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The relative state selected cross sections for the low energy charge

transfer (CT) reactions in the systems H2+(X22 *t,v) + Ar, Ar+(2PJ) +

g9
Hy, 0,7(a%m ,v) + Ar, Ar*(%p;) + 0,, NOo*(a’s*,v) + Ar, and Ar*(%p;) +

NO have been determined using the threshold electron-secondary ion
coincidence (TESICO) technique. In the (H, + Ar)+ system, the cross
sections for both the forward and backward reactions were found to show a
characterigtic internal-gtate dependence which can be consistently
interpreted in terms of a single model based on energy defects {(AE) and
Franck-Condon (FC) facters. In contrast, in the (0, + Ar)+ and (NO +
Ar)+ sgystems, the strong dependence of the cross sections on the selected
internal states were observed only for the forward (starting from the
diatomic ions) reaction, and not for the backward (starting from the Art
ion} reaction. The results for the forward reactions were again

interpreted, at least partially, by the energy defects and FC factors

between the reactant and product states.

These feautures of the internal-state dependence of cross sections
have been discussed in conjunction with the characteristics of the
relevant potential energy surfaces of each system. The discrepancy
between the (H2 + Ar)+ system and the (O2 + Ar)+ and (NO + Ar)+ systems
in the behavior of the forward and backward cross sections was ascribed
to the difference in the number of potential surfaces invelved: in the
former system only two surfaces are invelved in both forward and backward
reactions allowing exactly the same mechanism for both reactions, whereas

in the latter two sgystems, the occurrence of more than two surfaces



causes different mechanisms for the forward and backward reactions. In
the (0, + Ar)t system, the doublet and quartet surfaces paticipate in the

backward reaction, leading to two different states (in and a4nu) of

g
the 02+ product ion, while only quartet surfaces are involved in the
forward reaction. In the (NO + Ar)? system, different reaction paths
arize between the (NO*(as*) + Ar) and (Ar* + NO) states due to the
anisotropy in these interactions. This allows the different behavior of
the forward and backward reactions, in spite of the fact that the product
state of the backward reaction is predominantly N0+(a32+) + Ar. An ab

initio calculation of partial potential energy surfaces for the triplet

states of the (NO + Ar)+ system supported this view.

From these consideration, low-energy charge transfer reactions in
the (BC + Ar}+ systems have been classified into two groups according to
the possible types of nonadiabatic transitions. These groups are
congsidered to correspond respectively to the phenomenoclogical "direct”

and "intimate” reaction mechanisms.



I. INTRODUCTION

Almost all ion-molecule systems (A + B)+ are characterized by at
least two close-lying potential energy surfaces corresponding to the two
mutually charge-transfered states AY + B and A + BT at large
intermolecular distances. The charge transfer (CT) reaction at + B -~
A + Bt is essentially a process of nonadiabatic transitions between these
surfaces and thus should be understood in & unified manner as a problem
of potential surface interactions. However, very few experimental
results have been interpreted from this point of view. For instance,
although it has been customary to discuss low-energy charge transfer
reactions in terms of "direct” and "intimate” collision mechanisms,
almost nothing is known concerning what types of interaction give the
"direct” and "intimate” mechanisms. Reactions has just been classified
into these two categories according tec their phenomenclogical
characteristics, such as angular distribution of reaction products in a

crossed beams experiment or cellision energy dependence of total cross

sections.

On the other hand, high probabilities of many asymmetric charge
transfer reactions involving molecules have often been interpreted in
terms of the close energy rescnance (small energy defect) and favorable
Franck-Condon (FC) factors between the reactant and product states. 1”3

However, many other asymmetric charge transfer reactiong have also been

found not to be interpreted by these factors.4_7 The energy defects and



FC factors are obviously quantities characterizing the reactants and
products at infinite separation, and it is not clear what type of actual
interaction yields the cross sections that comply with these quantities

at infinite separation.

Studies of internal gquantum-state dependence of charge transfer
cross sections are particularly suited for the investigation of these
problems, because a set of internal states of a reactant provides a set
of reaction systems which differ from one another only in energy defects
and FC factors. From this standpoint, we have recently studied state-
selected charge—transfer reactions in wvarious systemsE’-'9 using the TESICO
technique developed by Koyano and Tanaka.lo From these studies, we have
reached the following conclusion; reactions whose relative cross sections
can be simply interpreted by the energy defects and FC factors correspond
to the "direct” mechanism and those which can not be interpreted only by
thegse factors correspond to the "intimate" mechanism. The obviocus

question then is what dynamical factor makes these discrimination.

In order to pursue these gquestions further, we have studied in the
present paper the following state-selected charge-transfer reactions in

the (BC + Ar)+ systems.

