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A Mass Spectrometric Study of the NH + NO» Reaction
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The total rate constant and product branching ratios of the NINO, reaction have been determined in the
temperature range of 36®10 K using a pulsed laser photolysis/mass spectrometric technique by probing
H,0 and NO product formation and Nreactant decay. A weighted least-squares fit of our result for the
total rate constant yields the following expressida:= (8.1 4 0.33) x 10'® T-144exp(-135/T) cm?/(mol-s).

The product branching ratio for the,® + H,O channel of the NkE+ NO, reaction obtained by modeling

the absolute BD product yield near or at its plateau value gives Gt10.02 without significant temperature
dependence, confirming our earlier result obtained by using a high-gain amplifier with no time-resolved
information (ref 18).

I. Introduction — r r T .

The reaction of NH with NO, has been considered to be L
one of the most important steps in the removal of ;N&
NH3'~* and in the decomposition of ammonium nitrate (AN) -
and ammonium dinitramide (ADN)’ because of its high
probability of producing atomic and radical chain carriers. The
possible major product channels &ré

NH, + NO, = N,O + H,0 (1a)

2 H,NO+ NO (1b)

The HNO formed in reaction 1b can generate one of the
most reactive and efficient radicals in the deNd propellant
combustion processes, H, by the sequential decomposition
reactions: HNO + M =H 4+ HNO + M and HNO+ M =H ; et
+ NO + M. Accordingly, the kinetics and the product branch- ] fime (msec)
ing ratios of the NH + NO, reaction are important for the ’
quantitative understanding of the NideNQ, and the decom-
position and/or combustion of AN, ADN, and NH

Although the total rate constant of the MH NO- reaction
has been measured by many groti{d’ the existing experi-
mental data, which exhibit a large negative temperature A
dependence, have a significant spread in their absolute values
throughout the temperature range studied. In a recent r&port,
we described the noticeable effect of the discrepancy on .
kinetically modeled product branching ratios. Accordingly, it time (msec)
is necessary to measure the total rate constant reliably in orderFigure 1. Time-resolved reactant and product signals. Conditions are
to resolve the discrepancy and to provide accurate productgiven in Table 1.
branching ratios for practical applications. In this paper, we
present the results of the total rate constant additional A detailed description of the apparatus can be found elsewhere,
product branching ratio data obtained from a new series of and only a brief one is given here.
experiments using a pulsed laser photolysis/mass spectrometric The experiment was carried out in a quartz tubular Saalfeld-

Signals (arbitrary units)

-1 0 1 2 3 4

technique with a newly acquired fast amplifier. type reaction tube (which has an inner diameter of 10 mm and
a length of 140 mm) with a 12@m conical sampling hole
Il. Experiment mounted perpendicular to a quadrupole mass spectrometer

(QMS, Extrel Model C50). The Nkradical was generated by
the photodissociation of NfHat 193 nm with an ArF excimer
laser, typically with 8% NHz; conversion depending on the
reaction temperature and photolysis laser energy employed.
All experimental runs were performed under slow-flow
conditions using different compositions of MNO,/He at a
* Corresponding author; e-mail: chemmcl@emory.edu. constant total pressure, varied from 1.3 to 8.3 Torr. The
€ Abstract published ilAdvance ACS Abstractddarch 15, 1997. reactants and the helium buffer gas were premixed in a stain-
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The total rate constant and the product branching ratio
measurements for the NH- NO, reaction were performed in
the temperature range of 30910 K by pulsed laser photolysis/
mass spectrometry employing the high-pressure sampling
technique developed by SaalféfiGutman?® and co-workers.
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TABLE 1: Summary of the Total Rate Constant Data for the NH, + NO, Reactior?

