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Kinetics of the NH,; + NO Reaction: Effects of Temperature on the Total Rate Constant and the
OH/H,0 Branching Ratio
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The rate constant for the reaction of NH, with NO has been measured between 297 and 673 K using the
cavity-ring-down technique to monitor the disappearance of the NH; radical. The measured bimolecular rate
constant can be effectively represented by the expression kIl = (2.2 £ 0.7) X 10-12 exp[525 £ 80)/7] cm?/s,
which agrees reasonably well with the results of several other recent measurements employing various diagnostic
methods. A multichannel RRKM calculation has been carried out to account for the observed negative temperature
dependence and the product branching ratio, OH/H,0, based on Walch’s recent potential energy surface data
for various transition states and stable intermediates leading to the formation of the OH and H,O products.
The predicted temperature dependencies agree reasonably well with experimental observations. We have also
performed kinetic modeling using a set of of reactions involving H, NH3, NH,, NO, and their anticipated
products. The result of the modeling aided by sensitivity analysis suggests that the unknown “third channel”
responsible for the decline of the ({OH] + [H,0])/[NH;]o ratio at high temperatures (ref 23) may result from
secondary reactions which produce neither OH nor H,O. These reactions include NH; + H— NH + H; and

NH; + NH; — NH + NH..

Introduction

The reaction of the NH, (amidogen) radical with NO plays
a significant role in both atmospheric chemistryl:2 and the
combustion process related to NO, formation and removal.>-6 In
the thermal de-NO, process,*S nitric oxide emission from engine
exhaust is reduced by addition of ammonia into the flue gases at
combustion temperatures at which a significant amount of NH,
can be generated. Additionally, the NH; radical, produced from
the OH + NH; reaction in the troposphere, reacts with NO,
providing a significant disappearance pathway for the atmospheric
NO.

There have been many kinetic studies of this reaction with
various techniques.’2* The absolute rate constants from room-
temperature measurements have a wide range of values, varying
from 8.3 X 101210 2.7 X 10-!! cm?/s. The values of the overall
rate constant obtained by the flash photolysis technique are
generally 2 times greater than those obtained by the discharge
flow method. No pressure dependence of the rate constant for
NH; + NO was observed in all previous investigations. Thus,
there is no obvious cause for the discrepancy in the rate constant
except perhaps systematicerrors. Furthermore, all experimental
studies of temperature effect!0-13:20.21 on the rate constant reveal
a negative dependency.

Based on the products monitored by experiments,!2-14.18-21,23
two major channels contributing to this reaction have been
proposed:

NH, + NO — H,0 + N, (1)
—OH + N,H 2

Reaction channel 1 produces two stable molecules, H,O and N,.
In the reaction, three bonds in the reactants are broken and three
whole new bonds are formed in the products. The OH radicals
formed in the reaction channel 2 could feed a chain of reactions
in the thermal de-NO, process; thus, several kinetic modeling
studies attempted to determine the branching ratio of OH (a;
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defined as k, divided by the overall reaction rate constant of NH,
+NO). Avalueof «0f0.29-0.4 was required toreachagreement
between kinetic model predictions and experimental measure-
ments under combustion conditions.?+2® The work of Kinball-
Linne and Hanson?® implies that o may vary with temperature
from 0.48 at 1050 K to >0.8 at 1400 K.

Experimental measurements for o have ranged from 0.1 to
20.65 at room temperature,!2-1418-21.2330 byt the recent in-
vestigations!$-21.23 converge on the smaller value of about 0.1.
Three groups have measured the temperature dependence of a.
Bulatov et al.2! obtained a value of 0.2 for « at 620 K using a
flash photolysis/intracavity laser spectroscopy technique. Atakan
et al.20 reported that « varied from 0.1 at 300 K to 0.19 at 1000
K using the laser photolysis/laser-induced fluorescence technique;
they calibrated the OH signal intensity with the known OH yield
from H,0, photolysis. More recently, Stephens et al.2? studied
the OH branching ratio as well as the total yields of OH and H,0
from NH; + NO using the laser photolysis/infrared kinetic
spectroscopy method by calibrating infrared absorption cross
sections for key species at different temperatures. They obtained
a value of 0.17 for « at 1173 K they also found that the value
of the total OH and H,O yield falls off from 0.94 at 299 K to
0.7at1173K. A possible “third channel,” in addition to reactions
1 and 2, was proposed to interpret the observation. When the
observed data were extrapolated to the combustion condition,
both values of « measured in the latter two studies are too low
to model the thermal de-NO, process.

There have been several theoretical studies of potential energy
surface (PES) for NH; + NO.3!-35 For example, Melius and
Binkley?? applied the fourth-order Moller—Plesset perturbation
theory with bond-additivity corrections (BAC-MP4) to study
the energetics of the reaction pathways and indicated that NH;
+ NO forms a stable intermediate H;NNO, which can rearrange
to form the products H;O + N; or to form OH + N,H near
thermoneutrally. Later, Harrison et al.34 carried out a study for
this system using MP2 through the MP4SDQ theory with a
6-31G* basic set and obtained a small energy barrier (3-4 kcal
mol-!) for reaction channel 1 and no barrier with respect to OH
+ N;H, but having an endothermicity of 7.5 kcal/mol. Recently,
Walch3’ used internally contracted configuration interaction
(ICCI) calculations based on an (10/10) complete active space
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self-consistent-field (CASSCF) theory to study the PES of this
system. Qualitatively, the same results were obtained with larger
basic sets and more extensive inclusion of electron correlation
effects for both stationary point geometries and energies. The
heat of formation for the product N,H was also determined in
these calculations with various theoretical methods,3!-45 giving
values ranging from 45 to 79 kcal mol-!1. No direct experimental
measurement has been reported for the heat of formation of the
N,H radical.

