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We report a study of the ab initio quantum chemical calculations for annosiecule reaction in the N +

O, system at the CCSD(T)/6-31G*//IMP2(full)/6-31G* level augmented by multireference configuration
interaction (MRCI) calculations. For the charge transfer (CT) reactigh-N O, — N, + O,", different
mechanisms of electron transfer exist according to the electronic statg"ofAlng the potential energy
curve withCy,, symmetry, electron transfer to,NX2Z4™) occurs via a quartet T-shaped intermediate complex
where positive charge has already been distributed on $Hfea@ment, and the CT leads to,@a'I1,) with

large endothermicity. In contrast, electron transfer $o(W2I1,) occurs via a doublet T-shaped intermediate
complex, and the CT leads to,GX?I1) with large exothermicity. The doublet and quartet energy surfaces
that connect the reactant systems, the intermediate complexes, and the product systems are examined in detail.
The quartet CT reaction path contributes to the vibrational deactivation™@X<x,"). Related characteristics

of the reaction dynamics are also discussed.

Introduction eV (v = 2), 0.797 eV ¢ = 3), and 1.054 eV = 4),

_ : . : respectivelyt® Indeed, the reverse reaction of CT reaction 1,
lon—molecule reactions have been of central interest in the 05 (@T1,) + No(X1ZgH) — Ox(X35,") + Nat(X254H), oceurs

chemistry of the ionosphefeNot only in the basic study of A . Lo S .
earth’s ugper atmospheF;e but also frgm the fundamentalyinterestW ith high probability;® which implies that the reaction pathway

; 23 + 3y —
in state-to-state chemistry, the iemolecule reaction between co?neictlng ”le B (XZZg") + OAX 2.9 ) state and .the N
the nitrogen molecule cationN and oxygen molecule £has (X*2") + O (&f'Il) state should exist. Therefore, it appears

- ; : : . that the NT(XZZ4T;0) + On(X3%47) reactant system may lead
received considerable attention, and many experimental studied 4 9 9 S
have been carried out in order to clarify the reaction to O;"(&Iy) by the CT reaction 1 with high energy. Koyano

mechanism-° For this reaction system. the charge transfer (cT) €t @l- inferred that the product of the CT reaction fror_ager
cnanis rihis reaction system, arge transfer (CT) (X%=g") was not @*(a*T1y) but O,F(XI1y), since the vibrational

reaction .
I enhancement of the CT reaction for,\X?Z4";v) was not
N, XSt ARTT o) 4 O,(X3S. ) — observed.On the other hand, they concluded that the vibrational
2 (X2 ) f( N 0 ) P enhancement of the CT reaction foglA2I1,;v) was observed.
N,(X°Zy50) + O (XTgaTl;0") (1) Ferguson et al. proposed the “T"-shaped complex gf #

. . . L O, system® which is drawn in Figure 3, as an intermediate state
is @ main channel of the reaction pathways. The vibrational ¢ \he T reaction and predicted the electronic structure of the
excitation of ions can significantly alter the reaction pathways, product Q in terms of the molecular orbital (MO) overlapping
the electronic species, the vibrational states of products, a”dfeasibility In the T-shaped complex, the3singly occupied
12 . !

the rate constants. , L molecular orbital (SOMO) of K (X?Zg") has an in-phase

K.oygno et al. were the flrst.to report the effect of vibrational overlap with the &, orbital of O,(X3%,") whose removal leads
excitation of_Nf_r on CT reaction 1 usmg_the photoelectron to 0" (@*11,), while the overlap between thegorbital of Ny*-
p_hoto_lon coincidence (IZEB'CO) techmcﬁe}heg selected (X2=4M) and the 14 orbital of Oy(X3%47), whose removal leads
V|brat|onallstates of N(X Zg_ ’?:0_3) and N (AT L;0=0- to O*(X?I1y), is zero by symmetry. Therefore, they inferred
3) at considerably high collision energicy = 2.1 eV, and the product of the CT reaction from,N(X25,*) was endo-

: : n
found that the cross section _Of the CT reacztlorT for =2y "2) thermic leading to @ (a*I1,), and this inference was supported
was very small compared with that fopNAI1,;v) and almost by the fact that the rate constant of the CT reactles, from

unaffected by the stretching vibrational quantum numbédf NoHOXZS ) W oA ) 11
S . as extraordinarily smallket &~ 5 x 10711 cm?3
the G*(&'I1,) product ion is obtained from the N(X2Z4";v) 3721 3(,9 g) y ket x
+ O(X3Z47) reactant system by the CT reaction, it seems that = _ . . o 4
the cross section of this reaction would show the vibrational _iChUIt)ngn_d Arn;entr_outl StUdI'l(.aO.I the rez;t_:t_lon Q.ﬂu( Zg.d) d
enhancement from the viewpoint of energetics; the energy level wit bOZ( g ) under single-co ISIOﬂ_COﬂ itions in a4gu;1 ed-
of the NZ(X129+;U':O) + 02+(a4Hu;U”:O) prOdUCt state is 0.523 ION peam mass SpQCtrometer EﬁM = 0.04-20 eV.2 T+e
eV above the ground state= 0 of the reactant, while the observed cross section of the CT reaction 1 for thg(X2Z4")

3 —
vibrationally excited reactant states are 0.270 e¥(1), 0.535 + OZ(X ;) reactant system was much smaller than the
theoretical value; the observed cross section was about#15%

T Department of Engineering Physics and Mechanics. 8% of the calculated value by the LangeviBioumousis-
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eV.13 Moreover, the CT cross section also indicated an unusual vibrational energy makes the CT avoid accessing th&a11,)

dependence on the collision eneigyy; asEcwy increases, the
CT cross section decreases uhtij, reaches 1 eV and exhibits
the minimum atEcy = 1 eV and increases whéfry exceeds

1 eV. If Ecm increases more, the CT cross section exhibits a

local maximum and then decreases addline rate constant of
the CT reaction 1 for the N(XZZg") + Ox(X3%y7) reactant
system also exhibits the minimum with respect to the collision
energy near 1 eV.Schultz and Armentrout explained both the

state, and in the case of coupling with the"(X?I1g) state, the
vibrational enhancement is not observed because of the high
exothermicity.

