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Reactions of AI+(%) with NO2, N20, and COP: Thermochemistry of AI0 and AIO' 
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Cross sections as a function of reagent collision energy are measured for the reaction of AI+(%) with NOz, NzO, and C02 
by using guided-ion-beam mass spectrometry. In the NO2 system, NO+ + A10 and A10+ + NO are formed in endothermic 
reactions. The threshold for the former reaction is used to measure the bond energy, Doo(AIO) = 123.1 f 1.0 kcal/mol, 
in good agreement with the presently accepted value of 121.2 f 2.2 kcal/mol [ J .  Chem. Phys. Ref. Data 1983, 12, 9671. 
Combining this bond energy with other thermochemistry gives the A10 ionization energy, IE(A1O) = 9.82 f 0.13 eV. The 
reactions of Al+ with N20 and COz also form A10+, but the thresholds for these systems do not correspond with the 
thermodynamic limit. The origins of the activation barriers postulated to explain this behavior are discussed. 

Introduction 
Recent studies in our laboratory and others have investigated 

the reactivity of atomic metal ions with small molecules that 
contain oxygen atoms, such as O2,I+ C0,4,8JoJ1 NO$35,7,11 0 39 4-7,11 

COz,4.7s8 NO 21 I2-l5 N20,3349*11 and H20.8916 These studies are useful 
for determining the thermochemistry for metal-oxygen molecules, 
providing insight into the nature of the M-O bond and defining 
the fundamental requirements necessary for activating 0-0, C-0, 
and N-O bonds. In this work, we continue these efforts by 
reporting the results for reactions of Al+ with NOz, NzO, and COP 
The only previous studies of these reactions are the work of 
Rutherford and Vroom, who examined the reaction of AI+ with 
NzO using a crossed-ion modulated-neutral-beam apparatus3 

Aside from the fundamental importance of buildq an accurate 
thermochemical data base for metal-oxygen bonds, studies of the 
thermochemistry of A10 are also motivated by the possible en- 
vironmental importance of this molecule.I7 It is possible that A1 
(which is deposited into the Stratosphere in considerable quantities 

'Present address: NASA, Lyndon B. Johnson Space Center, Astronaut 

'Camille and Henry Dreyfus Teacher-Scholar, 1987-1992. 
Office, Houston, TX 77058. 

by rocket engines) might participate in an ozone-destruction cy- 
cle'*J9 by reactions 1 and 2. Because Doo(AIO) is much larger 

(1) 

(2) 

than Doo(02-O) = 24.2 kcal/mol,2O reaction 1 is likely to proceed 
fairly efficiently. Further, if DO(Al0) is less than or close to 
Doo(Oz) = 118 kcal/mol,M then reaction 2 can regenerate Al such 
that the net reaction results in a catalytic depletion of ozone. 

A critical and comprehensive assessment of the welter of 
thermochemical measurements involving AlO is beyond the scope 
of this paper. Fortunately, the studies reported prior to 1983 have 
been assessed in detail by Pedley and Marshall.zs They conclude 
that Doo(AIO) = 121.2 f 2.2 kcal/mol is the best value for the 
neutral bond energy based mainly on the chemiluminescence and 
laser fluorescence studies of Zare and c0.workq2' and Pasternack 
and Dagdigian22 that were reported in the late 1970s. However, 
this thermochemistry is not without question. There is a group 
of measurements that lies below this value, near 118 kcal/m~l:~ 
and another group of values near 126 kcal/m~l."*~~ Further, one 
of these higher values came from experiments that followed the 

A1 + 03 + A10 + 0 2  

0 + A10 + A1 + 0 2  
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TABLE I: Literature Thermochemistry at 0 K 
MX Don(MX)," kcal/mol IE(MX), eV 

O N 4  
N-O 
0 2  oc-o 
C-O 
N2-O 
AI 
A I 0  

A P - 0  

71.85 (0.20) 
150.06 (0.05) 9.264 36 (0.00006) 
117.97 (0.03) 
125.75 (0.05) 
256.16 (0.12) 

38.55 (0.10) 
5.985 7708 (0.0000004)b 

121.2 (2.2)C 
123.1 (l.O)d 9.82 (0.13)d*e 
34.6 (2.8)' 

All bond energies are calculated using the thermochemistry in ref 
20 unless otherwise noted. bChang, E. S. J .  Phys. Chem. Ref. Data 
1990, 19, 119. CValue recommended by Pedley and Marshall (ref 25). 
dThis work. CCalculated by using eq 15. ,Reference 1 .  

chemiluminescence and laser fluorescence studies and, therefore, 
was aware of, but could not rationalize, the differences." 

