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Temperature Dependence of Rate Coefficients and Branching Ratios for the NHt+ NO
Reaction via Microcanonical Variational Transition State Theory
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Calculations of the temperature dependence of the rate coefficient and product branching ratios in the NH
+ NO reaction have been performed using microcanonical varitational transition state th¥@i§T) in
conjunction with Rice-RamspergerKasset-Marcus (RRKM) theory. The calculations have utilized
parameters from Walch's complete active space self-consistent field (CASSCF)/internally contracted
configuration interaction (ICCI) calculations for the stationary points on the potential energy surface, together
with simple Morse potentials for the minimum energy pathways of the entrance and the OH exit channels.
The computed total rate coefficierif) displays a negative temperature dependent between 300 and 3000
K, in good agreement with the results of direct kinetic measurements. The predicted values of the branching
ratio for formation of OH {) are strongly temperature dependent, increasing rapidly from 0.1 at room
temperature to 0.85 at 3000 K. Sensitivity modeling indicates that the enthalpy of the produgts (BH)

is a critical quantity that needs to be determined more accurately in order to make genuinely quantitative
predictions.

Introduction a bridge between the values of the direct measurements at
lower temperatures and those of the flame modeling at higher
temperatures.

With respect to the theoretical investigations of the system,

more attention has been paid to reaction 1b over the past decade

The reaction of the NKHwith NO plays a key role in the
thermal DeNQ process:™ It is believed that there are two
major channels involved in the reaction mechanfsm:

NH. - NO — HN., + OH (1a) because of its interesting multiple bond-switching mechanism,
2 2 i.e., it involves the breaking of all three bonds in the reactants
— N, + H,0 (1b) and the formation of three entirely different bonds in the

products. Gilbert et & have evaluated the rate coefficient

Reaction la is a radical-generation channel that may con-
tribute to the chain reactions via production of the radical

produces two stable molecules with exothermicity of 125 kcal
mol~L. The kinetics of this reaction has been studied extensively
via direct measuremefits? as well as kinetic modeling#1+13

The temperature dependence of the total thermal rate coefficient?P

for reaction 1b using RiceRamspergerKasset-Marcus
(RRKM)/master equation theory with an estimation for the

species, whereas reaction 1b is a chain-termination step tha{elevant molecular parameters referring to eaaly initio

datal®>16 They treated the loose transition state for the initial
recombination of reactants with a simple Gorin model. How-
ever, the extreme anharmonicity inferred for the intermediate
pears to have resulted from the simplistic overall reaction

(ko) for this reaction has been recently reported to be in a good Mechanism employed as well as the insufficient accuracy of

agreement among most experimefitdlowever, the branching
ratio o, defined as the rate coefficient of reaction la divided

by ki, is still a riddle because of the large discrepancies between

the ab initio potential energy surface (PES) and RRKM
parameters. Two limiting cases (slow or rapid) for the internal
rearrangement of the energetic intermediate were considered in

the results of the direct measurements and the flame combustiorPfder to interpret the experimental observation of the pressure-

modeling®® For instance, the value af is agreed to be-0.1

independence dé.. Phillipst” performed an RRKM calculation

at room temperature, and it increases to 0.2 at 620 K, 0.19 at{or reaction 1b based on anpriori capture rate model using a

1000 K, and 0.17 at 1173 K according to the results of laser
kinetic measurements by Bulatov et @lAtakan et al’, and
Stephens et af. respectively. On the other hand, it has been
pointed out that such small values @f when extrapolated to
the range of thermal DeNQemperatures (11661400 K), are
not sufficient to account for the current modeling mechanism
for the flow reactor dat&* Other modeling studies of the NH