Simultaneously, Kato et al. investigated the vibrational
deactivation reaction

N, (X°2, 50> 0) + 0,(X°%, ) — N, (v <) + O, (2)

smallness and complicated energy dependence of the observedt low Ecy.87 This reaction occurs in competition with CT
CT cross section by means of the long-range direct mechanism,reaction 1. They investigated the rate constants of vibrational

which is driven by the FranckCondon (FC) factors!1® In
reaction 1 for the N(XZZgt;v) + Oo(X3Zg™) reactant system,
there is no resonant state of @X?I1,) at the ionization energy
of Na(X'=g"), and moreover, the FC factors are too small to
produce Q" (X?I1y) efficiently. Therefore, the small CT cross
section is observed. ABcy increases, the system is separated
far from the resonance states ob"@X?I1g), and whenEcy

relaxationk, for v = 1—4 by means of the latest analysis of
experimental kinetics plots considering the multiguantum
deactivations, and a significant enhancement of vibrational
deactivation was observed; the total rate constégtst kq,
whose enhancement is primarily due to increased vibrational
deactivation, are 0.4% 10710 1.6 x 10710 2.1 x 10710 2.6

x 10710 and 3.0x 10 cm® s for v =0, 1, 2, 3, and 4,

exceeds ca. 1 eV, the FC factors might begin to associate withrespectively; that is, the total rate constantdor 4 is 6 times

the Q" (a'T1,) band. According to the FC criteria for a long-
range vertical transition, the product state is ngt(@11,;"'=0),
which corresponds to the adiabatic ionization of Gut Q-
(a'T1y;0"'=4),'6 where the vertical ionization is most enhanced
at Ecy = 1.011 eV*2 Among the vibrational states of product
N2(X124") the states’ = 0 is produced with large probability,
since the N"(X2Z4") — N(X1Z4") transition is almost vertical
and keeps the vibrational quantum numhér= v well.
Therefore, the CT cross section increases whgpnexceeds 1
eV by opening of the g (a*Il,) formation channel. In the
experiments by Koyano et &.CT reaction 1 might be

larger than that for = 0.7 The properties that neither,N nor

O, has a permanent dipole moment and that the vibrational
levels between pt and G have a large gap for energy defect
would hamper the long-range direct vibration-to-vibration energy
transfer from N*(v) to O,. Therefore, they suggested that
reaction 2 also occurs via a short-range mechanism, in thie (N
--Oy) intermediate complex, which has a deep potential well
due to an electron exchange, on the CT reaction path, and
estimated effective well depths of 0.8, 0.9, and 1.0 eV for the
N2t (ZZgT;0=0), No* (224 T;0=1), and N (>Zg+;0=2) reactants,
respectively, when a moderate exchange integral for the

dominated by the long-range direct process because of the largelectronic coulplirlg betvyrefn MNCZg") + 0x(%Zy7) reactant
collision energy of 2.1 eV. As Schultz and Armentrout pointed System and b(*Zg") + O;"(*I1y) product system was assumed

out? the No™(X2Z4t;0=0) state might already couple with the
O, (aT1y) product state iEcy = 2.1 eV is efficiently channeled

to be 0.8 e\’ For this reactant system, Dobler et al.
investigated the kinetic energy dependenck,sfthey observed

into the reaction coordinate. Then it is not surprising that the thatks was almost independent Bty, althoughk, exhibited a

results by Koyano et al. did not indicate a vibrational enhance-

ment in CT reaction 1 for i (X2Z4") because the translational
energy contributes to open the,@*I1,) channel more than
the vibrational energy of N(X2Zg").

Recently, Kato et al. studied the vibrational dependence of

the short-range CT reaction 1 for the{X?Z4*;v) state using

the selected-ion flow tube, laser-induced fluorescence (SIFT-

LIF) technique forr = 0—4 at very small translational energies,

where translational enhancement was negligible, and suggeste
a reaction mechanism involving short-range interaction via an

ion—molecule intermediate compléX. In the short-range
interaction, the FC mechanism will be unqualified and the
adiabatic ionization to @ (a'Il,;»"'=0) might be adapted.
Above all, the NT(X2Z;t;0=2) state (0.535 eV) is almost
exactly resonant with the O(a*T1;2''=0) product state (0.523

eV), and hence, a large dependency on the vibrational state for

CT is expected. At the beginning of their study fox 2, the

slight minimum aroundecy = 0.5 eV. They regarded that the
slight decrease d{; was due to the reduction of the lifetime of
the intermediate complex.

Moreover, Schultz and Armentrout observed first that the
abstraction reactions also occur at higher collision energies for
this system as well as for the §N- Ho)* or (O, + Hp)™ system
as follows*

Ol\|2+(xzzg+) + 0,(X%%,7) — N,O'(XILA"'27) + OCP)

3)
N, (X*2,") + 0,(X°%,") — NO*(X'Z") + N(*s °D) +
OCP) (4)
N, (X%Z,") + 0,(X°5, ) — O'(*S) + Ny(X'5, ") +
o¢P) (5)

vibrational enhancement of the CT reaction 1 was regarded asjt has been reported that NOand NG are not observed as
negligibly small because the CT rate constants are almostthe product species. They suggested an intermediate of the form

constant fory < 2 if the data of Nt ion counts detected with
the downstream mass filter as a function of f@w rate are
treated as a single-exponential decdyr o= kct1= Ker2 =
0.49x 10 9cmPs1for =0, 1, and 2, but a CT enhancement
of ca. 50% forv = 2 was suggested if the slight curvature of
the data of N* ion counts is fit exactly.By means of the latest

