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Theoretical Study of the H, + NO and Related Reactions of [HNO] Isomers
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Mechanisms of the reactions occurring on the multichannel lowest doublet potential energy surface of the
[H2NQ] system containing iNO, HNOH, and NOH intermediates and including the;H NO, NH; + O,

NH + OH, and H+ HNO entry channels have been probed using unrestricted coupled-cluster formalism.
Also, the transition structure on the doublet energy surface for the direct hydrogen abstraction ffolH
yielding H+ HNO has been identified. The energetic and molecular parameters derived from coupled cluster
singles and doubles with triples correction (CCSD(T)) calculations using the 6-BG13df,3pd) basis set,
based on their respective optimized geometries obtained with a -6-BG&1d,p) basis set, have then been
utilized to compute the apparent rate constants of the different competitive channels in@] gystem

within the framework of a quantum version of RieRamspergerKassel theory (QRRK). The H+ NO

reaction is found to be a rather slow reaction, and it occurs via bimolecular hydrogen abstraction. The calculated
total rate constant for this reaction at 2000 K and 1 atm is 2.3%f cm® mol~' s™*. Stabilization of NHO

or NHOH intermediates plays a minor role in the kinetics of NHO reaction which is dominated by the
dissociation products, HN@ H, NH + OH and H + NO. The H+ HNO reaction kinetics has only 10%
contribution from addition/isomerization/dissociation paths at 2000 K and 1 atyrt- NO and H+ HNO

are expected to be the competitive products in the reaction of OH with nitrene. The calculated standard
heats of formation araH;?°(NH,0) = 17.5+ 2 andAH*HNOH) = 23.7 + 2 kcal/mol.

Introduction an activation barrier except for the reaction endoergicity. Ando
and Asaba reported the first shock-tube measurement of its
rate coefficientk; = 3.16 x 103 exp(—27780 KiT) cm? mol—!

s™1 over the temperature range 2308600 K. Natarajan et

The [H:NO] isomeric system is of wide interest. TheMD
isomer represents the simplest member of the family of nitroxide
radicals whose particular electronic properties and high ther- alS reported a value oy = 1.5 x 103 exp(—26165 KIT) crrd

modynamic stabilities have classically been employed in spin- mol-L s by using atomic resonance absorption Sbectrosco
labeling experiments in electron spin resonance (ESR) and OtherSimuItaneo)l/Jsl t%e high-temperature rate rgeasur%ments ofptyh.e
related spectrometriés.They are used as magnetic probes in Y, ) P

; . . . . reverse process, the- HHNO reaction (eg-1), have also been
physical, chemical, and biological experimehtélso, (H,NO) s .
species are expected to be involved in theHNO and H+ performed by a number of auth8rg® but the disagreement on

FNO reacton, wiich play an imporant rle i the rate [ 0 S L Do O e beel o v
mechanism of processes such as the inhibition of combustionraltion interaction cal)éulationsg Page et giredicted a rateg
by nitric oxide, the reaction of radicals and NO in the a9

— 1370.720 -
atmosphere, the catalyzed recombination of H and OH radicalsﬁ?c')qliirltl ?gﬁ(p n H7N4(§)6V\>/<hilc?1_i :Tao no rz)é?%fsrﬁg%i}t(lfc-j)eclgf er
in flames and the combustion of nitrogen-containing fuels. ’ 9 9

Information on the rate of these reactions have been used in';gakr:'\llt(s) r(tzcog;rgr?gc(igd ;?Lﬂja%\}lg(lasgygéz%eigvzgiltlgtnezieﬁcgorgcs;ent
the modeling of energy release in advanced propellants as well q q 9

as to predict the pollutant formation and destruction in the :Egorﬁ t'gfg S;%ﬁavt\;gf:cfig?lwﬁg tggzigﬁ% areHrg\l,Jv(:\llzlrov%?ri;han
combustion of nitrogen fueks. ydrog 4 ’ !

The NO/H reaction system has been experimentally inves- )[/;/]orthwhnle tlo tmentlon thatlthes? vanz:\jtlonatl:] translltltor& sttate
tigated by several groups® at different temperature ranges 'eorﬁ T%uNadois |¥1V|-e|rg on 3(; p: Lo:_'mNeo T H,\el(')sﬁ a feths eps,
(2000-4500 K) and initial concentration ratios and by using a viz., | itich IZH% aHnNO ti ot the
variety of detection techniques to monitor the NO disappearance.Comp ex muftichanne reaction.