T (K) P [NH3]0 [NOz]o [NHz]o [O]o ki x 1012(:m°’/(mol-s)b
300 5096-5320 74.7+77.84 22.33-42.70 7.39-7.70 0.2+0.23 13.9+0.68
300 1826-2120 27.63-27.83 7.986-23.07 2.752.73 0.08-0.23 13.86+ 0.46°
310 4160-4450 84.88-93.86 31.88-82.04 7.38-8.16 0.170.44 12.2+0.66
337 5156-5380 76.39-80.07 22.56-43.13 6.49-6.64 0.27-0.96 12.4+0.73
373 4276-4540 74.82-98.50 31.16-65.04 6.59-6.85 0.25-0.50 10.6+ 1.68
380 5156-5380 76.56-79.81 22.65-43.06 6.48-6.75 0.18-0.34 11.5+0.56
403 5736-6200 130.5145.1 27.03-76.27 5.86-6.52 0.24-0.67 10.7+0.84
452 5206-5460 77.8%80.76 22.62-43.59 6.46-6.64 0.43-0.46 10.4+0.73
496 62706-6450 135.7160.4 26.5779.08 6.16-7.20 0.32-0.96 7.93+:0.61
503 5986-6230 106.6-113.2 22.9%62.27 8.779.84 0.28-0.77 7.45£ 1.55
570 5806-6300 106.6-114.5 22.56-62.85 5.25-5.60 0.33-0.93 6.28+ 0.36
653 46406-5220 103.1+108.5 35.46-95.75 4.86-5.11 0.64-1.72 5.72+ 0.27
732 46806-5200 103.8-110.6 35.66-94.10 3.76-4.01 0.74-1.96 4.72+ 0.55
810 7026-7980 161.9-168.8 53.36-145.6 3.14-3.27 1.273.46 3.85+ 0.26
910 7346-8270 178.6-187.5 49.46-143.6 2.172.28 1.36-3.95 4.32+ 0.54

aThe units of total pressure and all concentrations are in m¥@werage values from45 experimental runs based on the decay time of NO
and the rise times of )0 and HO; the uncertainty represent.l Total rate constant was measured with a reactor coated with concentrated

HaPOy.

less steel bellows tube before introduction into the reactor.

system at each temperature. The modeled values from the three

For the experiment at elevated temperatures, the reactor wasndependent sets of data (i.e., N0, and HO) agree within

heated with nichrome ribbon insulated with ceramic wool. The

the typical scatter410%) shown in Table 1. In order to take

reactor temperature could be varied from room temperature upinto account competing secondary reactions, kinetic modeling

to 1200 K.
The positive ion signals of N& H,O, N,O, NO,, and Q

is essential and often mandatory even under a pseudo-first-order
condition (i.e., [NQ] >> [NH]). In our kinetic modeling, we

were generated by electron impact ionization at 70 eV and also included the initial O3P) concentration produced by the
detected with QMS mass selection. Time-resolved transient photodissociation of N@'® The amount of O atoms was meas-

signals were averaged over 10P00 laser shots with 1 Hz
repetition rate and stored in a Nicolet 450 Digital Waveform
Acquisition System for later analysis.

NHs (Aldrich), N;O (Matheson), and 0 (deionized) were
purified by standard trap-to-trap distillation using appropriate
slush baths. N@(Matheson) was purified by adding an excess
quantity of Q overnight (to convert any NO impurity into N
the unreacted ©was removed by trap-to-trap distillation. ;O

ured by the depletion of Nand the formation of @in the
absence of Nglat each temperature. The time-resolved con-
centration profiles could be quantitatively fitted to the kinetically
modeled values as illustrated in Figure 1 by solid curves.

The modeled total rate constants summarized in Table 1 were
fitted to the standard three-parameter equatigrs ATE exp-
(—CIT), by a weighted least-squares metkoahich yielded
the following expression for the temperature range of-300

(99.9995%) and He (99.9995%) were used without further 910 K:

purification.

Ill. Results

1. Total Rate Constant Measurement.The time-resolved
concentration profiles of the formation of the,® and NO
products and the decay of the MN@eactant were directly

k, = (8.1+ 0.33)x 10'°T ***exp(—135/T) cm¥/(mol-s)

2. Product Branching Ratio Determination. Product
channel branching ratios for the NH- NO, reaction were
determined by the plateau or near-plateau values,6f dignals

measured for the determination of the total rate constant of theusing various mixtures of N¥NO./He. As in our previous

NH2 + NO, reaction using various mixtures of NMO,/He
with a total pressure of 1:83.3 Torr. By changing the
composition of NH/NO, and/or the power of the photolysis
laser, the [NQJ/[NH ] reactant ratio could be varied from 2.3
to 44.5 in the temperature range of 30010 K. Figure 1 shows
typical time-resolved transient signals of® N,O, and NQ.