The thermochemistry for A10+ is not as extensively studied 
as that for A10. In 1986, measurements of the endothermicity 
of reaction 3 made in our laboratory were used to determine a 

(3) 
lower limit for the AP-O bond energy of 34.6 f 2.8 kcal/mol.' 
The bond energy was assigned as a lower limit at that time because 
the limitations associated with measuring accurate thermochem- 
istry by guided-ion-beam mass spectrometry were still being 
evaluated and because it is impossible to rule out a reaction barrier. 
Our limit was slightly lower than but within experimental error 
of D"(AP-0) = 39.5 f 4.1 kcal/mol calculated from Doo(AIO) 
= 121.2 f 2.2 kcal/mol and the A0 ionization energy measured 
by Hildebrand, 9.53 f 0.15 eVF3 Since this work, we have studied 
a large number of reactions analogous to reaction 3.2 This work 
suggests that the thermochemistry obtained from the O2 system 
is accurate. For the purposes of this paper, we also reanalyzed 
our original Al+ + O2 data using techniques that have now been 
tested on a large number of systems. This new analysis is in 
complete agreement with the original interpretation of the data. 
We now believe that our previously reported limit for the AP-0 
bond energy is likely to be an equality. This interpretation de- 
mands that either the ionization energy measured by Hildenbrand 
or the A10 bond energy recommended by Pedley and Marshall 
is inaccurate. 

The present work allows us to carefully test both of these 
possibilities. The thermochemistry for A10 is determined by 
studying the reaction of Al+ with NOz. Reactions of atomic metal 
ions with NO2 are particularly useful in obtaining information 
about the gas-phase thermochemistry of neutral and cationic metal 
oxides because the O N 4  bond is weak, Doo(ON-O) = 71.85 
f 0.20 kcal/mol,20 Table I, and the NO fragment has a relatively 
low ionization energy IE(N0) = 9.264 36 f 0.OOO 06 eV.24 Thus, 
reactions analogous to those studied here, processes 4 and 5, occur 

(4) 

(5) 
readily. To date, we have used the NOz system to measure 
thermochemistry for most of the first-row transition-metal oxide 
diat~mics,l"~ several diatomic metal oxides of the second row,l5 
and the group 3 dioxides (ScOz, YO2, and LaO2).I4 In cases where 
accurate thermochemistry is available in the literature (such as 
FeO, COO, NiO, and C U O ) , ~ ~  our results are in good agreement, 
giving us confidence in the accuracy of the thermochemistry 
obtained from the M+ + NOz system. 

Studies of the reactions of Al+ with N20 and C02, processes 
6 and 7, were also performed to help verify the A10+ thermo- 
chemistry. Although we find that neither of these systems provides 

(6) 

(7) 
useful thermochemical information, the reasons for this and the 

AI+ + 02 + A10+ + 0 

Al+ + NO2 + A10+ + NO 

Al+ + NO2 + NO+ + A10 

Al+ + N 2 0  - A10+ + N2 

Al+ + C02 - A10+ + CO 
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TABLE 11: Spin and Orbital Angular Momentum Correlations 
reactants products AZ" ABb 

AIt('S) + Oz('Zi) AlO'('n) + O(3P) 0, f 1  0, f l ,  f 2  

AI+('S) + N02(2AI )  A10(22+) + NOt('Zt) 0 

AlO+('Z+) + NO(211) 0 

AIO+(~Z+) + o ( 3 ~ )  o 0, f l  

~10+(311) + NO(~II) 0, h i  

0 
"Changes in the spin quantum number in going from reactants to 

products. bChanges in the orbital angular momentum quantum num- 
ber in going from reactants to products. 

dynamics of these reactions are of interest. 