(N—N---O—0)*, which should have a doublet ground state
corresponding to covalent bond formation betweerahd Q
fragments, where theNN cleavage is hard to occur. In reaction
3 the ground state of D™ is 2I1, while reactions 4 and 5 are
respectively derived from the excité¢d"" state and'>~ state

of N,O™ with conserving spin symmetA27:18 The surface

analysis of experimental kinetic plots, a moderate CT enhance-crossing has been discussed in the dissociation,®f (¢IT) to

ment of ca. 50% fow > 2 is observed with the improved LIF
measurementsFor the low vibrational state far < 2, it has

NOT(XI=) + N(*S) or OF(*S) + Ny(X1Zgh).1”
It is essential for discussion of the vibrational effects to

been considered that the endothermicity due to the smallinvestigate detailed reaction mechanisms and potential energy
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Figure 1. Electronic state correlation diagram of N+ O, system at the CCSD(T)/6-31G*//UMP2(full)/6-31G* level with ZPE correction at the

MP2 level in units of electronvolt. Solid lines, dashed lines, and dotted lines indicate the potential energy surfaces with maintained symmetries of
C2, Cs, andC..,, respectively. Values in parentheses are relative energies at the PMP2(full)/6-2P&*evel. Results of MRCI calculations are

in brackets. Values in brackets are experimental data in ref 4 erciepin ref 6.

surfaces. Recent rapid progress of the computational chemistrybational estimate of connected triple excitations (CCSDAY)).
enables us to study potential energy surfaces in detail by mean®Orbital energies are obtained by the restricted open-shell
of ab initio quantum chemical calculation. For example, stable Hartree-Fock (ROHF) method. In addition, the internally
structures and potential energy surfaces of th@Jdystem have contracted multireference configuration interaction (MRCI)
been already reportéd.For the NO,™ system, however, a  calculations® with 6-31G* basis set were performed by the
detailed reaction mechanism has not been discussed becausklOLPRO progrant?

there has been no information about structures of th@;N

reaction intermediate complexes and related potential energyResults and Discussions

surfaces in terms of quantum chemical approach as far as we Figure 1 shows the electronic state correlation diagram of

are aware, although Janik and Conway+discussed the bondy,, No* + O, reaction system at the CCSD(T)/6-31G*//UMP2-
energy and entropy change in thex(NO") cluster by an  4,1)/6-31G* level with zero-point energy (ZPE) correction at
empirical potential energy surfaéeAccordingly in this paper, the MP2(full)/6-31G* level factored by 0.94. Our calculation

we carried out ab initio quantum chemical calculations and 54 shows that the ground state of Ns 25, and then the

investigated the reaction mechanism for theg N- O; reaction energies of the other states are measured relative to the N
system. (224%) + 0,(3%4") state. The MRCI calculations for the reactants
(N2T(?2gh), N2T(?I1y), and Q(3%y7)) and the products (9-
(3T1g), O F(*I1y), and N(*Z4™)) of the CT reaction were carried
Ab initio molecular computations reported in this article were out by considering @, 2oy, 30g, Ly, Ly, and 3, orbitals as
performed with Gaussian 94 and MOLPRO program pack- the active space, with geometry optimization. For CT reaction
ages122We carried out geometry optimizations of the reactants, 1, the calculated energies both by CCSD(T) and by MRCI are
the reaction intermediate complexes, and the products with theconsistent with the experimental data. For the abstraction
6-31G* basis se8 with the second-order MgllerPlesset full- reactions, the PMP2(full) calculations are more consistent with
cored perturbational treatméhtusing the Gaussian 94 pro- the experimental results than with the CCSD(T) results when
gram?! The spin-unrestricted formalism (UMP2) and the the product system consists of only the monatomic and diatomic
approximate spin-projected (PMP2) calculations were performed species as in the reactions 4 and 5. However, for the reaction 3
for all the species except the singlet state. Analytical vibrational where NO™(?I1) is produced, the CCSD(T) results are more
frequencies were computed to ensure that each structureconsistent with the experimental data. The CCSD(T) calculations
corresponds to a true minimum (no negative eigenvalues) atare more reliable than the PMP2(full) results for polyatomic
the MP2(full) level. For the optimized UMP2 geometries, complexes such as®," intermediate complexes.
energies were calibrated by single and double excitation Table 1 shows the optimized bond lengths and the vibrational
coupled-cluster (CCSD) calculations, also including a pertur- frequencies of the reactants and the products of the CT reaction.

Computational Methods
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TABLE 1: Optimized Bond Lengths and Vibrational Analysis of the No*(2Z4™;2) + O, Reactions Observed by
Frequencies of Reactants and Products Kato et al. We have studied a model of the CT process in which
MP2(full)/6-31G* MRCI/6-31G* the NbO,™ system is assumed to have the shapa @ during
species term  bond length frequency bond length the reaction. Then the symmetBy, is kept in this model. The
geometry of the system is characterized by three parameters,
reactant . . . .
N, 25" 1.146 1967 1.140 r1, 2, andrs, which are defined in Figure 3; andrs are the
N,* 211, 1.203 1649 1.196 lengths of the N-N and O-O bonds, respectively. The rest
Oz =y 1.246 1328 1.232 parameter; is the distance between the Bnd Q fragments.
o +produ<2:1t_l 1187 1269 1146 We fixedr; andrs at the optimized values for the reactants or
O; 41]3 1409 898 1419 the produgts, which are given in Table 1. We then calculated
N, 13 1.130 2049 1121 the potential energy of the A,™ system as a function ab.