These signals were taken with different reaction conditions and

were averaged with 16€200 laser pulses at 1 Hz repetition
rate. As shown in the inset of the figure, the Ndignal dropped

product branching ratio determination for BH NO,21.23 all

of our earlier measurements for MH NO, product branching

were made with a high-gain amplifier for the plateau (typically

5—10 ms) concentration determination without the rising kinetic

information. The advantage of such measurements is their

stronger signals and thereby a shorter data acquisition time.
In the present study, the,® yields in or near the plateau

region were kinetically modeled to obtain [0y = kig/(Kia +

kip)], the branching ratio for N+ NO, — N,O + H,0 (1a),

immediately after the photodissociation pulse and remained by keeping the total rate constamg & kia + ki) determined

constant for about 3040 ms until a fresh sample filled the

from the rise times of the signals unchanged while varying the

reactor. Kinetic and branching ratio measurements were carriedrelative values okj, andky,. As in the determination for the

out within the 30-40 ms period. The measured ion signals for

total rate constant, kinetic modeling of the branching ratio was

each species were directly converted to absolute concentrationgerformed for each experimental run using the reaction mech-

with standard calibration mixtures under exactly the s&tie
conditions as employed in the experimental runs.

anism given in Table 2 in order to account for the effect of
secondary reactions. The experimental conditions, product

The experimental conditions and results of the total rate yields with kinetically modeled results, and branching ratios
constant measurement are summarized in Table 1. For the totabre summarized in Table 3. The resulting branching ratios are

rate constant, the initial rates of N@ecay as well as Y0 and
H,O formation were kinetically modeled with the SENKIN
progran®? using a set of reactions summarized in Table 2 to
simulate the early kinetics of the laser-initiated MRO,/He

presented in Figure 3 and compared with previously reported
values?2® including our earlier results obtained by the high-
gain amplifier® As shown in the figure, the branching ratio
of the NbO + H,O product channel, determined by fitting the
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TABLE 2: Reactions and Rate Constantd Used in the
Kinetic Modeling of the NH, + NO, Systen®