A large consensus appears to emerge from these studies H + HNO — H,NO 2)
indicating that the initial phase is actually an hydrogen abstrac-
tion (eq 1). H,NO—H + HNO (-2)
H,+ NO—H + HNO () H + HNO — HNOH 3)
H+ HNO—H, + NO (-1) HN +O— H,NO (4)
o ) ) o N+ H,0—H,NO (5)
Ab initio molecular orbital calculatiord$ have indicated that
reaction 1 is highly endothermic and proceeds nearly without H,NO — HN + OH (6)
T On leave from Manonmanium Sundaranar Univerisity, Tirunelveli-627 —
002, India. Y HNO = H, + NO Y
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Figure 1. Overall profile of the potential energy surface for thelffd] system calculated at CCSD(T)/6-3t1G(3df,3pd)//CCSD(T)/6-31t+G-
(d,pH+ZPE level of theory. Values in parentheses correspond to the G2 level of theory taken from ref 36.

The NHO radical is, however, likely to be a primary adduct were performed using the unrestricted Hartr€eck formalism.
of reactions 4 and 5 and once formed can undergo fragmenta-The low-lying doublet potential energy surface was initially
tions (—2) and (7) or form (6) via HNOH. While the reaction mapped out using second-order perturbation theory calculations
of the amidogen radichwith atomic oxygen has been inves- (UMP2) in conjunction with the 6-31G(d,p) basis set. Stationary
tigated extensively both experimentdfly’® and theoreti- points were characterized by harmonic vibrational frequency
cally 82021the reaction of water and atomic nitrogen has not analyses at this level. After establishing the different minimum
been studied yet. Calculations on the lowest quartet potentialenergy paths by using intrinsic reaction coordinate (IRC)
energy surfacé®?! suggested that the hydrogen abstraction calculations, geometrical parameters of the relevant equilibrium
channel (NH + O — NH + OH) are less favored than the and transition structures were then reoptimized by a coupled-
direct recombination giving the primary,NO adduct, and the  cluster electron correlation method that includes all the single
reason for the observation of an abnormal OD product rotational and double excitations plus a perturbational estimate for the
distributior?! remains unclear. Although the,NO potential connected triple excitations, CCSD(T), with the larger
energy surface has been the subject of a large number of ab6-311H+G(d,p) basis set. Finally electronic energies of station-
initio molecular orbital studie$?2°-26 most of them have, on  ary points were computed using the coupled-cluster method and
one hand, mainly focused on small portions of the surface, and optimized geometries with the more extended 6-8+G(3df,-
on the other hand, the existing kinetic analysé2'based on 3pd) basis set in order to obtain improved estimates for their
canonical variational transition-state theory using molecular relative energies. In the coupled-cluster calculations, only the
orbital (MO) results as inputs have considered only the valence electrons are included in the correlation procedure. The
individual elementary steps. It is, however, well established zero-point energies were derived from harmonic vibrational
that in the study of reactions involving multiple and competing wavenumbers at the UMP2/6-31G(d,p) level and scaled down
channels, characterized by formation of energized complexes,by a uniform factor of 0.94. Throughout this paper, bond
the apparent rate constant of a certain reaction cannot be treatetengths are given in angstroms, bond angles in degrees, and
by considering them as separate elementary single-step reactiongero-point and relative energies in kcal/mol, unless otherwise
all the possible channels need to be included in order to model stated.
the corresponding apparent rate constants. The purpose of the
present study is 2-fold; in the first part we have reexplored as Results and Discussion

complete as possible the low-lying doubletof#0] energy Let us first describe briefly the essential features of the
surface using reliable and, more importantly, uniform ab initio

; . . otential energy surface (PES) related t schematicall
MO calculations. The geometrical and thermochemical resultsp 9y ( ) A y

shown in Figure 1. Each stationary point in Figure 1 is labeled
thus obtained have subsequently been utilized in the second par 9 yp g

lcul h £ vari . . fvith a number in order to facilitate an easy discussion. While
to calculate the rate constants of various reactions occurming oy, e equilibrium positions are associated with the numbers from

the same [RENO] potential energy surface but differing from 1 4, g "the transition structures are defined X whereX and

each other by the entry channels. For this latter purpose W€y are the two connected equilibrium structures. As can be seen,

have made use of a rather simple quantum statistical treat-i,o pPES consists of three isomers namely 814, HNOH 2
ment’28 whose basic equations and performance have been ; y i

. ) P PRy and NOH 3, and the different first-order saddle points con-
discussed in detail in our recent papets: necting these minima to different product limits, vizg H NO

. . 4, NH, + O 5, HN + OH 6, NOH + H 7, and H+ HNO 8.
Molecular Orbital Calculations

The CCSD(T)/6-31%++G(d,p) optimized geometries of the
Ab initio molecular orbital calculations were carried out using transition statesl/2, 2/3, 1/4, 1/8, 2/8, 3/7, and the direct

the Gaussian 94 set of prografisThe open shell calculations  hydrogen abstraction transition staté8 are also shown in