Potential Energy Surfaces 
One of the complexities of reactions 3,4,6,  and 7 is that there 

are several low-lying states of AlO+. While no experimental data 
are available, calculations by Schamps predict a ground state of 
311, a IZ+ state that lies 0.04 eV higher in energy, and a In state 
at 0.28 eV.26 The accuracy of these calculations, -0.1 eV, does 
not definitively predict whether the 311 state or the lZ+ state is 
the true ground state. To determine which state can be produced 
in the reactions of AI+ with 02, NO2, N20, and C02,  we first 
consider whether spin and orbital angular momentum can be 
conserved in these reactions. Table I1 shows the ground states 
of the reactants and products for these four systems. This table 
also lists how the quantum numbers for spin, Z, and orbital angular 
momentum, A, can change in going from reactants to products. 
As previously discussed for the O2 system,' spin and orbital angular 
momentum can both be conserved in reaction 3 whether the 311 
state or the 'Z+ state of A10+ is formed. In the NO2 system, A 
is not a good quantum number; however, spin is conserved for both 
reactions 4 and 5. Reactions 6 and 7 can only conserve spin and 
orbital angular momentum if AlO+(lZ+) is formed. Coupling 
between the spin and orbital angular momentum could permit 
formation of AlO+(jII) to take place, although such coupling is 
not expected to be very important in these light atom systems. 

Another way to consider the potential energy surfaces of these 
reactions is to examine the correlations with separated atoms. In 
the Oz system, the ground-state-separated atom limit is AI+(%) 
+ 20(3P), and this correlates with ground-state reactants and 
AlO+(jII) + O(3P) products. The AlO+('Z+) + O(3P) products 
correlate with an excited separated atom asymptote, AI+(%) + 
O(jP) + O('D), 1.97 eV higher in energy than the ground-state 
a~ymptote.~' Thus, reaction 3 is expected to favor the formation 
of the diabatically allowed AlO+CII) product. In the NO2 system, 
the situation is similar in that the separated dissociation limit has 
a ground state of AI+(%) + O('P) + N0(211) that correlates with 
ground-state reactants and AlO+('lI) + N0(211) products. Thus, 
reaction 4 is also expected to favor production of AIO+ in its 311 
state. In the NzO and COz systems, the ground-state-separated 
dissociation products, AI+(%) + O('P) + N2(lZg+) and AI+(%) + O(jP) + CO('Z+), correlate with the AlO+(jII) product and 
with highly excited triplet states of the NzO and COz reactants. 
Ground-state reactants, AI+(%) + N20('Z+) and AI+(%) + 
C02('Zg+), correlate with Al+('S) + O(lD) + N2('Z +) and 
A+(%) + O(lD) + CO('Z+), which correlates with Ald+(IZ+) 
+ N2('Zg+) and AlO+('Z+) + CO('Z+) products. Here, the 
correlations suggest that reactions 6 and 7 will favor the formation 
of A10+ in its IZ+ state. 

Experimental Section 
General. Complete descriptions of the apparatus and experi- 

mental procedures are given elsewhere.28 For the reaction with 
NO2, Al+ ions were produced by argon ion bombardment of an 
aluminum rod in a dc-discharge/flow-tube (FT) source (described 
previou~ly) .~~ The Al+ ions undergo - los collisions with the 
Ar/He buffer gas mixture before exiting the flow tube. This 
thermalizes the ions such that they are expected to be exclusively 
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TABLE III: Summary of Parameters of Eguntion 8 Used To Model 
Cross Sections" 

reaction Eo, eV UO n ED: eV 
4 1.75 (0.06) 10.7 (0.7) 1.3 (0.2) 
5 1.05 (0.05) 41.3 (4.1) 0.7 (0.1) 1.83 (0.10) 
6 0.82 (0.10) 1.57 (0.35) 1.4 (0.2) 11.67 
7 5.33 (0.20) 0.10 (0.04) 2.2 (0.4) 

"Uncertainties in parentheses. bThe parameter p in the high-energy 
model described in ref 1 is 0.0 for reactions 5 and 6. 

in the IS ground electronic state. For the reactions with N20 and 
COz, Al+ ions were generated by surface ionization at a filament 
temperature of -2100 K of vaporized AlCl, or AlF,, as described 
previously.' Assuming that the ions equilibrate at the temperature 
of the source, we calculate that >99.99% of the AI+ ions are in 
the IS ground state. No evidence for excited ions is observed in 
this study for ions produced in either source. 

