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Single and multiquantum vibrational relaxation of low and highly vibrationally excited levels of CO in collisions
with N3 is studied within the semiclassical coupled state method. The dynamics is followed using ab initio
interaction potential for the short-range interaction and updated multipole expansions for the long range
interaction. Compared to the previous study, a better agreement with the available experimental rate constants
is obtained, particularly in the critical low temperature regime dowil to 80 K. Remarkable corrections

are found for rate constants for single and multiguantum transitions between highly excited CQ and N
molecules.

1. Introduction of Billing.® These sets of rates are, however, incomplete
particularly with respect to the processes 2. In addition to that,
the approximations made in the collisional model used in these
studies could affect the accuracy of the multiquantum transition
rates among the vibrationally excited states in CO, i.e., for
transitions that could play an important role in the relaxation

kinetics of CO.

Therefore, the primary aim of this work is to improve the
accuracy of the rate constants for processes 1 and 2 by removing
some of the approximations made in the previous stididhe
These collisional processes are of great importance in manyanalogous revision of results for another pair of diatomics;CO
research areas of fundamental and technological interest sucttcO, was recently dont We first make use of an improved
as for the N—CO laboratory plasmas under nonthermal gap initio interaction potential for N-CO which is different with
equilibrium conditions, in the chemistry of the upper atmo- respect to the one previously used both in the repulsive and the
sphere, in aerothermodynamics, etc. Theoretical attempts toattractive part of the interactions. Second, we remove the energy
characterize and, eventually, to implement chemical processescorrected harmonic oscillator approximation made in the previ-
connected to the nonequilibrium vibrational relaxation of CO ous collisional model developing a multistate expansion of the
and N requires the write up and solution of the kinetic equations total vibrational wave function over a convergent set of Morse
for each level of the vibrational manifold of the two molecules. wave functions of the two separated molecul@is gives a
This, in turn, implies the knowledge of a large set of accurate proper description for the multigantum transitions that are
state-to-state rate constants for one quantum and multiquantumsensitive to a correct description of the vibrational anharmo-
V-V and V-T/R energy exchanges. Recent experimental nicity. It will be shown that the agreement between the
results have shown the necessity in new kinetic information theoretical and the experimental rate constants for the transition
about energy transfer processes with highly excited CO mol- K(1,0,0,1) is much better than that reached with the previous
ecules. In particular, a rather strong influence was féwfd  studies for a wide range of temperatures, particularly in the
small additions of N into the CO:He active medium on the  region of low and thermal temperatures 80T <400 K. The
spectral characteristics of the first overtone CO laser for second objective of the present study is the calculation of rate
transitions withA > 3.8 mm. This phenomenon could be constants for a sample of asymmetric multiquantum processes

We are in this work concerned with the vibrational quantum
exchanges in collisions between CO anghblecules:

N,(v = 1) + CO@') — N, (v = 0) + CO@' + 1) (1)

N,(v) + CO@') — Ny(v — Av) + CO(' + Av'),
Av=1,2,Av=1,2,3 (2)

explained by quasi-resonance multiquantum asymmetriv/V
processes:

N2(v = 0) + CO@') — N2 (v = 1) + CO(@ — 2) (reverse to
processes 2), but no information about such processesfor
30 is available.

For the CG-N, system, the only available sets of¥ and

V—T rate constants, which has been largely used in kinetic
modeling, are those calculated in ref 2 and in the classical work
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responsible for ¥V transfers from high vibrationally excited
states of CO to low levels of N

2. Interaction Potential

We construct the p-CO potential as a sum of short-range
(SR) repulsive potential with the long-range (LR) multipole

interactions. Thus, we have

Vn,—co(RFi7i@) = Vs g T Vi g 3)

where R is the center of mass distance between the two
molecules,r; is the intramolecular vibrational distance in
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moleculei (i = 1,2), andy; andg; are the spherical polar angles
which define the in-plane and out-of-plane rotations of the two
molecules in a coordinate system having Znexis along theR
axis. Because any ab initio potential for the-NCO interaction

has not yet been calculated, we assume as reference potentiag

for the short-range interactions the interaction potential proposed
by Ling and Rigby for the isoelectronic d-N, system.

Therefore, we express the—R potential as a sum of
exponentially repulsive atoratom interactions:

4
Vs r=

A exp[-R(a, + o4R)] (4)

where it is assumed that the interaction between N and C is
identical to the N-O interaction.R is the N—-C (N—O)
separation distance.

As usual, we express the long-range potential as a sum of
dipole—quadrupole, quadrupotequadrupole and dispersion
interactions:

®)

where the quadrupole-quadrupole interaction term is given by
the following equatior?®

Vi-r = Vo-q 1 Voo T Viisp

1
R
15 cod y, cog y, + 2(siny, sing, siny, sing, +

siny, cosp, siny, cosp, — 4 cosy, cosy,)?] (6)

V,

3
00— 7010515 cody, —5coy, —

here®; is the quadrupole moment of the oscillator
The usual expansion of the quadrupole moment around the
equilibrium intramolecular distangeof the oscillator is assumed

@)

The factors in the quadrupole expansion of CO are taken from
Billingsley and Kraus$, whereas the quadrupole moment
components of N ©y, and®;, correspond to the values given
by Buckingham et al® and Reuter and Jenning§isiespectively.