Reactions of [HNO] Isomers

(1.012) %
1.0

1.272
(1.282)

(1.233)

HHNO=97.6 (97.4)
1/4

2/8

HONH=123.8 (139.9)

NG

J. Phys. Chem. A, Vol. 102, No. 18, 1998177

10817\
3 1053)

HNOH=106.8 (108.4)
(101.6)

G049

a3 1242
& amBh 1250
HONH=117.2 (110.5)

3/7

4/8

Figure 2. CCSD(T)/6-31%+G(d,p) optimized geometries (in A and deg) of the stationary pding 3, 1/2, 2/3, 1/4, 1/8, 2/8, 3/7, 4/8 in the
[H2NO] system. Values in parentheses correspond to the UMP2/6-31G(d,p) level of theory.

TABLE 1: Calculated CCSD(T)/6-311++G(3df,3pd) Total
Energies in atomic units and ZPE in kcal/mol for Species
Involved in the [H,NO] PES

1/8. The molecular elimination of Hnvolves a barrier of 62.1
kcal/mol and the barrier height for the Ht HNO product
formation is found to be 64.5 kcal/mol. The reverse barrier for

species total energy ZPE the combination of H- HNO — HONO was calculated to be
H,NO 1 —130.908 566 17.2 8.4 kcal/mol, and this value is in close agreement with G2 results
HNOH 2 —130.898 551 17.4 (7.57 kcal/mol) of Wolf et al. but differs somewhat from the
TISHZ 3 :igg';gg ggg ig'g value of 3.5 kcal/mol reported by Lin et &l.for the same

2/3 —130.770 758 158 process l_Jsing_(_SZM calculation_s. In that report, the authors have
14 —130.799 874 10.7 also not identifiedl/8 and considered the HH HNO — H,NO

1/8 —130.770 758 15.8 as a barrierless process. In contrast, in the present investigation,
218 —130.789 900 108 the corresponding process was found to have a barrier as large
37 —130.741 076 11.8 L . o,

4/8 —130.800 055 83 as 4.5 kcal/mol. In addition to these dissociations,.QHan

aBased on optimized geometries at the CCSD(T)/6431G(d,p)

level.® Zero-point energies using unscaled frequencies at the UMP2/

6-31G(d,p) level.

undergo isomerization transHNOH.

transHNOH 2 can undergo either ©H bond cleavage giving
rise to HNO+ H radicals or N-O bond cleavage to HN-
OH. The former process was found to proceed via the specific

Figure 2. The numbers in parentheses refer to the resultsyansition state2/8, and to involve a barrier height of 61.9 kcal/

obtained at the UMP2/6-31G(d,p) level of calculation. The
CCSD(T)/6-311%+G(3df,3pd)//CCSD(T)/6-31t+G(d,p) ener-

gies are summarized in Table 1 and shown in Figure 1 relative

to that of the H + NO limit 4 with appropriate zero-point

vibrational energy corrections using UMP2 frequencies. The

mol. The latter process is a direct dissociation and the barrier
height thus equals the reaction endoergicity. The 1,2-hydrogen
migration intransHNOH is associated with a high barrier (78.8
kcal/mol) and the resulting isomer NQR is characterized by

; ) ined shallow potential well (5.5 kcal/mol).
values given in parentheses represent the G2 values obtaine ) )
by Wolf et a3 The unscaled harmonic vibrational frequencies 1 he calculated reaction energies at the CCSD(T)/6+32G-

of the isomers and of the various saddle points are listed in (3df,3pd) level have been used in conjunction with the known

Table 2, as they are of interest to the modeling kineticists.
Energetically, HNO 1 was found to be more stable thaans
HNOH 2 by 7 kcal/mol. Three possible unimolecular dissocia-
tion pathways for NHO have been identified, namely disso-
ciation into NH + O without a distinct transition state,
concerted elimination of {Hand NO through a three-membered
transition structurel/4 and the dissociation into H HNO via

heats of formation of H and HNO to obtakH;° for the addition
species. For exampl&\H{°(H,NO) = AH{%(H) + AH{(HNO)

+ AHR® where AHR? is the zero-degree enthalpy of reaction.
By this procedure we obtairhH¢?(H,NO) = 18.3, AH¢C-
(HNOH) = 24.8 kcal/mol. We also obtain the standard heats
of formation, AHZ*§NH,0) = 17.5 andAHZ°*§NHOH) = 23.7
kcal/mol for both the species with a probable erroef kcal/
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TABLE 2: Unscaled UMP2/6-31G(d,p) Harmonic Vibrational Frequencies of the Minima and Saddle Points in HNO PES

