental data better at higher energies. Allowing for the 
error in our absolute magnitude, further calculations per
formed with the parameters in Table II give the optimum Eo 
as 3.60 ± 0.02 eV. This calculation, which has been reduced 
15.8%, is shown in Fig. 4. We consider this Eo to be the best 
value obtained from a phase space analysis. 

High energy behavior 

The behavior of reaction (1) in the decay region, above 
6 e V, is shown in Fig. 2 and again in Fig. 5 on a log-log scale. 
The data is remarkably linear in this plot. Regression analy
sis shows that the three high-energy scans decrease as 
E -2.4±0.30vertherange, 7to 12eV. Beyond 12eV, the scan . 
shown continues in this fashion while the others deviate 
from this behavior. One becomes less steep and falls off as 
E - 1.3 while the other becomes more steep, E - 3.0 . The ori
gin of these differences is unclear but may be due to erratic 
collection of products. At these high energies, product col
lection can be difficult due to the large product velocities. 

The decay region of reaction (1) can also be described 
using a simple statistical model. This model, derived in the 
Appendix, provides an expression for the probability of dis
sociation of the product ion, P D (E ~ ), where E ~ is the pro
duct translational energy. Included in the expression are f 
which is the fraction of the products' internal energy in the 
ionic product, p which depends on the number of active vi
brations and rotations, and D which is the product bond 
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FIG. 5. Cross section for reaction (1) as a function of relative translational 
energy (lower scale) and laboratory energy (upper scale). The data 
(points) are compared to the high-energy model with f = 1.0, p = 1.0, 
m = 3.0, n = 2.0, and ET = 3.61 eV. The arrow indicates Dg (02 ), The 
broken line and solid line are the unconvoluted and convoluted fits, respec
tively. 
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dissociation energy. For an atom-diatom system reacting 
via a loose transition state, bothfandp must be unity. The 
cross section at high energies is given by Eq. (5), a modified 
version ofEq. 3: 

O'(E) =O'o[(E-ET)n/Em] [l-PD(E-ET)]. (5) 

Equation (5) is applied to the cross section data with all 
values of m used in the threshold modeling and their corre
sponding values for n. ET is set to 3.61 eV; the scaling factor 
0'0 is optimized; andfandp are held to l. (Values forfandp 
other than 1.0 were tested with various values of m, but none 
were found to fit the data well.) In general, a higher value of 
m results in a cross section with a steeper fall off. Thus, 
calculations with m = 3.0 (and n = 2.0) and m = 2.5 (and 
n = 1.93) fit the data remarkably well, while the other mod
els fall off too slowly compared to the data. This again indi
cates higher values of m are more applicable to this system. 
Regression analysis shows the m = 2.5 fit falls off less rapid
ly than the data, while the m = 3.0 fit falls off slightly faster. 
This latter fit, which fits the data best in both the threshold 
and high-energy regions, is shown in Fig. 5. 

DISCUSSION 

Thermochemistry 

The threshold energy derived from the present data is 
relatively insensitive to the model used for analysis. A broad 
range of empirical models yield an average Eo of 3.64 ± 0.04 
eV where the uncertainty accurately reflects the range of 
threshold values obtained. In excellent agreement with this 
value is the result of the phase-space analysis, 
Eo = 3.60 ± 0.02 eV. We conclude the best value of Eo for 
our data is 3.62 ± 0.12 eV. The uncertainty, which includes 
the uncertainty in the absolute energy scale of ± 0.05 eV, is 
conservatively quoted as twice the pooled estimate of error. 

As noted in the Introduction, it is believed that reaction 
( 1) has a threshold near the thermodynamic limit. 11-13 This 
limit can be calculated from literature thermochemistry us
ing Eqs. (6) and (7), 

Eo =Dg(02) -Dg(AIO+), (6) 

Dg (AIO+) = Dg (AI-O) + I.P.(AI) - I.P.(AIO). 
(7) 

Dg (02) = 5.115 ± 0.002 eV30 and I.P.(Al) = 5.986 eV37 

are well known, but the other quantities are somewhat un
certain. Various techniques have been used to determine 
Dg (AIO). Drowart38 has reviewed and re-interpreted the 
more reliable determinations prior to 1973 and suggests 
Dg (AlO) = 5.26 ± 0.04 eV. Additional measurements 
made since 1973 have been discussed by Pasternack and 
Dagdigian (PD). 3 Most are found to be in excellent agree
ment with this value, although a few flame photometry de
terminations indicate a value higher by :::::0.1 eV. Using the 
values suggested by Drowart and PD yields an average value 
and pooled error of 5.26 ± 0.06 eV. 