H2+(X22g+,v) + Ar - Art + H, (1)
Art(%py) + H, - HyY + Ar (2)
02+(X2Hg,v;a41'[u,v) + Ar - Ar* + 0, (3)



Ar+(2PJ) + 0, -02+ + Ar (4)
Not(adst,v) + Ar -~ Ar* 4+ NO (5)

Aart(%p;) + NO ~ No* + Ar (6)

The internal states selected were v=0-4 for reaction (1), ing, v=19

and 20 and a4nu, v= 0-7 for reaction (3), and v=0-5 for reaction (5).

For reactions (2), (4), and (6}, the selected states were spin-orbit
states (J=1,/2 and J=3/2) of the Art ion. From the detailed comparison of
these experimental results in conjuncticon with the characteristics of the
poetential energy curves for the diatomic species BC and Bct [ at infinite
intermclecular separation between Ar(Ar+) and BC+(BC) ], we propose two
distinct types of potential surface interactions (transitions)
responsible for the charge transfer reactions in the (BC + Ar)+ systems.

"ll

These are a "Landau-Zener type interaction in which the transition

occurs at an avoided crossing point of potential curves along the
intermolecular distance between Ar and BC, and a "Demkov type"ll
interaction in which the transition cccurs by a sharp increase in
coupling matrix elememts between two potential surfaces with the approach
of two reagents. The latter type of transition, which takes place
without potential creossings along the radial coordinate between Ar and
BC, are considered to be caused by the coupling with the vibrational
motion of BC. Otherwise, the probability of such a transition would be
extremely small at such low collision energies as used in the present

experiments. These two types of interaction mechanisms are considered to

correspond respectively to the "intimate" and "direct” reaction



mechanisms. For the case of the (Ar + NO)+ system, we have also
performed an ab initio calculation of the partial potential energy

surfaces, with the results which support the above view.

The (H, + Ar)+ system is the one in whish CT reactions have been
studied most extensively. Previous state selected studies?/3(P):8 pave
shown that reaction (1) complies with a model based on the energy defects
and FC factors. C(Crossed beams studies have alsc been performed12 with
the results which are in good agreement with that of the =ztate selected
studies. Reaction (2) has also been shown to proceed via a direct
mechanism in a crossed beams studies.l3 Detailed theoretical studies14
are available for reaction (2) with emphasis on its relation to the
proten transfer reaction art 4+ Hy, —~ ArH" + H. For the present

analysis, we adopted our previous data® for reaction (1), and new

coincidence measurements were performed for reaction (2).

Concerning the (02 + Ar)+ system, on the other hand, an evidence for
the CT reaction via an intimate collision mechanism has been presented in
reaction (4) by Mauclaire et al.4 using ICR. They concluded that the
state of the 0,% product ion in the reaction Ar+(2P3/2) +0, - 0, 4+
Ar is ing, v=9, which lies much lower than the states in resonance
with the reactant state, such as ing' v=19, or a4nu, v=0. Kobayashi
et a1.5 also proposed an intimate collision mechanism, in interpreting

the result of their absolute cross section measurements. In this

mechanism, they suggested the possibility of an inner-shell level mixing



during colligions.

For the (NO + Ar)+ system, the large CT cross sections for both
reactions (5) and (6) have been attributed te the cleose energy resonance
between the recombination energy of Art and the level of N0+(a32+). In
fact, a resonance-like enhancement of the cross section for reaction (5)
has been observed at v=2 in our state selected measurement,9 in agreement
with the prediction from the energy defects and FC factors. Also the
state of the NoO% product ion of reaction (6) has been shown to be a32+,
v=0 by Mauclaire et al.4 On the basis of these results, both reactions
(5) and (6) have been considered to proceed by a direct mechanism ;
however, it should also be noted that several evidences for the formation
of a collision complex have been reported for reaction (6). Herman et
al.l5 estimated, in a crossed beams experiment, the relative importance
of the direct and complex mechanisms for reaction (6) and concluded that
the intermediate complex formation becomes increasingly more important as
collision energy is decreased. HKobayashi et al.> have shown that the CT
cross gsection of reaction (6) exhibits a minimum as a function of
collision energy, and that the lower energy part of the curve obey the
El/2 dependence. The result of the collision energy dependence seems to

suggest the occurrence of a change in the reaction mechanism as the

collision energy is varied.



I1I. EXPERIMENTAL.

The threshold electron-secondary ion coincidence (TESICO) technique
and the apparatus TEPSICO have been described in detail elsewhere.lo
Briefly, the apparatus consists of a helium Hopfield continuum light
source, a 1l m Seya-Namioka monochromator, an ionization chamber, a
reaction chamber, a hemispherical electron energy analyzer, and a
quadrupole mass spectrometer, these being assembled tegether via a six-
stage differential pumping system. The reactant ions are produced by
photoionization of parent molecules at the threshold wavelength for each
internal state of interest. The ions produced in the ionization chamber
are extracted, formed intc a beam of desired velocty, and injected inte
the reaction chamber filled with a neutral reagent. The product ions
produced there, as well as unreacted primary ions, are extracted from the
chamber., mass-analyzed, and counted in coincidence with the threshold
electron signals obtained on the opposite side of the ionization chamber.
Coincidence measurements were performed by feeding the threshold
photoelectron and the mass-analyzed ion signals into the start and stop
input, respectively, of a time-to-pulse height converter and analyzing
the resulting cutput signals by a multichannel pulse height analyzer.