A five-term expansion has been assumed for the dipole
moment of CO

© =0, + O,(r, — 1) + O, — )’

u= Zi=o,4“i(r -7 8

The dipole parameters are determined by fitting this expression
to the dipole moment function of CO recently discussed and
recalculated by Langhoff et &.Compared to the previously
used dipole momentsbhased on the Yong and Eachiis
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Figure 1. Electric dipole moment function of CQico in units of D,

is shown as a function of the internuclear distangsg Curve 1: data
from ref 13. Curve 2 (solid line): ab initio data from ref 12. Curve 3
(dotted line): analytic fit to the data of ref 12. The quadrupole moment
function ®¢o (in units of E) is also shown by the lowest solid line.
The bold tick on theX axis shows the equilibrium distance of CO.

TABLE 1: Potential Parameters Used in eqgs 4, 7, 8, and 10

parameters Pot | Pot Il Pot Il
AleV 614.1% 517.12 517.12
ag/ A1 2.2412 3.60' 3.60
ay/ A2 0.32F 0. 0.

Co eV A6 48.20% 48.205 48.205
1o(CO)/ D —0.122227 -0.112 —0.122227
11(CO)/ D At 3.305% 3.118% 3.305
ux(CO)/ D A2 0.050° —0.150 0.050
us(CO)/ D A3 —2.715% —2.360 —2.715
1s(CO)/ D A4 0.9915 0. 0.9915
©y(CO)/ E —2.241 —2.241 —2.241
©,(CO)/ E A1 0.938 0.935 0.935
©,(CO)/ E A2 1.814 1.814 1.814
Oo(No)/ E —1.526 —1.63% —1.526
©:(Ny)/ E A1 2.377 1.720 2.371
Ruin/ A 4.34 3.85 3.85
Vii/meV —4.90 —-8.15 —-8.15

aReference 8° Reference 145 Analytical fit (see eq 8) to the data
of reference 129 Reference 3¢ Reference 13\ Reference 99 Refer-
ence 10" Reference 11. 1B3= 1078 esu cm; 1E= 1026 esu cm.

Finally, the dispersion term used in eq 5 is B¢ term assumed
in the previous calculatioA8

1GCs

Viisp= — 2 3 (10)

The parameters of the interaction potential appearing in eqgs 4,

recommended values, the Langhoff dipole function exhibits a 7, 8, and 10 are given in the second column of Table 1.
maximum at larger bond distance of CO such that in the region  The choice of the SR potential parameters appearing in eq 4
of r >1.6 A the dipole moment is much larger and positive is very critical because the collisional coefficients forV and
(see Figure 1). Because the effective bond distance of CO isV—T energy transfer are sensitive particularly to the short range
larger for excited molecules, the different behaviors of the dipole interactions, and indeed, the accuracy of the calculated vibra-
moment in the expandeadregion could have an impact on the tional transition probabilities relies mostly on the accuracy with
relaxation of the highly excited vibrational levels of the diatom. which Vs_g is known. Furthermore, the long range interactions
The dipole-quadrupole interaction term is given in the usual can also have, as demonstrated in several works, an impact on

way as the excitation amplitudes for resonant or near-resonant transi-
tions, particularly at low impact energies. Therefore, to test the

Vo_o= g u @i[cosyl(S cod v, — 1) — 2 cosy, sensitivity of t_ht_e rates upon both the potential surface bghaviors
R and the collisional method, we have performed different

) ) ) ) ) ) calculations assuming three different surfaces. In Table 1, Pot

(siny; sing, siny, sing, + siny; cosg, siny, cosg,)] I is the new surface constructed in the present work as described

©)

above, Pot Il is the semiempirical best-fitted potential obtained
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by Billing,® and Pot Ill is constructed as sum of thg g
assumed in Pot Il with the updated long-range coefficients
assumed in Pot I. The positioRR{in) and the value\(min) of

the potential well of the angle averaged Peotll are given in
Table 1.

3. Collisional Method
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obtained by expanding the interaction poteniab the second
order in the bond displacement of the two molecular oscilla-
tors/:15

In eq 13,a.,n,(t) are the amplitudes for vibrational transitions
and E,, are the eigenvalues for the Morse functions corrected
by the Coriolis coupling elementsy, . Inserting the expansion
13 in the time-dependent Scldiager equations yields a set of

Calculations of the rate constants for processes 1 and 2 haveCuPIed equations for the vibrational amplitudes. These equa-
been carried out on the model interaction potential described tions are solved simultaneously with the classical Hamilton’s

in the previous section using the time-dependent coupled state

semiclassical methot!® This collisional method, described in

many papers, has been successfully applied to describe multi-
quantum vibrational energy exchanges for numerous atom/

diatom and diatom/diatom collisional systems. Therefore, only
a brief description of the model is given here. According to
this method, the vibrational motion of the two colliding

molecules is described quantum-mechanically, whereas the

nuclear motion for the molecular translations and molecular
rotations is treated classically by solving the corresponding
equations of motion of two rigid rotors in an effective Hamil-
tonian Hest