] ] L The potential energy of the #/0,™ T-shaped model has been
a|n units of angstroms? In units of cnT 2anii scaled by 0.94. determined by means of the MRCI calculations, where 21
The bond Ienlgth and frequency ot N°2y") are nearly equal  glectrons and 14 orbitals were considered as the active space.
to those of N(*=4*), respectively, and therefore, it is confirmed The plots of the potential energies with respect4at the

that thihM+é229;)l_> Tﬁ(lzig)f transition i? vertitcali in o:(her MRCI level are shown in Figure 4. Along the reaction path
cases, the bond length and irequency of reactants make SomMgi, the quartet state before reaching comgdegur calculation

ch_?ngr(]a befgrg andl aftethrrlle CiT.t . i i f th shows that the electronic configuration is dominated by the
->haped Lomplexes fhe electronic configurations of the dquartet NT(2Zgt) + Oo(3247) reactant system, which is shown

(re?(?:(i:tfgts?gtségn;rznsdh?v?/nci-; ﬁ)::oglrjgtzsyétrinr:] It?](teh\ejigvrvm:)?r?t E’g}l in Figure 2a, and the potential energy profile is drawn in the
the MO in-phase overlapping fgr the .T-shaped compl?ex sug- left hal_f of Figure 4. We have c_or_lf_irmed that the_ potenti_al energy
gested by Ferguson et &lin the CT process from N(Z5;%) curve is c_ompletely flat in the initial stage of FhIS reaction path,
an electron is transferred from ther,lorbital of O,(3Z,7) to and then it gradually dec_reases where the_ distapsbrinks to .
9 be shorter than 4 A; that is, there is no barrier along the potential

the 35y orbital of N,*(2Z¢") with conservation of the spin f h xvhen th
symmetry in Figure 2a, and then,@*I1,) is produced. In this curve from t € reactant system'to complewhen the space
' u symmetry Cy, is kept. Whenr; is shortened, the reference

CT process, we found a stable intermediate complexXs ffici n th lculati for th " . ¢
Ferguson et al. suggestéfithe geometry ofL looks like the coefficient in the MRCI calculations for t e con iguration o
the Ny(*Z4™) + O-*(*I1,) CT product system is enhanced. For

character “T” with the @ fragment forming the top of the T, . . .
as shown in Figure 3. Thegelectronic st?atelofs I{‘)‘Bl. The the succ_eedlng_ reaction path starting from the complete
optimized geometrical parameters and Mulliken atomic charges electronic conﬂgura’uon smoothly converges to the product
are listed in Table 2. At the CCSD(T) level, the energylof system and the potentl_al energies are p_Iotted in the r_|ght half
relative to the reactant state is0.726 eV, and therefore, of Flgure 4. T_he potential ENErgy Curve rses monotonically as
complex is more stable than thesN2Z;") + 0,35, ") reactant the distance; is lengthened starting fror:_h Itis supposed that
system. In complexl, the positive charge has already been the N('2g") + 02+(4.H”) product system is not always obtained
distributed on the @fragments, where the electronic configu- alftei the co+rrlple>d is formed bec‘?‘us‘? the energy of the-N
ration of 1 is the same as that of the, (") + Oz*(“IL) (*=g%) + O *(“I1y) product system is higher by ca. 1.0 eV than
- : that of the complex.. The impulsive collision in the repulsive
roduct system shown in Figure 2d. It is observed that the 8a )
P 4 g n part of the potential well due to complé&would pull back the

orbital with $-spin electron, which is mainly formed by the3 N,O," system toL, or it would return the CT again to the,O

orbital of N, fragment, slightly consists of ther} orbital of g
N: frag gnty } fragment to reproduce the reactant system. This is because the

the G fragment by coupling thed, orbital with the in-phase - .
overlap. According to the vibrational frequency analysis shown potential energy of the reactant system is lower than that of the

in Table 3, the -0 and N-N stretching modes have a large pch)rd;JctJrsystem '22 > 25 A, and hence, the reactant system
wavenumber, 1023 and 3784 chrespectively, and only one N2 (Zg") + Ox(*%g") can be recovered with vibrational
of the bending modes also has a large wavenumber, 1723 cm deactivation by short-range |ntermolecular' vibrational energy
Furthermore, we found the most stable intermediate complex ransfer and not by the long-range classical LandBeller
2 of the CT reaction system, whose geometry is also T-shapedMechanisnt’
with the electronic stat®A,. As shown in Table 2, the distance In the left of Figure 4 the plot of the potential energies along
between N and Q fragments is longer than that &f and the the reaction path from the doublet reactant syster(l,) +
0—0 and N-N bond lengths are nearly equal to the bond O2(*%;") to complex2 is also shown. Here, we fixed at the
lengths of Q*(21g) and Ny(1Z,*) listed in Table 1, respectively.  optimized values for bl (224*) in order to compare the energy
In complex2, similarly as in the compley, the positive charge  of the doublet surface with that of the quartet surface at the
has already been distributed on the fEagments, where the =~ same geometry. We found that the energy increases as;the N

electronic configuration a2 is the same as that of the({&,") and Q@ fragments separate from compléxto the doublet

+ O, (*I1g) ground state shown in Figure 2c. Comp2kas reactant system. It was also observed that as they are separated
been discussed by experimentalists as the-(8,*(X)) com- farther, the reference coefficient to theNPI1,) + Ox(3Zg")

plex*® that would immediately dissociate to({&g") + O*- state contributed more to the MRCI calculation. But the energy

(°I1g) because of the large exothermicity. As shown in Table 3, is much lower than that of the N(2Z4") + O,(3Z4") reactant

the O-0O and N-N stretching modes respectively have a large system and did not exceed it when their distanceeaches 8
wavenumber, 1276 and 2059 chand their values are close A because the N'=4") + O,* (1) reference state, which is

to the frequencies of the corresponding compounds of the an extremely stable state, has a large effect in reducing the
product, Q*(?I1g) and No(*Zy™), listed in Table 1. By contrast,  energy of the doublet reactant system with symmetry. This
wavenumbers of the other four vibrational modes range over means that the energy surface of the doublet(NI,) +
117-313 cn1?, and thus, the weakness of the bonding between O,(3%4™) state does not cross that of the quartet(®&q™) +

