4734 J. Phys. Chem. A997,101,4734-4740

Effect of Varying the Transition State Geometry on N+ N, Vibrational Deexcitation Rate
Coefficients

E. Garcia
Departamento de Quimica Fisica, Umirsidad del Pais Vasco, Vitoria, Spain

A. Lagana*
Dipartimento di Chimica, Uniersitadi Perugia, Perugia, Italy
Receied: January 30, 1997; In Final Form: April 18, 1997

The dependence of the transition state on the vibrational deexcitation in tieNX reaction has been
investigated by using different largest angle generalized rotating bond order (LAGROBO) model potentials.
Using the LAGROBO functional representation of the interaction, it has been possible to vary both the angle
and bond length values at the saddle for reaction. Quasiclassical and quantum infinite order sudden values
of detailed cross sections and rate coefficients calculated on these modified surfaces far therbBiaction

indicate that relative efficiencies of processes occurring imbhequilibrium systemse(g. plasmas) are

rather sensitive to the geometrical characteristics of the transition state.

1. Introduction Nk andny (v = expl—PAum(rim — rem)], With repm andpim
being respectively the equilibrium distance and a parameter
related to the force constants of the LM diatom) by the
relationships

The deexcitation of vibrationally excited nitrogen molecules
by nitrogen atoms is thought to be important in modeling the
complex mechanism in nitrogen plasmas under electrical
dischargesas well as in modeling processes taking place around

h _ 2 2
reentering spacecrafts. m = /N + N (2)
Extended dynamical calculations of state to state cross _
sections and rate coefficients of the N N, reaction were tano, = ny/ng

performed in the past using a potential energy surface (PES) of

the LEPS type having a collinear transition state georrfery. The LAGROBO generalization consists of formulating the

These calculations showed that the efficiency of state to state9/0Pal potential as a weighted sum of the ROBO potentials of
processes is sensitive to both initial vibrational energy and the the different processes and of assigning the highest weight to
difference between initial and final state. the process occurring with the largest included angle. Therefore,

Recent theoretical studfes casted some doubts on the [Of the A+ BC atom-diatom system reacting to give either
collinearity of the transition state of this reaction. This has AB + Cor AC+ B, the LAGROBO potential is formulated as

suggested a sensitivity analysis of state to state reactive AB.C
properties to the transition state geometry. \HAGROBO(L oy W (D)) VOB o 3
Unfortunately, LEPS PESs (as other usual functional repre- ("ag:Fec:Tac) Z (@) Vi (myay, @) (3)

sentations of the interaction) are difficult to modify locally by
playing with the values of the parameters. On the contrary, where the weighting coefficienw; is defined as
the modification of the height of the barrier, of its location,

and of the shape of the window to reaction is easy when using _ 9,(®)) 4
a recently proposed functional representation of the PES w(P) = A,B,cg (@) (4)
(LAGROBO) 8?9 b

The LAGROBO formulation of the PES was obtained by .
) o . 9(P
generalizing the definition of the rotating bond order (ROBO)
model®1! to the description of the potential energy surface 1
(PES) of systems with more than one channel open to reaction. 9(®) =3 (1 + tanh,(®, — &) (5)
The ROBO model potential was designed to describe the
interaction relative to the process of transferring the intermediate When the included angl®, deviates from®y, g,(®)) tends to
atom g.g. the | atom in the K+ 13 — KI + J process). lItis 1 as®, goes to 180, while it tends to 0 ash| goes to 0. The
formulated as value ofy, determines the speed of variation of the function.
The LAGROBO potential has been already applied to the
VRO Um0, ®,) = D\(a,, @) F,(my;c, @) (1) fitting of ab initio and empirical potential energy values of the
H + H, and N+ N, symmetric reaction$. It was also used to
where D, and F, are functions of them and oy ROBO construct the PES of the ©D) + HClI reaction?
coordinates. At a given value of the included an@le(®, = In this paper, the comparison of reactive properties of PESs
m) formed by thery andry; internuclear distances, these having different transition state geometries is performed. To
coordinates are defined in terms of the bond order variables this end, the ability of the LAGROBO model to generate
potential energy surfaces having the desired local features is
® Abstract published irAdvance ACS Abstractdune 1, 1997. discussed in the second section. In section 3, the values of