NO flame have indicated that varies with temperature from
0.48 at 1050 K to>0.8 at 1400 K or from 0.5 at 1500 K to 0.8
at 2150 K112 Recently, Halbgewachs et #lhave performed

steady-state approximation but eliminating the possibility of
collisional stabilization for the energetic intermediates due to
the relatively short lifetime of the intermediate species. Two
PESs, with associated RRKM parameters, were employed
according to theab initio results of Melius and Binklé¥ or
Harrison et al® The RRKM results for the two sets qualita-
tively agreed with those of early experiments at temperatures
less than 400 K even if the loose transition state of the simple
bond fission channel was not treated variationally. More
recently, Diau et al® have carried out a multichannel RRKM

a series of kinetic modeling calculations based on the data Calculation including reactions la and 1b as well as the

obtained from pyrolysis of the Nd-and NO mixture in a steady
reactor. The branching ratio was found to increase rapidly from
0.27 at 950 K to 0.58 at 1273 K, which to some extent provides

® Abstract published i\dvance ACS Abstractgune 15, 1996.

collisional deactivation (the latter via a strong collision ap-
proximation with a collision efficiency factor) based on high-
level multireference PES data calculated by Wa&RhA
negative temperature dependence kgf was predicted in
accordance with most experimental observations. However, the
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relevant parameters for the two bond fission transition states
were obtained by fitting the values d,: and oo at room
temperature with those of experiments. It was pointed out that,
according to their modelingy is very sensitive to the enthalpy
of reaction 1a. With incorporation of Troe’s simple expression
for the collision efficiency £c)?! in the calculation, the total
branching ratio of the two collisional deactivation channels was
determined to be 0.03 at room temperature, decreasing to be
negligible for temperatures greater than 1000 K at 50 Torr
pressure.

In view of the previous results from both experimental and
theoretical work on the title reaction, one would like a theoretical

Energy /kcal mol™!
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model for the reaction to address at least the following three  _i2
features: (1lk: is relatively large at room temperature1.5 ‘
x 10711 cm?® molecule’! s1) and it decreases with increasing -140 =

temperature, which is normally the case for additiogarrange- Figure 1. Potential energy surface diagram for the NHNO reaction
ment reactions without an intrinsic energy barrier; k@) is based on the CASSCF/ICCI calculati$#iThe values represent relative

pressure-independent from a few Torr to 1 atm, implying (as energies in units of kcal mol with zero-point energy corrections.

-124.5

Reaction Coordinate Diagram

indicated in the calculations of Phillipsand Diau et al?) that

the energetic intermediates have a considerably shorter lifetime
(~10711s) with respect to rearrangement than the time between
collisions at the pressures and temperatures of interest; i€3)

body M for NH,NO' and HNNOH, respectively. We thus
modified Diau et al.’s steady-state formulaso calculate the
thermal rate coefficients of NfHwith NO for each channel of
the above mechanism with angular momentum conservation

about 0.1 at room temperature and it increases with increasingtaken into account as follows:

temperature. In particular, the variation@fvith temperature
is not yet clear owing to apparent inconsistencies between the
results of direct and indirect experiments.

In order to progress some way toward the resolution of these
uncertainties, we have carried out microcanonical variational

Oe =
*M=——5S@I+1) [dEWMEJ) e T (2
KedT) hQr(T);( ) JdE WE,J) € @)

transition state theory®/TST)/RRKM calculations for the N kou(T) =
+ NO system using computational methodology that we have 9 - k(E.J)AE,J)
developed in recent yeaf%,based on Walch’s PES and © 3+ 1) de ’ ’ WE,J)e &< (3)
molecular parametef8. We believe the results reported in this hQ(T) ,Z) B(E,J) ’
paper provide significant new evidence relating to the temper-
ature dependence of the branching ratifor this very important Ky o(T) =
reaction. 2
g & K(EJ)AE.D) )
Computational Details — Z(ZJ +1) de—W(E,J)e T (4)
hQ(T) 1= B(E.J)

