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State selected ion-molecule reactions by a TESICO 
technique. VIII. Vibronic-state dependence of the cross 
sections in the reaction NO+(a 3.1;+, v; b 3n, v) 
+Ar~NO+Ar+ 

Tatsuhisa Kato, Kenichiro Tanaka, and Inosuke Koyano 

Institute for Molecular Science, Myodaiji, Okazaki, 444 Japan 
(Received 29 June 1983; accepted I September 1983) 

Charge transfer reactions NO+ + Ar ---+ Ar+ + NO (I) have been studied by selecting the vibronic states of 
NO+ using the threshold electron-secondary ion coincidence (TESICO) technique. The vibronic states 
selected were a 3.2'+, v =0-5 and b 3n, v =0, for each of which the relative cross sections have been 
determined at two collision energies 1.4 and 5.8 eV. The cross section for the a 3.2' + state has been found to 
show a resonancelike enhancement at v = 2. This feature is reproduced fairly well by the simple two-state 
theory of Rapp and Francis combined with the consideration of the Franck-Condon factors. However, a 
closer comparison of the theoretical and experimental results over the entire range of v reveals that the 
reaction cross sections for the a 3.2' + reactant ion state consist of two components, one in which the 
vibrational-state dependence is determined simply by the energy defects and Franck-Condon factors, and the 
other in which the vibrational-state dependence cannot be interpreted by those factors. The cross section for 
the b 3n, v = 0 state has been found to be much smaller than those for the exoergic reactions of the a 3.2' + 
state (v = 1-5). This has been attributed to the difference in the nature of the molecular orbitals that play 
primary roles in the a 3.2' + and b 3n reactions. 

I. INTRODUCTION 

Although the importance of energy resonance (small 
energy defect) and favorable Franck-Condon factors in 
low-energy charge transfer processes involving mole
cules has been demonstrated in many reaction systems, l 

there still remain controversies concerning their roles. 
Recent development2- 6 of state selective techniques for 
studying charge transfer and related ion-molecule re
actions has enabled this problem to be examined more 
critically, allowing direct comparison of the reactions 
with the same reactant pair in the same electronic 
states but with varying energy defects and Franck
Condon factors. Experimental results for symmetric 
charge transfer reactions2,4(b) have been compared to 
calculated cross sections using the multistate impact 
parameter theory. 7-9 

of the difference between exoergic and endoergic chan
nels. 

As to asymmetric charge transfer reactions, Camp
bell et al, 4(a) studied the reaction H;(v) +Ar- Ar+ + H2 
and found that the variation of the cross section as a 
function of the vibrational quantum number, observed 
at 20 eV ion translational energy, is in essential agree
ment with Simple calculations based on a model in which 
cross sections for all possible charge transfer channels 
are calculated in terms of energy defects (adapting the 
two-state impact parameter theory of Rapp andFrancis10) 
and Franck-Condon factors. Our recent TESICO stud
iesll ,12 have shown that this model agrees well with ex
periments in some systems but completely disagrees in 
other systems. Houle et al, 501) and Anderson et al, ,5(c) 

who performed state selected studies of charge transfer 
reactions in the Ifz(v), D~(v) + Ar and the Ifz(v) + N2, CO, 
O2 systems, respectively, found that their experimental 
results are explained quite well in terms of the energy 
defects and Franck-Condon factors if an exponential gap 
law is used with a suitable parameter K which takes care 

In order to further investigate these problems, we 
have applied, in the present study, our TESICO tech
nique to the vibronic-state selected reactions 

NO+(a3~"v; b 3n,v)+Ar-Ar++NO • (1) 

Reaction (1) with NO+ in the a3~+ state has been known13 

to have a large cross section and this has been attrib
uted to the close energy resonance between the recom
bination energy of Ar+ and a level of NO+ (a 3~+). As 
shown in Fig. 1, reaction (1) is endoergic for the ground 
vibrational state of NO+ (a 3~+) and is exoergic for v = 1 
and above. 14-16 In particular, the close energy reso
nance of the v=2 level with the Ar+(2Pl/2) + NO(X 2n, 
v = 0) product level (~E "" 23 meV) is to be noted. In 
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FIG.!. Energy level diagram for the (NO + Ar)+ system. The 
spectroscopic data for NO and NO+ were taken from Refs. 14 
and 15 and those for Ar+ from Ref. 16. 
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5970 Kato, Tanaka, and Koyano: State selected ion-molecule reactions. VIII 

addition, the Franck-Condon factor connecting the 
NO· (a 3L;., V = 2) and NO(X 2n, v = 0) states is quite large 
(~ 0.16).17 