) being a damping function of the type
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TABLE 1: Coefficients of the LAGROBO Surface? TABLE 2: Saddle Height?
LO L1 L2 L3 Dy LEPS LO L1 L2 L3
cI)ITlS 180 1200 120¢ 125° 180 35.7 35.7 80.5 80.5 80.5
‘Dszs 18C¢° 180 18C° 180° 150 37.2 375 445 445 41.2
Cu1 35.69 35.69 35.69 32.28 125 42.3 42.4 36.0 36.0 32.3
Ciiz 6.60 43.99 43.99 53.03 12¢¢ 44.2 44.1 35.7 35.7 32.7
Cuz —0.61 42.13 42.13 24.49 90° 70.5 70.4 56.6 56.6 61.1
Cia 147 37.38 37.38 24.73 60° 177.4 177.3 177.3 177.3 177.3
Ci1 —0.0367  —0.0367  —0.0367  —0.0367 21n keal/mol
Gz ~00318  -00318 -00318  —0.0318 n Kcalimol.
Ci23 0.0064 0.0064 0.0064 0.0064 TABLE 3: Internuclear N —N Distance? at the Saddle
Ci24 —0.0059 —0.0059 —0.0059 —0.0059
Vi 50 50 10 50 Dy LEPS LO L1 L2 L3
P &) &) &) &) 180° 1.240 1.240 1.240 1.240 1.240
2 ¢y in kealimol. 150° 1.243 1.244 1.244 1.244 1.244
125 1.251 1.252 1.252 1.252 1.252
detailed cross sections and vibrational deexcitation rate coef- 120° 1.254 1.254 1.254 1.254 1.254
ficients calculated on different LAGROBO surfaces using both 90° 1.294 1.293 1.293 L1277 1.293
. . . . 60° 1.530 1.522 1.522 1.324 1.522
quasiclassical (QCT and quantum reactive infinite order A
aln A.

sudden (RIOSY techniques are analyzed.

2. The LAGROBO Surfaces

A first test of the flexibility of the LAGROBO modélin
describing the interaction of the M N, system was carried
out by fitting the existing LEPS. To illustrate the fitting
procedure, we give in the following a brief description of the
parameters of the used LAGROBO model.

Since the asymptotic limits of the LEPS are Morse potentials,
the three ROBO potentials were given the form (for sake of
generality the process index | is not dropped from the notation
even if the three atoms are identical)

m

a(a, D)

The D, anda, coefficients indicate, respectively, the depth and
location inmy of the fixed ®, energy minimum of the reaction
channel asy varies from the reactant to product asymptote.
Accordingly, the values oD, and g at the asymptotes =

0° and 90, respectively) were chosen to reproduce the dis-
sociation energyenn, the equilibrium distancesny, and the
exponential factofn of the N, Morse diatomic potential{enn

= 228.40 kcal/molfeny = 1.0977 A, andfyn = 2.689 AL
).14 In order to keep the formulation of the ROBO potential as
simple as possibleD, and a coefficients were given the
following dependence ouoy:

Di(y,®@,) = Doy — bia(P)) sin(20)

VFOBO(ml’al’q)O D,(ay,®))

", 1
Zato.ay| ©

@)
®)

and by coefficients were given the following polynomial
dependence o®;:

(o, @) = 1+ b(®P) sin(2,)

Kmax

b; = kZl Cljk(q);lj—s —-®)° ()

For the LAGROBO potential (LO) obtained by fitting the
existing LEPS,d)ES is 180, ¢ is 2(k — 1) andkmaxis 4. As a
result, one has a total of & coefficients. For the damping
functions of eq 5bris 75 andy, is 50. The values of all the
parameters of the LO surface are given in the first column of
Table 1.

A preliminary comparison of the features of the LO model
potential with those of the original LEPS was already made in
ref 8. Heights and locations of the fixael barriers to reaction

for the different PESs are given in Tables 2 and 3 (column 1
for LEPS, column 2 for LO). As clearly indicated by the tables,

both the height and the geometry of LO well reproduce those
of the LEPS. The most significant difference is the slope of
the minimum energy path (MEP) of LO, which is larger than

that of the MEP of the LEPS (that is, the MEP of LO lies always

slightly above that of the LEPS).