The ions are extracted from the source, accelerated, and focused 
into a magnetic sector momentum analyzer for mass analysis. 
Mass-selected ions are slowed to a desired kinetic energy and 
focused into an octopole ion trap. This device guides the ions 
through a static gas cell containing a low pressure (0.01-0.30 
mTorr) of NO2 (purified as described before),12 N20, or C 0 2  
reagents. After exiting the gas cell, product and unreacted beam 
ions drift to the end of the octopole where they are directed into 
a quadrupole mass filter for mass analysis and then detected by 
using a secondary electron scintillation detector and pulsecounting 
electronics. Conversion of raw ion intensities into reaction cross 
sections and the calibration of the absolute energy scale are treated 
as described previously.28 Uncertainties in the cross sections are 
estimated to be f20%. The beams are found to have a Gaussian 
kinetic energy distribution with a FWHM of -0.3 eV in the 
laboratory frame. Uncertainties in the absolute energy scale are 
fO.05-eV lab. All product cross sections reported are the results 
of single-ion-molecule collisions as verified by examining the 
pressure dependence of the product intensities. 

ThresboM Analysis. Previous work2*'o*N*3' has shown that cross 
sections for endothermic reactions can be analyzed by using eq 
8, where uo is a scaling factor, E is the relative kinetic energy, 

u(E) u ~ ( E  - Eo + Evib + E,J ' /E  (8) 

n is an adjustable parameter, and Eo is the 0 K threshold for 
reaction of ground electronic, vibrational, and rotational state 
reactants. In this study, Evib represents the average vibrational 
energy of NO2 (0.003 eV), N20 (0.010 eV), and C02  (0.008 eV)3Z 
at 305 K (the nominal temperature of the octopole) and E,,, is 
the total rotational energy of NO2 (3kT/2 = 0.039 eV), N20, 
or C02 (kT = 0.026 eV). In order to model the high-energy 
portion of the cross sections, we use a modified form of eq 8 
(discussed previously)' that accounts for a decline in the product 
ion cross section above an energy ED where a dissociation channel 
or competing reaction can begin. 

Before comparison with the experimental data, eq 8 is convo- 
luted with the neutral and ion kinetic energy distributions as 
described previously.28 The ab n, E,,, and ED parameters are then 
optimized by using a nonlinear least-squares analysis to give the 
best reproduction of the data. Error limits for Eo are calculated 
from the range of threshold values obtained for different data sets 
with different values of n and the uncertainty in the absolute 
energy scale. The resulting parameters found upon this treatment 
of the cross sections are given in Table 111. Overall, eq 8 and 
its modified form accurately reproduce all of the data discussed 
here. 

Results 
AI+ + NO2. Two ionic products, A10+ and NO+, are formed 

in the reaction of Al+ with NO2 and correspond to reactions 4 
and 5.  The cross sections for these proceases are shown in Figure 
1 .  Both reactions are clearly endothermic, and NO+ formation 
is favored at all energies. There is no ambiguity that the neutral 
product of reaction 5 is A10 since the threshold for producing 
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Figure 1. Variation of product cross sections for the formation of A10+ 
(solid circles) and NOt (open circles) from the reaction of AI+ with NO2 
as a function of kinetic energy in the center-of-mass frame (lower axis) 
and the laboratory frame (upper axis). The arrow indicates the bond 
energy of NO2 at 3.116 eV. 
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Figure 2. Cross section for the formation of AIO' from reaction of Alt 
with N 2 0  as a function of kinetic energy in the center-of-mass frame 
(lower axis) and the laboratory frame (upper axis). Open circles show 
the present results, and solid squares show the results of Rutherford and 
Vroom, ref 3. The dashed line shows the model cross section given by 
eq 8 and the parameters given in Table 111. The full line shows this 
model convoluted with the experimental energy distributions. Arrows 
indicate the calculated threshold for reaction 6 at 0.17 eV, the measured 
threshold of 0.82 eV, the bond energy of N20 at 1.67 eV, and the dis- 
sociation asymptote to form O('D) at 3.64 eV. 

NO+ + A1 + 0 is -6.4 eV (Table I), much higher than the 
observed threshold. 

The cross section for the formation of NO+ + A10 reaches a 
maximum at about 1.8 eV, very close to the apparent threshold 
for the formation of A10+ + NO. This implies a strong com- 
petition between reactions 4 and 5,  which seems reasonable becauae 
the products of these reactions differ only in the location of the 
charge. There might also be additional constraints on the mag- 
nitude of the total cross section because the decline in u(NO+) 
is greater than the increase in u(AlO+). Indeed, the calculated 
collision cross section,, is of the same order of magnitude as the 
total cross section in this energy region, although the utility of 
this calculated cross section at such high kinetic energies is not 
clear. 