reaction A n E
la. NH + NO; = N,O + H,0 1.54E+16 —1.44 268
1b. NH; + NO, = H,NO + NO 6.56E+16 —1.44 268
2. OH+ NH3; = H,0 + NH; 2.00Et+12 0.00 1830
3.NH+H=N+H; 3.00E+13 0.00 0
4. NH+N=N+H 3.00E+13 0.00 0
5.NH+ NH =N+ H; 2.50E+13 0.00 0
6. NH+ NO=N;+ OH 2.90E+13 —0.23 0
7.NH+NO=NO+H 2.20E+14 -0.40 0
8.NH+ OH=HNO+H 2.00E+13 0.00 0
9.NH+ OH=N + H,O 5.00E+11 0.50 2000
10. NH+ HONO = NH; + NO;, 1.00E+13 0.00 0
11. N, + H=NH + H, 4.00E+13 0.00 3656
12. NH; + HNO = NH3 + NO 3.60E+07 1.60 —-1252
13. NH; + HONO = NH3 + NO; 7.11E+01 3.00 4942
14.NH; + NH = NoH; + H 1.50E+15 —-0.50 0
15. NH; + NH; = NH + NH3 5.00E+13 0.00 9995
16. NH; + NHz = NzH, + Hz 5.00E+11 0.00 0
17. NH; + NO = N,H + OH 8.40E+09 0.53 —998
9.19E+22 -3.02 9589
18. NH; + NO = N, + H,O 8.28E+14 —0.93 —382
3.40E+14 —-0.98 —2605
19.NH,+ OH+ M =H,NOH+ M 5.70E+24 —-3.00 0
20. NH, + OH= NH + H0 4.00E+-06 2.00 1000
21.NHt+ M =NH,+H+ M 2.20E+16 0.00 93468
22.NH; + H =H; + NH 6.36E+05 239 10171
23.NeH+H=H;+ N; 1.00E+14 0.00 0
2. N H+M=H+ N+ M 1.00E+14 0.00 3000
25. NpH + OH = H,0 + N; 5.00E+13 0.00 0
26. NbH + NH = NH; + N, 5.00E+13 0.00 0
27. N;H + NO = HNO + N, 5.00E+13 0.00 0
28. NbH, + H = NzH + H; 5.00E+13 0.00 1000
29. NbH; + O = NH; + NO 1.00E+13 0.00 1000
30. NbHz + O = N;H + OH 2.00E+13 0.00 1000
31. NbHz + OH = NzH + H;0 1.00E+13 0.00 1000
32. NbHz + NO = NH; + N,O 3.00E+12 0.00 0
33. NbHz + NH = NH + NH; 1.00E+13 0.00 1000
34. NbH; + NH2 = NoH + NH3 1.00E+13 0.00 1000
35. 0+ NO,; =0+ NO 1.00E+13 0.00 600
36.OH+H,=HO+H 1.20E+09 0.00 0
37. OH+ HNO = H,O + NO 3.60E+13 0.00 0
38. OH+ HONO = H,0O + NO; 4.00E+12 0.00 0
39.OH+NO+M =HONO+M  1.00E+28 -—-2.51 —68
40. OH+ OH=H,0 + O 6.00E+08 1.30 0
41. OH+ OH+ M =H;0, + M 5.70E+24 —-3.00 0
42 H+H+M=H,;+ M 1.00E+18 -—1.00 0
43. H+ HNO =H; + NO 4.50E+11 0.70 650
44, H+ NO+ M =HNO + M 5.40E+15 0.00 —600
45. H+ NO, = OH + NO 3.50E+14 0.00 1500
46.H+ OH+ M =H,0+ M 1.60E+22 —2.00 0
47. HNO+ O =NO + OH 1.00E+13 0.00 0
48. HNO+ NO = N,O + OH 2.00E+12 0.00 26000

49. HNO+ NO, = HONO + NO 6.00E+11  0.00 2000
50. HNO+ HNO = N0 + H;O 4.00E+12  0.00 5000

51. HONO+ H = NO, + H; 1.20E+12 0.00 7350
52. HONO+ O = NO; + OH 1.20E+13 0.00 6000
53. HONO+ HONO = 2.30Et+12 0.00 8400

NO + NO; + H0O
54, HNO+M =HNO+H+ M 5.00E+16  0.00 50000
55. LNO + NO = HNO + HNO 2.00E+-07 2.00 13000
56. HNO + NO; = HNO + HONO 6.00E-11  0.00 2000
57. LNO + NH; = HNO + NHjs 3.00E+12  0.00 1000
58. HNNO+ NO = Nz + HONO 2.60E-11  0.00 1620
59. HNNO+ NO = N;H + NO; 3.20E+12  0.00 540
60. N+ M =NO+O+M 1.10E+16  0.00 66000
61.NO+M=N+O0+M 4.40E+14 0.00 56100

aRate constants are defined hy= AT" exp(—E4/RT) and in units
cm?, mol, and sEzis in the unit of cal/mol. B n= x 10" P Reference
21.°¢This work.

absolute number density of, to modeled yield, was found
to be 0.19+ 0.02 without significant temperature dependence.
In Table 3, the calculated of @ yields are compared with the
measured values.
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Figure 2. Arrhenius plot for the total rate constant of the NH NO,

reaction: O and solid line) this work; (dashed line) ref 1% X ref 15;
(O) ref 17; ©), ref 16; (o) ref 13.

IV. Discussion

1. Reaction Mechanism. The mechanism of the N+
NO; reaction has been investigated in detail by Mebel ét al.
through a high-level ab initio calculation. The result indicates
that the reaction takes place primarily by the following two
channels:

NH, + NO, > N,O + H,0 (1a)

L H,NO + NO (1b)

Other possible channels leading to the formation fiNH,0,,

N2 + 20H and HNO + OH require high reaction barriers which
are inconsistent with the observed negative activation energy.
Reaction 1a occurs by the initial formation of the vibrationally
excited BNNO, intermediate which rapidly isomerizes to HNN-

(OH)O, prior to the elimination of KD, giving the NO product.
The transition states for the isomerization angHlimination
lie several kcal/mol below the NH+- NO;, reactants and thus
no apparent positive activation energy is required feON
production.