Earlier, Abou-Rachid et al.32 have carried out an RRKM
calculation of rate constant for the NH, + NO system based on
a simple kinetic model. The calculated rate constant which
decreases with temperature from 200 to 500 K is comparable to
that determined experimentally at room temperature, but it
deviates from the experimental observations above 700 K.
Phillips*6:47 used an approximate semiclassical trajectory method
tocompute capture rates with a dipole—dipole + Morse potential,
which were then combined with RRKM rates for passing through
entropy bottlenecks on the PES for reaction 1. This calculation
was based on the PES calculated by either Melius and Binkley?3
or Harrison et al.,3* but no structural parameters for the radical-
radical transition state (H,N+NO) were available from previous
theoretical PES calculations.

We have carried out a study of the NH;, + NO system using
laser photolysis coupled with the cavity-ring-down (LP/CRD)
method. A multichannel RRKM calculation was applied to
simulate the effect of temperature on both the total rate constant
and the product branching ratio, OH/H,O. Kinetic modeling
was performed in conjunction with sensitivity analyses to
investigate the complicated effect of secondary reactions on
experimentally reported branching ratios and on the genesis of
the “third channel” postulated by Stephens et al.23

Experimental Section

The experiments were carried out in a heatable Pyrex glass
reactor wrapped with heating tape toattain a desired temperature.
The NH; radicals were generated by pulsed-laser photolysis of
NH; at 193 nm and detected by the cavity-ring-down method at
537.6 nm. The details of the technique and the experimental
setup have been described previously;*84? hence, only a summary
is given here.

An ArF laser (Lambda Physik, LPX 100) was utilized to
photolyze NH;. After a certain delay, a second probing laser
beam (Laser Photonics N laser pumped dye laser with Coumarin
540A dye at A = 537.6 nm) was introduced through one of two
highly reflective mirrors (R = 0.9999 at 540 nm) enclosing the

reactor. The two mirrors were optically aligned by a He-Ne -

laser to form a low-loss resonator. The concentration of NH;
was measured in terms of the decay time of an injected dye laser
pulse, detected with a photomultiplier tube (PMT, Hamamatsu
955) behind the second mirror. When the cavity was absent of
NH,, the photon decay time of probing laser pulse (10) was
increased significantly from its original 8 ns to about 30 us (here
the fall time was measured for the duration of 10-90% I, where
Ipwas the initial pulse height) due to oscillation inside the cavity.
In the presence of NH,, the decay time of the probing laser pulse
will decrease from t 0 to z.. These photon decay times are related
to the NH, radical reaction time, t/, according to the following
equation48:49

In(1/t, -1/t = B—k't’ 4))

where B is a constant depending on NH; absorption coefficient,
initial concentration, and cavity properties. k! is the pseudo-
first-order decay constant of NH,. Experimentally, t’is the delay
time between the photolysis and probing laser pulses.

The photon decay times, ¢, and ¢.%, were measured with the
photolysis laser turning on and off, respectively, and were recorded
by a digital storage oscilloscope (LeCroy 9310M). Intheabsence
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Figure 1. Typical pseudo-first-order decay of NH; for various concen-
trations of NO at T = 523 K, P = 50 Torr: (0) [NO] = 0; (a) [NO]
= 1.80 X 10'4; (O) [NO] = 4.78 X 10'4, all in units of molecules/cm?.

of NO, a wavelength scan carried out between 536 and 539 nm
revealed a strong absorption peak at 537.6 nm, corresponding to
the band head of the A2A,(1,7,0) «— X2B,(0,0,0) vibronic
transition of the NH; radical. For kinetic measurement, the
probing dye laser was fixed at 537.6 nm with ¢’ varying from 30
us to 3 ms depending on the concentration of the NO used. The
triggers for lasers and oscilloscope were generated by a pulse
generator (Stanford Research, DG535) which was controlled by
a microcomputer.

All experiments were carried out under slow-flow conditions
using typically 50 Torr of Ar as buffer gas. The Ar (99.9995%)
was used without further purification. The radical source, NHj3,
was purified by standard trap-to-trap distillation. Reactant NO
(99%) was purified by vacuum distillation through a silica gel
trap maintained at 195 K to remove impurities such as NO,. The
concentrations of NO and NH; were determined from measure-
ments of their mass flow rates using calibrated mass flowmeters
(Hastings and MKS) and the total pressure, measured with an
MKS Baratron manometer.

Typical experimental conditions were as follows: total flow
rate Fr = 10-17 STP cm? s-!; total pressure P = 20-150 Torr;
reaction temperature T = 297-673 K; [NH;] = (0.6-7.6) X 1015
molecules cm-3; [NO] = (2-65) X 10! molecules cm-3; [NH,],
~ (1-5) X 10!2 molecules cm3; time delay between the photolysis
laser and the probe laser ¢/ = 30 us—3 ms.

Results

The reaction was studied under pseudo-first-order conditions
with [NO] » [NH;]. Thus, the reciprocal difference between
the probe laser decay time with and without NH, is expected to
exhibit a simple exponential decay with respect to reaction time
according to eq I. Figure 1 shows some typical semilog plots of
(1/t. - 1/t9) vs reaction time for various concentrations of NO
at 523 K. The pseudo-first-order rate constant k! was determined
from the slope of such a decay plot for each [NO]:

K'=—dIn(1/t,—1/t0)/dt (I1)

The observed absolute values of the second-order rate constant
(k1) for the NH;, + NO reaction, summarized in Table 1, were
obtained from the slopes of k! vs [NO] plots, as illustrated in
Figure 2 for 523 K. Figure 3 summarizes these second-order
rate constants in the Arrhenius form, together with the results
of other measurements. A least-squares fit of our 13 data points
between 297 and 673 K to the Arrhenius equation yielded

KM= (2.240.7) X 102 exp[(525 £ 80)/T] cm®/s

in which the uncertainties represent one standard deviation.
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TABLE 1: Summary of Measurements of the Rate Constant
for the Reaction NH; + NO

T/K P/Torr [NO]/10¥cm= [NH;3]/10%cm=? £1/10-11 cmds-!