The most uncertain thermochemical value in the litera
ture is I.P.(AlO). Ho and Burns7 measured the appearance 
potential of AIO+ to be 9.5 ± 0.2 eV through electron im
pact of AlO over alumina at temperatures of :::::2200-2300 
K. Hildenbrand6 used a similar technique to determine 

AP(AlO+) = 9.53 ± 0.15 eV in this same temperature 
range. Hildenbrand suggests then that I.P. (AIO) is close to 
this value based on a comparison of his measured value for 
AP(SO+), 10.28 ± 0.02 eV, to a value of I.P.(SO) 
= 10.34 ± 0.02 eV obtained by photoelectron measure-

ments (PES).39 The most recent value is I.P.(SO) 
= 10.29 ± 0.01 eV,40 in good agreement with the PES val

ue. It is still unclear, however, whether the measured value 
of AP(AIO+) is influenced by hot bands. The average inter
nal energy of the AIO at 2200 K is 0.39 eV.41 Depending on 
the strength of hot bands, the measured appearance poten
tials may underestimate the 0 K ionization potential by some 
fraction of this internal energy. Indeed, Schamps20 provides 
a value for I.P.(AIO) of 10.1 ± 0.1 eV from SCF calcula
tions, and other less precise measurements8.9,42 center 
around the value 9.7 ± 0.5 eV. Nevertheless, the best avail
able estimate of I.P. (AIO) is 9.53 ± 0.15 eV. 

Combining these literature values using Eq. (7) yields 
Dg(AlO+) = l.71 ± 0.16 eV. The literature threshold en
ergy calculated from Eq. (6) is therefore Eo = 3.40 ± 0.16 
eV. Our experimentally determined Eo, 3.62 ± 0.12 eV ex
ceeds the value calculated from the literature by 0.22 eV, 
which is just inside the limits of the combined uncertainties. 
Several possible explanations for this discrepancy exist. The 
first concerns the uncertainty of the ground state of AIO+. 
The literature thermochemistry may be based on a different 
state of AlO+ than is produced in reaction (1), the 3n state 
as discussed above. This would imply that the ground state 
of AIO+ is 1~+ and that the 3n state is 0.22 ± 0.20 eV 
( ::::: 1800 ± 1600 cm - I) above this. While this differs quite a 
bit from the calculated energies of these states (0.04 eV fa
voring the 3n state), 20 these states have electron correlation 
effects which are very different. The calculated values in
clude these effects using semiempirical estimates which 
could easily be in error by 1000 cm - 1. 

A second explanation is that a barrier to the reaction 
may exist. It is hard to understand why such a barrier would 
exist in the exit channel considering that the products, 
AIO+ en) and 0 e Pg ), are ionic and open shell species and 
therefore would be expected to be everywhere attractive. 
However, interactions among the several low-lying elec
tronic states of AIO+ could conceivably result in an exit 
channel barrier. A more likely place to find a reaction barrier 
is in the entrance channel since the reactant ion, Al + (IS), 
has a very stable closed shell 3s2 electron configuration. 
However, the observed threshold implies that the barrier for 
insertion of Al+ into O2 is very large, :::::3.6 eV.43 Such a 
large barrier is inconsistent with the ability of the phase 
space calculations to accurately predict both the shape and 
magnitude of the experimental cross sections. Calculations 
on the potential energy surfaces of reaction (1) would be 
very useful in evaluating the likelihood of these barriers. 

The third possible explanation is that the literature ther
mochemistry needs revision. Presuming that there is no bar
rier to reaction in excess of the endothermicity, our mea
sured threshold energy can be used to derive several 
thermochemical values of interest. However, because the 
possibility of a barrier cannot be excluded, this threshold is 
most conservatively viewed as an upper limit to the thermo-
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dynamic threshold. Thus, our results provide a lower limit to 
Dg (AIO+) of 1.50 ± 0.12 eV, and when combined with the 
literature value for Dg (AIO) of 5.26 ± 0.06 eV, yield an 
upper limit on I.P.(AIO) of 9.75 ± 0.13 eV. This seems a 
reasonable figure compared to the literature value of 
9.53 ± 0.15 eV, especially when hot-band effects are consid
ered. Alternatively, if the literature value for I.P. (AIO) is 
accepted, our results imply a lower limit of 5.02 ± 0.19 e V 
for D g (AIO). This tends to support the lowest values ob
tained by other methods. 