N, and Q fragments is confirme#l. O,(3%4") state when the space symme®y, is kept. Even if
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Figure 2. Electronic configurations at the ROHF/6-31G* level for (a) the ground state and (b) the excited state of reactant system and for (c) the
ground state and (d) the excited state of product system in the charge-transfer reaction.

the doublet and quartet surfaces cross with@aesymmetry, complexl without the electron transition to the doublet surface
the electron transition from the quartet surface to the doublet when the space symmet@, is kept.
surface is symmetry-forbidden. Therefore, for the ®=4") + The reaction path from compleXto the N(*=g") + O2*-

0,(3%4") reaction system, the short-range intermediate complex (2[1g) CT product system in the doublet state is almost flat as
mechanism along the quartet surface would be conserved withshown in the right of Figure 4. Moreover, compl2yossesses
the shapefoa T during the reaction, and the system floats near almost the same vibrational characteristics as that of the N
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Figure 3. T-shaped complexek and 2.

TABLE 2: Optimized Geometrical Parameters and

Mulliken Atomic Charges for the T-Shaped N,O,"
Complexes at the UMP2/6-31G* Level

geometrical parameteérs

Mulliken atomic charges

term r r rs Na Np (@]
1 “B; 1.094 2.012 1.332 +0.145 +0.065 +0.395
2 2A, 1.129 2.732 1.186 +0.098 —0.089 +0.495

a Refer to Figure 3 for subscripts ofand nitrogen atomsg.In units
of angstroms.

TABLE 3: Frequencies of Vibrational Modes of the
T-Shaped NO,™ Complexes at the UMP2/6-31G* Level

stretching modes

Y(N—N) (0—0) bending modes
1 3784(a) 1023(a) 1723 (b),318(a), 18 (), 8 (»)
2 2059(a) 1276(a) 313 (k), 141 (a), 127 (b), 117 (b)

21n units of cnT! and scaled by 0.94.

(*=g1) + O, (?I1g) product system. Therefore, once the doublet
complex2 is formed, it dissociates directly to the({&;") +
O*(?I1g) product system.

In CT reaction 1 for the B (X2Zgt;v) + Ox(X3Z4") system,
the electron transfer from ther] orbital of O,(3Z;~), whose
removal leads to @ (“I1), to the 35y orbital of N;*(2Z4+) would
be easy to proceed along the potential energy curve with the
C,, symmetry in Figure 4 through the concerted reaction
pathway due to the in-phase overlap as shown in Figure 2a.
However, the dissociation to thef=;") + O,*(*I1y) products
is difficult because of the endothermicity for the low vibrational
states withy < 2, in particular in the case of lo&cy. When
v =2, CT reaction 1 for the N (?Zg";v) + O2(3Z4") system to
the N(*=g") + O, (“ITy) products is exothermic by 0.012 eV,
and therefore, it would be possible to reach the(¢I1,) state
if v > 2 at someEcy and the CT is expected to be enhanced to
some extent.

On the other hand, the electron transfer from thg drbital
of O5(3Z47), whose removal leads to,0(°[1), to the 34 orbital
of N2™(?Zg") is symmetry-forbidden in MO overlapping for the
rectangular T-shaped complex as shown in Figure 2a. Despite
the high exothermicity of the CT, there is no probability of the
electron transfer to produce,@?I1g) from the N"(3=4") +
O,(3Z4") reactant system along tl@, potential energy curve.
For the formation of @"(?I1y) from the N"(2Zg") + Ox(3Zg7)
reactant system, a break of the,, symmetry is hereby
necessary. An in-phase MO overlap betweep &hd Q
fragments can be produced when g symmetry is broken,
and then the formation of O(*[1g) by means of the CT from
O2(3Z47) to N2™(3=4") would occur.

The fact that the rate constant of the &gy, is much smaller
than that of vibrational deactivation of,N2Z4™;2), kg, can be
explained by the difference in the geometrical symmetry of the
system. Namely, the N(?Zg*;0) + Ox(3Z4~) system mostly
would form complext smoothly along the quartet surface with
Cz, symmetry because th€,, geometry is more stable than
the distorted T-shape geometry around the reaction path. As

above-mentioned, the short-range intermediate complex mech-

Tachibana et al.

anism along the quartet surface with, symmetry would be
conserved without the transition to the doublet surface once
complex1 is formed and then dissociate back to the reactant
system for the low vibrational energy state with the vibrational
deactivation along the quartet surface. On the other hand, the
CT to produce @ (2[1g) from the N*(2=g") + O2(3Z4™) reactant
system cannot occur when space symm@ésy is kept. The
distortion of theC,, geometry in order to produce,O(I1y)
would be at a disadvantage because the distorted geometry has
a higher energy than the,, geometry and it is expected that
the in-phase MO overlap between Bnd G fragments for the
distorted system is not so large.

Analysis of the Nb*(2X4",I1y; ) + O, Reactions Observed
by Koyano et al. In CT reaction 1, Koyano et al. observed that
the CT cross section for the ,N(2I1,) + O,(3Z4") reactant
system is larger by far than that for the NZq") + Ox(3247)
reactant system by experiments with large translational erfergy.
CT reaction 1 from N"(?Zg") + O,(3Z4™) to No(3=g1) + Oy*-
(I1g) would proceed with distortion of th€,, geometry so
that the cross section of the CT is very small despite the high
exothermicity. For the B (°I1,) + O,(°Z4") reactant system,
in contrast with the case of N(*=4), the electron transfer from
the Iy orbital of O,(3%4 ") to the SOMO, namely, therd, orbital
of N>™(4I1y), is easy because their in-plane MO overlapping in
the T-shaped complex witBi,, symmetry is in phase. The large
cross sections of the CT for,N(?IT,) can be explained by the
in-phase overlap with high exothermicity in the CT reaction.