297 50 1.5-6.5 2.8-4.4 1.43 £ 0.084
50 0.9-5.0 1.3-2.2 1.46 £ 0.07
315 50 0.6-3.0 3.8-4.6 1.02£0.12
333 50 0.8-5.0 5.4-7.6 0.91 £ 0.06
353 50 0.8-3.5 1.4-1.9 1.10 £ 0.12
373 51 0.8-6.0 1.3-1.9 0.71 £ 0.06
383 50 0.4-3.0 2.5-3.6 1.06 £ 0.09
423 20 0.4-2.5 0.6-0.9 0.83 = 0.08
50 0.7-5.0 5.8 0.75 £ 0.04
100 0.6-5.0 1.2-1.8 0.70 = 0.04
150 0.6-6.0 1.1 0.68 £ 0.05
473 57 0.9-5.0 1.1-1.8 0.79 £ 0.10
500 50 0.4-3.5 2.7 0.67 £ 0.05
523 50 0.5-5.0 2.9-3.8 0.51 £ 0.02
573 50 0.6-4.5 1.3-3.5 0.61 + 0.04
623 50 0.2-3.0 0.8-1.6 0.59 £ 0.05
673 50 0.6-5.5 2.0-2.2 0.37 £ 0.03
% The uncertainties represent one standard error.
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Figure 2. Typical plots of the pseudo-first-order decay rate k! against
NO concentration at 523 K.
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Figure 3. Arrhenius plot for the total rate constant for the NH; + NO
reaction: (A) Stief et al.,!3 (B) Hack et al.,!! (C) Bulatov et al.,2! (D)
Atakan et al.,20 (E) Silver and Kolb,!? (F) recommended by Baulch et
al.’7 Qur result is represented by the thick solid straight line. The data
presented by Lesclaux et al.1% overlap with curve D in the temperature
range 300-500 K.

Discussion

Table 2 is a summary of the data shown in Figure 3. Our
results (shown as the solid line in Figure 3) are in good agreement
with previous studies, all exhibiting a negative temperature
dependence. Wehave alsostudied the effect of pressure by varying
it from 20 to 150 Torr at 473 K; no obvious change was observed
in this test (see Table 1), which is consistent with previous
observations as mentioned in the Introduction. A theoretical
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study by Phillips* reveals that the intermediate complex (NH,-
NO) has a lifetime of the order of 10-!! s at room temperature,
which accounts for the observed absence of pressure effect on the
rate constant. The result of our multichannel RRKM calculation,
discussed in detail below, also supports that conclusion.

A. Multichannet RRKM Calculation. Based on previous
theoretical work,33-35 the reaction of NH; and NO forms the
vibrationally excited intermediate NH,NO, which may undergo
a 1,3-hydrogen migration with an energy barrier of about 30 kcal
mol-! to give a trans—cis HNNOH isomer (trans about the NN
bond and cis about the NO bond). The trans—cis HNNOH may
isomerize along either the NN bond to form cis—cis HNNOH or
the NO bond to form trans—trans HNNOH. Both isomers may
also isomerize along either the NO bond or the NN bond to form
cis—trans HNNOH, which may further decompose exothermically
with an energy barrier of about 20 kcal mol-! to form H,O and
N,. Each HNNOH isomer may also decompose to produce OH
and N,H endothermically with a barrier of about 45 kcal mol-!.
The energy barrier for isomerization with respect to the NO
bond is about 10 kcal mol-!, which is much smaller than those
with respect to the NN bond (about 40 kcal mol-!); thus, the
omission of the former isomerization step in our calculation should
be a reasonable assumption. The multichannel RRKM calcu-
lation for the NH, + NO reaction was performed simply by using
the following mechanistic scheme

e

a
NH; + NO === NH;NO* HNNOH* —=—= OH + NoH
f
jm W e H,0 4 Ny
NHp NO HNNOH

where the asterisk represents internal excitation. In the above
scheme, we also assume that HNNOH dissociates to form H,O
and N, immediately after passing through the energy barrier of
isomerizationabout the NN bond. The simplified potential energy
diagram for the RRKM calculation is shown in Figure 4, which
is depicted by the solid curves in accordance with Walch’s
theoretical results,35

The RRKM formulation for the chemically activated multi-
channel processes has been derived to give thermally averaged
rate constants for individual channels, as described previously.50:5!
The thermally averaged bimolecular rate constant for each
pertinent channel can be evaluated with a Boltzmann average of
the energy-specific branching reaction probability by steady-
state treatment for both NH,NO* and NHNOH* which gives
rise to the following equations:

k.(E) A(E) f(E*) dE*

kou(T) = 0, ) (1)
ko) = 02 A%zf)(m )
k(D=0 ﬁ,‘”———w‘f;’fz)w W)
k(1) =0 f;ﬂ‘%ﬂt VD)
where
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TABLE 2: Summary of Reported Arrhenius Parameters for NH; + NO Reaction

Ae B Es T/K P/Torr carrier gas method? reference
2.1 %10 -1.25 0 300-500 2-700 N, FP/RA Lesclaux et al.10
4.5 x 107 -1.85 0 209~500 0.4-4.0 He DF/LIF Hack et al.l!
4,38 X 103 -23 1360 294-1215 1.0-2.8 He DF/LIF Silver and Kolb!2
2.77 X 1077 -1.67 0 216-480 2.5-20 Ar FP/LIF Stief et al.1?
1.3x10°® -1.17 0 294-1027 3-100 N2 LP/LIF Atakan et al.20
5.6 X 106 -2.2 0 295-620 1-31 N3 FP/ILS Bulatov et al.2!
2.2 % 10-12 0 -1043 297-673 20-150 Ar LP/CRD this work

@ Arrhenius expression: AT? exp(—E/RT), where 4 in cm? molecule~! s! and E in cal mol-!. ¢ FP = flash photolysis; DF = discharge flow; LP =
laser photolysis; LIF = laser-induced fluorescence; ILS = intracavity laser spectroscopy; CRD = cavity-ring-down.