The calculations for the NfJH NO reaction are based on a
multireference PES for which all geomeries and frequencies of
the relevant stationary points were optimized/calculated using
complete active space self-consistent field (CASSCF) method
with a polarized double-zeta Dunningiay basis set, and the
energies were further determined by the internally contracted
configuration interaction (ICCI) method with a Dunning cor- K,
relation consistent triple-zeta double polarization atomic natural
orbital basis set® The assumption of disregarding two relatively
smaller isomerization barriers was m#td¢o simplify the
complicated reaction mechanisfi?® According to the simpli-
fied ab initio PES diagram shown in Figure 1, the reaction
mechanism of NH with NO is depicted in the following
scheme:

with

W.

ge b 1
M=——Y@I+1) [dE—— WEJ)e T=T (5)
“ hQ(T) l; / B(E,J)

W,A(E,J)

% =
N=——S@I+1) [dE———WEJe T
hQ(T) l; /

B(E,J)
(6)

A(E,J) = k(E,J/[ky(E,J) + k(E,J) + K(E,J) + w,]

and
ko (E-AHp J ke (E J) ko (E — _
by NO (E-AHo J) NG aor! ) Nyt + OH B(E,J) = ky(E.J) + k(E,J) + w,; — ky(E.J)A(E,J)
kp (E J) ka (E J) K E D) ) ] ] N
ot | il ws L Ny+H0 In eqgs 2-6, h is Planck S constange is the electronic partition
function ratio of the collision complex (assumed to be 1) with
v ' the reactants (2 for Njand 2+ 2 e 1747 for NO), Q(T) is the
NH,NO HNNOH partition function of the reactants (electronic part and center of

mass motion excluded), ang is Boltzmann’s constantw;

where “t” represents internal excitation. Her&H, is the
enthalpy difference between the reactants {NHNO) and the
intermediate (NHNO) at 0 K, ki(E,J) is the microscopic rate
coefficient at total energl and total angular momentudnfor

the unimolecular dissociation or isomerization via corresponding
channelsi(= b, c, d, e, or f), andw; andw; are the effective
quenching frequencies via collisional deactivation with a third

andw, were calculated according to Troe’s collision madel
with the assumption ofAEO= 1 kcal mol?, o5 = 4 A, and
€Ly = 150 K for both intermediates colliding with Ar. The
microscopic rate coefficients were determined by

_ W(ED
KEd =1 e

i=bcde, orf, j=1o0r2

)



NH> + NO Reaction

whereW(E,J) is the sum of states of the corresponding transition
state via channel Thus, we hav&\(E,J) = Wx(E,J) and W,-
(EJ) = WYE,J). p(EJ) is the density of states of the
corresponding intermediat¢ € 1 for NH,NO andj = 2 for
HNNOH) withj = 1 in case = b or c andj = 2 in case =

d, e orf.

W(E,J) was evaluated in two different ways depending on
the nature of the transition state (tight or loose). For a tight
transition statei(= c, d, or f), Wi(E,J) was calculated by
convolution of the sum of states of T@ith the derivative of
one-dimensional tunneling probability functi®(e) for motion
along the reaction coordinaté:

W(ED) = [ de POW(E+Vy; — € ), i=cdorf (8)

whereW*(E + Vp; — ¢, J) is the convoluted rovibrational sum
of states evaluated according to a modified Bey&winehart
algorith?4 andVy; is the barrier height of TiSwith respect to
the corresponding intermediate.