For the doublet state, we found stablgO¥"™ complexes with
bent structure. Table 4 lists the optimized geometrical parameters
and Mulliken atomic charges of bent®," complexes3 (°A"")
and4 (A’). Charge distribution on the bent complexdand4
is in striking contrast to the distribution on the compRthat
is, positive charge is distributed exclusively on thefidgment
of complexes3 and4. Both of the bent complexes clearly have
an occupied NN ¢ bonding MO of -spin electron, which
mainly consists of 2p orbitals of each nitrogen atom like the
30y orbital of the N(2[1,) ion, and accordingly, it is considered
that the reactant state that leads to these complexes (3IN,)

+ O,(3%4") rather than N (2Z5") + O2(3%4") because the NN

o bonding MO of thef-spin like the 3y orbital of Ny*
corresponds to an occupied MO fog™NFIT,) and an unoccupied
MO for N2"(2Zgt). One Tng electron of Q(3%y") is left on the
terminal oxygen atom of the bent complexes, and the othgr 1
electron interacts with the SOMO of,N(?IT,) on the N-N—O
part. The interaction scheme is in a like the antiferromagnetic
one between localized spins. The electronic state of bent
complexes iA" (3) when the orbital interaction is in-plane,
while it is 2A" (4) when the orbital interaction is out-of-plane
with respect to the pD," plane. Almost all of spin density is
located on the terminal oxygen atom for both of the bent
complexes. For compleX the O-O and N-N stretching modes
have a large wavenumber, 1042 and 2205 §mespectively,
while wavenumbers of the other four vibrational modes are
195-652 cntl, and thus, it is found that the bonding between
N, and Q fragments is relatively weak. For compléx the
O—0 and N-N stretching modes have a large wavenumber,
1588 and 3476 cm, respectively, while wavenumbers of the
other four vibrational modes are 120055 cn1?! so that the
characteristics similar to those of compl@are recognized with
respect to the bonding between &hd Q fragments.

In particular, complexd has a large stabilization energy by
ca. 2 eV relative to the N(?IT,) + Ox(3Z4") reactant system
at the CCSD(T) level. The doublet complexgsand 3 are
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Figure 4. Potential energy curves for th&, charge-transfer reaction pathways at the MRCI/6-31G* level. The symml|s' ‘@, “@” and “A”
respectively denote the N(ZZg+) + O(3Z47) reactant state, the N([1,) + O,(3Z47) reactant state, thedd=,") + O,"(*I1,) product state, and the
N2(3=5") + O;*(%I1g) product state. Refer to Figure 3 for the geometry.

Mulliken Atomic Charges for the Bent N,O," Complexes at 0,
the UMP2/6-31G* LevePl 0, Y -

geometrical parametérs
term  r(Na—Np)  r(Ny—0z)  r(Oa—0Op)  r(Na—Op)
3 2A" 1.139 1.358 1.355

TABLE 4: Optimized Geometrical Parameters and \

Oz NN

4 1.159 1.285 1.432 NN
5 A 1.096 1.240 2.952 3.079 s g
3
geometrical parametérs Mulliken atomic charges . 110 em™! (2)
1042 cm™" (&)
O(Na—Np—03) O(Npb—0a—0p) Na Np Oa Op
3 176.0 108.6 +0.334 +0.544 —0.089 +0.211 \
4 175.0 105.8 +0.342 +0.581 —0.166 +0.242
5 178.8 69.6 +0.308 +0.705 —0.025 +0.013 \ 0,
a Refer to Figure 5 for subscripts of atoms. The dihedral an(iie— Q
Np—0,—0p) is 180 for all of the bent NO,™ complexes? Bond length \
r is in units of angstroms, and bond andlés in degrees.
. . O; ﬂ‘bﬁNa
located on the same potential energy surface, which has an out- \ O,—N;,—N,
of-plane unpaired electron with respect to th€p plane, and \ * \
the barrier betwee and 3 is expected to be small, judging
from the results of vibrational analysis. Therefore, the formation 4 5
of complex 2 or O;"(*I1g) from the N*(I1,) + O(3%y") 1588 em) (&) 141 e~ (@)

reactant system can occur not only alon reaction path
y Y g G P Figure 5. Eigenvectors of the ©0 stretching mode of the doublet

but also via complex3 along the path c.)f thé State. with bent complexe8 and4 and the quartet bent complé&at the UMP2-
bent geometry and an out-of-plane unpaired electron with respect/5.-31G+ level.

to the NO," plane. Moreover, the formation ofx0(?I1g) from

the No"(3I1y) + Ox(3Z4") reactant system can also occur via plane and an out-of-plane unpaired electron with respect to the
complex4 along the path of théA’ state with bent geometry ~ N,O," plane. The other unpaired electronsobccupies an out-
and an in-plane unpaired electron with respect to th&,N of-planer orbital, which has lobes on the edges of thefM—0O
plane, similar to the path of thgA” state. In addition, it is part, like the SOMO of the allyl radical. This out-of-plane
expected that the energy surfaces of these doublet states wittorbital originates from the SOMO of the reactant{¢I1,) on

the bent geometry would respectively cross that of the quartet condition that the orientation of the SOMO is vertical to the

state with the distorted geometry to producg @I1g) from the N.O," plane. To form comple% from the ground state of the
N2t(ZZg") + Oo(32g7) reactant system when the space symmetry reactant system, N(2Zg") + Ox(°Z47), it is necessary to make
C,, is broken. the surface crossing to the surface, which leads to tH¢’N,;)