Reaction of NH; + NO

/ N, +H+OH
_zz 97 -84

-'0
g {mans-cis) (trans-trans)
B 457 445
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]
&
-1001
130 Ny +H,0
Reaction Coordinate Diagram 1248

Figure 4. Potential energy surface diagram for the NH; + NO reaction
based on the CASSCF/ICCI method calculated by Walch.3 The dashed
curves represent the processes which are not included in our RRKM
calculation.

H
k(E) = %ZP,.(E,.*) JRNAE), i=b,c,d eorf
' j=1lor2

A(E) = k(E)/[kE) + k(E) + k{E) + w))]

B(E) = ky(E) + k(E) + w, — kE) A(E)

AEY) = 3 "P,(E,) exp(-E,'/RT)
The observed overall rate constant for the disappearance of

NH; in the presence of an excess amount of NO is given by the
sum of individual thermal rate constants:

k() = kou(T) + kyg o) + &, (T) + k,, (T) (VID)

where kon and ku,o are the thermal rate constants for NH; +
NO to form OH + N;H and H,O + Ny, respectively. The rate
constants for stabilization of the excited adducts NH,NO* and
NHNOH* are given respectively by k,,(T) and k,,(T); both are
obviously functions of temperature and pressure. These rate
constants are the effective quenching frequencies for both energetic
intermediates, which were estimated with Troe’s weak-collision
approximation and expressed as w; = $,Z,[M] and w, = $,7>-
[M], respectively, where Z; and Z, are the Lennard-Jones collision
numbers and 3; and B, stand for the collision efficiencies.

In eqs III-VI, “1” represents transition-state quantities. Q!
is the product of the translational and rotational partition functions
of the transition state associated with the association process a.
E_%is the energy barrier with respect to reactants for the process
a at 0 K it is taken to be zero for the present case. k;(E) is the
energy-specific decomposition or isomerization rate constant for
the excited NH,NO or NHNOH via step i, with i = b, ¢, d, e,
or f. LP{E) is the sum of states of the transition state i with
an excess energy E;! above the transition state, where i stands for
transition state b, ¢ (or d), e, or f. N;(E) is the density of states

TABLE 3: Molecular Parameters Used for Ri!KM
Calculations for the Different Channel for the NH, + NO
Reaction®

channel
i Q;x/ Qj Eit b FR{t ¢ lljt/Cl'l’l_1
b 2.78  Ep 10(2) 3200 (2), 1900, 1500, 200 (2)

¢ 186 Ej+144 0  3791,2160, 1602 (2), 1348, 1006,
1207, 629
081 Ept+14.4
128 Ei+7.4  5(1) 3700, 3000, 1300 (2), 900 (3)
110 Ef+10 0 4030, 3680, 1793, 1194, 585 (2),
389, 344

4 Thevibrational frequencies of the intermediates provided by Walch?’
are listed as follows (in cm™!). NH,NQ: 3871, 3490, 1792, 1709, 1368,
1207,712,647,542. HNNOH: 3757,3296,1651, 1462, 1366, 884,637,
970, 364. b E3 is the excess energy (in kcal mol-!) above the zero-point
energy of the transition state i at total energy E; E,! is the excess energy
above the entrance transition state. ¢ FR; stands for averaged moments
of inertia (in 1040 g cm?) for free internal rotations of the transition state
i with degeneracies in parentheses. The imaginary frequencies of all
transition states are not included in the table.

oo,

of the intermediates with j = 1 for NH,NO and j = 2 for HNNOH.
Qi and Q; are the overall rotational partition functions for
transition state i and intermediate j, with i = b, ¢ (or d), e, or
fij=1lor2

Table 3 lists the molecular properties of the adducts and
transition states used in the RRKM calculation. Because no
quantum calculated results for loose radical-radical association
transition states were available, both rotational and vibrational
parameters for the transition state a (or b) and e were obtained
from the fitting of experimental data at room temperature. For
the transition state g, its vibrational frequencies and moment of
inertia were estimated by fitting our experimental least-squares
fitted rate constant at 297 K, k;(297) = 1.27 X 10! cm3/s. In
order toaccount for therather large rate constant, two freeinternal
rotations for the transition state a were assumed. The similar
procedure was employed for the transition state e by fitting the
branching ratio of the channel e at room temperature, «(298) =
0.1, which is the common experimental result obtained by Atakan
et al.,2% Bulatov et al.,>! and Stephens et al.2?

The results of the RRKM calculation with selected tempera-
tures at 50 Torr of pressure are listed in Table 4, Figure 5 shows
the Arrhenius plot for k¢ (solid line), ky,o (single-dot dashed
line), and kou (double-dot dashed line) obtained in this work.
The open circles shown in the figure are our experimehtal results
obtained by the cavity-ring-down method; two other sets of
data!229measured over wider temperature ranges are alsoincluded
for comparison. The calculated results agree reasonably well
with the experimental data, exhibiting a strong downward
curvature of k, with negative temperature dependence. Agree-
ment in the total rate cofistant k; at the low-temperature end is
constrained by the parameters of the transition state a adjusted
to produce the experimental data at 297 K. At higher tem-
peratures, the calculated k; is in good agreement with that by
Atakan et al. within experimental uncertainty but slightly higher
than Silver and Kolb’s data obtained by the discharge flow
technique. The results of our RRKM calculation also indicate
that the effect of pressure on &, is unimportant, in full agreement



4038 The Journal of Physical Chemistry, Vol. 98, No. 15, 1994

Diau et al.