For the case of the loose
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transition states (TSh or TSe) where there is no pronouncedrigure 2. Arrhenius plots of the total rate coefficierdd) for the NH,

chemical barrier involvedyVTST theory? was implemented

+ NO reaction. The bold solid curve is the resultkaf predicted by

to determine the transition state variationally along the reaction ©VTST/RRKM theory using the originadb initio parameters without

coordinate. Wi(E,J) is thus written as a convolution of the

adjustments. The dotted and the plain solid curves are the sensitivity

transitional-mode sum of states and the conserved-mode density"0d€ling results ok using the same parameters as for the bold curve

of statesp’(E* — e):
W(ED = [ ,de pi(E* — QW™ (), i=bore (9)

whereEnin(J) is the minimum energy required to generate the
angular momenturd, andE* is the maximum energy available
for distribution among the degrees of freedom orthogonal to
the bond-length reaction coordinatedetermined bye* = E

— Vi(r). HereVi(r) is the potential of the minimum energy
pathway (MEP) on the potential surface witk= b and e for
NH2NO — NH; + NO and HNNOH— HN; + OH, respec-
tively. However, both MEPs are not available currently
according to recerdb initio daté® 2% owing to the difficulties

of searching nonstationary points on the PE®&, Therefore, a

simple Morse-type function was used for both channels b and

e:

V()=D[1— e 2 i=bore (10)
whereD; is the classical dissociation energy (zero-point energy
excluded) for the breaking bond, is the equilibrium bond
length, andg; is an empirical parameter for determining the
slope of the MER In eq 10, bothD; andr; were fixed based

on Walch’sab initio data?® but 3; was treated as a variable to

except changing, and Dy, respectively shown as former and latter
curves (see text for more details). The symbols are the experimental
data from different sources: (open sugares) Silver and Kdtipen
diamonds) Bulatov et af.(open triangles) Atakan et dl(open reverse
triangles) Wolf et al® (open circles) Diau et &P,

fragments in this cas®:3° Twenty separations between 2.4 and
7.0 A were employed for theVTST calculations with all the
relevant parameters summarized in the Appendix.

The total rate coefficient for the NH- NO reaction is thus
given by the sum of the individual thermal rate coefficients for
all the open channels:

Kot = kor(D) + ko) + K, (D) + K, (T)  (12)
and the branching ratia is determined by
o = Kop(T) Ko (12)

Results and Discussion

TheuVTST/RRKM results are shown in Figures 2 and 3 for
kot and o, respectively, in comparison with the most recent
experimental data. In Figure 2, the long-dashed curve is the
capture rate coefficient for the recombination of Nkith NO
under high-pressure-limiting conditions (eq 2), and the bold solid
curve is the result oky: obtained from eqs-36 and eq 11,

be determined by fitting to the established room temperature both curves computed using the RRKM parameters listed in

experimental kinetic data. In fact, the rate coefficients of interest
were not sensitive t@;. Thus, a reasonable estimation f&ir
was made for both MEPs with, and e equal to 2.0 and 3.0
A-1, respectively (see the following section for further discus-
sion of this point).

the Appendix based on Walch&b initio result without further
modifications. The predicteld,: decreases dramatically with
increasing temperature, especially for temperatures higher than
1000 K owing to the significant contribution of back-dissociation
of NH,NOT to form NH, + NO.

The transitional-mode sum of states is classically evaluated As mentioned in the previous section, the lack of accurate

using an analytic expression for the momenttspace volume

ab initio data for both bond-fission channels necessitated the

and followed by Monte Carlo integration over the available use of the crude model potentials for the MEPs as well as the
configuration space of the four Euler angles. The accurate bonding and nonbonding interactions to evaluate the sum of
evaluation of this requires information about the anisotropy of states for the transitional modes. Thus, we have carried out a
the potential surface. We have used a simple model for this simple sensitivity test for the Morse potentials employed by
anisotropy in which the nonbonding interactions were treated varying the key empirical parameters introduced in eq 10. From
by the Lennard-Jones 6-12 potential function with experimental the potential energy diagram of Figure 1, it is apparent that the
pairwise parametefE. The anisotropy of the bonding potential reaction 1a is nearly thermoneutral and reaction 1b has no
was modeled by introducing a simple coupled?@banisotropy intrinsic barrier relative to NB+ NO. Henceki is expected
factor as utilized by Wardlaw and Marcus for the methyl radical to be most sensitive to the parameters of TSb, especially the
recombinatior?® modified for the reduced symmetry of the MEP. The dotted curves shown in Figure 2 are the results
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Figure 3. Temperature dependence of the branching ratjddr the
NH: + NO reaction. The solid curves shown in partscaare the same
results of a obtained fromuVTST/RRKM calculations using the
original ab initio parameters without adjustments. The dotted curves
are the sensitivity modeling results efusing the same parameters as
for the solid curves except changifg, the enthalpy of reaction 1a,
and the relative energy of TSf, respectively shown in paris ésee
text for more details). The symbols are the experimental data from
different sources: (filled circles) Silver and Kotkiopen diamonds)
Bulatov et al§ (open triangles) Atakan et dl(open squares) Stephens
et al.2 (filled triangles) Kimball-Linne and Hanso#;(crosses) Van-
dooren et al’? (open circles) Halbgewachs et'aThe upward arrow