To modify the height and the location of the transition state
of the other LAGROBO PESs, we played with the analytic
formulation of theby; coefficients of eq 9 and with the value of
the relatedcy, @, and y, parameters. In this way, we
generated L1, L2, and L3, three new LAGROBO potential
energy surfaces. For all these LAGROBO potentials,tioé
eq 9 was set equal to— 1 for bj; and equal to Z — 1) for by,
(except for that of L2, for which the value — 1 was taken).
At the same timep,}> was set equal to 12dor L1 and L2 and
equal to 125 for L3 (it was equal to 180for LO). The value
of @, was always set equal to 180To allow L1 and L2 to
have the same height of the transition state as the LEPS,
was set equal to that of LO. On the contrary, the value af
of L3 was chosen so as to make the height of the transition
state better agree with the indicationsatifinitio calculations’
Remainingcik coefficients of L1, L2, and L3 were chosen to
reproduce in®y = 60°, the width of the collinearly centered
window to reaction of the LEPS. A collinear barrier of 80 kcal/
mol was enforced on L1, L2, and L3. For the damping function
ai(®)), the value ofy, was set equal to 50 (with the exception
of L2 for which it was set equal to 10) and the value ®@f
equal to 75.

The values of the parameters of the L1, L2, and L3 surfaces
are given in the third, fourth, and fifth columns of Table 1,
respectively. The characteristics (height and bond lengths) of
the resulting fixed®y barriers to reaction are given in the
corresponding columns of Tables 2 and 3. The L1, L2, and L3
PESs have a bent transition state. The geometry of the transition
state is the key difference between LO and L1. In fact, while
the height of the transition state is the same (35.7 kcal/mol) for
both surfaces, the geometry of the LO transition state is collinear,
as is that of the LEPS. At the same time, the transition state of
L3 differs in that it is high, 32.7 kcal/mol, and located &t
125°. The L1 and L2 surfaces have exactly the same depen-
dence on the fixed angle barrier to reactionda§, while they
differ in its location: L2 barriers always occur at internuclear
distances smaller than those of L1, although such a difference
is really significant only for strongly bent geometries.
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TABLE 4: QCT k,(T) Rate Coefficient$ TABLE 5: RIOS k,(T) Rate Coefficient$
v LEPS LO L1 L2 L3 v LEPS LO L1 L2 L3
T=500K T=500K

10 0.522(-15) 0.000(00) 0.780(15) 0.000(-00) 0.597(14) 5 0.258(¢-18) 0.280(18) 0.136(18) 0.135(-18) 0.243(17)
15 0.412¢13) 0.241¢13) 0.581(13) 0.553(13) 0.187(12) 10 0.608(15) 0.448(15) 0.792(15) 0.765(15) 0.476(14)
20 0.478(12) 0.226(-12) 0.734¢12) 0.640(12) 0.149¢11) 15 0.340(¢13) 0.189¢13) 0.534(13) 0.492¢-13) 0.173¢12)
25 0.252(¢-11) 0.120¢11) 0.362¢-11) 0.315(11) 0.582(11) 20 0.480(12) 0.190¢12) 0.657¢-12) 0.588(12) 0.124{11)
30 0.922¢11) 0.435(11) 0.117¢10) 0.997¢11) 0.154(10) 25 0.244(¢11) 0.910¢12) 0.304¢11) 0.264¢11) 0.507¢11)
35 0.241¢-10) 0.124(-10) 0.279¢-10) 0.239¢-10) 0.330(10) 30 0.615(11) 0.347¢-11) 0.696(-11) 0.618(-11) 0.950(11)

40 0.519¢-10) 0.301¢10) 0.570{10) 0.488(-10) 0.621{10) 35 0.179¢-10) 0.109¢-10) 0.190(10) 0.168(-10) 0.204{10)
45 0.981¢-10) 0.625(-10) 0.101(-09) 0.875(-10) 0.104(-09) 40 0.287¢-10) 0.187¢-10) 0.289¢-10) 0.254(-10) 0.297(-10)

T=1000 K T=1000 K
10 0.180(12) 0.138¢12) 0.289¢-12) 0.270¢12) 0.624(12) 5 0.255(14) 0.253(-14) 0.256(-14) 0.255(-14) 0.107(13)
15 0.172¢-11) 0.128(-11) 0.266(-11) 0.250(11) 0.445(11) 10 0.162¢-12) 0.136(-12) 0.222(-12) 0.217¢12) 0.536(12)
20 0.761¢-11) 0.504{(-11) 0.103(-10) 0.946(-11) 0.144{10) 15 0.152¢-11) 0.112¢-11) 0.214¢11) 0.204(11) 0.378{11)
25 0.210¢10) 0.137(-10) 0.263(-10) 0.236(-10) 0.319¢10) 20 0.654(11) 0.420¢-11) 0.832(-11) 0.769(-11) 0.116(10)