TABLE 4: Calculated Values of Total and Individual Channel Rate Constants as Well as Branching Ratios for the NH; + NO

Reaction at Selected Temperatures*

T/K kw kw2 kon ku,0 ke kou/k: (kon * kn,0)/k:
300 0.12 0.23 1.26 11.12 12,73 0.099 0.973
500 0.04 0.07 0.98 7.15 8.25 0.119 0.986
700 0.02 0.03 0.88 5.29 6.22 0.141 0.992
1000 0.01 0.01 0.80 3.74 4.56 0.175 0.996
1500 0.00 0.00 0.75 2.45 3.20 0.234 1.000
2000 0.00 0.00 0.73 1.83 2.56 0.285 1.000

a Rate constants, given in units of 10-12 cm3/s, were computed at 50 Torr of pressure.

10" T T T T

1o f

T' /107°K™

Figure 5. Comparison of the theoretical and experimental values of the
second-order rate constant for the reaction NH; + NO. The points are
experimental data of different groups: (O) this work; (A) Atakan et
al,;20 (3) Silver and Kolb.!12 The solid curve is the RRKM result for the
total rate constant (k), the single-dot dashed curve for reaction 1, and
the double-dot dashed curve for reaction 2. The dotted curveis for reaction
1 by Phillips.47

with experimental findings; e.g., k; increases by 17% at 300 K
and only 3% at 1000 K, when the system pressure is increased
from 1 Torr at 1 atm,

The dotted line shown in Figure 5 represents the theoretical
value of ky,o reported by Phillips,*” who calculated the capture
rates of the NH, + NO association reaction, using a dipole-
dipole + Morse potential, in conjunction with RRKM calculations
for NH,NO* isomerization and decomposition processes based
on the potential energy diagram constructed by Melius and
Binkley.3? Phillips’ result is in excellent agreement with ours in
the temperature range 300400 K, where both sets of data overlap,
although the collisional deactivation data of the excited inter-
mediates were not included in his calculations.

Insummary, the good agreement in the temperature dependence
of k, between the RRKM result and experimental observations
is most satisfying. The computed rate constants for the two
product channels and the total rate constant, in units of cm3/s,
can be given by the following equations at 50 Torr for the
temperature range 300-2000 K:

koy = 6.6 X 107 exp(196/T)
ko =79 X 10°T " exp(-98/T)

k,=1.6x10°1°%

B. Branching Ratio. The second-order rate constant for OH
production is less strongly negative-temperature dependent than
H,0 production, as shown in Figure 5. This means that the OH
channel may become relatively more important at evaluated
temperatures. Figure 6 compares the OH branching ratio («)
predicted by the RRKM theory (solid line) with those of
experimental observations reported by Atakan et al2 (open
circles), Bulatov et al.2! (open triangles), and Stephens et al.2?
(open squares). The theoretical value of a was constrained to fit

30 T r T r
25
(]
=~ 20}
—
~
= 15
10 ¢
5 ‘ . . . .
2 4 8 8 10 12 14
T /10°K

Figure 6. Comparison of the theoretical branching ratio for OH and
experimental fractional OH yields as a function of temperature. The
experimental data are expressed as (A) Bulatov et al.,2! (O) Atakan et
al,?% and (O) Stephens et al.2* The solid line is the calculated OH
branching ratio based on the RRKM theory.

the experimental data of these three groups at room temperature
by adjusting the molecular parameters of the transition state e,
which are listed in Table 3. Our result reveals that the value of
a is very sensitive to the enthalpy of reaction 2 at 0 K.
Unfortunately, no experimental data are available for AH(N,H)
in the literature, and as mentioned previously, there have been
a lot of discrepancies in the calculated values of AH,%. Recent
calculations provide a value of 0.7 and 1.9 kcal mol-! for AH,°
by Walch?5 and Melius, respectively, with about 3 kcal mol-!
of uncertainty. We used -1 kcal mol-! for AH,? in our RRKM
calculation to obtain the best fit to the experimental data.
Repeating the same fitting procedure, with «(298) = 0.1 but
using +1 instead of —1 kcal mol-! for AH,% one obtains a value
of « = 0.68, instead of 0.17 at 1000 K.

The recent investigation by Stephens et al.2? for the branching
ratio of the NH, + NO system reveals that the sum of the OH
and H,O yields fails to account for 100% of the initial NH, at
elevated temperatures. The ([OH] + {H,0])/[NH;], ratio
decreases from 95% at room temperature to about 75% near
1200K. They hypothesized that a third channel which produced
neither OH nor H,O might become significant at elevated
temperatures. They also recognized that it was very difficult to
propose a plausible channel to account for the experimental
finding. Our RRKM calculation shows that 97% of NH, produces
OH and H,0 at 300 K; the other 3% forms adducts, NH;NO
and HNNOH. However, the (JOH] + [H,0])/[NH;)], ratio
should increase gradually up to 100% when temperature is raised
from 300 to 1000 K, as shown in Table 4. Thus, the formation
of NH,;NO and HNNOH cannot account for the loss of NH; at
high temperatures. In order to solve the mystery, we have
performed kinetic modeling in conjunction with sensitivity analysis
for the NH;, + NO reaction to examine the role of secondary
processes in the apparent loss of NH; at high temperatures.