represents a lower limit prediction.

Diau and Smith

obtained using the same parameters as for the bold solid curve,
except that the value ¢, is changed from the optimum value
required to fit the well-established room temperature experi-
mental data (2.0 A) to B, = 1.5 and 2.5 A%, respectively,

for the upper and lower curves. We find that the total rate is
relatively insensitive tgy, which lends a certain amount of
confidence to the trends observed in the absence of acalrate
initio data for the MEP. In order to estimate the possible effect
of using different functional forms for the model MEP, we have
carried out the same procedure of fitting the beta parameter to
ensure a match with the room temperature kinetic data, but with
a Varshni rather than a Morse potential. The results lay within
3% of the solid line obtained with the optimum Morse potential
and so have not been independently plotted. The plain solid
curves shown in Figure 2 are the results obtained by changing
the value of the bond dissociation enefgyby +2 kcal mol?
(upper curve) and-2 kcal moi! (lower curve) with respect to
theab initio value of 51.6 kcal moi! (AHo = 44.0 kcal mot?).

The calculations foki are in excellent agreement with those
of Diau et al*® (open circles) for the entire temperature range
of their study (297673 K) and indeed provide a quite
acceptable representation of the temperature dependence implied
by the other experimental data also, within reasonable error
bounds associated with uncertainties in the PES parameters.

There has not been any experimental observatiakHy for
the formation of NHNO reported in the literature. Our
calculations indicate that the collisional deactivation of both
NH,NOT and HNNOH intermediates is negligible<(2%) for
the entire temperature range (368000 K) under 50 Torr of
Ar, in accordance with the conclusion of Diau et'&land
Phillips!” This implies the difficulty of observing NHNO
under normal experimental conditions (BMD might be
observed under matrix-isolated conditions, but it would be very
hard to measure th&tHg). The quantum-mechanical tunneling
corrections incorporated for TSc/d and TSf are negligible in
this study owing to the fact that the barriers for the tight
transition states are well below the threshold for formation of
the collision complexes from reactants Nend NO (14.4
and—7.4 kcal mof? for TS c/d and f, respectively).

We now discuss the controversial parameterAs one may
notice from the scattered experimental points in Figure 3, there
exist significant discrepancies between direct measurements of
o at lower temperatures and values inferred indirectly from
kinetic modeling at higher temperatures. The results of our
uVTST/RRKM calculations, obtained via eq 12 and the related
equations using the relevant parameters listed in the Appendix,
are indicated by the solid curves shown in Figure 3. The
predicted values fon are found to be strongly temperature
dependent, increasing rapidly from 0.1 at room temperature to
0.85 at 3000 K. Recall that we have fit and kit at room
temperature in order to obtain estimates for the Morse beta
parameters for the entrance channel and the OH exit channel.
Hence, the agreement at room temperature is by design.
However, no further modification of parameters is involved at
higher temperatures. Hence, the rapid increasex ofvith
temperature is a genuine prediction. Although the high-
temperature flame modeling data are somewhat scattered, it is
clear that our calculations are broadly consistent with the rapid
increase in the branching ratio that is inferred by these data. A
much slower increase of with temperature in the range 360
1000 K is suggested by the direct laser kinetic data of Atakan
et al? (open triangles) and Stephens ef éhpen squares). If
their data are correct, an almost step-like temperature depen-
dence ofx would be implied. According to the results of kinetic
modeling and sensitivity analysis, however, Diau éfalointed
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TABLE 1: Relative Energies, Vibrational Frequencies, and Moment of Inertia for the NH, + NO Reactior?