30 0.453¢10) 0.297(-10) 0.526(-10) 0.467(10) 0.588{10) 25 0.172¢-10) 0.108¢10) 0.201¢-10) 0.182(-10) 0.253¢10)
35 0.845(-10) 0.567(-10) 0.917(-10) 0.804(10) 0.968{10) 30 0.338(-10) 0.235(-10) 0.370(-10) 0.338(-10) 0.411{10)
40 0.138(-09) 0.992¢10) 0.144(-09) 0.128(-09) 0.146(09) 35 0.630(10) 0.448(10) 0.661(-10) 0.594(10) 0.679¢10)
45 0.212¢-09) 0.164(09) 0.214(-09) 0.192(-09) 0.215{(09) 40 0.874(10) 0.667(-10) 0.881(-10) 0.787(-10) 0.877(10)

T=2000K T = 2000 K
10 0.459¢-11) 0.395(-11) 0.657¢11) 0.629¢11) 0.942(-11) 5 0.404(12) 0.390(12) 0.491¢12) 0.479¢12) 0.947¢12)
15 0.170¢10) 0.142¢-10) 0.230(-10) 0.217¢10) 0.290¢10) 10 0.388¢11) 0.350(11) 0.508(-11) 0.500(11) 0.761¢11)
20 0.410¢10) 0.329¢-10) 0.514(-10) 0.475(10) 0.584{10) 15 0.140¢-10) 0.118(-10) 0.179¢-10) 0.173¢-10) 0.230{10)
25 0.788¢10) 0.611¢-10) 0.916(-10) 0.836(10) 0.984{10) 20 0.331¢-10) 0.262(¢-10) 0.393(-10) 0.370(-10) 0.451¢10)
30 0.130(09) 0.102(-09) 0.144(-09) 0.130(09) 0.148{-09) 25 0.605(10) 0.473¢-10) 0.677(-10) 0.628(-10) 0.733¢10)
35 0.197¢-09) 0.157¢-09) 0.207¢-09) 0.191(-09) 0.209¢09) 30 0.959¢-10) 0.766(-10) 0.102(-09) 0.943(-10) 0.105(09)
40 0.278(-09) 0.232(-09) 0.283(-09) 0.261(-09) 0.284{09) 35 0.142¢-09) 0.115¢-09) 0.146(-09) 0.133(-09) 0.146(-09)
45 0.378(-09) 0.331¢-09) 0.376(-09) 0.349(-09) 0.373(-09)

T = 4000 K

T = 4000 K 5 0.732¢-11) 0.711¢11) 0.903¢11) 0.873¢11) 0.119¢10)
10 0.328(-10) 0.300(-10) 0.421(10) 0.406(10) 0.486(10) 10 0.259¢-10) 0.243(-10) 0.315(-10) 0.310(10) 0.372{-10)
15 0.717¢-10) 0.641(-10) 0.890(10) 0.842(10) 0.963(10) 15 0.561¢10) 0.505(-10) 0.657(-10) 0.636(10) 0.721{10)

20 0.129¢-09) 0.110¢09) 0.148(¢-09) 0.140¢09) 0.153(09) 20 0.959¢-10) 0.839¢-10) 0.107¢-09) 0.102¢-09) 0.112¢09)

25 0.200609) 0.170€09) 0.216¢09) 0.202(-09) 0.218(-09) 25 0.143(09) 0.124¢-09) 0.153¢-09) 0.144¢-09) 0.156¢09)

30 0.278(09) 0.242(-09) 0.294(-09) 0.274¢-09) 0.293(09) . -

35 0.372609) 0.331¢-09) 0.380¢09) 0.357¢-09) 0.378¢09) In cm® molecule® s™. a(—b) reads asa x 10™.