The raw data obtained are thus the coincidence TOF spectra for the
primary and secondary icns. From the ratios of the integrated
intensities of these primary and secondary ion peaks, the relative

reaction cross secticns for individual states are obtained directly.



High purity sample gasses were obtained from Japan Oxygen Co. and
used without further purification. The nominal purities of these gasses
are 99,9999% for hydrogen, 99.99% for oxgen, 99.15% for nitric oxide, and

higher than 99.999% for argon.



ITI. RESULTS

Experimental results are summarized in Figs.l-4. For reactions (1),
(3), and (5), the relative cross sections are plotted as a function of
the vibrational quantum state selected (Figs.1-3), while for reactions
(2), (4), and {6), the ratios of the cross sections for the two selected

(spin-orbit) states are plotted vs collision energies (Fig.4).

Figure 1 shows the relative cross sections of reaction (1) for v=0-4
of the H2+[X22g+) ion, determined at collision energies of 0.77 and
15.0 eV.8 Notakle features pertaining to this reaction are summarized as
follows. The cross sections for v=0 and 1, which are extremely small at
0.77 eV of collision energy because of the endeoergicity of reaction (1)
for these vibrational states, are considerably enhanced when collision
energy is increased to 12 eV. The enhancement is particularly prominent
for v=1. A resonance-like peak in the relative cross section is obszerved
at v=2, at both collision energies. This peak, however, locks less
conspicuous at high collision energies than at low collision energies due
to the above-mentioned large enhancement of the v=1 cross section. The
enhancement of cross sections at v=2 is interpreted as due to the close
energy resonance between the H2+(v=2) + Ar and Ar+(2P1/2) + Hy(v=0)
states, as shown in Fig.5. The manifestation of this resonance is also
found in the result of reacticn (2), shown in Fig.4. The ratios of the
cross sections for the two spin-orbit states of Ar+(J=l/2 and 3/2) are

found to be very large; 10.1+2.3 and 5.921.3 at collision energies of



0.2 and 1.4 eV respectively.

Experimental results for reaction (3) are shown in Fig.2. The two
curves correspond to two different collision energies (1.4 and 5.8 eV)
and are normalized at v=5 of the a4ﬂu state. Several interesting
feautures are clearly seen from the figure. The cross sections for
reaction (3) are extremely small for the v=19 and v=20 states of ing
despite the fact that reaction (3) is exoergic for v=19 of ing and
above, while the cross sections become gignificant at v=0 of the a41'1u
state which lies only 0.17 &V above the ing,v=20 state. When
vibrational gquantum number is increased in the a4nﬁ state, a sharp rise
in the cross section is observed at v=2, followed by a gradual decrese
except at v=5 , where the cross sections show a resonance-like
enhancement. This characteristic enhancement is also attributable to the

close energy resonance between the 02+(a4nu, v=5) + Ar and Ar+{J=3/2) +

02(v=5) states.

Figure 3 shows similar results for reaction (5) at a cellision
energy of 1.4 eV, Reaction (5) is slightly (by 0.09 eV) endcergic for
v=0 of the a32+ state of NOt and exoergic for v=1 and above. Here
again, a pronounced resonance-like enhancement of the cross section is
observed at v=2 of the a32+ state. Except this point, the cross
section shows a tendency to increase slightly but steadily with
increasing v in the a32+ state, It is notable that the substantial

cross section is observed at v=0 in spite of the fact that reaction (5)



is endoergic by 0.1 eV for v=0. Undoubtedly the reaction was caused by

the collision energy of 1.4 eV.

In contrast to the above reactions which showed pronocunced
enhancement of cross sections at a particular selected level, reactions
(4) and (6) show only very weak dependence of cross sections on selected
internal states. The ratios (r) of the J=3/2 and J=1/2 cross sections
are essentially unity at all collizion energies studied; r=1.0+0.3 and
1.2:0.2 at 1.4 and 5.8 eV, respectively, for reaction (4), and
0.9+0.1 , 1.4+0.2, and 1.11+0.2 at 0.2, 1.4, and 5.8 eV,

respectively, for reaction(6).



Iv. DISCUSSIONS

A. Comparison with Model Calculation and Consideration of
Potential Energy Surfaces.

The state selected (relative) cross sections obtained were compared
with the results of a model calculation based on the energy defects
(AE) and FC factors. Since these factors are considered to have
significance only in the "direct” type reactions and not in the
"intimate" type reactions, the comparison ¢of the calculated and

experimental results is expected to give information on the reaction

mechanism.