HNO HONO NOH 14 172 2/3 /8 2/8 37 4/8
248.8 787.3 522.4 21375 1850.8 11714 974.4 2021.3 1218.1 1458.3
1292.8 1156.9 730.1 1006.7 192.1 891.2 456.3 606.8 837.4 188.1
1524.5 1287.7 788.1 11711 1300.7 1396.7 629.1 672.9 1044.5 772.3
1723.7 1603.8 1623.2 1195.9 1503.8 1699.7 1458.3 1506.5 1300.5 1440.3
3542.2 3502.6 3796.3 1593.2 3091.2 3232.7 2825.3 1578.2 1375.9 1583.6
3700.1 3853.5 3938.0 2494.6 3536.9 3845.0 3047.3 3171.7 3702.3 1828.6
mol. These values are in close agreement with those predictedSCHEME 1
by Soto et ak! HNO +H HNOH
We now turn to the second part of this work which is the ® HN(O‘“H @
kinetic analysis of the various channels associated with the [H K (B) kL E kD
NO] system. Thus, the apparent rate constants of the reactions s
(A) Hz + NO, (B) NH; + O, (C) NH+ OH, and (D) H+ |0 o 0" 2 mnoft® —=  non,” *-E. Non4h
HNO have been computed using QRRK theory. Various @ k,®) k,® k,E) %)
product channels of these reactions are summarized in Scheme B O k, B k, ®) \(\3ks(M)
1. We use the potential energy surface obtained at the CCSD- p
(T)/6-311++G(3df,3pd)//CCSD(T)/6-311+G(d,p) level and H,NO NH,+ O HN + OH NOH,
the vibrational frequencies and rotational constants calculated ® © @

at the UMP2/6-31G(d,p) level as input parameters for the QRRK
calculations. Recent publicaticis3438 reveal that processes
involving high energy chemically activated adducts with non-
Boltzmann distribution can be characterized by the simple "1°
QRRK method with reasonable accuracy. Inessence, quantum
Kassel theory employs statistical mechanics to calculate the k’;: H, + NO— HNOH 2

probability that sufficient energy will be localized in a given

oscillator for reaction to occur. Weston et38have outlined Ks: H, + NO—H,ON 3

the advantages and limitation of this approach over the more

rigorous RRKM treatment. In the literature, most of the RRKM kgl: H, + NO—H + HNO (vial)
studies calculated th&factor for dissociation from the assumed '

properties of the transition state and the reactant, i.e., the K,  H,+NO—H -+ HNO (vialand2)
vibrational and internal rotor frequencies, the state densities, ™
and rotational parameters. As a consequence, the uncertaintie%?_
in the input parameters may restrict its predictive values, unless >’
significant effort is put into the assignment. However, in QRRK

one could either use the experimentally measured value for the@: H,+NO—HN+ OH6

A factor or estimate the same based on isoelectronic or

structurally similar reactants with known kinetic parameters. K;:  H,+ NO—~HON+H 7

Though QRRK is less rigorous compared to its complementary o
well-established technique, RRKM, it provides a simpler way The apparent rate constant for stabilization of, daywas
to treat the kinetics of the multichannel system with many calculated by the rate expression:

dissociation pathways. Since our interest is to obtain the rate

coefficient of various reactions on the {M,O] potential energy K = BkIM] > [LF(E)HINO]

surface and at the same level, we employ here the less rigorous =

QRRK technique. It is appropriate to mention that tunneling
corrections have not been included in this work even though
the potential surface involves primarily the migration of the
hydrogen atoms. The neglect of tunneling corrections is
justifiable due to the fact that the lowest temperature employed K;l - z ks(E)[1*TF(E)/[HINO]
in the present study is 300 K. Furthermore, the reactants, NH Ecti

+ O (rgaction B) and .NH+ O.H (reaction ) are di§posed . where [1*] is the steady-state concentrationlafsee Scheme
energetically above the isomerization/hydrogen migration transi- 1). Similar expressions were followed to calculate other

tion structures, V'?'ﬂz’ 1/4, 1/8’ 218, and_henc_e we expect th? apparent rate constants for other reactions. The expression for
tunneling mechanism to be unimportant in their reaction kinetics. f(E), the chemical activation distribution function, was taken

On the contrary, tunneling may play a role in the kinetics of H from ref 40. M is the bath gas (Nfor the present study) and
+HNO (reafglon D) system, espezc/éally atthe entrance Channelki(E) are the energy-dependent unimolecular rate constants,
(H + HNO — H;NO and+ HNO — HNOH). However, as which are calculated using QRRK theory. The steady-state
will be shown shortly, the kinetics of this reaction is dominated concentration of the isomers can readily be expressed in terms
by the direct hydrogen abstraction channel and the barrier for of k(E). The method of calculation of energy dependent
this process is negligibly small (0.16 kcal/mol). It is therefore unimolecular rate constant has been discussed in detail else-
clear that the tunneling phenomenon is of less importance in where?7.28
the kinetics of these reactions at temperatures above 300 K.  The frequency factors for isomerization of chemically acti-
QRRK Analysis of the H, + NO Reaction (Reaction A). vated species and for the unimolecular reactions with specific
The apparent rate constants of various channels for the H  transition states were calculated as