NH; + NO NH,NO TSc, TSd TS HNNOH HN_ + OH
Relative Energies
AEP 0.0 —44.0 —14.4 -7.4 —45.7 1.0
Vibrational Frequencies
w1 3287 3871 3791 4030 3660 3624
w2 3239 3490 2160 3688 3313 2744
w3 1943 1792 1642 1793 1623 1583
[on 1528 1709 1562 1194 1466
ws 1368 1348 595 1405 1070
ws 1207 1006 389 912
w7 712 1207 576 652
ws 647 629 344 959
o 542 1990 1359 509
Moment of Inertia
A 23.528 2.669 2.416 2.455 2.504 21.402
B 13.013 1.704 0.436 0.504 0.356 0.416 1.499 18.203
C 8.379 0.378 0.417 0.311 0.357 1.401

a All values are in units of crmt except for those of energies in kcal mbl® Zero-point energy corrections includedvibrational modes related
to the corresponding reaction coordinates.

out that the latter study might involve serious secondary shown that a value of > 0.7 is required in order to successfully
reactions such as NH+- H — NH + Hz; and NH + NH; — model their flow reactor data under thermal DeN@mpera-
NH + NHs. tures. Contrastingly, a value for< 0.4 would be required to

It is necessary to consider the effect of changing the PES fit the data of Atakan et dl.and Stephens et &lwith eq 13.
parameters used in our calculations within expected uncertaintyWe illustrated in Figures 2 and 3 above the new predictions
bounds. The aforementioned sensitivitykgf on Dy, (or AHg) provided by ouruVTST/RRKM calculations and also the
does not hold similarly foo. owing to its evaluation as thatio sensitivity of these predictions to certain critical PES parameters.
of kon to kot Instead, the parameters for the competitive Regardless of the particular combination of parameters chosen,
channels of TSe and TSf will be the dominant factors in our calculations show one consistent tretiidat the branching
determininga.. In order to investigate the sensitivitiy of to ratio a for formation of OH increases strongly with temperature
these parameters, we have carried out a series of calculationguch that the OH product channel becomes dominant at higher
indicated in Figure 3. In Figure 3a, the effect of modifying the temperatures, and it is this conclusion that is the main result of
Morse parametefe was modeled by varying the values from  the present study. Our results are consistent with, and provide
2.5 (upper dotted curve) to 3.57A (lower dotted curve) with  support for, the temperature dependence pfoposed by Miller
respect to our estimated value, 3.0*A(solid curve). We  and Glarborg for use in kinetic modeling under combustion
observe little sensitivity to this parameter. Next, the effect of ¢gnditions.
modifying the enthalpy of reaction 1a by changing the value ; iq interesting to speculate on the cause of the dramatic
for the ground-statt_e energy of theZH‘!’ + OH fragments increase iro. with temperature. In particular, one expects that
calculated by Walch is considered. In Figure 3b, the four dotted angular momentum may play an important role in the effect

tcr:g\/:r?tﬁ;?, frg;nrg;%tti%r?(ﬂog"iftg% Cf?éﬁjlﬁgedr\ézliﬂ?:g?/";me of because the rate-determining step for water formation occurs
1 Keal mg?_ll 2031 by -2 -1 +1 and +§ kcal mold via a “tight” transition state at a chemical barrier, whereas the
y ' ' ’ ' rate-determining step leading to formation of OH occurs via a