40 0.471¢09) 0.429¢-09) 0.474¢09) 0.451¢09) 0.472(09) -

45 0.555¢-09) 0.524(-09) 0.557¢09) 0.532¢-09) 0.557(09) thermal rate coefficient calculated for them. For all surfaces
no appreciable reactivity was calculated’at 1000 K as found

a — — b
In cm? molecule™ s, a(—b) reads am x 107, by the experiment® At T = 3400 K, the thermal rate
3. Dvnamical Properties of LAGROBO PESs coefficients calculated on the !_EPS, LO, L1, L2, and L3 using
y P the QCT method are, respectively, 110713, 7.0 x 10713,
3.1. The Calculations. To compare the reactive efficiencies 10.4x 10713 10.4x 10713 and 14.8x 10-13 cm? molecule!
of the four PESs, both QCT and quantum RIOS calculations s-1, These values agree reasonably well with the experiment
were performed. Quasiclassical trajectory calculations were (5 x 10713 cm? molecule! s1).17 The agreement was found
carried out by systematically varying both the initial vibrational to be even more satisfactory when using the RIOS method.

number and the temperature. Considered initial vibrational values of the thermal rate coefficient calculated on the LEPS,
numbers werev = 10, 15, 20, 25, 30, 35, 40, and 45. |0, L1, L2, and L3 are 5.6< 10723 5.4 x 10713, 7.7 x 10713,

Considered temperature values wére 500, 1000, 2000, and  7.5x 10713 and 11.3x 10 23cm?® molecule’l s2, respectively.
4000 K. Calculations performed on the LEPS using different The values calculated using tishifting approximation (3.0
values for rotational and translational temperatures showed thatyx 10713 3.0 x 10713, 4.2 x 10713 4.1 x 10713 and 6.2x
the effect of varying the rotational temperature is not dra- 10713 cm? molecule® s'1 on the LEPS, LO, L1, L2, and L3)
matic>*> For this reason, here, the two temperatures were given also lead to a sufficiently good agreement with experiment.
the same value. These results, though differing in more detailed properties, show
RIOS calculations were also performed for the same range that all these surfaces properly describe the overall reactive
of parameters and using the same computational proceduresfficiency of the system. The main difference is that PESs
adopted for the LEPE. The investigated range of energy having a bent transition state lead to more reactivity than those
extends up to 200 kcal/mol in steps of about 2 kcal/mol. The with a collinear transition state with a maximum effect for L3,
values ofd®y considered for the angular integration are regularly which has a smaller barrier to reaction. On the contrary, the
spaced in cosy using a step of 0.0625. To mimic the effect value of the internuclear distances at the transition state does
of varying the initial rotational temperature, ja-shifting not seem to affect significantly the reactivity of the system.
approximation was used. This means that ¢fe (Ey) cross 3.3. State Specific Reactivity. As already mentioned, a
section summed over product rotational states for a given valuemore detailed comparison of the dynamical and kinetic proper-
of j was set equal to the value of the cross section for the groundties of the different PESs can be carried out by considering state
rotational energy,o./(E;) calculated at a value of the colli-  specific ,(T)) rate coefficients calculated by starting from a
sion energyE,, defined asE, = Ey — €, with ¢ being the given initial vibrational state of the reactants. Valuekgf)
energy of thgth rotational state of the + 1th vibrational level. calculated using QCT, pure RIOS, apdhifting RIOS results
3.2. Thermal Rate Coefficients. A first indication of the are shown in Tables 4, 5, and 6 for reactants thermaliz&d at
kinetic and dynamic relevance of the different features of the = 500, 1000, 2000, and 4000 K amdanging from 5 to 45 in
used PESs can be obtained from a comparison of the values ofteps of 5. Since, as we shall comment more extensively in
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TABLE 6: j-Shifting RIOS k,(T) Rate Coefficient$
v LEPS LO L1 L2 L3