NO reaction are defined as

H, + NO— H,NO 1

H,+NO—H,N+05

Similarly, the apparent rate constant for a dissociation pathway,
for example,KQ,l, was obtained from
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where lg is the Boltzmann constartt,the Planck’s constanT,

the temperature in kelvin, an@;" and Q; are the complete
partition functions for the respective transition state and the
reactant, respectively. The partition functions were obtained
from our ab initio calculated harmonic vibrational frequencies
and moments of inertia at the UMP2/6-31G(d,p) level. The
frequency factors for the barrierless recombination and dis-
sociation reactions, viz., NH+ O — NH,0, NH,O — NH, +

O, NH + OH — HNOH and HNOH— NH + OH were taken
from Dean et al?® and the values used are, respectivelys 7 05 s 35 . " L 35 . o5
108 cm® mol~1 s71, 1.32 x 10 s71, 4.0 x 103 cm3 mol—? . )

s71,and 7.18x 10*s L. The concerted addition rate constant, 10,000/T, T in Kelvin

ki, for the combination of bland NO givingl was calculated Figure 3. Plots of total association @k and direct hydrogen abstrac-
by using the Arrhenius rate expression with 55.1 kcal/mol tion (kea) rate constants of H+ NO system versus 20 (K) at 1
activation barrier. atm.

For the description of the collisional stabilization, we adopted QRRK Analysis of the NH, + O Reaction (Reaction B).

the weak collision model suggested by TfééZ and the  Ag'mentioned in the Introduction, three experimental reports
collision rate is considered to be a product of the Lennard-Jones, e now available on the kinetics of the reaction of Niwith

=)

m3 mol'] sec!

IS

Logkinc

collision frequency, &, and collision efficiency,f. The atomic oxygen. Gehring et &treported a value of 2. 102
collision efficiency,3, was calculated frof cm? mol~! s71 using the absorption spectroscopic technique.
N Dransfeld et af® subsequently derived a larger overall rate
BI(1 — B = —[AEDFksT constant of (5.3t 1.5) x 10" cm® mol~! s71, and they have

estimated the branching ratio of 7:1 for product channels HNO
The value ofFe was assumed to be 1.15, ardAEL] the + H and NH+ OH. Recently, Adamson et &l.determined
average energy transferred per collision, was taken as 0.382 kcalthe overall rate constant to be (3490.8) x 10 cm?® mol!
mol for N, as bath gas following the reference of Hippler et s-1 Dean et a8 have performed the QRRK kinetic analysis

als3 . . _ on this reaction using the PES provided by Melius and BirfRley
The PES reported earlier by Melius and Binkfegnd WalcH using BAC-MP4 calculations. It should be noted that our
have apparently missed the important link between®tdnd present PES differs significantly from that of Melius and Binkley

Hz + NO stationary points, which was later established by Wolf ith respect to barrier heights. CASSCF calculations were also
et al3® As can be seen from Figure 1, the direct hydrogen performed by Page et &l .on the quartet surface$X’ and*A"")
abstraction involves a lower barrier (53.0 kcal/mol) and hence for the direct hydrogen abstraction, and these authors concluded
is expected to compete with the MBI adduct formation  that, below 2000 K, the G NH, reaction is dominated by the
pathway. Moreover, the transition struct4® corresponding  addition/isomerization/dissociation pathway. In view of its
to a direct hydrogen abstraction process is looser and isimportance, we wish to reexamine the kinetics of this reaction
characterized by low-frequency vibrations as compareti4o using QRRK theory and the meaningful CCSD(T) PES.

As a result, the frequency factor for bimolecular abstractionis  The apparent rate constants of reaction B are defined as
high and is of the order of 3.& 103 cm? mol~1 s at 300 K. follows:

Consequently, at all temperatures, the rate constant for bimo-

lecular abstraction is around 4 orders of magnitude higher than ki‘; NH, + O—H,NO 1
the total addition rate constant of reaction A, which was

calculated as the sum of all corresponding apparent rates. .
constants. Figure 3 shows the variation of the total bimolecular 2 NH, +0—HNOH2
abstractionk5,) and addition ) rate constants as a function
of temperature. The total rate constak@, is thus mainly
contributed by thekf,. The variation of other individual 5
apparent rate constants with temperature are not shown due té" NH, + O—NH+ OH6
the unimportance of the adduct formation in the H NO
reaction. Furthermore, the rate of the reaction is expected to kg, :
be pressure independent as it proceeds completely via the direct
blmol_ecular abstraction. Owing to its Iargt_e _barrler height, the B,25 NH, + O — HNO + H 8 via 2