The cross section for reaction 4 peaks near Doo(ON-O) = 3.1 16 
eveZo This shows that the A10+ product dissociates above this 
energy by an overall process that corresponds to reaction 9. 

Al+ + NO2 - Al+ + 0 + NO (9) 



Reactions of AI+(%) with NO2, N 2 0  and COz The Journal of Physical Chemistry, Vol. 96, No. 26, 1992 10891 

VI 
VI 
0 
K u 

0.00 - 

ENERGY (0'4. Lob) 
0.0 10.0 20.0 30.0 

,410- + C + 0 - 

U - " 
0.10 4 

2 I s 
I- u 
W cn i ' I  

i " " l " " t  
0.0 10.0 20.0 

ENERGY (0'4, CM)  
Figure 3, Cross section for the formation of AIO' from the reaction of 
AI' with COz (open circles) as a function of kinetic energy in the cen- 
ter-of-mass frame (lower scale) and laboratory frame (upper scale). The 
dashed line shows the model cross section given by eq 8 and the param- 
eters given in Table 11. The full line shows this model convoluted with 
the experimental energy distributions. Arrows indicate the calculated 
threshold for reaction 7 at 3.95 eV, the calculated threshold for reaction 
13 at 15.06 eV, and the atomization energy for the system of 16.56 eV. 
The measured threshold is at 5.33 eV. 

Al+ + N20. The major ionic product observed in the reaction 
of Al+ with NzO is AlO+, formed in reaction 6. The cross sections 
for this process are displayed in Figure 2 and are consistent with 
the previous results of Rutherford and V r ~ m , ~  which are also 
shown. 

The thermodynamic threshold for AlO+ formation in reaction 
6 can be calculated by using the thermochemistry given in Table 
I and eq 10, where Doo(X-O) is the energy of the Nz-O bond 

(10) 
that is broken. This yields Eo = 0.17 f 0.12 eV, which is below 
the 0.4-eV apparent threshold for this cross section. The A10+ 
cross section peaks near Doo(Nz-O) = 38.6 kcal/mol(l.67 eV), 
suggesting that the A10+ product begins to dissociate at the 
threshold for the overall reaction (1 1). The reason for the rapid 

AI+(%) + N20('Z+) - Al+(IS) + O(3P) + NZ(IZg+) (11) 

decline in this cross section at energies above 4 eV is not completely 
clear but may be associated with the dissociation channel reaction 
(12), which can begin at 3.64 eV. This suggestion is consistent 

Al+('S) + NZO(IZ+) - Al+('S) + O(ID) + Nz(lZg+) (12) 

with the discussion above that reaction 6 is likely to form 
AlO+(IZ+), which dissociates diabatically to AI+(%) + O(lD). 
The observation that the A10+ cross section declines slowly at 
the threshold for reaction 11 and then much more rapidly once 
process 12 is energetically allowed may indicate either that A10+ 
is formed in both its 311 and lZ+ states (with the latter state 
dominating) or that it is formed predominantly or exclusively in 
the lZ+ state, which can dissociate slowly to AI+(%) + O(3P) via 
a singlet-triplet surface crossing and rapidly to Al+('S) + O('D) 
along a spin-allowed pathway. 

A final note about the Al+ + N 2 0  system is that formation of 
A102+ is also observed. The energy dependence of this species 
and pressure-dependent studies verify that this is due to a sec- 
ondary reaction between the primary AlO+ product and NzO. The 
efficiency of this process indicates that this secondary reaction 
is probably exothermic. This observation indicates that Do- 
(0AP-O) > Do(N2-O) = 38.6 kcal/mol, which is consistent with 
Do(OA1+-O) = 76 * 24 k ~ a l / m o l . ~ ~ s ~  
Al+ + CO,. AlO+ formation is also the major product observed 

in the reaction of Al+ + COz, reaction 7. The cross section for 
this process is shown in Figure 3.  Using eq 10 and the ther- 

Eo = D'O(X-0) - D'o(Al+-O) 
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Figure 4. Cross section for the formation of NO' + A10 from the 
reaction of Al+ + NOz (open circles) as a function of kinetic energy in 
the center-of-mass frame (lower scale) and laboratory frame (upper 
scale). The dashed line shows the model cross section given by eq 8 and 
the parameters given in Table 111. The full line shows this fit convoluted 
with the experimental energy distributions. Arrows indicate the threshold 
energy at 1.05 eV and the NOz bond energy of 3.1 16 eV. 

mochemistry given in Table I, we calculate that reaction 7 can 
begin at 3.95 f 0.12 eV. As in the NzO system, the apparent 
threshold for A10+ formation from reaction 7 is above the 
thermodynamic value, near 5 eV. 