Reaction 1b is expected to take place via the vibrationally
excited HNONO intermediate which fragments directly to yield
the HNO + NO products. Both the association and decom-
position transition states, as in the isoelectroniGHNO, —
CH30NO — CH30 + NO reaction, are poorly defined and,
accordingly, have not yet been characterized by our ab initio
calculationt! Rate constant calculations for both product
channels require a variational statistical approach using well-
mapped potential energy surfacés.

2. Total Rate Constant. The total rate constants presented
in Table 1 and Figure 2 exhibit a strong negative temperature
dependence which is consistent with the results of other studies
summarized in the figure. Our result, given by open circles in
Figure 2, merges closely with that of Kurasawa and Lesclaux.
However, it deviates noticeably from those of Bulatov efl.,
Pagsberg et al’, and Wagner and co-worke¥s particularly
the latter which is lower than ours by a factor of 2 at room
temperature and by more than a factor of 5 at 500 K. The origin
of such an unusually large deviation is perplexing. It is worth
noting that the rate constants given for otherNeéhctions (i.e.,
with NO, GH,, and GHy) in the same paper were also found
to be significantly lower than those reported by related studies.

In order to test the possible effect of the reactor surface, we
have also measured the total rate constant at room temperature
using a reactor treated with concentrategPB,. After pro-
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TABLE 3: Typical Reaction Conditions, Product Yields, and Kinetically Modeled Values ofa at the Temperatures Studied

N0 [H20]°
temp (K) Prot [NH3]o [NOZo [NHz]o [Olo a exp calc exp calc

300 4200 56.20 43.76 2.37 0.47 0.18 0.64 0.62 3.35 2.81
300 4480 65.37 53.84 2.76 1.37 0.18 0.72 0.68 4.13 2.92
310 1280 16.69 15.44 1.33 1.42 0.20 0.33 0.34 1.50 1.45
403 6200 140.9 56.25 6.64 0.99 0.20 1.71 1.73 12.2 11.1

428 5180 65.73 50.82 2.18 6.20 0.20 0.71 0.76 3.68 2.89
496 6270 143.2 56.51 5.97 1.39 0.20 1.31 1.68 9.14 8.53
520 1570 24.27 21.33 1.32 0.35 0.18 0.34 0.36 1.84 1.71
585 5400 69.11 51.78 1.68 1.84 0.20 0.58 0.61 3.17 2.52
600 5310 137.9 46.86 4.26 1.52 0.18 1.24 1.20 7.21 5.52
640 5200 64.58 46.41 1.40 2.46 0.20 0.44 0.43 2.95 2.16
732 5200 103.5 93.10 3.98 3.97 0.18 1.13 1.20 571 551
800 5400 70.29 51.10 1.09 3.48 0.20 0.38 0.37 2.55 1.88
824 1800 18.06 14.00 0.44 0.73 0.20 0.26 0.26 1.29 1.26
903 5400 69.53 50.33 1.24 3.28 0.20 0.42 0.45 3.48 2.41
910 8270 177.0 139.5 3.61 7.90 0.18 1.17 1.19 6.43 5.36
99Cr 6400 98.80 75.31 1.87 4.62 0.18 0.63 0.63 3.22 2.83

aThe units of pressures and concentrations are in m¥dine signal amplitude was takén= 3.6 ms.¢ Reported in ref 18.