reaction can have a measurable rate coefficient only at temper-

atures beyond 1000 K. The calculated rate constant at 2000 K Figure 4 shows the variations of the apparent rate constants

is 2.35x 10° cm® mol~* st and is approximately an order of  yith temperature. The transition states for isomerization and
magnitude higher than the value obtained in the shock tube poth the dissociation paths from N6l are 33.3, 21.7, and 19.3
measurements by Ando and Asabarlhis mismatch could  kcalmol, respectively, below the initial energy of the adduct.
probably be due to the low-frequency vibration of the loose Hence, the stabilization of Né* contributes only around 1%
transition structure4/8. The best least-squares fit to the values {5 the total rate constant at room temperature and 1 atm.
of k* obtained from our calculations leads to an expression of Fyrthermore, the calculated barrier height fos H NO 4

5 5 formation from1 is 2.4 kcal/mol lower than that for HN@ H
KA(T) = 2.93x 10° T** exp(~25500T) 8. As aresult, we observe an equally effective contribution of

K;:  NH,+O0—H,+NO4

NH, + O—HNO+ H8vial

L
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Figure 4. Plots of log apparent rate constants and total rate constant Figure 6. Plots of log apparent rate constants and total rate constant
of NH, + O reaction versus 0 (K) at 1 atm withA(6) = 7.18 x of NH + OH reaction versus log pressure.

10 s

) ratio is due to the uncertainty in the magnitudeAg6). We

use, unless otherwise stated, as a reasonable est{@te=
_ 7.18 x 10 s71in the rest of our investigations. The value of
813 the total rate constant thus calculated at 300 K and 1 atm is
- 5.89 x 108 cm® mol~! s71. Results of our calculation thus
7612 show that the total rate constant is nearly insensitive to the
g magnitude of this frequency factor. The three-parameter fit to
o 5 the total rate constant leads to the expression
O”
E= KB(T) = 2.01x 10T %**exp(=2131)
A
20’ QRRK Analysis of the NH + OH Reaction (Reaction C).
— Cohen and Westbefthave reviewed this reaction and estimated
9 L - - = = the rate constants by analogy to the OH OH reaction.
. . Accordingly, they suggested a value of 20103 cm? mol!
10,000/T, T in Kelvin s~ for the recombination/dissociation channel, yielding HNO
Figure 5. Plots of log apparent rate constants and total rate constant + H. However, to the best of our knowledge, no experimental
of NHz + O reaction versus 20r (K) at 1 atm withA(6) = 7.18 x data are presently available. As expected, the recombination
10% st of OH and NH proceeds without any barrier, and the reaction

OH + NH 6 — HNOH 2 is exothermic by 67.1 kcal/mol. The
initially formed energized HNOH has sufficient energy to either
dissociate into HNOt H or isomerize into NHO followed by
dissociation into H- HNO and H + NO. The apparent rate
constants of various channels for the NHOH reaction are
defined as:

K and kg,l to the total rate constant in contrast to the analysis
of Dean et al.’# using also the same kinetic treatment. The
anomaly is no doubt due to the large barrier (79.0 kcal/mol)
estimated by these authors for the H NO formation. Since
the transition structur&/8 is disposed energetically lower than
2/8, the rate of HNO+ H formation froml(kgl) is higher than
that from2. The value of the total rate constant calculated at
300 K and 1 atm is 6.43% 10" cm® mol~! st and is in very
good agreement with the experimental value of Adamson et
all” However, the predominant product channel in the kinetic kz: ~ NH + OH—HNOH 2

analysis is the dissociation into the NH OH rather than the

experimentally observed HN@ H product. This is mainly kf: NH + OH—H, + NO4vial

due to the large magnitude of the frequency factg6] = 7.18

x 10 s~1) which we have adopted for the NHOH NH + c. -

OH channel. This frequency factor is around 2 orders of ks NH +OH—=HN+05

magnitude higher than derived from ab initio calculated i

frequencies and moments of inertia for the competitive channelsks.: ~ NH + OH—H + HNO 8via2 and1

NH2O — HNO + H, NH,0 — H; + NO and HNOH— HNO

+ H. This indicates thaf(6) has been overestimated. Nev- kgz: NH+ OH—H + HNO 8

ertheless, there is no experimental report of rate constant for

this reaction at high pressures. For the sake of comparison, The apparent rate constants for the formation of NGH

we have carried out calculations by lowering the magnitude of (kg) and NOH+ H 7 (k?) were found to be very low and
A(6) by an order of magnitude, and the results are shown in therefore will not be discussed any further. Figure 6 shows
Figure 5. We found then that the contribution of NHOH the variation of all apparent rate constants as a function of total
product formation to the total rate constant decreases drastically,pressure at 300 K. At this point, it should be noted that the
the predominant channel being thetHHNO formation, in line magnitude of the apparent rate constants of all the channels as
with the experimental observation. Hence, we conclude that well as the total rate constant is highly dependent on the
the mismatch between the calculated and experimental branchingrequency factor A(6)) for the entry channel. We also found

k:  NH+OH—H,NO1
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The calculated barriers for H-addition to the nitrogen and the
oxygen atom of HNO are 4.5 and 8.4 kcal/mol, respectively.