respectively. AIth_ough not unexpectetf is certglnly note- “loose” transition staté* These two qualitatively different types
worthy (and s_obermg) to see such Iarge changes n the_predmtedof transition state are known to be subject to quite different
values for this rather critical branching ratio by varying the

enthalpy of reaction 1a within a fairly typical uncertainty range ?Onfgget'rgs?nncs;rﬁ:%z ?(‘:’rzg?L::l:;emaongetﬂteu?b;%rf:?ﬁiﬁeoggg
for ab initio calculations, 42 kcal molt. Finally, in Figure P

3¢, the effect of modifying the barrier height for TSf on the of a pronounced centrifugal barrig353¢ Further characteriza-
predicted temperature dependence @ indicated. The dotted tion of th_e temperature depe_ndence_ of the;NHNO reaction,
curves in Figure 3¢ show the predictions fowhen the barrier and testing of such speculations, will clearly require improved
height of TSf is varied by-2 kcal mol* (lower curve) and+2 ab initio calculations of the potential energy surface parameters.
kcal molt (Upper curve) with respect to the raa initio value We are currently pursuing this objective within the context of

(—7.4 kcal mot® relative to the reactants). The results 2 Mmore detailed study.
illustrated in Figure 3 show that both the ground-state energy
of the NbH + OH pair and the height of the barrier for TSf
play very important roles in determining the branching ratio
under combustion conditions, but the former has a larger effect
than the latter.
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Conclusion

Recently, Glarborg et &l* proposed an expression for the Appendix
branching ratioa. as a function of temperature with two

empirical parameters: .
The uVTST/RRKM parameters of the NH+ NO reaction

oa=CT (13) for the reactants, products, intermediates, and transition states
are summarized in Table 1, based on Walch’s CASSCF/ICCI
where C was chosen so that =0.12 at 300 K. They have calculationg?3132 The details of getting relevant parameters
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to evaluate the sum of states for the TSb and TSe accordingto  (3) Glarborg, P.; Dam-Johansen, K.; Miller, J. A.; Kee, R. J.; Coltrin,

i M. E. -t 1094 26, 421.
eq 9 are described as follows. (4) Miller, J. A.; Glarborg, PGas Phase Chemical Reaction Systems:

Tsb Experiments and Models 100 Years after Max Bodens8pringer Series
> in Chemical Physics, in press.
NH,NO — NH, + NO (@) () (a) Silver, J. A.; Kolb, C. E jmibiaia@m] 982 86, 3240. (b)
Silver, J. A.; Kolb, C. E jaitkie@ig1987 91, 3713.
The vibrational frequencies of the reactants gNH NO) (6) Bulatov, V. P.; loffe, A. A.; Lozovsky, V. A.; Sarkisov, O. M.

. : ; ; ; Sissmamibissming 111989 161, 141.
shown in Tablr(]a 1 Were.obtamtlad tl)i/?éS“ghtly scahEg with a factor (7) Atakan, B.; Jacobs, A Wahl, M.: Weller, R.. Wolfrum,ghem.
of 1.02 from the experimental valugdased on the zero-point Blve it 1089 155 609.

energy reported in ref 20, and the moment of inertia were (8) Stephens, J. W.; Morter, C. L.; Farhat, S. K.; Glass, G. P.; Curl, R.

adopted from the experimental d&8aThe MEPb was modeled  F. imiiiifmiSiim1993 97, 8944.

by eq 10 withDy, rp, and, equal to 51.6 kcal mot, 1.344 A, 19929233’\’%_' M.; Yang, D. L.; Durant, J. L |

and 2.0 X1, respectively. The sum of states of TSh was (10) Diau, E. W.; Yu, T.; Wagner, M. A. G.; Lin, M. Giimiaaam.
evaluated based on 20 points between 2.4 and 7.0 A for the1994 98, 4034.
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