C. Kinetic Modeling. OH and H,0 Yields. The modeling
was performed with CHEMKIN and SENKIN programs
developed by Sandia National Laboratories.®5* The relevant
reactions as well as their Arrhenius parameters employed to
simulate NH,, OH, and H,O concentration—time profiles are
presented in Table 5. The Arrhenius parameters for all channels
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TABLE 5: Reactions and Rate Constants Used in the
Modeling of the NH; + NO System*
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reaction A B E ref
1.NH; + NO =N, + H;O 4,7E15" -1.09 186 b
2.NH;+ NO =N;H + OH 49E11 -0.03 -362 b
3.NH; + NO = NH,;NO 8.5E20 -3.82 1430 &
4. NH, + NO = HNNOH 34E22 -427 1730 &
5.2NNOH+M=H+N,+ M 1.0E14 0.0 3000 55
6. NoH + NO=HNO + N, 7.2E13 04 0 ¢
7.0H+NO+M =HONO+M 1.6E14 0.5 0 56
8. NH;+OH+M=H;NOH+M 57E24 -3.0 0 d
9.NH;+OH=NH3;+0 2.0E10 04 500 57
10. NH; + OH = NH + H,0 5.0E11 0.5 1980 58
I1I.NH;+ M=NH,+H+ M 22E16 0.0 93470 62,e
12.N;Hs + M =NH; + NH, + M 4.0E15 0.0 40930 58,e
13. NH; + NH; = NH + NH; 5.0E13 0.0 10000 62,¢e
14 NH+NO=N,O+H See ref. f
15.NH + NO =N, + OH 2.2E13 -0.23 0 66
16 H+ NO+M = HNO + M 54E15 0.0 -600 59
17.H + NO, = OH + NO 49E12 0.5 0 58
18. NH; + HONO = NH; + NO, 78El1l 0.0 -380 ¢
19. NH; + HNO = NH; + NO 5.0E11 0.5 990 58
20. NH; + NO; = N,0 + H,0 1.2E12 0.0 -1290 60
21.NH; + NO; = N; + H,0, 6.3E10 0.0 -1290 60
22. OH + NH; = H,0 + NH; 2.0E12 00 1830 61
23.NH;+H=NH+ H, 4.0E13 0.0 3650 62
24.NH; + NH = N;H, + H 1.5E15 -0.5 0 62
25.0H + HONO = H;0 + NO, 7.8E11 0.0 -380 63
26 H+H+M=H,+ M 5.0E18 -1.0 0 58
27H+OH+M=H,0+M 1.8E22 -1.5 0 58
28.H+ HNO = H; + NO 4.5E11 0.72 650 64
29.0H+H;=H,0+H 6.4E6 2.0 12400 65
30. OH + HNO = H;O + NO 1.1E13 0.0 0 64
31.OH+OH=H,0+0 2.2E8 1.4 -400 65
32.0H+OH+M =H,0,+ M 5.7E24 -3.0 0 65
33.0H+ NH =N + H;O 5.0E11 0.5 2000 58
34.0H + NH=HNO+H 5.0E11 0.5 2000 58
35. HNO + 2NO = HN,0 + NO; 1.7Ell 0.0 2100 64
36. HN,O + NO = HN; + NO, 3.2E12 0.0 540 64
37. HN;O + NO = N, + HONO 2.6E11 0.0 1620 64

4 The tabulated rate constants are defined by k = AT? exp(-E/RT),
where E is in cal mol-! and the bimolecular rate constants are in cm?
mol-! s, The equal sign in each reaction indicates that both forward
and reverse reactions are included in the modeling. ® This work, P = 19
Torr. © Estimated by the HCO + NO = HNO + CO reaction.®
4 Estimated by the OH + OH + M = H,0; + M reaction.5’ ¢ The
Arrhenius parameters for the listed rate constants are only valid at high
temperatures. For room temperature modeling, the following experi-
mental data were used (in units of cm? moi-! s~!): k(H + NH,— NHj;)
=2.2X10!2, P=19 Torr, T = 298 K;” k(NH, + NH; = N;H,) = 1.0
X 10!, P = 19 Torr, T = 300 K;¥” k(NH; + NH; = NH + NH;) =
2.0 % 10% P =1 Torr, T = 296 K68/ k = 2,94 X 1047-04-2.16 X
10137-0.23 35 recommended by Miller and Melius.5 £ Estimated from
OH + HONO = H,0 + NO; reaction.5? # Read as 4.7 X 10'5,

of the NH, + NO reaction, listed in Table 5 given by reactions
1-4, were obtained from our RRKM calculation. The other
reactions and their rate constants were adopted from the literature
as referenced. The initial conditions used to model the system
were set to be the same as the experimental ones employed by
Stephens et al.23 Typically, 12 mTorr of NH; and 400 mTorr
of NO were mixed with 18 Torr of He. The temperature was
varied between 299 and 1171 K.

The only item we have not been able toascertain in the modeling
is the initial concentration of the NH, radical, [NH,]o, which
was produced from the photodissociation of NHj at 193 nm.
Stephens et al. assumed that the amount of NHj lost is equal to
the amount of NH; produced by the photolysis of NH3. In our
modeling, we varied the amount of NH, from 1 to 90% of the
initial NH; concentration, [NH;);. Parts a and b of Figure 7
compare the simulated profiles of [NH,], [OH], and [H,0] from
this modeling at 7= 299 and 1171 K, respectively, with [NH;]o/
[NH;); = 0.1 and 0.5. Since Stephens et al. did not indicate the
initial concentration of NH,, their OH and H,O profiles were
normalized to our calculated plateau values with [NH,]o/ [NH;};

Figure 7. Kinetic modeling of temporal concentration profiles for NH,,
H,0, and OH for the following conditions: Pxg, = 12 mTorr; Pno = 400
mTorr; Py, = 18 Torr; Psg, = 400 mTorr. The solid curves are smoothed
experimental results obtained from Figures 3 and 4 of ref (23), which
were normalized to the calculated plateau values for ([NHz]o/[NH3):)
=0.1, for (a) 299 K and (b) 1171 K, respectively. The dotted and dashed
curves are the kinetically modeled results for [NH;]o/{NH;]; = 0.1 and
0.5, respectively.