Analysis of the Nb™(?X4") + O, Reactions Observed by + O,(3%4") reactant system, similar to the formation of complex
Schultz and Armentrout. The CT reaction 1 for the N(2Z4") 2 from the Nt (?Z4™) + O(3%47) system.
+ O2(3%4") reactant system has been discussed in this article Complex5 is characterized by the very long-® and N-O
in terms of the short-range intermediate complex mechanism. bonds, and accordingly, it is expected that these bonds are
The experimental results by Schultz and ArmentroutBey; extremely weak. According to the vibrational frequency analysis
> 1 eV can be explained by this mechanism. For the abstractionshown in Figure 5, the vibrational modes related to@and
reactions 3-5, the bent MO+ complex5 with the quartet state, ~ N—O stretching ofs have very small wavenumbers, 110 and
4N, plays an important role. Complexis an excited state of 141 cn?, which are respectively ca. 0.20.14 and 0.070.09
the quartet NO,* complex1, and one of the oxygen atoms is times as large as the-@D stretching vibrational wavenumber
separated from the remaining-W—0O part as shown in Table  of the doublet bent complexeésand 4 and smaller than the
4. Similar to complexe8 and4, the positive charge is distributed  bending vibrational wavenumber of the quartet T-shaped
on the N fragment of5. Two unpaired electrons of the reactant complex1 in Table 3. The behavior of the lowest vibrational
O,(3Z47) are left on the separated oxygen atonbias an in- mode implies that the Nand Q fragments are weakly attached
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TABLE 5: Optimized Geometrical Parameters and For the NO™ ion 6, both of the N-O and N-N stretching
Mulliken Atomic Charges for N,O* and NO* Products at modes of NO*(2II) have large wavenumber, 902 and 3082
the UMP2/6-31G* Leve? cmL, respectively, and therefore, both of the-® and N-N
geometrical parametérs  Mulliken atomic charges bonds are strong. If the cleavage into N@nd N takes place
term r(N—N) r(N—0) 6(NNO) N (edge) N (mid) O like NoO™(*A"), the electronic states of the products are'™NO
N2O' 6 21 1097 1242 1800 +0326 +0697 —oozs (=) (9) and NED)** where the heat of reaction is extremely
7 4A" 2067 1.092 113.1 +0.010 +0.750 +0.240 endothermic as shown in Figure 1. It is considered that the direct
8 43 1.107 2254 180.0 +0.130 —0.052 +0.922 cleavage int® and NED) is hard to occur at lowEcy once
NOt 9 1zt 1.102 +0.621 +0.379 N,O*(2I1) is formed. It has been reported that the &™) +
aBond lengthr is in units of angstroms, and bond andleis in N(*S) system and the @'S) + Na('Zy") system can lead to
degrees. the ground state of dD*(2IT) by means of the surface crossing
_ _ with large exothermicity’
EﬁﬁLE G:dFretq#}enﬂfﬂspg‘;ggfgb'[‘g gOdes of NO* According to the experimental results by Schultz and Ar-
pounds at the - ev mentrout, the cross section for formation of N@ses slowly
v(N—N) v(N-0) from a threshold of+2 eV and then much more rapidly above
6 3082 902 ca. 4.5 eV with respect to the collisional enefgyhe reason
7 98 4099 the cross section to product NGs small at lowEcy can be
8 3564 221 explained by the surface crossing frorgON (2IT) to NO* (=)
a|n units of cnm! and scaled by 0.94. + N(4S). At hlgh Ecwm, above 4.5 eV, NO can be formed

o efficiently along the potential energy surface with, symmetry
to form complex5, and that of the second lowest vibrational = from N,O™(2IT) to NO*(:+) + N(2D). For formation of O,
mode indicates that the cleavage into an O atom and&h N the cross section rises at a threshold of 3 eV accompanying
molecule is easy in the quartet bent compeX herefore, this reduction of the cross section forL®*.4 It means that O is
complex should largely contribute to abstraction reaction 3. gptained from NO*(2IT) to O*(4S) + Ny(1Z,+) by the surface

Actually, the electronic states of the-NN—O part and the  crossing similarly as the formation of NQat low Ecy.
separated oxygen atom are nearly equal to those,0f {I1)

and O 8P), respectively.

Table 5 shows the optimized geometrical parameters0fN
and NO' ions, which are the products of abstraction reactions  In this article, we have investigated the reaction mechanism
3—5 reported by Schultz and Armentrdlithe ground state of ~ of the No* + Oz reaction system and discussed related matters.
the N;O* ion 6 (?I1) has a linear structure with doublet spin  For the charge-transfer reaction, reactivity and collision energy
state. This ion is easy to obtain without a change of the electronicdependence are characteristic of the electronic and vibrational
structure once compleX is formed. The excited states of the state of N*.2487|t is caused by the difference in mechanism
N,O* ion in quartet state§(*A") and8(4="), are more unstable  of electron transfer. Electron transfer toA2I1,) occurs via
by 0.535 and 0.870 eV, respectively, than the ground state ~ a doublet T-shaped intermediate compleyObl (°Az) with in-
the CCSD(T) level. phase MO overlap between theglorbital of O;(X3%4™) and

The optimized geometry af, N;O*(%A"), is a bent structure L, orbital of N;(A2I1,) when the space symmet@g, is kept.
and characterized by a very longIN bond, and accordingly, ~ The interaction betweenJd¥nd Q fragments is extremely weak
it is expected that the NN bond is very weak. As listed in  in the NbO>"(?A) complex so that the potential energy surface
Table 6, the N-N stretching mode has a very small wavenum- around the MO, *(?A;) complex is very flat. The electronic states
ber, 98 cmt, while the N-O stretching mode has very large of the N, and Q fragments of the BD,"(?A) complex are
wavenumber, 4099 cm. All of the unpaired electrons are respectively equal to those of(X'Z") and Q*(X2I1g), and
located on the separated N atom, and the electronic structureghis complex would immediately dissociate to(X'Z3") + O,*-
of the N—O part and the separated N atom are identical to those (X?I1g).
of NOT(!=") (9) and N(S), respectively. Therefore, it is On the other hand, electron transfer te"fK2Z4™) occurs
confirmed that the NN bond of NO™(“A") is easy to cleave by a short-range mechanism via a quartet T-shaped intermediate
and that NO(*=*) and N(*S), the products of reaction 4, are complex NO,"(*B;), which is located at the vivid minimum
obtained"1” of the potential energy surface when the space symn@try