In addition to the above interest, the study of reaction 
(1) with NO·(b 3n), as compared with that of NO· (a 3L;.), 

is expected to provide information on the roles of or
bital symmetry and other characteristics of the elec
tronic states in charge transfer reactions. The 
NO· (b 3n, v = 0) + Ar state does not have any resonant 
product channel, as can be seen from Fig. 1, nor com
bines with any product state with a favorable Franck
Condon factor (the FC factor ranges 10-4 _10-6).17 

II. EXPERIMENTAL 

The threshold electron-secondary ion coincidence 
(TESICO) technique and the apparatus TEPSICO have 
been described in detail elsewhere. 3

(b) The essential 
part of the apparatus consists of a helium Hopfield con
tinuum light source, a 1 m Seya-Namioka monochroma
tor, an ionization chamber, a reaction chamber, a hemi
spherical electron energy analyzer, and a quadrupole 
mass spectrometer, these being assembled together via 
a six-stage differential pumping system. The reactant 
NO· ions are produced in the ionization chamber by the 
photo ionization of NO at the threshold wavelength for 
each internal state of interest. Reactions take place in 
a beam-gas mode in the reaction chamber which con
tains Ar at about 10-3 Torr. The mass-analyzed prod
uct ions, as well as unreacted primary ions, are then 
counted in coincidence with the threshold photoelectrons 
at each wavelength, thus yielding direct information on 
the state selected reactions. High purity nitric oxide 
(99.15%) and argon (~99. 999%) gases were obtained 
from Japan Oxygen Co. and used without further purifi
cation. 

III. EXPERIMENTAL RESULTS 

A. Threshold electron spectrum of NO and coincidence 
spectra of the primary and secondary ions with threshold 
electrons 

The relevant portion of the threshold electron spec
trum (TES) of NO, taken with a O. 5 A bandwidth and 
about 20 meV electron energy resolution, is shown in 
Fig. 2. Vibrational intensity distribution in the a 3L;. 

state is seen to be somewhat different from that ob
served in the He I spectra. 18 In particular, the v = 1 
peak in the a 3L;. state appears with much higher inten
sity. This difference is obviously due to the excitation 
in the TES of the auto ionization levels lying very close 
to an ionic level. Our spectrum is in excellent agree
ment with that obtained by Stockbauer19 with a similar 
resolution. 

In the present study, we utilized the vibrational states 
v = 0-5 of a 3L;. and v = 0 of b 3n for coincidence experi
ments. Above the threshold of v = 1 of the b 3n state, 
assignment of the TES of this resolution is not unique 
due to overlapping of the levels of the a, b, and W3~ 
states. 19 This restricted the present study to levels up 
to v = 0 of b 3n. Although the v = 0 state of b 3n also 
overlaps with v = 6 of a 3L;., the intensity of the former 
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FIG. 2. Threshold electron spectrum of NO obtained with 
energy resolution of 20 meV (FWHM). 

state is far much stronger than that of the latter, al
lowing the study of the v = 0 state with sufficient cer
tainty. 

In taking COincidence, the threshold electron signals 
and the mass-analyzed ion signals are fed, respectively, 
into the start and stop input of a time-to-pulse height 
converter. The output signals from this converter are 
then analyzed by a multichannel pulse height analyzer. 
The raw data obtained are thus the coinicidence time-of
flight spectra for the primary NO· and the secondary 
Ar· ions at each wavelength. Typical examples of our 
coincidence TOF spectra have previously been shown 
for other reactions. 11,20-22 From the ratios of the in
tegrated intensities of the TOF peaks for NO· and Ar· , 
the (relative) cross sections for the individual states 
were obtained directly. 