The A10+ cross-section behavior in this system is complex, 
displaying two distinct features. The second feature becomes 
noticeable near 15 eV, which corresponds closely with the 15.06 
f 0.12 eV threshold for process 13. This second feature then 

(13) 

reaches a maximum near 17 eV, close to the atomization energy 
of COz, 16.561 f 0.005 eV. This observation suggests that a 
significant fraction of the available translational energy is con- 
verted into internal energy of COz during the collision. 

Discussion 
Al+ + NO, Data Analysis. The data for reaction 5 are analyzed 

with eq 8 as discussed above. At higher energies, above ED = 
1.8 eV, the competition with reaction 4 is included in the model. 
The average of the optimized parameters for five data sets is given 
in Table 111, and this average model is compared with a single 
data set in Figure 4. Clearly, the model does an excellent job 
of representing the data from threshold to 3.1 eV, where reaction 
9 can begin. This deviation is evidence that reaction 9 competes 
with the formation of both NO+ and A10+ and further supports 
the idea that these product channels are tightly coupled. 

If there are no energy barriers in excess of the reaction endo- 
thermicity, as is often true for endothermic ion-molecule reac- 

then the threshold energy for reaction 5 can be equated 
with the reaction enthalpy. Thus, we can calculate Doo(Al-O) 
by using eq 14. Table I11 is combined with the thermochemistry 

Al+ + C02 - A10+ + C + 0 

DOo(A1-0) = D'O(ON-0) + IE(N0) - IE(A1) - Eo(5) (14) 

given in Table I, we determine DDo(AIO) = 123.1 f 1 .O kcal/mol, 
in agreement with DO(Al0) = 121.2 f 2.2 kcal/mol recommended 
by Pedley and Marshall.2s From a practical viewpoint, it is 
comforting that the current value exceeds DoO(O2), since this 
means that reaction 2 is endothermic. This implies that aluminum 
is unlikely to play a significant role in ozone destruction, although 
reaction 1, exothermic by 98.7 kcal/mol, could form internally 
excited A10, which could react efficiently with oxygen atoms in 
process 2. 

The cross section for AlO+ formed in the reaction of Al+ with 
NOz was also analyzed by using eq 8. The optimized parameters 
are given in Table 111. The measured threshold of 1.75 * 0.06 
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eV is within experimental error of Eo = 1.61 f 0.12 eV calculated 
from the thermochemistry given in Table I. This helps verify that 
the bond energy measured from reaction 3 is accurate. We believe 
that the result obtained from our previous work is the best available 
because of the effects of competition between A10+ + NO for- 
mation and the more favorable production of NO+ + AIO. Such 
competition can lead to a slower rise in the cross section of the 
higher energy channel (consistent with the higher value of n for 
reaction 4 vs that for reaction 5, Table III), leading to a measured 
threshold conservatively viewed as an upper limit. 

One final piece of thermodynamic information that comes from 
this work is the ionization energy of A10, which is obtained by 
combining the neutral and ionic bond energies in eq 15.  This 

IE(A1O) = DOo(Al0) - Doo(Al+4) + IE(A1) (15) 

gives the value IE(A1O) = 9.82 f 0.13 eV, which is in good 
agreement with the value IE(Al0) = 10.1 f 0.1 eV obtained from 
SCF calculations by Schamps26 and several less precise experi- 
mental values, 9.5 f l.O?’ 10.3 f 1.0,3* and 9.9 f 0.5 eV.39 Our 
ionization energy is somewhat higher than the electron impact 
appearance energy measurements over alumina at temperatures 
of =2200-2300 K reported by Ho and Burns, 9.5 f 0.2 eV?5 and 
Hildebrand, 9.53 f 0.15 eV.23 The discrepancy between our value 
for IE(A1O) and these results is probably explained by the 
high-temperature source of AlO. This can easily cause hot bands 
that lead to an anomalously low value for the ionization energy.’ 
Indeed the average internal energy of AlO at 2200 K is 0.39 eV.@ 