T=500K
5 0.132(-18) 0.144(18) 0.699¢-19) 0.691¢19) 0.124(17)
10 0.317¢-15) 0.233(-15) 0.413(-15) 0.399(¢15) 0.249¢14)
15 0.180¢13) 0.100(13) 0.284(-13) 0.261¢13) 0.926(13)
20 0.260¢12) 0.102¢12) 0.357¢-12) 0.319¢12) 0.677(12)
25 0.135¢11) 0.494(12) 0.169(11) 0.147¢11) 0.285(11)
30 0.344¢11) 0.191¢11) 0.390(11) 0.345(11) 0.543(11)
35 0.101¢10) 0.619¢11) 0.108(-10) 0.960(11) 0.116{10)
40 0.168(-10) 0.108(¢-10) 0.169¢-10) 0.148(-10) 0.174{10)
T=1000 K
5 0.133¢14) 0.132(-14) 0.133(14) 0.133¢14) 0.564(14)
10 0.864(13) 0.726¢13) 0.118(12) 0.116¢12) 0.289¢12)
15 0.832¢-12) 0.612¢-12) 0.117¢-11) 0.111¢11) 0.210¢11)
20 0.368(11) 0.233(-11) 0.469(-11) 0.434{(11) 0.660{11)
25 0.992¢-11) 0.614¢11) 0.116(-10) 0.105(10) 0.149¢10)
30 0.198¢-10) 0.136(-10) 0.217(-10) 0.198(-10) 0.245(10)
35 0.381¢-10) 0.267(-10) 0.400(-10) 0.359(10) 0.412{10)
40 0.503¢-10) 0.380(10) 0.512(-10) 0.456(-10) 0.510{10)

T=2000 K
5 0.217¢-12) 0.209¢12) 0.263¢12) 0.257¢-12) 0.513¢12)
10 0.215¢11) 0.193¢11) 0.282¢-11) 0.278¢-11) 0.428¢-11)
15 0.802¢11) 0.670¢11) 0.103¢10) 0.990¢11) 0.133¢10) 0
20 0.194€10) 0.152¢10) 0.232¢10) 0.218(-10) 0.270¢10)
25 0.366C10) 0.281¢-10) 0.411¢10) 0.381(-10) 0.452¢10)
30 0.593(-10) 0.466(10) 0.633¢10) 0.584(10) 0.658(10) E, | eV
35 0.819¢10) 0.652(-10) 0.856(10) 0.778¢10) 0.857¢10) Figure 1. RIOS cross sections,(Ey) for the different PESs at = 0
T=4000K (lower set),v = 10 (central lower sety, = 20 (central upper set), and
5 0.408(-11) 0.397(-11) 0.504(-11) 0.487(-11) 0.670(-11) v = 30 (upper set) plotted as a function of translational energy.
10 0.150¢10) 0.140¢10) 0.183¢-10) 0.180(10) 0.219¢-10)

15 0.335¢10) 0.300610) 0.396(10) 0.383¢10) 0.441(10) . . . .
20 0.591¢10) 0.512¢10) 0.664(10) 0.633¢-10) 0.703¢10) k,(T), in fact, increases on going from L1 to L3. The difference