= 0.1. The calculated profiles for NH,, OH, and H,O agree
reasonably well with all the observed ones, except for H,O at 299
K, at which the experimental curve exhibits a pronounced
induction time, incompatible with those of the measured and
calculated OH profiles.

To distinguish the fractional yields of OH and OH + H,0
from the OH branching ratio («), we defined these fractional
quantities as

B = [OH],/ [NHZ]O
v = ([OH], + [H,0],)/[NH,],

where [OH], and [H,0];, are the concentrations of OH and H,O
at time ¢, respectively. Both 8 and y are functions of time.
However, it is difficult to ascertain the exact time at which
Stephens et al. measured [OH] and [H,0]. Ina separate study,
Atakan et al.2® mentioned that [OH] was determined when its
profile reached a plateau value. Our results presented in Figure
7 indeed reveal that the total fractional yield (v) approaches a
constant value in both cases shown after NH, has been depleted.
This indicates that the total fractional yield computed in our
modeling would not be affected very much by the uncertainty in
time when [OH] and [H,O)] were measured.

If we express the concentration of NHj; before photolysis in the
system as given above by [NH;];, the concentrations of NHj,
NH;, and H after photolysis at zero reaction time are [NHaj]}o,
[NH,]o, and [H]s. Then, we have the following relationship:
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Figure 8. Kinetically modeled results for § = [OH]/[NH,]o, [H20]/
[NH,]o, and v = ([OH] + [H,0])/[NH,] with the same conditions as
described in Figure 7b (7 = 1171 K) using different initial NH, and NH;
ratios ([NHj]o/ [NH3);). The dashed curves are the modeled data under
the same conditions but with the values of the rate constants for reactions
23 and 13 doubled.

[NH,], = [NH,], + [NH,],
[NH,], = [H],

In order to elucidate the importance of [NH;]o in this system,
we calculated the values of 8 and v as functions of [NH;]o/
[NH,]; for the two extreme temperatures studied by Stephens et
al.; that is, to keep the initial conditions the same except the
proportion of [NH;]o in [NH,]; for each modeling calculation.
The modeled results with T= 1171 K are shown in Figure 8. This
modeling manifests clearly that higher [NH,]o will result in more
serious secondary reactions at elevated temperatures and thus
reduce the value of v (also 8 slightly) observed in the experiment.
The room temperature modeling only shows a small change in
both 8and y with [NH,],. This may beunderstood by the negative
temperature effect of the NH; + NO system. Even though the
[NH,]o is as high as 4 X 10!4 molecules cm (12 mTorr at 299
K), secondary reactions do not contribute significantly at room
temperature. But when the temperature was raised to 1171 K,
the total reaction rate constant (k;) for NH, + NO decreased to
about 20% of the value at room temperature. On the other hand,
several key secondary reactions, which have rate constants with
positive temperature dependence, become moreimportantat 1171
K when [NH;]o is larger. The effect of secondary reactions at
high temperatures on the values of 8 and v will be discussed
below according to the results of sensitivity analyses.

H Atom Production. The yield of hydrogen atoms from the
NH,;+ NO reaction has been the subject of much interest because
H atoms can be produced directly from channel 2

NH, + NO — H,NNO — HNNOH — H + N, + OH

with an overall exothermicity of about 7 kcal/mol. If H atoms
are produced directly from this reaction, one would intuitively
expect a higher [H] than from the alternative N,H production
mechanism.

There have been two attempts to measure the yield of H atoms
from the above reaction. Silver and Kolb!2employed the H atom
Lyman-« resonance absorption method to monitor the production
of H atoms using NH; generated by the F + NHj reaction. Since
no H atoms were present initially, any H atoms formed in the
reaction would be readily detected with a sensitivity of 2.5 X 10t
molecules/cm3. Interestingly, they detected no noticeable ab-
sorption of the Lyman-« line by H atoms in the experiment. The
result of our kinetic modeling using their typical initial
conditions—[NHj]o = 2 X 1012, [NH;], = 5 X 10!}, [NO] = 5.7
X 1013 molecules/cm?at T=298 Kand P = 1.15 Torr—indicated
that, regardless of the mechanisms assumed (i.e., NoH vs Ny +

Diau et al.

H), the maximum yield of H atoms is about 4 X 10° molecules/
¢m?®, which is slightly higher than their detection limit. It is
expected, however, that losses by wall-catalyzed self-recombina-
tion and with NO under the low-pressure conditions employed
may reduce it to near or below the detection limit.

The second attempt to detect H atoms was made by Andresen
et al.'4 in a wide temperature range of 290-900 K, also with the
H Lyman-a resonance absorption method. The yield of H atoms
from NH, + NO was found to be <0.05, i.e., less than or equal
to 5% of the H atoms already present from the photodissociation
of NHj, the source of NH,. The result of the kinetic modeling,
using their typical conditions—[NH;]; = 4.8 X 10'2, {H], =
[NH,]o = 4.8 X 10!, [NOJ] = 5.4 X 10'3 molecules/cm? at T
= 898 K and P = 5 Torr—suggests that the maximum yield of
H atoms is only 6.8% higher than the initial value, again
independent of the mechanisms, N,H vs N, + H, assumed for
reaction 2. These results clearly suggest that the low yield of H
atoms measured experimentally does not allow us to rule out the
possibility of their direct production from reaction 2, although
it is kinetically less favored.