B. State selected cross sections of reaction (1) for 
NO+(a 3~+, v=O-5) and NO+(b 3n, v=O) 

Relative cross sections of reaction (1) for v = 0-5 of 
the a 3L;. state and v = 0 of the b 3n state of NO·, deter
mined at collision energies of 1. 4 and 5.8 eV, are pre
sented in Figs. 3 and 4, respectively. The relative 
scales in the ordinates are such that the relative cross 
sections can be compared quantitatively only within a 
collision energy and not between different collision en
ergies. 

As can be seen from the figures, a salient feature in 
the cross section for the a 3L;. state at these lower col
lision energies is the sharp resonance-like peak at 
v = 2. This enhancement of the v = 2 cross section is 
ascribed to the close energy resonance between the 
NO·(a 3L;., v=2) and Ar·(2Pl/2) states, and will be dis
cussed later together with the results of a model calcu
lation. Except the v = 2 peak, the cross sections tend 
to increase slowly with increasing vibrational quantum 
number from v = 0 to v = 5. Another point to be noted is 
the occurrence of the v = 0 cross section of substantial 
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FIG. 3. State selected relative cross section for reaction (1) 
as a function of vibrational quantum number v of NO+ (a 3~+) 
and NO+ (b 3n), obtained at the collision energy of 1.4 eV. 

magnitude even at the collision energy of 1. 4 eV. Reac
tion (1) for v = 0 is endoergic by 0.1 eV and thus the 
above collision energy exceeds the endoergicity only by 
1. 3 eV. In this context, reaction (1) seems to be an ex
ceptional case of endoergic charge transfer reactions, 
since our previous studies12• 20 have indicated that a col
lision energy that exceeds the endoergicity by a consid
erable amount (e. g., - 10 eV) is usually required in 
promoting endoergic reaction considerably. 

The above features seem to be almost the same for the 
two collision energies. The only difference to be seen is 
the somewhat more enhanced v = 3 cross section at 5.8 
eV than at 1.4 eV. 

The v = 0 state of b 3n, on the other hand, exhibits a 
very small cross section at these collision energies; 
the cross section sharply decreases by a factor of - 3 
in going from v = 5 of a 3~+ to v = 0 of b 3n, and the values 
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FIG. 4. State selected relative cross section for reaction (1) 
as a function of vibrational quantum number v of NO+ (a 3~+) and 
NO+ (b 3m, obtained at the collision energy of 5.8 eV. 

o 0.2 

" ~ 

I 

~ I L .Q O. I L..L1...-_--I_....L-....I......I..-L.L.L.LL--....1..---I 
- 1.0 5.0 10.0 
b 

Ecm (eV) 

FIG. 5. The ratio of the cross sections for the b 3U, v = 0 and 
the a 3~+, v = 1 states as a function of collision energy. The 
broken line indicates the ~1/2 dependence. 

at the latter state are even smaller than those for the 
v = 0 of the a 3~+ state. This fact is very interesting con
sidering that reaction (1) is endoergic for the a 3~" v = 0 
state, whereas the energy content of the b 3n, v = 0 state 
far exceeds the endoergicity. This clearly demonstrates 
that the reaction is governed by (a) factor(s) other than 
the available energy. One of the factors must be the or
bital symmetry as manifested by the 3~+ and 3n terms, 
and will also be discussed below. 

C. Collision energy dependence 

In order to obtain further information on the dynamics 
of the reactions of the two electronic states, we have 
also studied the colliSion energy dependence of the ratio 
of the cross sections for the b 3n, v = 0 and the a 3~+, V = 1 
states: u(b, O)/u(a, 1). Ideally, the collision energy de
pendence of the individual cross sections themselves 
would be desirable for this purpose. However, with 
our apparatus the quantitative comparison of the cross 
sections between different collision energies cannot be 
made as accurately as the comparison of the cross sec
tions between different processes at a fixed collision 
energy, because the changing of the collision energy is 
accomplished by changing the voltages on various elec
trodes, which in turn somewhat affects the ion collecting 
efficiency of the apparatus. For this reason, we pre
ferred the ratio of the cross sections. The v = 1 state 
was chosen for a 3~+ because this is the first state for 
which reaction (1) becomes exoergic and, in addition, 
the intensity of the threshold electrons is strongest for 
this state. 