%u For the reaction D-1, we define the apparent rate constants
Z for the various pathways in Scheme 1 as follows:
gn ki H+HNO—NH,01
o)

Eio

° ky:  H+ HNO— HNOH2

=

DDQ

kE ks  H+HNO— NOH,3

85 1I0 1I5 2I0 2I5 3IO
10,000/T, T in Kelvin ki H+HNO—H,+NO4

Figure 7. Plots of log apparent rate constants and total rate constant
of NH + OH reaction versus I0r (K) at 1 atm.

Fr

H+ HNO— NH,+ 05

that all the rate constants are almost proportionalA¢6).

However, the variation of the rate constants as a function of ké: H -+ HNO — NH + OH 6 (via 2)
temperature and pressure remains the same, and hence ou

calculations can predict correctly their behavior and product

branching ratios. It is apparent that isomerization followed by 1. H + HNO — NOH + H 7 (via 2 and3)
dissociation into H+ NO (kf) is the predominant channel at

low pressures. Also the apparent rate of formation of HNO

H from NH;O (k5 ,) is equally high and it contributes substan- ki~ H + HNO— H + HNO 8 (via HNOH)
tially to the total rate. It is interesting to note thkg, is

consistently higher thaky,, which implies that the isomeriza- ~ Similarly, for the reaction D-2:

tion process is more favored over dissociation into HN®.

This is again simply due to the lower barrier height for K ~H-+HNO—NH,01

isomerization compared with dissociation from the HNOH

potential well. kS increases with increasing pressures and k: H+HNO—HNOH?2

reaches a limiting value at high pressures whﬁeiecreases at

high pressures. This is evident from the fact tl2ato 1 kﬁ: H + HNO— NOH, 3

isomerization is appreciable at low pressures. At high pressures,

stabilization of 2 dominates over isome_rizati(én. T?e _total K H + HNO — H, + NO 4 (via 2 and1)
apparent rate constant for HN® H formation &g, + kg ) is

slightly more than the apparent rate constant for-H NO ké
formation ((f), and hence the competitive products are ex- >
pected to be HNGt+ H and H + NO.

Figure 7 shows the variation with temperature of the apparent
rate constants at 1 atm. At all temperatures, dissociation into
HNO + H and H + NO are invariably more favored over Ks:  H+HNO—NOH + H 7 (via 2 and3)
stabilization of either adducts and the total rate constant remains
almost constant over the entire temperature range. Our calcu-ké: H + HNO — H + HNO 8 (via2 and1)
lated total rate constant for the disappearance of NHDH

H + HNO — NH, + O 5 (via 2 and1)

k: H-+HNO—NH+OH6

amounts to 1.66< 10" cm?® mol~t s71, Recall that the superscript and subscript in the rate constant
QRRK Analysis of the H + HNO Reaction (Reaction D). definition correspond to the reaction and product numbers,
The H + HNO reaction can give rise to either N8 1 or respectively, as shown in Scheme 1. The apparent rate

HONH 2 as the initially formed energized adduct, and hence constantsks, ki, k3, k5 are very low due to the high activation
the kinetics of this reaction has been analyzed by starting from barrier for NOH 3 formation. These pathways therefore have
both NH; O (reaction D-1) and HNOH (reaction D-2) potential little importance in the destruction of the reactants. The total
wells. We have also considered the direct hydrogen abstractionrate constant for the disappearance of the reactants was
of HNO by H- giving rise to B + NO in our kinetic analysis. calculated as the sum of all apparent rate constants, except for
The several product channels that are energetically possibleké and k§ since these channels regenerate the reactants H
include NHO, HNOH, H, + NO, NH + OH, and NH + O HNO. Figure 8 displays the variation of the apparent rate
(Figure 1). constants for reactions D-1 and D-2 as a function of total
The various possible competitive reactions starting from H pressure at 300 K. The total rate constant for the disappearance
+ HNO are shown in Scheme 1. Two distinct adducts can be of H and HNO remains almost constant over the pressure range
formed depending on the addition of a hydrogen atom to either of 1076—0.01 atm and the main contribution to the total rate
the nitrogen or the oxygen atom of HNO species. Since the constant, in this pressure range, is ldf;ehannel leading to the
rate constants for product formation depend heavily on the concerted elimination productsldnd NO. At high pressures
internal energy of the adduct, the product distributions origi- (>0.1 atm), stabilization of INO 1 and HNOHZ2 outruns their
nating from these two additions are expected to differ markedly. dissociation in to H+ NO. In the lower pressure region, the
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Figure 8. Plots of log apparent rate constants and total rate constant
of H + HNO reaction versus log pressure at 300 K.
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Figure 9. Plots of log apparent rate constants and total rate constant
of H + HNO reaction versus 0r (K) at 1 atm.