Another way of thinking about the present data is to realize 
that the difference in the thresholds of reactions 4 and 5 is the 
difference in the ionization energies of AlO and NO. If IE(Al0) 
were 9.53 f 0.15 eV, the difference in the thresholds would be 
0.27 f 0.15 eV, while IE(Al0) = 9.82 f 0.13 eV yields a threshold 
difference of 0.56 f 0.13 eV. The latter is within experimental 
error of the difference measured here of 0.70 f 0.08 eV, Table 
111. (Again this value may be inflated slightly due to the com- 
petition between reactions 4 and 5. )  Overall, if the threshold 
difference were as small as 0.27 eV, we would expect that the AlO+ + NO channel would compete more favorably with the NO+ + 
AI0 channel than the data of Figure 1 show. 

AI+ + N20 and C02 Data Analysis. Analysis of the cross 
sections for reactions 6 and 7 with eq 8 yields the optimized 
parameters given in Table 111. The measured thresholds of 0.82 
f 0.10 and 5.33 f 0.20 eV, respectively, are considerably above 
the thremodynamic thresholds calculated from the literature 
thermochemistry, 0.17 f 0.12 and 3.95 f 0.12 eV. Since there 
are no other competing primary reactions in these systems, there 
are two possible explanations for these results. First, as discussed 
above, reactions 6 and 7 are likely to form AlO+(’Z+) rather than 
AlO+(’II), which is believed to be generated in reactions 3 and 
4. Thus, the thresholds measured here could correspond to the 
thermodynamic thresholds for this excited state of AlO+. How- 
ever, this interpretation of the data yields different excitation 
energies in the two systems, 0.65 f 0.16 eV from N 2 0  and 1.38 
f 0.23 eV from C02, and both values are well above the calculated 
value of 0.04 eV.26 Therefore, the more likely explanation is the 
second possibility that these reactions have barriers along the 
potential surface for A10+ formation. 

Reaction barriers have been observed for the reaction of atomic 
transition-metal ions with N 2 0  and their origins discussed pre- 
v io~s ly .~  A similar barrier has recently been observed in the 
photoinduced formation of VO+ from V(C02)+!’ Since C02  and 
N 2 0  are isoelectronic, we expect that the barriers measured here 
have similar origins that are related to the potential energy surfaces 
discussed earlier in this paper. Because the ground states of 
N20(’Z+) and C02(lZg+) correlate with the excited dissociation 
products, NZ(lZC) + O(ID) and CO(IZ+) + O(’D), respectively, 
thermal dissociation of N 2 0  (and presumably C02, although this 
has not been studied due to the very high temperatures required)42 
proceeds over a large activation barrier.43,44 When Al+(’S) in- 
teracts with these molecules to remove an oxygen atom, the sin- 
glet-triplet surface crossing in the isolated molecules will be 
perturbed. Complicating the story is the fact that A10+ can be 

formed either by crossing to the triplet surface to generate 
A10+(311) or by remaining on a singlet surface to form AlO+(’Z+). 
The observation of barriers to reactions 6 and 7 suggests that 
whichever pathway is favored at the lowest energies, there is a 
bottleneck to the reaction that is probably associated with the 
singlet-triplet surface crossing in the isolated N20 and C02 
molecules. 

The observation that no barrier is observed for reaction 13 is 
consistent with these ideas since dissociation of COz to C(3P) + 
20(3P) does not have any restrictions due to spin conservation. 
Thus, the efficiency of this process is similar to that of reaction 
7, despite being 1 1  eV more endothermic. With this in mind, one 
might also expect to observe a similar feature in the A10+ cross 
section due to reaction 16. The threshold for reaction 16 and 

(16) 
the atomization energy of N 2 0  are calculated to be 10.04 and 
11.45 eV, respectively; however, neither we nor Rutherford and 
Vroom observe any obvious increase in the cross section in this 
energy range, Figure 2. It is possible that the cross section for 
reaction 16 is too small to be easily observed on top of that for 
reaction 6 (which is much larger than that for reaction 7) or that 
the N(4S) products do not lift the spin and orbital angular mo- 
mentum restrictions to this process. 