1

1
LR 3 o)

S A4 = 1) + Ve ROMARY) (11)

wherePy is thex component of the momentum for the relative
motion andpy is thex component of the momentum of molecule
i. {Q} is again the set of anglesi( ¢;) for ri, and; are the
Lagrange multipliersVes is the Ehrenfest average potential
which couples the dynamics of the two quantum oscillators with
the propagation of the classical trajectdft), and it is given
as the expectation value of the interaction poten¥ah-co,
over the quantum vibrational coordinates
Ve = (O V(R®).1,{ QD)W ()0 (12)
Ve iS then obtained by expanding the total wave function of
the quantum degrees of freedo¥(t), in rotationally distorted
Morse product wave functions of the two unperturbed oscillators
D, Oy,

lp(rl'th) = Z cI)nl(rlit)cl)nz(rZ!t) ex;{% (En1 + Enz) t] anlnz(t)

Ny,N2

(13)
where
0 0 Fmn
Qi(r,t) = @, 7(ry) + z @, (ri)ﬁ (14)
m=h; E, — En
and
Ho = = i70OM (@) @, — 1l@,°0 (15)

@,% andE,° are the eigenfunctions and the eigenvalues for the
Morse oscillators. The second term in eq 14 is the first-order
centrifugal stretching term which couples the rotational to the
vibrational motion of the diatom, ang is the rotational
momentum of moleculé. The effective potential is finally

equations for the relative translational and the rotational motion
of the two molecules in the effective potenttdlsx(t).

The total semiclassical cross section for the vibrational
transition (1,n; — ny’,ny’) is then obtained from the computed
guantum amplitudes by Monte Carlo averaging over the action-
angle variables specifying the rotational and translational initial
conditions of the classical trajectory

6
ﬂh 3]’ max dl
8ul,l5(KTo) °

. ) 1 2
2j,+1 +1)2A+1 47 (16
@+ D@+ D@+ D T [ sl (16

jlmax H j2max -
d dj,

Gnlnz—»nllnzl(u) = o 11 /o

whereu andl; are, respectively, the reduced mass of the relative
motion and the moment of inertia of moleculeand| is the
orbital angular momentun is the classical part of the energy,
U = Exin + Ejy + EZ, WhereEyi, is the impact kinetic energy
andE,,, is the rotational energy of molecuieN; is the total
number of trajectoriesly is an arbitrary reference temperature
included in order to give the cross section the correct unit.

The cross sections for any transition examined in this work
have been calculated at 19 values of the initial enésgyom
50 cnt! up to 25 000cm?. Usually the number of classical
trajectories calculated at each energyNis= 1000, and this
gives a numerical accuracy of about-116% on the computed
rate constants. For energy below 6000 ¢énthe number of
coupled Schidinger equations to solve is 120, whereas at the
higher energies, the number of coupled vibrational eigenstates
is larger so that up to 140 equations of motion for the vibrational
dynamics were solved.

The state-to-state rate constants are then obtained by averag-
ing over an initial Boltzmann distribution of kinetic and
rotational energies

8KT(To)® =
Knlnz——nllnzl(T) = ‘u_ﬂf(?) ‘[;min Gnlnzﬁnl’nzl(u)

u) (U
eXp( kT) d(kT) (A7)
whereU is now the symmetrized effective enetgy

1
5{“

1

W _ /.
U= JAE+[UU E)]“}

E is the total energy andE = E, + E;, — En, — En,.

4. Results

As one of the main objects of this work and as a good test
for the used intermolecular potential, the rate constants for the
endothermic process

N,(v = 0) + CO(' = 1)— N,(v = 1) + CO(/ = 0) (18)

are calculated using the semiclassical coupled state expansion
with the new ab initio potential surface constructed as described
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TABLE 2: Higher Order Dispersion and Multipole
Expansion Terms of Eq 19

Co Cqf Cid d(CO)/ D(N)/
eV As eVAg eVALw (eVAT)12 (eVAT)12
49.0¢ 483.9F 4788.4 —-2.12 —2.84

—5.22¢ —3.877

aReference 182 Reference 19 Reference 209 Reference 21.
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previous ones, particularly in the low temperature region. As it
will be confirmed later, the better agreement of the new rate
constants with the experimental data is mostly due to the new
interaction potential and collisional method assumed in the
calculations, rather than to the improved numerical accuracy.
In the low-temperature regime, the- (and V—T) energy
exchange mechanism is quite complex. In particular, at low

impact energies, the Coriolis coupling between the vibrational
and the rotational motion of the colliding molecules can play a
relevant role. This dynamical behavior, and the associated

TABLE 3: Endothermic Rate Constants for the Process
Na(z = 0) + CO(¢' = 1) — Ny(v = 1) + CO(¢' = 0)

TIK exptref16  Potl Pot Il Potlll  Potll (ref 3) molecular orbiting effect, is of minor importance in the high-
100 2.95C16F 2.53(16) 1.10(15) 1.60(15) 3.5816) temperature reglme._ln the semiclassical coupled-state method,
200 2.22¢-15) 2.33¢15) 4.60(15) 7.10(15) 2.03¢15) the mol_ecular rotations _and the 'R _coupllng_ term are

300 5.52¢-15) 6.35(15) 9.13(15) 1.45(14) 8.30(15) appropriately considered in the scattering equations.