On the other hand, the optimized geometnBpN,O (=), is kept. In the NO,(*B;) complex, positive charge has already
has a linear structure and characterized by a very lorgON been distributed on theGragment just like in the NXZ4T)
bond, and accordingly, it is expected that the® bond is very + Oz (a*1y) system. We have confirmed that there is no barrier
weak. The N-N stretching mode has very large wavenumber, from the reactants to the)®,"(“B;) complex. The NO,"(*B1)

3564 cnt!, while the N-O stretching mode has very small complex also works as a deep potential well for the vibrational
wavenumber, 221 cnt. Here, all of the unpaired electrons are deactivation of N"(X2X4t;2).67 For the state of low energy,
located on the separated O atom, and the electronic structureshe impulsive collision in the repulsive part of the potential well
of the N—N part and the separated O atom are identical to those would pull back the NO,™ system to the D, (*B1) complex;

of No(*24") and O (*S), respectively. Therefore, it is confirmed  otherwise, it would give rise to the CT again to the reactant
that the N-O bond of NO*(*Z") is easy to cleave, and,N with vibrational deactivation by intermolecular vibrational
(*=4™) and O"(*S), the products of reaction 5, are obtairtéd. energy transfer. The enhancement of the CT reaction for2

These excited pO' ions 7 and 8 should be situated on the  and vibrational deactivation of the,NX2Z4") + O, reactant
same potential energy surface with an energy barrier separatingsystem can be successfully explained in terms of the short-range
7 from 8.17:18 This surface is different from the surface which intermediate complex mechanism. Once th©N(*B;) com-
contains the comple% and the ground state of J®* ion 6, plex is formed, it would be conserved along the reaction path
and therefore the excited,®" ions7 and8 cannot be directly by the short-range intermediate complex mechanism on a quartet
obtained from the complek. surface with theC,, symmetry without the transition to the

Conclusions
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doublet surface. The O(X?I1g) product from the M (X?Z4")

J. Phys. Chem. A, Vol. 103, No. 29, 1999757

Miller, T. M. J. Chem. Physl978 69, 308. (c) Alge, E.; Lindinger, WJ.

+ 0, reactant system cannot be obtained when the spaceGeoPhys. Res. 2981 86, 871. (d) Kemper, P. R.; Bowers, M. J. Chem.

symmetryCo, is kept, namely, the ©(XI1y) product by CT
to N,T(X2Z4") should be obtained when the space symmetry
Cy, is broken.

The bent complexes with the doublet statgON (?A’") and
N,O,"(?A"), have G-O and N-N stretching modes with large
wavenumber, and positive charge is distributed on the N

Phys.1984 81, 2634.

(10) Lindinger, W.; Albritton, D. L.; McFarland, M.; Fehsenfeld, F. C.;
Schmeltekopf, A. L.; Ferguson, E. B. Chem. Physl975 62, 4101.

(11) Laudenslager, J. B.; Huntress, W. T., Jr.; Bowers, Ml.TChem.
Phys.1974 61, 4600.

(12) (a) Schultz, R. H.; Armentrout, P. Bhem. Phys. Letfl991, 179,
429. (b) Fisher, E. R.; Armentrout, P. Bhem. Phys. Letfl991, 179, 435.
(c) Schultz, R. H.; Armentrout, P. Bl. Chem. Phys1992 96, 1036. (d)

fragment in these complexes. These complexes are halfway orWeber, M. E.; Dalleska, N. F.; Tjelta, B. L.; Fisher, E. R.; Armentrout, P.

the reaction paths of the CT to produce’(X?I1y) from the
N2T(A2I1,) + O, reactant system with bent,®, geometry.
The bent complex in the quartet stateQ4™(*A’) has very
long O—0O and N-O bonds; that is, one oxygen atom is
separated from the NN—O part. The electronic states of the

B. J. Chem. Phys1993 98, 7855. (e) Kickel, B. L.; Fisher, E. R.;
Armentrout, P. BJ. Phys. Chenl993 97, 10198. (f) Freysinger, W.; Kahn,
F. A.; Armentrout, P. B.; Tosi, P.; Dmitriev, O.; Bassi, .Chem. Phys.
1994 101, 3688. (g) Kato, S.; Frost, M. J.; Bierbaum, V. M.; Leone, S. R.
Rev. Sci. Instrum1993 64, 2808. (h) Frost, M. J.; Kato, S.; Bierbaum, V.
M.; Leone, S. RJ. Chem. Physl994 98, 5993. (i) Frost, M. J.; Kato, S.;
Bierbaum, V. M.; Leone, S. Rl. Chem. Phys1994 100 6359. (j) Kato,

N—N—O part and the separated oxygen atom are nearly equals.; de Gouw, J. A.; Lin, C.-D.; Bierbaum, V. M.; Leone, S.Ghem. Phys.

to those of NO*(3I1) and OEP), respectively. Both of the-©0
and N-O stretching vibrations with long bond lengths have

Lett. 1996 256, 305. (k) Kato, S.; de Gouw, J. A,; Lin, C.-D.; Bierbaum,
V. M.; Leone, S. RJ. Chem. Physl996 105 5455. (I) Wyttenbach, T.;
Bowers, M. T.J. Phys. Cheml1992 96, 8920. (m) Btringer, H.; Durup-

very small wavenumbers, and these bonds are easy to cleavererguson, M.; Fahey, D. W.; Fehsenfeld, F. C.; Ferguson, B. Ehem.

Therefore, NO;*(*A’) largely contributes to the abstraction
reaction forming the ground state of,®"(2IT). The excited
states of NO*(“A",*=") are not directly obtained from JD,*-
(“A"). The formation of NO(*=T) + N(*S) and T(*S) + N,-
(*=g") from N,O*(?I1) occurs by means of surface crossing.
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