The results are shown in Fig. 5. Although the ratio 
seems to have some structure at certain collision ener
gies, it generally decreases with increasing collision 
energy with a gradient whose absolute value is smaller 
than 1/2. 

IV. MODEL CALCULATION 

As in the previous studies, 11.12 we have performed a 
model calculation of the relative cross sections of reac
tion (1), assuming that each product channel can be 
treated independently as a two-state problem to which 
the impact parameter theory of Rapp and Francis10 can 
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5972 Kato, Tanaka, and Koyano: State selected ion-molecule reactions. VIII 

be applied. The applicability of this theory is briefly 
discussed in the next section. For reasons described 
there, the comparison of the calculated and experimen
tal results is expected to give information on the reac
tion mechanism. 

The procedure for the calculation is as follows. The 
Rapp and Francis cross sections are calculated for each 
specific pair of the reactant and product states of 
NO+(a 3~+, v) +Ar- NO(X 2n, v',J') +Ar+(2pJ ), according 
to the equation10 

l b' [t.E (a 7Tb)l/ 2J a(v, v',J',J) =F/2 0 sech2 hv 2Y 27Tbdb (2) 

where t.E is the energy defect between the two states 
r(v) and (v', J', J)], v the velocity of the NO+ ions, b the 
impact parameter, F the statistical weight of the product 
states, a the radius of the first Bohr orbit of the hydro
gen atom, and y the square root of average ionization 
energies (in the Rydberg unit) of the two states. b' ap
prOXimately represents the effective range of impact 
parameter of the symmetrical resonance charge trans
fer at velocity v, and is determined according to the 
tables prepared by Lee and Hasted23 in a form suitable 
for practical use. The total charge transfer cross sec
tions for each vibrational state a(v) are then obtained by 
summing the contribution from each product channel 
a(v, v', J', J)qvv' over v'=O-v~ax' J'=1/2 and 3/2, and 
J = 3/2 and 1/2: 

. 
Vmax 

a(v) = }' [a(v,v',1/2,3/2)+a(v,v',3/2,3/2) 
~ 
+ a(v, v', 1/2, 1/2) +a(v, v I, 3/2, 1/2)]qvv' , (3) 

where v~ax is the maximum value of v' attainable for 
each collision energy. qvt! are the Franck-Condon fac
tors for the ionizing transitions NO(X 2n, v') - NO+ (a 3~+, v) 
+ e and are calculated numerically according to the meth
od given by Nicholls. 17 

As an example, we show in Table I absolute values of 
relevant quantities involved in the calculation of <7(2). 
This example is for the collision energy of 1. 4 eV and 
thus the energetically attainable product state (column 1) 
actually extends further up to those with v' = 7, but only 
ten states with the smallest energy defects (column 2) 

TABLE I. Numericals for the calculation of u(2). Absolute 
values of the partial cross sections for the ten product channels 
(v' ,J',J) are shown. 

(v', J 1
, J) t::.E u(V,v',J',J)/F F qw' 

(0, 1/2, 3/2) - 0.216a (eV) 0.004 (A2) 8 0.172 
(0, 3/2, 3/2) - O. 201 0.005 16 0.172 
(0, 1/2, 1/2) -0.038 2.906 4 0.172 
(0, 3/2, 1/2) - 0.023 10.740 8 0.172 
(I, 1/2, 3/2) 0.017 19.130 8 0.088 
(1, 3/2, 3/2) 0.031 5.151 16 0.088 
(I, 1/2, 1/2) 0.195 0.005 4 0.088 
(I, 3/2, 1/2) 0.209 0.004 8 0.088 
(2, 1/2, 3/2) 0.246 0.002 8 0.007 
(2, 3/2, 3/2) 0.261 0.002 16 0.007 

aThe negative value indicates that the channel is exoergic. 

