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Reactions of NH with NO, and of OH with NH O
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The reaction system produced by 193 nm flash photolysis of a mixture gBN#ING has been investigated
experimentally and modeled. The accepted belief that only two channels are of significance for the reaction
between NH and NQ, producing (a) MO and HO and (b) NHO and NO, is confirmed by the absence of
H»0, absorption signals and the absence of early HNO, &5 Bind HNO are produced by two of the possible

five NH, + NO; channels. The fact that the OH concentration extrapolated to the flash is less than the initial
NH, concentration indicates that the channel producing two OH molecules is not significant. HNO is observed
to be produced on a slower time scale than that of thg MHNO reaction and is believed to be formed by

the reaction of OH with NEO (OH is formed by the reaction of N@vith H produced by the flash photolysis

of NH3). NH,O does not appear to react with @t 296 K on our time scale. Modeling of the reaction
system gives a rate for the reaction between®tdnd OH of 1.8(10%x 10 °cm?® s 1. An excess continued
decay of OH at long times after NB has virtually disappeared can be accounted for by reaction of OH with
HNO with a rate in the range {8) x 101 cm® sL.

Introduction the most probable route to HN® HNO involves at least one

The interest in the reaction between Neind NG arises intermediate that is energetically inaccessible.

primarily from the work of Glarborg et al.who proposed that Since 1995, several measurements of theleroduct branching
this reaction produces a significant yield of BBand that this  fatio into channel 1aki/ki, have been made* The results
species plays a key role in the thermal DeNox protéss., of these measurements vary between 0.14 and 0.59. However,

the selective noncatalytic reduction of NO by ammonia). The the two most recent measurements are in relatively good

reaction is also of some importance in the mechanism of @greement. In 1997, Park and imeported the branching ratio

decomposition of the solid propellant ammonium dinitranfide. ~ @s 0.19+ 0.02 and determined that it did not vary significantly
Several possible product channels of the title reaction are &S the temperature was raised from 300 to 910 K. In the same

thermodynamically accessiblé.Among these are year, Lindholm and Hershberdémbtained a branching ratio
of 0.24+ 0.04 for reaction into channel 1a. These latter authors

NH, + NO,— H,0 + N,O (AH = —378 kJ/mol) (1a) also measured (by assuming that only channels 1a and 1b are
present) a branching ratio into the WBI+ NO channel, 1b, of
—NH,0+NO (AH=—67kJ/mol)  (1b) 0.76+ 0.1.

- _ _ Despite this agreement, several problems concerning the
H0, +N, (AH 355 kJ/mol) (1c) overall mechanism of the reaction of Mikith NO, remain.
—OH+OH+ N, (AH = —140kJ/mol) The only evidence for the dominant channel (1b) is the
(ad) appearance of NO as a final product, the theoretical calcula-

. _ tions® and the chemical reasonableness of the postulated
HNO+HNO (AH=—-19klimol) (1) reaction. At room temperature, both Quandt and Hershberger

On the basis of previous theoretical and experimental work, it @nd Park and Lii®observed significantly higher concentrations
is generally believed that the dominant product channels of the ©f H20 than were predicted by the assumed mechanism. Also,
reaction are eqgs 1a and 1b. An ab initio molecular orbital $tudy Much of the secondary chemistry remains unexplored. In view
of the NH, 4+ NO, potential energy surface concluded that both of th|§, we decided to re-examine the reaction by using infrared
channels 1c and 1d are inaccessible because the energies of tHénetic spectroscopy.

transition states leading to them are higher than the energy of

the reactants. This conclusion is supported by the observationExperimental Section

of Glarborg et al that very little N> is formed at temperatures ) . .

between 850 and 1350 K in the thermal reaction of;Nwith In these experiments, a mixture of Nind NG in the