500 1.59¢14) 1.84(-14) 2.89(14) 1.44(14) To better describe the collisional dynamics in this critical
%888 g-gé((:ijg g-gi((:ijg iﬁ((:igg g-%gﬂg temperature regime, we have tried to point out the effect of the
3000 1:36(_13) 1:33(_13) 1:59(_13) 1:8%13) higher order attraction terms in the \k interaction potential

of eq 5, that is, the dispersion termsg, ©s, and Go and the
guadrupole-octopole and dipoleoctopole Coulomb interac-
tions

42.95(-16) = 2.95 x 10°1°.

2

VLR(l) =Vrt V,r@ t Voo — fs(R)C6|T6 - fs(R)CsRis -
f(RIC,R ™ (19)

107
The inclusion of these additional terms to the “base” Potl implies
the use of an appropriate damping functfgiR) which however
cannot be unequivocally defined. We have in our case assumed
for the damping function the functional form proposed by Tang
and Toennie

o o N ®

f(R=1 n(aR)k
2 n()_ kZok

We takea = 2.24 AL that is, the effective value of the;
‘ ‘ ‘ ‘ ‘ parameters used in the SR potential, whereas for the dispersion
107 100 150 200 250 300 terms, we assume the values proposed by Rijks and Wdfmer.
TK Because different values have been proposed for the octopole

exp—aR) (20)

K(1,0/0,1)/cm 3s ™!

Figure 2. Exothermic rate constants for the procesg/N= 1) + CO-
(' = 0) — Na(v = 0) + CO(/ = 1) reported as a function of the gas

moments of N and CO, we have also tested two different values
of the octopole moments taken from refs 19 and 20 and from

temperature. The results obtained in this work are shown by the solid ref 21, respectively. Table 2 reports the higher order attractive

line. The rates calculated by Billing are given by @), and the

coefficients assumed in the extended LR potential given by the

experimental raté& are shown by %). eq 19

in section 2 with the corresponding parameters given in Table The newly obtained results are shown in Figure 3. Here the
1 (Pot I). Because the experimental data of Allen and Simpfson, rate constantK(0,1/1,0) obtained from the base Pot | are
assumed as the reference data to the calculated rates, weresported together with the expanded LR potential of eq 19 and
accurately determined we have undertaken special efforts toassuming the two different sets of the octopole moments for
minimize the possible dispersion of the rate constant values. N, and CO reported in Table 2. The reported experimental data
Therefore, the total number of classical trajectories for each are from Allen et ak® and Mastrocinque et 8. We notice that
energy was increased to more than 10 times, such that thethe inclusion of the higher order terms in tigz potential has
achieved accuracy for the rate constants of the process 18 was large impact on the rate constants in the low temperature
better than 2%. This statistical uncertainty is applicable to all regime, being practically negligible at temperatures larger than
of the new rate constants calculated for this transition reported 300 K above which there is a substantial convergence between
in Figures 2-5 and in Table 3. It is worth noticing that the the rates obtained with and without the higher ordgy terms.
numerical uncertainty of the old ddtawas estimated around At low T, the higher multipole terms have a too large an effect,
20—30%. such that the corresponding rate constants are largely overes-
In Figure 2, the semiclassical rate constai{4,00,1) for timated and in strong disagreement with the corresponding
the process 18 in the exothermic direction are reported at experimental rates. Moreover, the inclusion of these terms has
different temperatures in the rande= 79—294.5 K together another effect on the vibrational energy transfer process, that
with the experimental raté8.From the reported data, it is easily is, the appearance of a small temperature reversal at afbund
seen that the agreement of our results with the experimental= 120 K, more pronounced when the Spelsberg’'s octopole
ones is very good, being better than 10% in the full temperature valueg! are used: this effect is not supported from the available
range. The comparison with results of previous semiclassical experimental results. Therefore, the results shown in Figure 3
calculation8 is also shown in Figure 2. It is found that the demonstrate that, within the assumed parameters of egs 4, 5,
current results agree with the experimental data better than theand 20, the base potential surface | is the most reliable potential
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ancies, rather than to the collisional method, are most likely
due to some inadequacy of the interaction potential, namely,
the short-range repulsive part. This is a further evidence that
the same set of parameters in the SR part of the interaction
potential A, oo, a1) can hardly be capable of correct description
of collision dynamics in a large energy range, from sub to
thermal collisional energies (5 1073 — 1 eV).