The detailed procedure for the model calculation is described
elsewhere®r?. The model is based on the agssumption that each product
state can be treated independently as a two-state problem to which the

16 can be applied. The cross

impact paremeter theory of Rapp and Francis
sectiong for each specific pair of the reactant and product states of
BCt(v) + Ar — BC(v') + Art(%P;) or Art(%P;) + BC(v=0) ~ Ar +

BCt(v') are first calculated according to the Rapp and Francis formula.
The charge transfer cross sections for each selected initial state o(1i)
are then obtained by summing up the contribution from each product state
with the weight of the FC factors. The summation is taken over all

energetically attainable product states for a given collision energy.

The Rapp and Francis cross section as a function of AE has a very sharp

- 14 -



peak around AE=0, and thus the contribution to ¢(i) essentially comes

from only a few product states with small AE.
i. (Hz + Ar)+ system

The comparison between the experimental and calculated relative
cross sections of reaction (1) is shown in Fig.6. Feautures of the
experimental results pointed out above are seen to be well reproduced by
the calculation: the substantial increase in the relative cross section
for v=0 and 1 at the higher collision energy is beautifully reproduced.
Furthermore the claculation confirms that the resonsnce-like enhancement
of the relative cross section at v=2 is indeed due tc the close energy
resonance between the H2+{v=2) + Ar and Ar+(2P1/2) + H2(v=0) states.
Similar comparison for reaction (2) is given in Fig.4 (left panel). The
ratio of the cross sections ¢{(1/2)/¢(3/2), which is much larger than
unity, and its variation with collision energy are again satisfactorily
reproduced by the calculation. The enhanced J=1/2 cross section compared

with that of J=3/2 is also attributed to the above resonance.

The potential energy surfaces of the relevant states at infinite
intermolecular distance between Ar and HZ are shown in Fig.5. Obviocusly
these correspond to the diatomic peotential curves of Hz(Xlzg+) [shifted
vertically by the magnitudes of iconization potentials for Ar+(2P3/2) and
Ar’f(zpl/z)] and H2+(22g+]. The charge transfer reactions (1) and (2)

are eventually the transitions between one of the solid line curves and



the dotted line curve. When Ar and H, are brought together to form a
linear complex, the asymptotic Ar+(2P) + H2(X12g+) and H2+(X22 +) +

g
2 2 2

Ar states give rise to the “3, “m, and “n  and 22 molecular

states, respectivelyl7. As Ar and H2 approach each other, the two 2

p>
states begin to interact and the potential curves which are crossed by
each other at infinite separation become separated. Two potential curves
remain almost parallel until the system reaches the region of strong
interaction where the transition takes place. Since this region in
general would occur at comparatively large intermolecular distances for
the potential gituation as in Fig.5, the transition probability in this
type of interaction would be governed by the asymptotic properties such
ags energy defects and the FC factors between the reactant and product
states, explaining the experimental results. We call this type of
transition a "Demkov type transition™ in this paper. This reaction
mechanism will be discussed further in Section C. The (H2 + Ar)+ system
is considered to be a typical example of systems in which CT proceeds via

a Demkov type transition in beth ways.
ii. (02 + Ar)+ system

In the case of the (02 + Ar)+ system, five electronic states are
considered to be inveolved in the processes of reactions (3) and (4). The
potential energy surfaces of these states at infinite intermclecular
separation between Ar and O, are shown in Fig.7. However, the model

calculations for reactions (3) and (4) were performed by taking only the



transition between the levels of the 02+(a4ﬂu] + Ar and Ar+(2PJ) + 0y
states into congideration, because it is known that the contribution to
the calculated cross sections essentially comes from only a few product

states with the smallest energy defects.

The calculated results are shown in Fig.B (solid line curve},
together with the experimental results (broken line curve) at a collision
energy of 1.4 eV. It is seen that the essential features of the
experimental cross sections for the a4nu state are reproduced fairly
well by the calculation, except at v=0. [The disagreement at v=0 might
be caused by the following reason; under our experimental conditions, the
v=21 state of 02+(X2Hg) were not regolved from the v=0 state of
02+(a4nu) and gave threshold electrons of comparable intensity as that
of the latter state. Thus the apparent cross sections were reduced by

the effect of the unreactive 02+(X2H ,v=21) state.] The fact that the

g
model calculation reproduces the experimental results fairly well leads
to the conclusion that reaction {3) with 02+(a4nu) proceeds,
predominantly at least, via a direct interaction between the 02+(a4nu)
+ Ar and Ar+(2PJ) + 02 states. The extremely small cross sections for
the v=19 and 20 states of 02+(X2Hg) are attributed to the very small FC
factors (<10—22) between these states and the v=0 and 1 states of

02(X32g_), the latter states being the two energetically favorable

states of the product molecule. This fact may suggest that the reaction

(3) with 02+(X2Hg) also proceeds by a direct mechanism.