NO,. Reaction 1e is also thought to be unimportant because Préesence of excess_He buffer gas is flash photoly_zed at 193 nm
and the time evolution of products observed by time-resolved
t Present address: Combustion Research Facility, Sandia Nationallaser-based infrared absorption spectroscopy. A schematic
Laboratories, Livermore, CA 94551-0969. diagram of the apparatus is shown in Figure 1. A standard
* Present address: Department of Molecular and Human Genetics, Baylormultipass (“white”) infrared absorption cell was used. The IR
College of Medicine, One Baylor Plaza, Houston, TX 77030. AT
S Present address: Department of Physics and Astronomy, University Probe beam traveled back and forth throughout this cell in the

of Calgary, Calgary, Alberta T2N 1N4, Canada. horizontal plane, while the UV photolysis beam was angled
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densities by using the equation
Excimer
Laser A,=oNL 2
il 7| Pentium where A is the base e absorbanace,is the peak infrared
absorption cross sectiol\ is the species concentration in
m—‘ molecules/cr®y andL is the path length. Because of the way

that the infrared beams only partially overlap the excimer beam
in the multipass arrangement of Figure 1, the path lerigtig
not easy to calculate accurately and instead was measured in
the scheme described here.

An effective value forL was obtained by measuring the
recombination rate of methyl radicals and the observed CH
Y absorbance. This scheme can be outlined as follows. The
ans

. reaction is
Nd:YAG Sut Q—W 0
Lens ZCH3 - CZHG (3)

Figure 1. Infrared kinetic spectroscopy apparatus using a DFG source.
A second apparatus employed in this work uses a color center laserThe concentration of CHas a function of time is given by the

o—t
Si Detector

Ref. Gas cell

Ti:Sapphire Laser

source. standard second-order rate law expression.
TABLE 1: Transitions, Frequencies, and Peak Infrared [CH3]
Absorption Cross Sections of Species Monitored [CH, = -0 (4)
species transition frequency (cB oo (x 10 cn¥) 1+ 2k[CHlot
“gi 53 ips(?; 15, ,F gg‘l‘g-ggi 8'2? However, the absorbance given by eq 4 is measured so that the
2 1 3 137 121 . . . . K . .
NHy  v1 640 By gFif 3428.786 0.37 time behavior of the methyl signal is given by
OH  P(4,5)H 3407.989 4.37
N,O°  2v; R(16) 2576.5415 4.69 Alt) = Ay (5)
HaO° 154 — 64 3607.263 0.75 1+ kA
NO°® v 2< 0Py8.5)f 3693.4792 0.087
HNO vy 514 523° 2632.8088 1.81 . _ .
H:0x8 v + v Qo 2658.7 unknown with « = 2ks/(ooL). Thus, by measuring, the path length can
CHs  v3'Qo(2)" 3154.7468 3.00 be calculated from
a From ref 12.° From ref 13. From ref 14. All ref 14 cross sections 2k,
assume a line width determined by Doppler broaderfiiggom ref 15. L=— (6)
e From ref 16." From ref 17.9 From ref 18." From ref 19.' This work. kog

upward as it traversed the cell, so as to intersect the IR beamif ks @ndoo are known. Under the experimental conditions, the

over the approximately 35-cm section of the cell that is shaded. secon_ol—order rate constant for this reactigflis= 3.7 x 10~
Two different tunable infrared laser sources were used in this S > ™ However, o for c.:H3 Is not known under the exact

investigation, a CW color center laser (Burleigh Instruments, conditions of these experiments and must be measured.

i - The peak absorption cross sectian, of the CH line at
.FCL 20, Li:RbCl crystal, 2.63.2um), pumped by a krypton 3154.7468 cm! was measured in the presence of 9 Torr of He
ion laser, and a newly developed laser based on difference

. ) S . by flash photolyzing MO (272 mTorr) at 193 nm in the presence
frequency ge”e'fa“‘?” (DFG) in pen_()dlcally poled LiNo@he of CH,4 (1.82 Torr), initiating the next series of reactions.
DFG apparatus is diagrammed in Figure 1; the color center laser

apparatus is similar except that the DFG IR generation system e 1

is replaced by a color center laser pumped by 4 kser. NoO + fw (193 nm)— N, + O(D) Q)
Reaction mixtures typically contained-30 mTorr of NH, 1 .