To investigate whether the excellent agreement between the
new rate constants and the experimental data reached in this
work in an ample temperature range= 79—2000 K, is due
to the new potential surface or to the collisional method, we
have performed additional calculations of the rate constants
using the potential surface determined in ref 3 (Pot Il of Table
1) but within the coupled state expansion method. The corre-
sponding results are reported in column 4 of Table 3. We notice
that the use of the intermolecular potential Pot Il overestimates
the rate constants (up to a factor larger than 7 at 100 K),
but at temperatures higher th@ir= 500 K, there is a substantial
convergency between the two sets of rates. Because of the near-
resonant character of process 18, the corresponding energy

: . o 1 - A
energy surface Pot | (solid line), the extended Pot | with the octopole mismatch iSAE 187.33 cm, these large discrepancies

moments of Spelsberg et &l(upper dashed line), and the extended pan be.due to both the different long range and short range
Pot | with octopole moments given in refs 19 and 20 {dtshed). interactions assumed in the two surfaces. To check the relative

The experimental data are from refs 16)(and 22 @®). importance of the SR and the LR forces, we have recalculated
the rate constark(1,0/0,1) using Pot Ill. We recall that Pots
, 3000 1000 500 20 100 /K Il and 1l have the same SR potential but different LR
interactions. Inspection of the data reported in Table 3 in
columns 4 and 5 shows that a substantial agreement exists
between the rates obtained with Pots Il and Il thus proving
that, although the interferences between the long range and short
range forces cannot certainly be discarded, the short-range part
of the potential is the most effective one even for near-resonant
vibrational energy transfer in a ample range of collisional
temperatures. Obviously, the same conclusion holds when
comparing the rate constants obtained using Pots | and Ill: here
a large discrepancy is observed between the corresponding rate
constants as a result of the different SR part of the interaction
potential.
For the sake of completeness, we have in column 6 of Table
3 reported the semiclassical rates calculated with the harmonic
‘ j ‘ oscillator approximatiod.By comparing these rates with those
) calculated using the same Pot Il but with the coupled state
1313 expansion (column four of the same Table 3), the discrepancies
Figure 4. Landau-Teller plot of the exothermic rate constant for the associated to the two dlfferent collisional methods can be pointed
process N2{ = 1) + CO@’ = 0) — Nx(v = 0) + CO(' = 1). The out. The same behavior has been found for the-QO
solid line shows our results, and the dashed line are the rate calculatedsystem’:¢ We also note that the old data obtained by Bilfing
in ref 3. Experimental data are indicated by)(ref 16, ©) ref 23, @) are better than the new results with Pot Il and in substantial
ref 22, and {) ref 25; closed area from 1000 to 2000 K from ref 24, agreement with the new rate constants obtained using Pot I. In
closed area in the upper left corner of the plot shows the high- tact the old rate constants were obtained in a semimpirical way
temperature data from ref 26. by changing the parameters of the SR potential until a good
to describe the WV energy exchange mechanism for process agreement was reached between the calculated and the experi-
1. It is worth noticing that, as discussed in several works, the mental data. This is the reason the old data remain close to the
effect of the higher order multipoles on the rate constants new ab initio rates. Nevertheless, the old rate constants are less
depends much upon the choice of the damping function so thataccurate, in the low temperature regime, as clearly shown in
the definition of the effective role played by these attractive Figures 2 and 4.
forces would require further investigations with differemt We now focus on the vibrational energy transfer involving
values and different functionals fé(R). the low-lying vibrational levels of CO for the processes
The behavior of the rate constants in a larger temperature
range is shown in Figure 4 where the exothermic rate constants Ny(v =1)+ CO@' — 1) = N,(v = 0)+CO(') (21)
K(1,00,1) obtained using Pot | are reported in the Landau

o o

IS

w

K(1,000,1 fom s 1

10™

A 00O N®O

6 7 8 9102 2 3 4 5 6 7 8 9103
T/K
Figure 3. Rate constar(1,00,1) calculated using the “base” potential

1012

101

K(1,000,1)/em> §7!

101 -

Teller plot together with the available experimental resigits:26 In Figure 5, the corresponding rate constants calculated using
The good agreement with experiments is really reached up toPot | atT = 300 K are reported as a function of the vibrational
T = 2000 K, but in the high temperature regime, betw&en quantum number', ' in the interval 1= 14. The comparison

2000 K andT = 4000 K, the new semiclassical rates still remain with the experimental data of Hancock and Sritis not as
below the shock tube data by a factor about 4. Such discrep-good as the agreement reached for the transitiofQILD In
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In this table, a comparison is also made with the rate constants
calculated in the harmonic oscillator approximatfdeor all of
the considered transitions, the updated rate constants are smaller
‘ o ° than those previously calculated. The largest discrepancies are
¢ o T=300K observed for the two quantum transitions, more than 2 orders
10 - o e of magnitude for the transition with the largest energy mismatch.
The use of the new set of rate constants could have important
. consequences on the relaxation kinetics of CO in the high-lying
. o . vibrational levels. The dependence of the-V rate constant
° (K(28,28 — Au|v',v' + Avw)) for Ny in the givenv = 28
c .t vibrational state as a function of the vibrational quantum number
° V' of CO in closest resonance withygives rice to the well-
. ° known “resonant” excitation curve shown in Figure 6 often used
. in kinetic modeling. The behaviors of the resonant curves for
° V—V enegy exchanges and some aspects relevant to the use of
107 ‘ ’ ’ ’ ‘ ’ analytical first-order based collisional theory to fit these curves
are discussed in refs 28 and 29.
vibrational quantum number v' A large impact of the vibrational anharmonicity is expected
Figure 5. Exothermic rate constants for the proceséiN= 1) + CO- for multiguantum dissymmetric transitions inNCO collisions
(v — 1)— Na(v = 0) + CO(') reported as a function of the vibrational ~ with CO in vibrationally excited states. We have investigated
quantum numbey’ at T = 300 K. Comparison is shown between our  the following near-resonance asymmetric processes:
results @) and the experimental data of Hancock and S#ith) and
Allen and Simpsotf (x). Open circles are the analytical rates from eq
A5 of the Appendix.