Previous results 

The results of the empirical analysis here are in contrast 
to the conclusions of a similar analysis performed by Armen
trout et al. (AHB) 13 on the data ofRV. There, the best fit 
used the line-of-centers (LOC) model (n = m = 1.0) and 
ET = 3.38 eV. However, the main criterion for evaluating 
the "best" fit was the ability to reproduce the literature 
threshold energy, then believed to be 3.45 ± 0.16 eV. As dis
cussed above, we now believe the data of RV has an inaccur
ate energy scale. Evaluation of the data of R V using any of 
the empirical models which also reproduce our data, yields 
thresholds which indicate RV's energy scale is ::::;0.45 eV 
lower than ours. All these models (unconvoluted) are con
sistent with the shape ofRV's data in the threshold region. In 
contrast, the LOC model cannot adequately describe our 
experimental results. The implication of this is that the other 
bond energies derived by AHB may be too low due to the 
erroneous use of the LOC model. If we also reevahlate Mur
ad's data using our empirical models, we find that his energy 
scale is higher than ours by only 0.06 eV. This error is well 
within the mutual energy scale uncertainties. 

Energy dependence 

Not only do the empirical models and phase space mod
el provide threshold energies in good agreement with one 
another, but the shapes of these model cross sections are 
nearly identical from threshold to about 5 eV, Figs. 3 and 4. 
This lends confidence to the unconvoluted cross sections de
rived here. It seems particularly significant that the phase 
space model yields the correct absolute magnitude within 
experimental error. While it is possible that this is merely 
fortuitous, this agreement suggests that the phase space 
model is indeed applicable to this system. This implies that a 
deep potential well in the reaction surface is not required for 
strong coupling of reaction channels and that there are no 
large barriers in the entrance and exit channels. It is not 
inconsistent with a small exit barrier or the formation of an 
excited state of AlO+ . 

We have previously observed that the phase space mod
el accurately reproduces the cross sections of other highly 
endothermic atom-diatom ion-molecule reactions. 17,18 All 
of these other reactions involve H2 and are found to rise 
rapidly from threshold in contrast to the cross section for 
reaction (1). Model phase space calculations indicate that 
this slower rise is due to the cumulative effects of having 
smaller changes in the vibrational frequency, the rotational 
constant, and the reduced mass. Thus, the dominant effect 

which differentiates reaction (1) from reactions with H2 is 
the mass of the oxygen compared with that of hydrogen. One 
implication of this is that while the line-of-centers form of 
Eq. (3), n = m = 1,14 may be a useful empirical model for 
the threshold behavior of reactions with H2, it is not a good 
model for reactions with heavier molecules. In general, we 
expect that the LOC function may only be useful for inter
preting the threshold behavior for production of HL in 
H + LL and H + LH systems (where H represents a heavy 
atom or molecule and L represents a light atom or mole
cule). 

As mentioned above, the values of m [Eq. (3)] used in 
the empirical modeling were chosen because they had been 
predicted by one theoretical model or another. It is of inter
est to compare the values of n [Eq. (3)] derived empirically 
with those predicted by these models. From such compari
sons, information concerning the reaction dynamics can 
possibly be obtained. For example, the leading term in the 
phase space model should yield m = 0 and n = 1.25 for ion
molecule reactions. 15,16 Experimentally, we find that when 
m = 0, n does, in fact, equal 1.25 ± 0.17 in good agreement 
with the ability of the full phase space calculation to repro
duce the data. Another theory predicts that when m = 3, n 
should be between 3 and 4 depending on the nature of the 
intermediate.44 We find, however, that if m = 3 then n must 
be 2.0 ± 0.10 in order to fit the data. Likewise, for m = 1.5, 
theory45 suggests n = 2.5 while experimentally we find 
n = 1.65 ± 0.17. More interesting is the observation that if 
m = 1 then experimentally we find n = 1.50 ± 0.15. Ches
navich and Bowers46 have derived a model for translational
ly driven (direct) reactions using transition state theory and 
additional assumptions outlined by Marcus.47 This model 
predicts m always equals I while the value of n depends on 
the nature of the transition state. For atom-diatom reac
tions, n equals 0.5 or 1 for a loose transition state48; n equals 
1.5 for a tight nonlinear transition state; and n equals 2 for a 
tight linear transition state. This comparison could be used 
to infer details of the transition state for reaction (1); how
ever, the fact that both the statistical phase space theory and 
a direct reaction model can reproduce the shape of the cross 
section means that such agreement is not a definitive demon
stration of the reaction dynamics. More convincing is that 
the phase space model reproduces both the shape and abso
lute magnitude of the experimental cross section. The direct 
model predicts a magnitude about 20 times larger than ob
served. Caution is obviously required when deriving dynam
ic information from the comparison of simple models with 
experimental cross sections. 
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APPENDIX: HIGH ENERGY DECAY 

The decay regions of both exothermic and endothermic 
cross sections have been less studied than the low energy 
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regions. Here, we formulate a model which is based on a 
simple treatment of product translational energy distribu
tions by Safron et al. (SWHT).49 By energy conservation, 
such a distribution can be converted to a distribution of pro
duct internal energies, E; = E' - E ~. By assuming that 
the product decomposes if E ; exceeds the dissociation ener
gy of the product, this distribution can in tum be converted 
into a dissociation probability. 