In contrast to the results for reaction (3), no significant
difference is cbserved in the cross section of reaction (4) between the
two spin-orbit states; the experimental results show that the ratios of
the J=3/2 and J=1/2 cross sections are essentially unity at both
collision energies studied (1.4 and 5.8 eV), as shown in Fig.4 (middle
panel}). If the microscopic reaction paths of this reaction are the same
as that of reaction (3), the creoss section of the Ar+(J=l/2) + 02(v=0)
state, which lies closer to the levels of 02+(a4nﬁ,v) + Ar than the
Ar+(J=3/2) + 02(v=0) state, is expected to be larger than that of the
latter state (due to smaller AE), as is also predicted by the model
calculation {solid line curve in Fig.4). Thus the above result suggests
that in reaction (4) the charge transfer does not occur by a simple
electron jump mechanism to form 02+(a4nu}, but proceeds via some
complex states, probably to form 02+(X2Hg). As described in
Introduction, such a mechanism for reaction (4) has previously been
proposed by Kobayashi et a1.5. and an evidence for this mechanism has

4 in an ICR experiment.

been presented by Mauclaire et al.
From all these evidences, 1t seems certain that the predominant

microscopic reaction paths are different for reaction (3) and (4) in the

collision energy range studied:; reaction (3} with 02+(a4nu) proceeds

via a direct mechanism to form Ar+(2PJ) + O,, while the reverse CT

process [reaction (4)] proceeds via a complex mechanism to form

02+(x2ng) + Ar, rather than 0,%(a*m,) + Ar. Considering the

formation of united ion-molecules of a linear geometry, two gquartet [4n



(doubly degenerate) and 42] and two doublet [zﬂ (doubly degenerate)

2

and “3] states are possible to be formed from the combination of

g—)‘ On the other hand, from the combinations of
02+(X2ng) + Ar, 0,%(a%n,) + Ar, and 0,%(A%m,) + Ar, only 2n,

4lI, and 2n states, respectively, can be formedl”. Starting from the

Art(?p) + 0,(x3s

02+(a4nu) + Ar state, reaction (3) can proceed conly along a path on the

quartet potential surface, and thus CT must take place through a

transition from this surface to another 4l'[ surface ccrrelating to

Art(2p) + oz(x3zg‘). Considering the above results that the
experimental state-dependence of the cross secticon is interpreted by the
4

energy defects and FC factors, the two "I potential surfaces must be
cupled directly to give a Demkov type transition, just as in reaction (1)
and (2). Charge transfer through this transition seems to be the
predominant mechanism for reaction {(3). For reactiocn (4}, on the other
hand, two different paths are peosible, cne on the doublet potential
surfaces and the other on the quartet potential surfaces. The path on
the guartet potential surfaces should be exactly the reverse of the path
of reaction (3). However the above comparison between the experimental
and calculated results has shown that this path is not the one through
which the reaction proceeds predominantly. As to the doublet path, the
three potential surfaces with the same II symmetry seems to be

invelved, one correlating to 02+(A2nu) + Ar, one correlating to
02+(X2Hg) + Ar , and the other correlating to Ar+[2PJ) + 02. Among

2

them, the two “I1 state correlating to 02+(A2nu) + Ar and Ar+(2PJ) +

0, lie much closer to each other, as can be seen from Fig.7. As

- 19 -



reactants approach each other the asymptotic Ar+(2PJ) + O2 potentials are
increasingly stabilized by the interaction between these two 2n

states, until they experience an avoided crossing with the lower lying

zﬂ potential correlating to 02+(X2Hg) + Ar. Reaction (4) is

considered to proceed through a non-adiabatic transition at this avoided
crossing. Since this type of crossing would generally occcur at very
short intermolecular distances where the potential energy surfaces at
infinite separation are completely distorted, the energy defects and FC
factors at infinite separation would not bhe reflected in the transition
probability, in agreement with the experimental results. We call this

type of transition a "Landau-Zener type” transition, which is also

discussed further in Section C.
iii. (NO + Ar)t system

As mentioned in Introduction, the large CT cross sections have been
attributed to the close energy resonance between the recombination energy
of Art and the levels of NO+(a3E+).5 In fact experimental evidence has
shown that reaction (6) occurs predominantly to form the product NOT ion
in the a3t state?. While it has been shown in this way that reaction
() and (6) are CT reactions between two resonantly lying states, some
evidences of complex fcrmation have alsc been presented. For instance,
Herman et al.!® have reported that the intermediate complex Formation

becomes increasingly more important as collision energy is lowered in

reaction (6). Comparing the relative ¢ross sections for reaction (5)

- 20 =



with the results of model calculation, we find in the present study that
not only a direct ceollision mechanism but also an intimate collision

mechanism is involved in reaction (5), as described below.