K(1,0[v,v-1) /em 3 §7!

Na(v =0) + CO@') = Ny(v=1)+ CO@' — 2), ' > 32
23
TABLE 4: Endothermic Rate Constants for the Process 3)

No(v = 0) + CO(' = 8) —~ Nofv = 1) + CO(' = 7) The corresponding rate constants, presented in Figure T for

T/K expt(ref21)  Potl Pot I Potlll  Potll(ref2) = 100 and 500 K, are quite sizable and reach the values up to
100 5.75(-18) 2.43(-17) 3.02(-17) 3.39(-18) 4 x 107 cm?® s7L. The role of such processes in vibrational
200 3.32¢16) 5.99(16) 6.9416) 1.97(16) kinetics of highly excited CO molecules may be very important
300 7.20(16) 1.67¢15) 2.74¢15) 3.17¢-15) 1.30¢15) for vibrational kinetics modeling in CO:Amixture$® and even

1388 é‘%jel“) 1.48¢-14) 1.76(-14) 9.45(15) greater than the role of analogous recently studied asymmetric

74€14) 9.22¢-14) 1.16¢13) 7.72¢14)

3000 6.66(13) 6.62(-13) 7.71(-13) and this because the discussed-@@ processes exert strong

influence at lower levels. It is also important for understanding
fact, the semiclassical ratek(1,0' — 1, ') > 1, are situation with competition of ¥V and V—T processes at high

overestimated, a behavior also observed in the previous work. vibrational levels. In any case, the obtained rate constants for
The origin of such discrepancy is not evident and open to dissymmetric \-V exchanges of highly excited CO with
question, considering that we do not expect the dynamics of nonexcited N are needed in experimental verification. The
the first vibrationally excited states of CO to be significantly calculations performed for analogous asymmetric three-quantum
different to the relaxation dynamics of the= 1 state (the exchange processes GQ(+ Ny(v = 0) — CO@' — 3) + N-
vibrational anharmonicity is treated exactly in the dynamical (v = 2),v' =22+ 28, led to near-resonance rate constant values
model assumed in the present calculations). On the other handjess than 2.5< 10717 cm® s7 and consequently their role for

a satisfactory agreement between experiment and theory wasyibrational kinetics modeling will be not so significant.
reacheé® for similar transitions in vibrationally excited CO but
in CO—CO collisions: CO{f) + CO@ = 0)—CO({ + 1) +
CO@ = 1).

The analytical rate constants reported in Figure 5 obtained Semiclassical calculations of the-\W relaxation between
from approximate first order theory (see the Appendix) are also low-lying and vibrationally excited states ognd CO in N—
overestimated when compared with the experimental data.CO collisions were performed using different updated interaction
A different choice for the interaction potential would notled to  potentials obtained as the sum of ab initio determined SR and

5. Final Remarks

better results. long-range dispersion attractions. For #€L,00,1) rate con-
In Table 4, we have reported the rate constant for the stant, the best agreement (within 10%) between the theoretical
transition: N2¢ = 1) + CO@' = 8) — Nz(v = 0) + CO(' = and the experimental d&f&2in the low and thermal temperature

7) calculated assuming Pots Il and IIl within the semiclassical range, T = 80—600 K, was reached using the “base” Pot | of
coupled state method. It turns out that the semiclassical rateref 8. The inclusion of the higher order dispersion and multipole
constants are again overestimated. expansion terms does not improve the performance of the
As second objective of this work, that is the investigation on potential surface: it turns out that the rate constants, besides of
the relaxation of vibrationally excited states relevant to CO/N2 peing very sensitive to the choice of the octopole parameters,
low-temperature plasmas, we made calculations for processesare overestimated. Considering also the superiority of this ab
2. In Table 5 there are reported the rate constants for theinitio potential with respect to the previously proposed semiem-

symmetric processes pirical potential to well describe the vibrational energy exchange
. . in the low collisional energy regime, the calculations were then
No(v = 28) + CO(') — Ny(v = 28 — Av) + CO(@' + Av), extended and a set of rate constants for excited CO and N

Av=1,2;v=18-30 (22) molecules have also been recalculated. It is found that the
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TABLE 5: Rate Constants for Single and Two-Quantum Vibrational Energy Exchanges in Collisions between Nand CO:
No(v = 28) + CO(v1) — No(v' = v — Aw) + CO(vy' = v; + Av) + AE