25 0.874(-10) 0.747(-10) 0.945(-10) 0.888(-10) 0.973(10) is more than appreciable at smallvalues, while it becomes
less appreciable at largewvalues especially as the temperature
increases. The value at which L1 and L3 reactive rates
the next subsection, RIOS rate coefficients are directly derived P€come comparable lowers &sncreases. This agrees again
from state () to state () fixed energy cross sections by with t.he fact that the role Qf the transition state height becomes
integrating over translational energy, at high initial vibrational €SS important as energy increases.
numbers the range of considered total energy values is not large The dependence on of the state specific reactive rates
enough to ensure that the integration interval is fully covered. calculated on the LEPS PES differs appreciably from that
This is not the case with QCT calculations, for which rate calculated on LAGROBO surfaces. On the one hand, at low
coefficients are calculated by using a proper sampling of initial Vibrational energy state specific reactive rates calculated on the
conditions. LEPS are, in general, smaller than those calculated on L1, L2,
For all PESs, and for both QCT and RIOS methdd$) and L3 surfaces (which have a bent transition state). On the
increases with the temperature more than with a Correspondingother hand, as increases, reactive rates calculated on the LEPS
increase of the initial vibrational excitation. This means that increase more rapidly than those calculated on LAGROBO
the amount of energy disposed in translation is more efficient surfaces. As far as state specific rates calculated on LO is
in promoting reactivity than that disposed in vibration. This concerned, they coincide with those calculated on the LEPS at
agrees with what was previously found for the LEPS surface. low vibrational energy. At largew values, however, LO
As a matter of fact, at low temperature, the system is scarcely reactivity is smaller than that calculated on the LEPS, implying
reactive irrespective of the vibrational excitation of the reactants, that the features of the LAGROBO surfaces experienced at high
while, even at low vibrational energy, the reaction efficiency is energy favor reactivity less than those experienced on the LEPS.
high whenT is high. A less averaged quantity, allowing a better understanding of
Among the LAGROBO surfaces, the LO PES is the least the propensity to reaction of the different PESs, is the state
reactive at all temperatures and initial vibrational levels. L1 specific cross sectiow,(Ey). In our case this quantity was
state specific reactive rates are larger than those of LO at all explicitly calculated only using the quantum RIOS method. The
values. The difference, however, decreases as the temperaturgalues ofo,(Ey) calculated at = 0, 10, 20, and 30 are plotted
increases. This implies that the displacement of the transition in Figure 1. State specific cross sections always lead to a plateau
state geometry to tighter angles, though decreasing with theafter steeply increasing at threshold, as typical of barrier-
system energy, makes it more efficient to transfer collision controlled reactions. Both the slope of the increasing part of
energy into effective motion along the reaction path. Our results the plot and the height of the associated plateau increase as
indicate also that similar effects are induced by the modification increases. A first difference worth pointing out is concerned
of bond lengths at the transition state. As far as L1 and L2 are with translational energy thresholds. For L3 (the PES having
concerned, the former PES leads to larg€T) values than the  the lowest transition state) the threshold energy is lower than
latter. The difference increases wittdue to the fact that the  that for LEPS, LO, L1, and L2 (they all have the same threshold
incoming atom is able to come closer to the target diatom in and transition state height). At energy values close to threshold,
the transition state region. The effect of decreasing the heightLO is less reactive than the remaining LAGROBO surfaces. This
of the barrier is also evidenced by our results. The value of difference increases withand decreases with collision energy.
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aIn cm® molecule! s, a(—b) reads as x 107
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Figure 2. QCT deexcitation and excitation rate coefficients calculated Figure 3. QCT deexcitation and excitation rate coefficients calculated
atT = 1000 K plotted as a function af for LO (lower Ihs panel), for atT = 4000 K plotted as a function af for LO (lower Ihs panel), for
L1 (lower rhs panel), for L2 (upper lhs panel), and for L3 (upper rhs L1 (lower rhs panel), for L2 (upper Ihs panel), and for L3 (upper rhs
panel) surfaces: reactive deexcitation (solid line), nonreactive deex- panel) surfaces: reactive deexcitation (solid line), nonreactive deex-
citation (dashed line), reactive excitation (dashed dotted line), and Citation (dashed line), reactive excitation (dashed dotted line), and
nonreactive deexcitation (long dashed line). nonreactive deexcitation (long dashed line).

L1 and L2 though having different bond lengths at the transition

state (yet, the energy is the same) led to an identical value for 8
the state specific cross section near the threshold. The, L1
(Ex), however, becomes larger at larger energies except that at
v = 0. L3 is the surface leading to the largest value of the
cross section and to the faster reach of the plateauy AtO,

the LEPS state specific reactive cross section is the same as
that of LO about near threshold and becomes smaller at larger
energies. Its dependence opnhowever, is stronger than for

LO and makes it larger than the state specific rates calculated
on L2 and L3. The difference tends to vanish once reaching
the plateau. It is worth pointing out, however, that only the
lowest vibrational states and translational energies contribute
significantly to the value of the 3400 K thermal rate.

3.4. State to State Reactivity. The most detailed analysis
of the properties of a reactive process can be performed using
state to state cross sectiows,((Ey)) and rate coefficientsk(,-

(). These quantities are also important for practical use since
they allow a realistic modeling of cold plasmas (as the air shell
surrounding reentering spacecfgft Sometimes, partial sum-
mations of state to state rate coefficients are also used. In g i
particular, we discuss here the vibrational deexcitakijﬁm) = ’
> < ku(T) and excitatiork’(T) = Y >, k,.(T) rates.