1.0 P S k,,= 1.54x 10T **exp(135/T) cm’/(mol-s)
| 130l ] In Figure 3, we also compare our branching ratio data with
’ that of Quandt and Hershbergér0.14 4+ 0.03, measured at
. 0.8 / 7 room temperature by infrared diode laser absorption spectrom-
3 [ 125¢ go-=""" it 17 etry, and with the modeled value of Glarborg et #lom their
o i ’é, ol PO study of the thermal reaction of NHwith NO, at 850-1350
'-(76 06| =~ 099"’ —k 1] K. Altogether, these recent results suggest convincingly that
or | Riniaiad ] o andp are insensitive to temperature change between 300 and
o 1.5¢ o Ref24 7] 1350 K. This, in turn, suggests thiat, andk;, have a similar
£ ©  This work temperature dependenceka®ver the same temperature range.
5 0.4 [ O e 25 50 35 | After the submission of the present work, the NH NO,
c 1000/T ] product branching data determined at room temperature by
© | Pagsberg and co-work@&Pscame to our attention. By pulsed
m i radiolysis with time-resolved infrared diode laser absorption
ON 02 L Foo. _ spectrometry, they measured the concentrations,6f&hd NO
Z .~ as well as the total decay rates of pIHAlthough their total
rate constant; = 8.1 x 102 cm?/(mol-s), agrees with the value
reported earlier by that grolip (see Figure 2) at room
00 v v v v s temperature, it is noticeably lower than the majority of existing
200 400 600 800 1000 data, including the present work. However, their valuexpf
0.59 £ 0.03, is 3 times higher than ours and is inconsistent
Temperature (K) with the values of Quandt and Hershbef§es well as Glarborg
Figure 3. Branching ratio of NH + NO, — N,O + H,0 (a) as a etal? This large discrepancy is unsupported by the most recent
function of temperature: @) this work; ©) ref 18; @) ref 24; (dash- remeasured value of Hershberger= 0.25 at room tempera-
dotted line) ref 2. Inset: Arrhenius plots fér andkia (o). ture30

4. Sensitivity Analysis. Our values ofo. were determined
longed annealing at 1000 K, the treated reactor provided primarily by kinetic modeling of the limiting yields of 0.
essentially the same result fer at the lowest pressure studied  Although HO is a coproduct of reaction 1a, it was not utilized
as the untreated quartz reactor did (see Table 1). A similar testfor the evaluation oft because of the expected large contribution
for NH; + NO?' and CH + CH3® reactions at 2 Torr pressure  from many secondary reactions such as ®HlH; — H,0 +
did not reveal detectable surface effects either. NH,. This is clearly illustrated by the result of our sensitivity

3. Product Branching Ratios. The branching ratio for the  analysis with SENKIN? presented in Figure 4.

production of NO has been reported in our recent communica-  As shown in the figure, the predominant process contributing
tion18 for the same temperature range (3@®0 K), based to the formation of MO is reaction 1a, with (1b) playing a strong
entirely on the results of our mass spectrometric measurementopposing role. This makes )0 the best product for the
with the high-gain signal amplifier, assuming the total rate determination ofa. because of the added sensitivityg small
constank; = 1.08 x 10*21%11exp #-597/T) cm¥(mol-s)2 These adjustment in the value af by varyingk;, while keeping the
results (with a minor adjustment in the high-temperature region sumk; = ki4 + kip constant in the fitting process results in a
because of the small difference in tkgused for modeling) large change in the calculated® yield.
are also summarized in Table 3 and compared with the present However, the yields of LD, as revealed by the result in
data in Figure 3. The new and old data agree closely, and Figure 4, indicate that the OH NH3 reaction (2) rather than
together they give a temperature-independent branching ratio(1b) is the dominating contributory process even at 640 K. The
for N,O production,a. = 0.194 0.02. Combining this value  sources of the OH radical are numerous, for example, KO,
with the total rate constant expression above gives rise to theand NH + NO. The data summarized in the last entry for
absolute rate constant expression: [H20]: in Table 3 also reflects this fact: the:® concentration
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Figure 4. Sensitivity analyses for (a) 2 and (b) HO at 640 K.

measured at= 3.6 ms is typically 5-6 times greater than that
of N2O. Thus, HO is not an ideal product for the modeling of
o. It is gratifying to note that the observed concentration of

J. Phys. Chem. A, Vol. 101, No. 14, 199647

The product branching ratio and the total rate constant for
the pivotal NB + NO, process determined in this study make
it possible for the combustion community to elucidate more
reliably the complex chemistry of the NHleNQ, and am-
monium nitrate and ammonium dinitramide propellant combus-
tion processes.
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