30 mTorr of NQ, and 9 Torr of He. Under normal operating O(D) + CH, — OH + CH; ®)

conditions, 16-15% of the ammonia in the excimer beam was .

dissociated by the laser pulse. 2CH;—~ CHg ©)
To avoid depletion of reagents and buildup of reaction CH, + OH — products (10)

products in the photolysis cell, the transit time through the cell

was decreased by increasing the pumping speed and bygecause [CHo = [OH]o, the CH; peak absorption cross section
decreasing the diameter of the glass tube forming the cell wall. ;31 pe obtained by comparison of the £ignal with the OH
This ensured that the reaction mixture was exposed to only ONesjgnal att = 0, using the known Doppler cross section of GH.
photolysis pulse during transit through the cell. The depletion (The 1/e half width of OH found in these experiments is 190
by the first shot and the subsequent chemistry was2006 MHz, which is quite close to the Doppler width of 183 MHz.)
for NHz and 5-10% for NQ;, and the buildup of NO per shot  Tq do this, frequency scans of the OH line at 3407.989%cm
was about 510% of the original N@ concentration. and of the CH line at 3154.7468 cnt at a series of points
Table 1 lists the identity of the species monitored during this after the flash were obtained and fitted with a Gaussian profile
investigation, the particular infrared transitions that were as illustrated in Figure 2, giving both the peak intensities and
monitored?~1 the frequencies (cri) of these transitions, and  the line widths. The resulting peak intensities are then plotted
the peak infrared absorption cross sections (exceptis@)- versus time and extrapolated te= 0 as shown in Figure 3.
Infrared absorbance measurements were converted into columThe peak absorption cross section for £kl calculated from
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Figure 2. Frequency scans of the OH line at 3407.989 tand the

CH; line at 3154.7468 cnit at various times after the photolysis flash

at 193 nm of a mixture of CiH(1.82 Torr), NO (272 mTorr), NO (32

mTorr), and He (9 Torr). The times are-120, 30-40, 50-60, 100~

110, 206-210, and 406-410us.
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Figure 3. Extrapolations of the peak signals for OH and {ffbm
Figure 2 plotted versus time and extrapolateti$00. Total IR power
signal 2.5 V for OH and 2.6 V for CH

the equation

Av(O H)DopplerAO(CHS)
' Av(OH)ps  Ay(OH)

OO(CHB) = GO(OH)DoppIe (11)

to be 3.0x 10718 cn? at 9 Torr of He (CH 1/e halfwidth=
225 MHz).

Methyl radicals were produced in 9 Torr of He by the 193
nm flash photolysis of acetone~(00 mTorr), and similar
frequency scans of the GHine were obtained and fitted with
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Figure 4. Reciprocals of the Ckabsorbances plotted versus time
during the decay of Ckby recombinationPy; = 10 Torr.

a Gaussian profile. The reciprocals of the peak intensities were
plotted versus time to obtaim as shown in Figure 4. The
effective path lengti. obtained from eq 6 was 1050 cm, or 33
cm per pass in 32 passesd 1 mwhite cell with partial overlap

of the excimer and IR beams. An initial Gldoncentration of
about 5x 10 cm™2 was observed.

To confirm that NH is formed quantitatively by photolysis
of ammonia, an initial series of experiments was performed in
the absence of N NH, was produced with a yield of 1.&

0.1 when NH (~10 mTorr) was photolyzed, and it decayed
very slowly, exhibiting a half-life of about 10 ms.

Methodology

NH, radicals were produced by photolysis of ammonia at
193 nm using an ArF excimer laser operating at pulse energies
of 50—-100 mJ

NH; + hy —NH, + H (12)

while NO; is simultaneously photolyzed in a much smaller yield.
NO, + hv — NO + O('D) (13a)
—NO + O(CP) (13b)

The high-resolution transient infrared absorption peaks of a
number of reactants, intermediates, and products were monitored
throughout the ensuing reaction using tunable infrared laser
sources. A new difference frequency laser source was used that
allowed all of the following species to be monitored (although
NH, H;O,, and HONO were not in fact observed in this
system): NH, NH,, NH, NO,, NO, N,O, HNO, HO, OH,
H202, and HONO.

The H atoms produced by the NHbhotolysis react very
rapidly (1/e= 6 us) with NG, to produce NO and OH.