NO+(a3X+, dTl ) + Ar ~ A/ + NO 
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FIG. 6. Calculated cross sections for reaction (1) as com
pared with the experimental result at 1.4 eV. .: calculated, 
0: experimental. The calculated and experimental values are 
normalized at v = 2 of the a 3L+ state. 

are shown here. It is clearly seen from Table I that the 
Rapp and Francis cross section (column 3) as a function 
of t.E has a very sharp peak around t.E = 0, and thus the 
contribution to <7(2) essentially comes from only a few 
channels with small t.E within - 0.05 eV. Statistical 
weight factor F (column 4) for each product state is 
given by the multiplicity of the spin-orbit states of both 
Ar+ and NO. Using these values, together with the 
Franck-Condon factors (column 5), we calculate <7(2) 
according to Eq. (3) to be 37.5 ).2. 

Absolute values of <7(i)s obtained in the similar way 
are: <7(0) = 0.1, <7(1) = 3. 3, <7(2) = 37.5, <7(3) = 0.3, <7(4) 
= 5. 9, <7(5) = 21.1, <7(b, 0) =- 0.0, all in the unit of ).2. 
In Fig. 6, relative values are compared with the experi
mental ones. The calculated and experimental values 
are normalized at v = 2. 

V. DISCUSSION 

From Fig. 6, one may see that the model calculation 
reproduces qualitatively the two features of the experi
mental results for the a 3~+ state, i. e., the resonant 
enhancement of the cross section at v = 2 and the in
crease in the cross section with increasing vibrational 
quantum number between v = 0 and 1 and v = 3 and 5. 
However, the calculated and experimental results are 
found to be in disagreement with each other when the 
relative cross sections are compared quantitatively. In 
particular, it is noteworthy that the experiment gives 
cross sections of substantial magnitude at v = 0 and 3 
where the calculation predicts the cross sections of es
sentially zero when both results are normalized at v = 2. 

As is well known, the Rapp and Francis theory is a 
two-state impact parameter theory based on the assump
tion that the charge transfer is due to potential energy 
curves lying close together at large internuclear separa
tion (Stueckelberg-Demkov type interaction) rather than 
localized curve crossings at comparatively small inter
nuclear distances (Landau-Zener type interaction). 
Also, the Franck-Condon factors are quantities char-

J. Chem. Phys., Vol. 79. No. 12. 15 December 1983 
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acterizing the reactant and product molecules at infinite 
separation. Consequently, the model as used here is 
considered to be applicable only to the systems in which 
charge transfer takes place by a simple electron jump 
mechanism (a direct mechanism) at large internuclear 
separation. Thus, it is hoped that the comparison of the 
calculated results with experimental ones gives informa
tion on the nature of the interaction or the mechanism 
of the charge transfer. In fact, our previous stud
iesll.12.2~ have shown that the model explains experi
mental results very well in some systems but does not 
at all in other systems, presumably reflecting the reac
tion mechanism in each case. Moreover, the extent to 
which the model explain the features of experimental re
sults has been found to depend on the collision ener-
gy, 12,24 suggesting the occurrence of a change in the re
action mechanism according to the collision energy. 

In the present case, the agreement between the exper
imental and calculated results (in the context of the oc
currence of the resonant enhancement at v = 2) would 
probably indicate that reaction (1) proceeds, at least to 
a considerable extent, by an electron jump mechanism 
at large internuclear separation. At the same time, 
however, the fact that the relative cross sections involv
ing other vibrational states are considerably larger than 
those predicted from the model would indicate also that 
a mechanism other than the simple electron jump is oc
curring at this energy. This second mechanism must be 
an electron transfer through some intimate interaction 
between the reactants, presumably via a collision com
plex. In such an interaction, the transfer probability 
would be determined by factors other than those charac
terizing the reactants and products at infinite separa
tion. 