v,V U1,U1 = cm-
(v,2") (v1,01) T=200K 300K 500 K 700K 1000 K AE(cm™)
(28,27) (18,19) 4.46¢12p 7.49(-12) 1.11¢11) 1.44¢11) 1.79¢11) 126.44
(28,26) (18,20) 7.72¢14) 1.36¢13) 2.20€13) 3.24¢13) 4.62(-13) 198.63
27 21 1.52¢11 1.86¢11 23¢11 .33¢11 5311 7.
(28,27) (20,21) 2(11) 86(-11) 2.23¢11) 3.33¢11) 2.53¢11) 86
2.58(-11y
(28,26) (20,22) 6.306{13) 5.99¢-13) 6.19¢-13) 6.57(-13) 8.54(-13) 105.11
8.00¢13)"
(28,27) (22,23) 3.15(11) 3.04(-11) 2.87¢11) 2.90¢-11) 3.13¢11) 25.42
(28,26) (22,24) 2.76¢12) 2.00¢12) 1.41¢12) 1.25¢12) 1.39¢12) 3.16
(28,27) (24,25) 3.16¢11) 3.06¢-11) 3.11¢11) 3.22¢-11) 3.46(-11) 12.82
4.65(-11)°
(28,26) (24,26) 6.88(13) 6.96(-13) 8.57(-13) 1.10¢12) 1.51¢12) 75.53
4.32(-12)°
(28,27) (28,29) 9.33(12) 1.56¢11) 2.44¢11) 3.02¢-11) 3.77¢11) 100.55
3.30(-11y
(28,26) (28,30) 1.06¢13) 2.61¢13) 6.50¢13) 1.03¢12) 1.62¢-12) 250.24
7.30(-12y
(28,27) (30,31) 3.0A/12) 6.12¢-12) 1.27¢11) 1.85¢11) 2.60¢11) 143.31
2.30(-11y
(28,26) (30,32) 1.80(14) 5.80¢-14) 2.15¢13) 4.58(-13) 9.11¢13) 335.39
2.15(-12y
aThis work.? From Figure 12 of ref 2.
1011 ) . Av=1 10713
\g "‘E 1014
Z 102 =
: : ’ 3
: . % 1078
3 e
& oon] . A 8
§ 10710 7
10714 | 10777 \

16 18 20 22 24 27 29 31 33 35
vibrational quantum number v'

Figure 6. Theoretical rate constants for single and two-quantum
vibrational exchanges in the processegu/N= 28) + CO(v') — Na(v

= v — Av) + CO@' + Av) shown atT = 200 K andv' in the range

18 = 30.

introduction of the new potential within the coupled state

expansion method led to remarkable corrections of multiquan-

32 35 38 41 44 47
vibrational quantum number v'

Figure 7. Semiclassical rate constants for the process¢s N 0) +
CO@') — Nx(v = 1) + CO(' — 2) are reported versusat T = 100
and 500 K.

of the low-lying levels of CO af = 300 K. As mentioned in
the previous section, it is interesting to note that a reasonable

tum rate constants calculated for the same processes in previougdreement was obtained for similar transitions in -6t
studies. The calculated rate constants for near resonance0llisions between theory and the experimental data available

asymmetric processes: CO(+ Ny(v = 0) — CO@' — 2) +
No(v = 1), v > 32, are quite sizable (so as for analogous
processes Nv = 40) + CO(') — Na(v = 38) + CO(' + 1),

for this system.
Therefore, on the light of the analysis presented in this work
on the vibrational relaxation in N-CO collisions, more

v =0, 4) and should be taken into account in vibrational kinetics €xPerimental investigations on the relaxation of vibrationally
modeling of overtone CO laser. However, because the dynamicsexcited CO are needed as well as theoretical improvements to

of highly vibrationally excited molecules can be different than
the relaxation of the ground and the first excited vibrational

a better characterization of the,NCO interaction potential.

state, the calculated rate constants for single and multiquantum  Acknowledgment. The authors thank Prof. A. Napartovich

exchanges in the region of highshould be validated on an
experimental ground only.

for fruitful discussions and collaboration. This work is part of
the project “Dynamics and kinetics of elementary processes in

Discrepancies are observed in the high-temperature region,hypersonic flows” supported by the Italian Space Agency (ASI).

T = 2000 K, between the calculaté€(1,0/0,1) rate constant

and the data obtained in shock tube experiments, but no attemp
was made to fit the short-range potential parameters to the

k. Appendix

experimental data. Although this disagreement is somehow We used for analytical calculations the modified Schwartz

expected due to the wide temperature range explored4800

Slawsky-Herzfeld (SSH) theory expressions analogous to that

K), quite surprisingly, discrepancies still persist for the relaxation as in ref 31. In this case, both kinds of interactions, short-range
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Figure 8. Rate constants for the processegdN+ CO@' = 0) —

Nz(v — 1) + CO(@' = 1). The semiclassical rates are indicated by full
circles, and the analytical rates are shown by open circles. The gas
temperature i§ = 300 K.

and long-range, were taken into account. A part due to the short-
range interactions was described by the formula

- v V' +1)
(1—v) (1— (¢ + 1)0)

ex g—TE) HYAET) F (A1)

SRRV + Lvw — 1)=az

wherea = 6.61 x 1078 K™, z = (m0%4)Vy is gas kinetic
collision rate constantyy is the average relative translation
velocity, (z6%/4) is the gas kinetic collision cross section, and
f(y) is an adiabatic factor

f(y) = 8(w/3)"*y"* exp(-3y™")
f(y) = 0.5 exp(-2y/3)(3 — exp(~2y/3))

y=>21.622 (A2)

y < 21.622
(A3)

The factor F accounts for attractive part of intermolecular

interaction. Simple SSH theory assumes an exponential repulsive

interaction potential between the colliding molecules. To account
for the attractive well caused by dispersion interactions, a
multiplicative factor was used as in ref 32.