rate of formation of adductskf, ki, k%, kY increases with

increasing pressures. However, in the high-pressure region,

while k} andk; reach a limiting valuek; andkZ decrease after
passing through a maximum. This is likely due to the fact that
at lower pressures— 2 or 2 — 1 isomerization is appreciable
even though the main channellis— H, + NO (ki). At very
high pressures, the initially formed adduc{reaction D-1) or

2 (reaction D-2) gets stabilized at the cost of isomerization,
thereby reducing the stabilization rate for the other isomer.

Figure 9 displays the variation of all the apparent rate constants

for reactions D-1 and D-2 with temperature at atmospheric
pressure. At low temperatures, stabilization of JdHand
HNOH seems to be predominant. Tkﬁechannel opens up at
high temperatures.
temperaturesk4 is the predominant channel, while at high
pressuresk4 becomes a main channel only at high tempera-
tures. The total rate constant for reaction D-2 is more than 3
orders of magnitude lower than that for reaction D-1 due to the
fact that the barrier for addition to the oxygen atom of HNO
(8.4 kcal/mol) is somewhat higher than that to the nitrogen (4.5
kcal/mol). Nevertheless, HNOH formed in reaction D-1 plays
no doubt an important role in the kinetics oHHHNO reaction.

The direct hydrogen abstraction (D-3) rate constekﬁp
was calculated by using the Arrhenius rate expression with 0.
kcal/mol activation barrier. The frequency factor was calculated
from the partition function o#/8, H and HNO. The value of
koy andkP (= k3, + k?) obtained from our calculation at 2000
K are 6.74x 103 and 7.39x 103 cm?® mol~1s71, respectively.
The calculated rate constant for the disappearance-bHiNO

In other words, at low pressures and at all

Sumathi et al.

is roughly a factor of 15 greater than that reported previously
by Halstead and Jenkins (4.8210% cm® mol~t s™1). For the

very same reason discussed previously, the mismatch could be
due to the poor description of the low-frequency vibration in
the rate determining transition structudé8. The contribution

of addition/isomerization/dissociation routk®) to the total

rate constankP is about 10% at 2000 K and atmospheric
pressure. We have fitted the calculated rate constant to the
standard three-parameter expression for use in combustion or
atmospheric modeling studies. The rate constants are well
represented over the entire temperature range by:

K2(T) = 8.23x 10° T"*® exp(~15701)
ko,(T) = 2.83x 10° T+ exp(452T)

K°(T) = 1.37 x 10° T "®exp(491T)

Conclusion

Both electronic structure and rate theory calculations have
been used to probe the reactions occurring on the lowest doublet
PES of the [HNO] system. Geometries for stationary points
on the PES are determined with the CCSD(T)/6-8315(d,p)
level of theory. With these geometries, relative energies are
determined with CCSD(T)/6-311+G(3df,3pd) calculations.

Direct hydrogen abstraction reaction is identified as the main
channel of the B+ NO process, and it contributes predomi-
nantly to the total rate constant of the reaction. The addition
intermediates on the doublet potential energy surface argONH
1, HNOH 2, and NOH 3. The competitive product channels
are b + NO, H+ HNO, and NH+ OH. The thermodynami-
cally stable product, INO, can be stabilized only at high
pressures in the reactions of Miith O. Our calculated total
rate constant for NiH+ O amounts to 6.43% 10 cm?® mol~!

s ! and is in good agreement with the experimental value of
Adamson et al? Rate expressions are also derived on the basis
of modified Arrhenius equation for the predominant pathways
in all the reactions investigated here. Our calculated results
show that for reaction C, the formations of Ht NO and H+
HNO are equally competing channels and the most favorable
product, for reaction D, from the intermediate as well as from
the direct hydrogen abstraction is the HNO. The calculated
total rate constant for reaction D is 7.3910' cm® mol~t s71

and is a factor of 15 greater than the experimental values. The
heats of formation of the stable isomers are calculated to be:
AHP(HNO) = 18.3, AH{O(HNOH) = 24.8 at 0 K, AH{2%§H,-

NO) = 17.5 andAH2%4HNOH) = 23.7 kcal/mol at 298 K with

an uncertainty oft2 kcal/mol.
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