SWHT give the distribution of product translational en
ergies, E ~, as 

(AI) 

where Nvr (E' - E ~) is the density of active internal states 
in the transition state. A (E ~) is the fraction of these states 
which are actually attainable given the restraint of angular 
momentum in going from reactants to products. Klots50 has 
pointed out that some of the assumptions made in deriving 
Eq. (AI) may be in serious error in some cases. The simple 
treatment here could be improved by avoiding these assump
tions as discussed by Klots. 

The probability of dissociation, P D' is simply the inte
gral of peE ~ ) over all product kinetic energies which lead to 
ion dissociation normalized by the total distribution, 

Ek(max) E' 

PD = fa P(E~)dE~/ i P(E~)dE~. (A2) 

Dissociation is assumed to occur when the internal energy of 
the ionic product exceeds its bond energy, D. The average 
fraction of the products' internal energy in the ionic product 
is defined as f. For the case of an atomic neutral product, I 
must equal 1. A more exact treatment of this problem could 
include a statistical distribution for Irather than an average 
value. Thus, dissociation will occur when I(E' - E ~ ) > D 
or equivalently, when E ~ < (E' - D /f) = E ~ (max). 

Using expressions given by SWHT, one can show that 
for the case of endothermic ion-molecule reactions, A can be 
written simply as 

A(E~) = (p.'/p.)(a'E~/aEK)l/2, (A3) 

where p. is the reduced mass, a is the polarizability of the 
neutral, and primed and unprimed variables refer to pro
ducts and reactants, respectively. This form for A depends 
on the assumption that the rotational angular momentum of 
the reactants and products is much less than the total orbital 
angular momentum which, therefore, does not change in the 
course of the reaction. Also note that the dependence on the 
reduced masses and polarizabilities will cancel in the expres
sion for PD , Eq. (A2). 

The final quantity required is Nvr ' Here, we use expres
sions in the classical limit such that 

Nvr(E' - E~) ex: (E' - E~)P, (A4) 

where p = s + r/2 - 1 and sand r equal the number of ac
tive vibrations and rotations, respectively, in the transition 
state. The proportionality constant cancels in the expression 
for P D and therefore is not specified here. Other, more accu
rate means could also be used to evaluate Nvr . S 1 

Substituting Eqs. (A3) and (A4) into Eq. (A2) yields 
the final expression for the dissociation probability: 

P 
_ S:k(max) (E' -E~)PEi/2dE~ 

D-
S:k (E' -E~) PEPdE~ 

(AS) 

The integrals may be solved in closed form when p is integral 
or half-integral. The exact choice of p depends on whether 
the transition state (TS) is assumed to be loose or tight. For 
an atom~tom reaction (1= 1), a loose TS means that 
s = 1, r = 2, and p = 1; a tight nonlinear TS means s = 2, 
r = 1, and p = 3/2; a tight linear TS gives s = 3, r = 0, and 
p = 2. For p = 1 and 1= 1, the result is particularly simple, 

PD = (l-D/E,)3/2(1 + 3D/2E'). (A6) 

Note that the thermodynamic threshold for dissociation oc
curs when P D equals zero, i.e., when E' = D. 

It might be noted that a previous treatment of the high 
energy behavior of reaction cross sections utilized a similar 
treatment to the one derived here. 52 This treatment neglects 
the angular momentum constraints contained in Eq. (A3) 
by assuming that A was independent of energy. This simpli
fies the equations even further such that PD is given by 
1 - (D /jE') P+ I or for the loose TS atom-diatom case, PD 
= 1- (D/E,)2. 

The application of these equations to experimental data 
is straightforward. The cross-section function for formation 
of the product ion is multiplied by the probability that the 
ion does not dissociate, 1 - PD' D is either well known or can 
be measured using the endothermicity of the reaction. Like
wise, E ' is assumed to be the difference in total reactant ener
gy and threshold energy. The parameters, I and p, can be 
calculated a priori but may also be treated as variable param
eters. 
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