For description of the long-range interactions, the next
analytical approximation was used

R v + Lo —1)= b% 1 —Uuélw + 1|CI|I/'[|]2
AE AEZ)
exp( ZT) exp( T (A4)

hereb = 4 x 107K, ¢ = 14%, |’ + 1|g|v'Ois the matrix
element of quadruple moment of a nitrogen molecule. The total
V—V' exchange rate coefficient was calculated according to the
formula:

K\ + oo — 1) =K@ v + Lv,w — 1)+
RK (' v + 1v,w — 1) (A5)

Kurnosov et al.

Empirical coefficientsa, b, andc were determine@ by means
of fitting procedure to the experimental rate const&{t11,0)
for the vibrational deactivation of C@(= 1) and its isotopic
variants with N(v = 0).16

The results obtained with these analytical expressions for
exothermic processes 21 are reported in Figure 5 and compared
with semiclassical rates and experimental data. It is seen that
the analytical rate constants are between the experimental and
the ab initio semiclassical rates with the maximum shifted
downward tov' = 3.

To make more clear the-scaling behavior of analytical rates
compared to ab initio results, we also performed calculations
for processes

Ny(v) + CO@' = 0)—~ Ny(v — 1)+ CO@' =1) v=1,20
(A6)

at T = 300 K. The corresponding dependences reported in
Figure 8 demonstrate a good agreement between the analytical
and the ab initio rates. The modified SSH-based expressions
may be used for these processes.

References and Notes

(1) Basov, N. G.; Hager, G. D.; lonin, A. A.; et dEEE J. QE200Q
36, 810.

(2) Cacciatore, M.; Capitelli, M.; Billing, G. DChem. Phys1989
89, 17.

(3) Billing, G. D. Chem. Phys198Q 50, 165.

(4) Balakrishnan, N.; Billing, G. DChem. Phys1996 204, 77.

(5) Coletti, C.; Billing, G. D.J. Chem. Phys1999 111, 3891.

(6) Coletti, C.; Billing, G. D.J. Chem. Phys200Q 113 4869.

(7) Billing, G. D. Chem. Phys1978 30, 387.

(8) Ling, M. S. H.; Righy, M.Mol. Phys.1984 51, 855.

(9) Billingsley, F. P.; Krauss, MJ. Chem. Physl974 60, 2767.

(10) Buckingham, A. D.; Graham, C.; Williams, J. Mol. Phys 1983
49, 703.

(11) Reuter, D.; Jennings, D. H. Mol. Spectrosc1986 115 294.

(12) Langhoff, S. R.; Baushlicher, C. W. Chem. Phys1995 102,
5220.

(13) Yong, L. A.; Eachus, W. Jl. Chem. Physl966 44, 4195.
(14) Parker, G. A,; Pack, R. T. Chem. Phys1976 64, 2010.
(15) Billing, G. D. Comput. Phys. Rep1984 1, 237.

(16) Allen, D. S.; Simpson, C. J. S. NChem. Phys198Q 45, 203.
(17) Tang, K. T.; Toennies, J. B. Chem. Phys1984 80, 3726.
(18) Rijks, W.; Wormer, P. E. SI. Chem. Phys1989 90, 6507.
(19) Poulsen, L.; Billing, G. DChem. Phys1984 89, 219.

(20) Meerts, W. I.Chem. Phys1977 22, 319.

(21) Spelsberg, D.; Meyer, W.. Chem. Phys1999 111, 9618.
(22) Mastrocinque, G.; Chakroun, A.; Doyennette, L.; Gueguen, H.;
Margottin-Maclou, M.; Henry, LChem. Phys. Lettl976 39, 347.

(23) Starr, D. F.; Hancock, J. K.; Green, W. Bl.Chem. Phys1974
61, 5421.

(24) McLaren, T. I.; Appleton, J. FRroc. 8th Int. Shock Symposium
Stollery, J. I.; Gaydon, A. G., Owen, P. R., Eds.; Chapman and Hall:
London, 1971.

(25) Sato, Y.; Tsuchiya, S.; Kwiatani, K. Chem. Physl969 50, 1911.

(26) von Rosenberg, C. W.; Bray, K. C. N.; Pratt, N.XChem. Phys.
1972 56, 3230.

(27) Hancock, G.; Smith, I. W. MAppl. Opt 1971 10, 1827.

(28) Cacciatore, M.; Billing, G. DChem. Phys1981, 58, 395.

(29) Cacciatore, M. InMolecular Physics and Hypersonic Flows
Capitelli., M., Ed.; Kluwer Academic Publishers: Norwell, MA, 1996; pp
21-34.

(30) Cacciatore, M.; Kurnosov, A.; Napartovich, Rroc. Int. Conf.
ICPEAC Santa Fe, 2001; p 596.

(31) Smith, N. S.; Hassan, H. AIAA J.1976 14, 374.

(32) Shin, H. KJ. Chem. Phys1965 42, 59.

(33) lonin, A. A.; Kasakevich, V. S. et al. Preprint Lebedev Physical
Institute (in Russian) N.232, Moscow, 1982.