HNO Formation. The formation of HNO is also directly
related to reaction 2. HNO can be produced by the following
two key processes:

N,H + NO — HNO + N, (6)
H+NO+M —HNO +M (16)

Unfried et al.2? attempted to measure HNO with an infrared
diode laser using a 52-m multiplass reactor at room temperature.
On the basis of their measurement using the CHO + NO —
HNO + CO calibration reaction, they concluded that <1% of
NH,; was converted to HNO from the NH, + NO reaction. The
result of our calculation using the starting conditions [NH;]; =
3.89 X 10%5, [NH,]o = [H]o = 3.89 X 1014, [NO] = 3.24 X 10!%
molecules/cm3at T=298 Kand P = 19.8 Torr gives [HNO] a5/
[NH,lg = 1.2%, which is in agreement with the experimental
finding. This modeling also shows that about 66% of the HNO
derived from reaction 16, H + NO + M, and the remaining
contribution from reaction 6, N;H + NO (at ¢ = 100 us). The
assumption of the direct H atom production from reaction 2
reduced the ratio [HNO]pex/[NH;]o to <0.6%. Interestingly,
the measurement of HNO yields from the NH; + NO reaction
appears to be ineffective in differentiating the mechanism of
reaction channel 2, one of the objectives in Unfried’s study.22

D. Sensitivity Analyses. The effect of all reactions presented
in Table 5 on the disappearance of NH, and the formation of the
two major products, H,O and OH, has been systematically studied
by sensitivity analysis using the SENKIN program.> In order
to identify the secondary reactions occurring in the NH; + NO
system, the same conditions as discussed in the previous section
were used to perform this analysis.

Our analysis reveals that at room temperature the major
contributors to the disappearance of NH, are reactions 1 and 2,
as one would expect. Minor processes which also affect the loss
of NH, are reactions 3 and 4; however, they become less effective
above room temperature. There are two other side association
reactions, (~11) and (~12), which form NH; and N,H,,
respectively, that contribute slightly to the NH; loss when [NH;],
is high (i.e., [NHz]o = 0.5[NH;];). Similar sensitivity results
were obtained for the production of H;O and OH. These results,
combined with the data shown in Figure 7a, lead us to conclude
that reactions 1 and 2 contribute 96% of the NH; loss at low
[NH,]o (i.e., [NH,]o/ [NH3]; = 0.01) at 299 K, and the remaining
4% loss results from reactions 3 and 4; this is an expected result
from our RRKM calculation. At very high NH; concentrations
(e.g., [NH,]o/[NH;]; = 0.9), the result is essentially the same;
about 93% of the NH; loss comes from reactions 1 and 2, and
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Figure 9. Normalized sensitivity coefficients of the key reactionsat 1171
K and ([NH:]o/[NH;];) = 0.5 for (a) NH3, (b) H20, and (c) OH.

the remaining 7% comes from reactions 3, 4,-11,and ~12,among
them approximately a half of the loss from reactions ~11 and
-12.

When the system temperature was raised to 1171 K, the result
of our sensitivity analysis predicted that none but reactions 1 and
2 were dominant under low [NH;], conditions. At this tem-
perature, reactions 3 and 4 are no longer relevant as can be seen
from the RRKM result presented in Table 4. Under high [NH,]o
conditions, on the other hand, many secondary reactions can
contribute to the loss of NH, without producing either OH or
H,0. The result summarized in Figure 8 shows the effect of the
secondary reactions on 8 as the conversion of NHj is increased.

Figure 9a presents the normalized sensitivity coefficients for
several major reactions which affect the concentration of the
NH;radical. Itisclearthataside from reactions 1 and 2, reaction
23 also contributes noticeably to the loss of NH, under the
conditions of [NH;]o/[NH3]; = 0.5and T = 1171 K. Reaction
23 produces NH, which is also important in the thermal de-NO,
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process. A further analysis for NH reveals that NH disappears
primarily by its reaction with NO to form N,O + H. Reaction
22, which consumes OH by reacting with NHj to regenerate the
reactant NH,, gives a slightly positive contribution to the NH;
sensitivity coefficient. For the formation of H,O, the normalized
sensitivity coefficients for the most dominant reactions are shown
in Figure 9b. Aside from reactions 1 and 2, which are competitive
with different signs as expected, reaction 23 is again most
negatively influential because it depletes the NH; radical. The
sensitivity coefficients for OH are shownin Figure 9c. For obvious
reasons, the primary reaction 2 has a positive effect on its
production. Similarly, reactions 1, 23, and 31 are expected to
have a negative effect on OH concentration.

To conclude, on the basis of the results of these sensitivity
analyses, one can infer that the loss of NH; by the mysterious
“third channel” may result, at least in part, from several secondary
NH, reactions, such as

NH, +H—NH +H, (23)
NH, + NH, — NH + NH, (13)

which do not produce either OH or H,O at high temperatures.
The decrease in the value of ¥ = ([OH] + [H,0])/[NH;]o at
higher temperatures could indeed be simulated, at least quali-
tatively, by kinetic modeling using the rate constants currently
available in the literature.

Since the rate constants for reactions 23 and 13 were evaluated
mainly from high-temperature (7> 2000 K) kinetic modeling,52
the use of these rate constants at 1000 K by extrapolation tends
to underestimate their contributions significantly because of the
upward curvature of bimolecular rate constants at high tem-
peratures. In order to test that effect, we doubled the values of
these rate constants at 1173 K; the calculated results for OH and
H,0, as represented by the dashed curves in Figure 8, are
noticeably lower. Accordingly,in order toquantitatively account
for the change in the value of the y = ([OH] + [H,0])/[NH.]o
ratio, we need more accurate determinations for these secondary
reactions near 1000 K. For reaction 23, the literature values
vary by as much as a factor of 10 at 2500 K.62

In addition to the kinetic modeling and sensitivity analyses, we
have successfully interpreted the effect of temperature on the
total rate constant for the NH, + NO reaction and its OH/H,0
product branching ratio using the potential energy surface data
of Walch,35 in conjunction with a multichannel RRKM calcu-
lation.
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