Figure 9 compares the relative cross sections for reaction (5) with
the results of the model calculation. One can see that while the two
features of the experimental results, i.e., the resonant enhancement of
the cross section at v=2 and the increase in the cross section with
increaging vibrational quantum number between v=0 and 1 and v=3 and 5,
are well reproduced by the model calculation, there exist discrepancies
between the two results concerning the relative magnitudes of the cross
sections. In particular, it is to be noted that the experiment gives
crosgs sections of substantial magnitude at v=0 and 3 where the
calculation predicts cross sections of essentially zero when both results
are normalized at v=2. The gross agreement between the experimental and
calculated results would probably indicate that reaction (5) proceeds, at
least to some extent, by an electron jump mechanism at large
intermolecular separation. At the same time, however, the fact that the
relative cross sections at some vibrational states are considerably
larger than those predicted by the meodel calculation would indicate that
a complex mechanism is also operative in this reaction. In other words,
the cross section for reaction (5) at this collision energy is
interpreted as consisting of two components, one whose vibrational-state
dependence is determined simply by the energy defects and FC factors, and

the other whese vibraticnal-state dependence is not simply determined by
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these factors. The nature of these two mechanisms are discussed in

Section B.

In contrast to the results of reactien (5), the close energy
resonance between the Ar+(2Pl/2) + NO(v=0) and Not*(a33z*,v=2) + Ar
states was not manifested at all in the cross sections of reaction (6).
Namely the rations of the relative cross sections for Ar+(2P1/2) and
Ar+(2P3/2) were found to be unity within the experimental error, in spite
of the fact that the model calculation predicted large values for this
ratio, as shown in Fig.4 (right panel). Since it has been shown that the

product state of reaction (6) is NO+(a32+) + Ar,4

reaction (6) must be
considered as the reverse reaction of reaction (5). Considering this
fact, the absence of an enhanced J=1/2 cross section in reaction (6) iz a
peculiar result. It can not be interpreted by the difference in the
reaction paths, as was done in the case of the (Ar + 02)+ system. This
procblem is also discussed in the next section bagsed on the results of ab

initio calculation.
B. Ab initio MO calculation

In order to better understand the above experimental results, we
have performed some ab initio MO calculaticns of the partial potential
energy surfaces of these reaction systems. Here, we present the results

on the (NO + Ar)+ system.
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Before presenting the results of calculation, a brief discussion of
the symmetry properties of the relevant complex states would be
appropriate. From the consideration of molecular orbital symmetries,
twelve complex states are expected to evolve from the Ar+(2P] + NO(XZHJ

inetraction,,r7

without considering the spin-orbit interactions in both
Art and NO. of these, however, only a few states are considered to be
invelved in reactions (5) and (6). First of all, as it has been shown
that the main product state of reaction (6) is NO+(a32+) + Ar, only
triplet potential surfaces would need to be considered as the paths of
reaction (5) and (6). Furthermore, since the NO+{a3E+) + Ar and
NO+(b3H) + Ar states are the two triplet states lying much closer to
the Ar+(2P) + NO state than any other triplet state (see Fig.l1l0),

consideration of only these two states as partners of the CT interaction

of the ArT + NO state will suffice for the present purpose.

The electronic configurations of NO+(a3z+), NO+(b3n), and
NO(X%m) are " (1lx)Y(50)%(2x)Y, ' " (1=)%(50)1(2x)!, and
©+(1%)}2(5¢)2%(2n)1, respectively. Thus, if an electron is
transferred from the lx orbital of NO to Ar', the Ar + Not(a33t)
state would be formed, whereas if an electron is transferred from the
Bo orbital of NO to Ar+, the Ar + NO+(b3H) state would be formed.
Since these two orbitals (lx and 5¢) respectively extend in the
directions perpendicular and along the internuclear axis of NO, the
broad-side and head-on approach of Ar+(Ar) to NO(NO+) would lead to

different exchange interactionsg between the reactants; in the former
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approach the interaction between the 3p orbital of Ar and 1lx orbital

of NO is favored and in the latter approach the interaction between the
3p orbital of Ar and the 5¢ orbital of NO is favored. The former
interaction yields A' complex state in which the asymptotic Ar+(2P) +
NO(XZH) and NO+(a3E+) + Ar states are mixed and the latter

interaction yields A and A'' complex states in which the asymptotic
Ar+(2P) + NO(XZH) and N0+(b3n) + Ar states are mixed. The formation

of these two different complex states would probably explain the salient

feautures observed in reactions (5} and (6).