Conclusion 
As discussed in the Introduction, literature information on the 

thermochemistry of N O  and AlO+ is inconsistent. By examining 
the endothermic formation of AlO + NO+ from Al+(lS) + NO2, 
we are able to determine an A10 bond energy at 0 K of 123.1 
f 1.0 kcal/mol, in excellent agreement with the critically evaluated 
value of 121.2 f 2.2 kcal/mol.z In the same system, the threshold 
for production of A10+ + NO yields an AlO+ bond energy con- 
sistent with Doo(Al+-O) = 34.6 i 2.8 kcal/mol, derived from 
previous work in our laboratory on the reaction of AI+(%) + 02.’ 
Our recommended thermochemistry leads to an A10 ionization 
energy of 9.82 f 0.13 eV, a value that suggests that the incon- 
sistent thermochemistry in the literature is the result of ionization 
energies that are too low due to hot bands. 

Reactions of Al+ with N 2 0  and C02 were also studied in an 
effort to further c o n f i i  the thermochemistry for NO+. Although 
this species is produced in both systems, the thresholds measured 
for these processes are distinctly above the calculated thermo- 
dynamic values. An analysis of these systems suggests that these 
activation barriers are probably associated with the fact that 
processes that remove a ground-state oxygen atom from N 2 0  and 
C02 are not spin-allowed processes. 
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Angular Momentum Coupling in SimpleFission Transition States 
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An efficient means is deduced for calculating RRKM microscopic reaction rates for simple-fission transition states by using 
a Hamiltonian consisting of the separate Hamiltonians for each moiety (A and B), hard-sphere interactions between A and 
B, and symmetric tops connected by a light rigid rod; the reaction coordinate is the breaking bond. This extension of the 
simple Gorin model takes exact account of the angular-momentum coupling between A and B and of the transition-state 
requirement that the density of states of the activated complex be evaluated with the reaction coordinate held fmed. Evaluation 
for typical systems shows that the simpler treatment where A and B are treated as independent rotors is both accurate and 
in accord with experiment, if both are small but breaks down when A and/or B are large. In the latter case, the variational 
calculation givcs a rate coefficient that is highly sensitive to the assumed hard-sphere radii; although the model cannot then 
be used meaningfully for a priori prediction of experiment, it provides a useful means of fitting extant data to predict falloff 
behavior. 

Introductioa 
The calculation of rqte coefficients for reactions proceeding 

through simple-fission transition states (such as radical-radical 
recombinations, dissociations, and ion-molecule reactions) is made 
complex by the fact that some modes (the “transitional” modes) 
change from vibrations to free rotations along the reaction co- 
ordinate from reactant to product. This paper is a contribution 
to the often-addressed questions of devising a suitable Hamiltonian 
to describe this situation and devising computational means to 
describe the dynamics dictated by this Hamiltonian so as to lead 
to an evaluation of the rate coefficient. Given a form of the 
Hamiltonian, evaluation of the requisite rate coefficient is usually 
camed out by using a statistical approach such as RRKM theory 
or the SACM (for an overview, see, e.g., Gilbert and Smith’), 
employing the basic formula 

where k(E,J) is the rate coefficient for reaction from a reactant 
state with energy E and angular momentum, J, p ( E )  is the density 
of states of reactant, and the sum of states W’(E,J) is the total 
number of states that can become product. 

Author to whom correspondence should be sent. 

RRKM theory starts with the dynamical assumption that there 
exists a hypersurface in phase space such that all trajectories 
passing through this hypersurface (defining the transition state 
or activated complex) from the direction of the reactant valley 
go on irreversibly to product without recrossing. This model 
therefore gives an exact upper bound to the exact classical rate 
coefficient and thus may be used variationally: the transition state 
can be located as that hypersurface along the reaction coordinate 
(r t )  where the RRKM rate coefficient is a minimum. Practical 
means of evaluating the RRKM expression for W(E,J)  may be 
for simplicity divided into two categories, on the basis of the 
assumptions made as to the form of the Hamiltonian of this 
transition state. (1) The fmt  category assumes the Hamiltonian 
to be separable into harmonic terms for bends, stretches, etc. and 
separable terms for internal rotations; variants of the directaunt 
algorithm’ then enable W’(E,J) to be evaluated in a few seconds 
of computer time. The assumed form of the Hamiltonian is readily 
transferrable: Le., it can be easily written down for any system 
and the requisite parameters estimated by straightforward recipes 
(whose accuracy must of course always be open to question). 
However, the assumption of a separable Hamiltonian is clearly 
not an accurate representation of reality: e.g., the fact that the 
form of the Hamiltonian changes qualitatively between reactant 
and product (because of the transitional modes) says that the 
separability assumption cannot generally be valid. (2) The second 
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