The low charge-transfer probability of the b 3n state 
(although only v = 0 was studied) as compared with the 
a 32;+ state is interpreted by considering the difference 
in the molecular orbitals of NO+ involved. The electron
ic configurations of NO+ (a 32;+), NO+ (b 3n), and NO (X 2n) 
are··· (l7T)1(5a)2(271/, ••• (17f) (5a)1(211)1, and 
••• (l7T)2(5a)2(21T)1, respectively. Thus, in the reac
tions with NO+(a 32;+) an electron will be transferred 
from Ar into the l7T vacancy which extends to directions 
perpendicular to the internuclear axis, whereas in the 
reaction with NO+(b 3n) the transfer will be into the 5a 
vacancy which extends to the direction along the inter
nuclear axis and has more density on the N atom end. 
Thus, in the former reaction, the broadside collisions 
covering a wide angle of approach will be effective in 
causing the charge transfer, while in the latter reac
tion, only the end-on colliSions within a rather small 
solid angle around the internuclear axis will be effec
tive. This difference in the available angle of approach 
would probably explain the difference in the magnitude of 
the cross sections. 

In order to obtain some evidence in support of this 
view, we have also performed an ab initio calculation of 
partial potential energy surfaces of the triplet states of 
the (NO-Ar)+ system. 24 The results indicated that two 
mechanisms are indeed poss ible for the NO· (a 32;+) + Ar 
interaction, one corresponding to the broadside approach 

of Ar and the other to the collinear approach. In the 
broadside approach, the interaction of the l7T orbital of 
NO and the 3px orbital of Ar makes the asymptotic 
NO+(a 32;+) + Ar potential stabilize gradually as the inter
nuclear distance is decreased and correlate to the triplet 
ground state potential of the complex. In this case, a 
Stueckelberg-Demkov type transition is expected be
tween this state and the excited state of the same sym
metry which correlates to the asymptotic Ar+(2pJ ) + NO 
state. In the case of the collinear approach, on the 
other hand, the interaction between the 5a orbital of NO 
and the 3P. orbital of Ar makes the asymptotic Ar+(2pJ ) 
+ NO state correlate to the triplet ground state of the 
complex, the NO+(a 32;+) + Ar asymptotic potential cor
relating to a repulsive excited state of the complex. 
Thus, there must be some avoided crossing between 
these surfaces in order for a charge transfer to occur. 
This interaction seems to give rise to a Landau-Zener
type transition. These seems to correspond to the two 
components of the experimental cross section. 

Concerning the b 3n state reaction, the present ab 
initio calculation cannot give any conclusive informa
tion because the NO· (b 3n) + Ar interaction in both nu
clear configuration corresponds to excited triplet states. 
But the fact that the relative cross section at NO+(b 3n, 
v = 0) + Ar state is considerably larger than that predicted 
from the model calculation would indicate that the reac
tion of NO·(b 3n) does not proceed by a simple electron 
jump but by an intimate collision mechanism. The col
lision energy dependence of the ratio a(b, 0)/ a(a, 1), 
shown in Fig. 5, also seems to support this interpreta
tion; if the reaction of NO·(b 3n) proceeds by an intimate 
collision mechanism, its cross section would decrease 
with increasing colliSion energy due to the centrifugal 
barrier to the formation of a complex (Langevin-type 
behavior). On the other hand, the cross section for the 
NO+ (a 32;+) reaction would decrease much slowly, if it 
does at all, since at least a considerable fraction of the 
reaction proceeds by a direct mechanism. As a net re
sult of these two modes of variation, the ratio a(b, 0)/ 

a(a, 1) would decrease less steeply than expected from 
the Langevin model (the E-1/2 dependence) with increas
ing collision energy. This is in agreement with the ex
perimental results, as shown in Fig. 5. 

In conclUSion, we have shown experimentally that the 
cross section of reaction (1) for NO· (a 32;+) exhibits in
teresting dependence on the vibrational state, and that 
the cross section is reduced considerably when NO+ is 
excited to the energetically higher b 3n , v = 0 state. Com
parison of these cross sections with the calculated ones 
based on the two-state impact parameter theory and the 
Franck-Condon factors indicates that the reaction of the 
a 32;+ state at low collision energies proceeds predomi
nantly by a long-range electron jump mechanism, but a 
considerable fraction of the reactions also proceeds by 
an intimate collision mechanism. Consideration of the 
molecular orbitals and other evidences rationalize the 
small cross section of the b 3n state as compared with 
those of the a 32; state, and indicate that the reaction with 
the b 3n state may proceed by an intimate collision mech
anism. 
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