The calculation was perfoermed by an open—-shell SCF method without
configuration interaction using the Huzinaga's MIDI-4 basis sets
(GTO's)la. Figure 11 shows the calculated potential energies for the
triplet ground state (A') as a function of the angle & the line of
centers of the collision makes with the internuclear axis of NO. (For
©=0, see the inset.) The bond length r(N-0) and the distance R between
the center-of-mass of NO and Ar were fixed at 1.2 A and 2.8 A,
respectively. It is seen that the curve consists of two characteristic
regions, one corresponding to the angles of broad-side collisions

{indicated by broken line ---+---), and the other corresponding to the

angles of head-on collisions (indicated by sclid line . ). The
former region of the potential surface (broken line curve) is shown in
Fig.12 as a function ¢of the distance R. The bond length r(N-0) and angle
@ are now fixed at 1.2 A and 90, respectively. Based on the analysis

of the calculated positive charge distribution and the nature of the
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molecular orbitals involved, it turned out that this curve asymptotically
correlates to the NOt(a3st} + Ar state, as shown in Fig.12. This state
is stabilized as R is decreased, due to the CT interaction between the

No*(a3s*) + Ar and Art(2P) + NO states.

On the other hand, the collinear region (©=180 )} of the potential
surface (solid line curve) is shown in Fig.1l3 as a function of R at the
same fixed r{N-0O) of 1.2A. From the same analysis, it was found that the
surface now asymptotically correlates te the Ar+(2P) + NO state and is
stabilized as R is decreased by the CT interaction between the Ar+(2P) +
NO and NO+(h3n) + Ar states. In the collinear approach, the sclid line
curve corresponds to a I state and undergces a crossing with the
unstabilized ¥ state which asymptotically correlates to the

Not(a3st) + Ar state (broken line curve).

Thus the calculated results indicate that twe mechanisms are indeed
possible for the CT reactions (5) and (6). In the broad-side approach,
the two asymptotic states NO+(a32+) + Ar and Ar+(2P) + NO are directly
coupled. In this case, a direct type transition is expected between the
two states. In the case of the collinear approach, on the other hand,
the asymptotic Ar+(2P) + NO state is first stabilized by the CT
interaction with the NO+(b3H) + Ar state ( interaction between the 5¢
orbital of NO and the 3pz orbital of Ar), and then makes an avoided
crossing with the N0+(a32+) + Ar state at much sherter intermolecular

distances. The transition takes place at this avoided crossing. This
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interaction seems to give the intimate type collision mechanism. These
two interaction mechanisms seem to correspond to the two components of
the experimental cross section for reaction (5). The relative importance
of the two mechanisms would be different between reaction (5) which
starts from the N0+{a32+) + Ar state and reacticon (6) which starts from
the Ar+(2P] + NO state. This difference probably gives rise to the
different appearance of the state-dependence of the experimental cross

sections between reactions (5) and (6).

C. Two types of collision mechanism.

As mentioned in Introduction, one of our purpose in the present
study ig to clarify as far as possible the nature of the two types of
mechanism for charge transfer reactions in the (BC + Ar)+ systems, i.e.,
the "direct” and "intimate” reaction mechanisms. Although many
investigators have discussed low-energy charge transfer reactions in
terms of these two mechanisms, the detailed nature of these mechanisms

have been largely unknown.

In this section, we propose, summarizing the above discussion, two
distinct types of potential surface interactions in the {BC + Ar)+
systems. We believe that these two interaction mechanisms correspond to
the two phenomenoclogical reaction mechanisms. The conclusion has been
reached from the consideration of the experimental results in conjunction

with the gituation of the relevant potential energy curves of the
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reactant and product states at infinite intermolecular separation, as
well as with the results of the ab initioc calculation for the (NO + Ar)+

system.

Figure 14 shows the two proposed types of interaction mechanisms
schematically. In each type, three cuts of the potential energy surfaces
aleng the r(B-C) coordinate are shown. The potential energy surfaces for
a system in which CT reaction is considered to proceed via a direct
mechanism are shown in Fig.l14(A). In such a system, Ar and BC have
similar ionization potentials and thugs the electronic states of the Art +
BC and Ar + BCt aystems lie very close to each other. Since the
equilibrium internuclear distance of a diatomic system is generally
different between the neutral and ionic species, the potential energy
surfaces of the two electronic states cross at infinite intermolecular
separation between Ar and BC. The mixing between the two CT states
around the creossing point is negligible at large intermolecular
separation. As Ar and BC approach each other, the mixing of these states
becomes significant and the crossing becomes avoided, as shown in the
middle cut. However, the two potential surfaces corresponding teo the
initial and final states [H,; and H,, in Fig.l1l4(A), respectively] remain
almost parallel, being separated by the energy defect AE, until the
system reaches the region of strong interaction. When this region is
reached, the interaction sguddenly gets strong and the predominant
transition between H;; and H,, takes place here. This region is

considered to lie around the boundary between the separated and united
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atom-molecule regions and is expected to be at fairly large
intermolecular distances R. The probability for this transition is
expected to be governed by the energy defects and FC factors between the
reactant and product states at infinite separation, because of the above-
mentioned parallelness of the potential surfaces, providing the
appearance of the "direct” reactions. Although the transitions are
indeed induced by the collisions between Ar and BC, apparently no
crossings of potential surfaces occur along the R(Ar-BC) coordinate. The
transition is evidently caused by the avoided crossing along the r(B-C)
coordinate. In this context, we call this type of charge transfer
mechanism "Demkov type”™ mechanism. Reacticns (1)-(3) and a part of

reaction (5) (broad-side approach) seem to belong to this mechanism.