As an example of the behavior of these quantities for the
different LAGROBO surfaces, we plot in Figures 2 and 3 the
value of the deexcitation and excitation (reactive and nonreac-
tive) rates calculated using QCT methods as a function of the v
initial vibrational number. The calculations have been per- Figure 4. QCT (upper panel) and RIOS (lower panel) state to state
formed for T varying from 500 to 4000 K (we omit here the rate poefficignts calculated at= 40 andT = 500 K plotted as a
plots for T = 500 and 2000 since they do not differ from the ~function of/.
ones shown here). Both figures show that the dominant processvariation of the rate coefficients for reactive deexcitation on
is always vibrational deexcitation (reactive and nonreactive, with the different potential energy surfaces shows strong similarities
the former being the largest one). Excitation processes arewith what was found for state specific ratds(T). The
unimportant at low temperature. However, they increase nonreactive vibrational deexcitation always behaves differently
appreciably with the temperature to become larger than vibra- from reactive deexcitation: the largest nonreactive vibrational
tionally adiabatic ones. Essentially, the behavior of deexcitation deexcitation takes place on L3, L1, and L2 (in this order), while
and excitation rate coefficients calculated on the LAGROBO the smaller ones take place on the LEPS and LO. This trend
surfaces is similar to that calculated on the LEPS. The relative weakens ag increases, and the difference between the two sets
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Figure 5. QCT (upper panel) and RIOS (lower panel) state to state Figure 6. QCT (upper panel) and RIOS (lower panel) state to state
rate coefficients calculated at= 30 andT = 2000 K plotted as a
function of v'.

rate coefficients calculated at= 35 andT = 1000 K plotted as a
function of »'.

of results increases with the temperature. Reactive and non-
reactive excitation processes are less efficient. Therefore, also
their variations are less noticeable.

QCT state to state rate coefficiefts(T) calculated at various
temperatures and vibrational states on the different LAGROBO
surfaces (see upper panels of Figures7} have the same
qualitative features. Related product vibrational distributions
have approximately the same shape with a peak locatéd=at
v — 1 as for LEPS results. The most significant difference is
concerned with the absolute value of the maximum that, as
for state specific quantities, is lower for LO than for other
LAGROBO surfaces. This means that single quantum jumps
are the basic component of any vibrational relaxation process,
although for LAGROBO surfaces having a bent transition state
there is a higher propensity to give multiquantum jumps.

Essentially the same behavior was observed for RIOS results
(see lower panels of Figures—Z). However, between QCT
and RIOS results there is a difference very important to single
out. RIOS results, in fact, have on all surfaces a maximum at
v = v. This means that, contrary to QCT results, RIOS
vibrational deexcitation (as a single event) is not the dominant
one. At the same time, multiquantum deexcitations are less
likely to occur. This leads to an overall poorer effectiveness
in vibrational deexcitation efficiency, although the overall effect
is still quite large. More extended tables reporting in detail the
values of state to state rate coefficients for all the surfaces using
both QCT and RIOS methods are given as Supporting Informa-
tion.18
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Figure 7. QCT (upper panel) and RIOS (lower panel) state to state
rate coefficients calculated at= 25 andT = 4000 K plotted as a

4. Conclusions function of /.

Our investigation of the effect of varying the geometry of Quasiclassical and infinite order sudden cross sections
the transition state on the state specific and state to state reactivealculated on different LAGROBO sufaces indicate that a
properties of the N+ N system has led to the following displacement of the transition state from large to tight collision
conclusions. angles makes it more efficient to transfer collision energy into
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effective motion along the reaction path. Analogous results can
be obtained also by modifying the length of the transition state

bonds.

Quasiclassical and infinite order sudden state to state rate

coefficientsk,,(T) calculated on different LAGROBO sufaces
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at various temperatures and vibrational states have the samggq 17139,

qualitative features. Related product vibrational distributions

have approximately the same shape with a peak locatéd-at

(10) LaganaA. J. Chem. Physl991 95, 2216.
(11) LaganaA.; Ferraro, G.; Garcia, E.; Gervasi, O.; Ottavi, Bhem.

v — 1, as for LEPS results. The most significant difference Phys.1992 168 341.

is concerned with the absolute value of the maximum that, as
for state specific quantities, is lower for LO than for other

(12) Truhlar, D. G.; Muckerman, J. T. itom molecule collision
theory: a guide for the experimentalig@ernstein, R. B., Ed.; Plenum: New
York, 1979; Chap. 16. Bunker, D. IMethods Comput. Phy4971 10,

LAGROBO surfaces. This means that single quantum jumps 287. Raff, M. L.; Thompson, D. L. lTheory of chemical reaction dynarmics
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although LAGROBO surfaces having a bent transition state have

a higher propensity to give multiquantum jumps.
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