If the potential energy surfaces of the initial and final states lie
comparatively far from each other and thus have no crossing along the
r(B-C) coordinate at infinite R{Ar-BC), as shown in Fig.1l4(B), the
interaction between the two electronic states would be so small even at
the boundaries of the separated and united atom regions that a direct
type (Demkov type) transition cannot take place. In such a situation, if
a third state (H33) lies clesely above the initial state (Hll), it could
happen that the interaction between these two electronic states lowers
the initial state considerably as R{Ar-BC) is decreased, eventually
causing an avoided crossing with the low lying final state (sz). The
charge transfer rections can proceed via transitions between the Hll and

Hyo surfaces at this avecided crossing. Since this type of crossing would
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generally occur at very small intermolecular distances R(Ar-BC) deep in
the united atom-molecule region, where the properties of the reactants at
infinite separation are completely lost, the transition probability at
this crossing would not reflect such properties as the FC factors and
energy defects. This type of mechanism seems to correspond to the
"intimate"” or "complex” collision mechanism. We call this type of charge
transfer mechanigm "Landau-Zener type" mechanism in the context that the
charge transfer takes place via surface transitions at an avoided
crossing along the collision coordinate [R(Ar-BC}]. Reaction (4) and a
part of reaction (5) (head-on approach) are the examples of reactions

which proceed by this mechanism.
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Figure captions.

Fig.l

Kig.2

Fig.3

#g.-4

Fig.5

Relative cross sections for reaction (1)
as a functien of wvibrational quantum number v of
H:+(X22g+), obtained at the collision energies of

0.7977 eV and 19.0 eV.

Relative cross sections for reaction {(3)
as a function of vibrational quantum number v of
02+(x2ng) and 0,%(a%m,), obtained at the

collision energies of 1.4 eV and 5.8 eV.

‘Relative cross sections for reaction (5)

as a function of vibraticnal guantum number v of

N0+(a32+llobtained at the collision energy of 1.4 eV.

Ratios of the cross sections for the two spin-orbit states
of Ar+(J=l/2, J=3/2) for reactions (2), (4), and (6)
(left, middle, and right panels, respectively).

: ex erimental, —e#— : calculated.
P

The R(Ar-H2)=m asymptote of the three low-lying potential

energy surfaces of the (Ar + H + H)* system, with the spin~-orbit
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interaction of Art included.

Fig.6 Experimental cross sections for reaction (1) as compared with
the calculated ones at the collision energies of 0.77
eV and 19.0 eV, ® : calculated, [0 : experimental.

The calculated and experimental values are nomalized at v=2.

‘2ig.7 The R(Ar—oz}am asymptote of the five low-lying potential
ene}gy surfaces of the (Ar +-0 + O)+ system, with the spin-orbit

interaction of Ar' included.

.-

Fig.8 Experimental cross sections for reaction (3) as compared;hith
the calculated ones at the collision energy of 1.4 eV.
® : calculated, /A : experimental. The caiculated and

experimental values are normalized at v=5 of the a4Hu state.

Fig.9 Eyperimental cross sections for reaction (5) as compared with
the calculatéd ones at the collision energy of 1.4 aV.
® : calculated, 0 : experimental. The calculated and

experimental values are normalized at v=2.

Fig.10 The R(Ar-NO)=c asymptote of the four low-lying triplet

potential energy surfaces of the (Ar + N + 0)+ system,
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with the spin-orbit interaction of Art included.

Fig.ll The calculated potential_energy curve of the ground triplet
state (3A') as a function of the angle ® the line of centers
of the collision makes with the internuclear axis of NO.

The bond length r(N-0) and the distance R between the

Q o
center-of-mass of NO and Ar are fixed at 1.2 A and 2.8 A.

Fig.1l2 The calculated potential energy curve of the ground triplet
state (3A') as a function of the distance R between the
center-of-mass of NO and Ar. The bond length r(N-O) and

the angle ® the line of centers of the collision makes with

)

.

the internuclear axis of NO are fixed at 1.2 i and 90:

respectively.

Fig.l13 The calculated potential energy curves of the triplet It
and 3 states in the collinear geometry as a function of
the distance R between the center—-of-mass of NO aad Ar.

The bond length r(N-O) is fixed at 1.2 R. —@— 1 Il state,

-m-d---: ¥ state.

Fig.1l4 The schematic potential energy curves for the two types of

reaction mechanism of the (BC + Ar)+ system. A: "Demkov type~
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mechanism, B: "Landau-Zener type” mechanism.
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