NO, + H— NO -+ OH (14)

The stoichiometric production of OH proved to be quite
beneficial to the study, because the reaction of OH withb,®H
to produce HNO and ¥D provided indirect but powerful
evidence that NBD is in fact being produced in high yield.
Because the 193 nm UV absorption cross section o SO
relatively small (3x 10%cm?)?1.22 and the absorption cross
section of NH at 193 nm is large (107 cn¥?),2324it is possible
to produce NH + H without substantial interference from the
photolysis of NQ, even with a severalfold excess of Bl@ver
NHs. The photolysis products of NONO, O@P), and OD),
do not interfere significantly with the study of the MH NO,
reaction. NO reacts rapidly with NiHbut cannot compete with
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151014 o — sequence responsible for the slow decay of OH through the
Cr0t0MF el o) reaction
& _ :
§ S0t 3 HNO + OH— NO + H,0 (17)
S 0.01003
T 01013 3 Glarborg et ak and Park and Lihiuse a value foki7 of 6 x
g L0104 E 10 cm® s71 in their modeling. HO is produced by reaction
5 El la and by both steps of the two step secondary reaction sequence
© 15 1014—5\\ Y e N (16 and 17) responsible for the slow decay of OH. Much of
20104 3 A e a—— this report is concerned with the interpretation and analysis of
0 200 400 600 800 1000 the slow processes.
time (usec) The aim of this work was twofold: to obtain more direct

. . . . evidence for the production of N in high yield and to obtain
Figure 5. Time dependence of the concentrations of all the species . . .
observed. Conditions afso, = 30 MTOrT, px, = 10 MTOIT, andper experimental evidence about the existence of channels 1c, 1d,
: 2 ’ 3 ll

= 9 Torr using He buffer gas. Excimer energy90 mJ. and le, which had been found theoretically not to be &pen.
The observation of a vibrational transition of NBl combined

the |arge excess Of '\@S |0ng as ﬂOW rates are |arge enough Wlth an ana|ySiS Of ItS rotat|0nal structure W0u|d be COﬂVInCIng
and repetition rates are small enough to avoid product buildup. evidence for the presence of this species. However, a scan of
OEP) reacts with NG, producing @ and NO. OfD) also reacts  the region 2806:3500 cn1* did not reveal any spectrum that

in this way and, in addition, reacts with NHproducing NH could be ascribed to NJD. This was somewhat surprising, as
and OH. a quantum chemical calculation of the infrared intensities (and

harmonic frequencies) at the B3LYP 3-3&1g(2df,2pd) level
indicated that the Bsymmetry NH stretch has an intensity of
7.2 km/mol (actually, the calculation produced a nonplanar
structure, but the microwave specti@ranalysis found a planar
This reaction has the same net products as the photolysis ofc,, structure). This is weak, but we believe it might be
NH. detectable with our sensitivity. The;Aymmetric NH stretch
Two kinds of data were obtained in this study: (1) time scans was predicted to have an intensity of 0 km/mol within reasonable
in which the probe frequency was tuned at or near the absorptionerror limits. The harmonic frequencies were, for, 8424 cnv?!
maximum and (2) frequency scans in which the probe frequency and, for B, 3556 cn1l.
was scanned over the line and data were acquired at six time We made efforts to check on the existence of channels 1c,
intervals after the flash. The time scans provide more data, more1d, and 1e. Glarborg et alteport that N as determined by a
rapid data collection, and better S/N for a given collection time. nitrogen balance is less than 10% at 900 K, increasing to about
The frequency scans once analyzed remove any time variation30% at 1350 K. This suggests that 1c and 1d should be
in the baseline, remove any uncertainty about whether the probenegligible at room temperature. We searched for but did not
is tuned to the peak of the absorption line, and simultaneously observe HO.. This is only mild evidence that the 1c¢ channel
provide line widths. Each time window in a frequency scan is s not present, because the infrared absorption cross section for
fitted with a Gaussian to obtain the peak absorbance and thethe H,0; line searched for is unknown (see Table 1). Because

O('D) + NH; — OH + NH, (15)

line width. Figure 2 already illustrates this process. so much OH is produced so rapidly in our system, we are unable
to verify independently that 1d is unimportant. Regarding
Observations and Results channel 1e, we did observe the formation of HNO. However,

HNO forms much more slowly than NHlisappears, actually
displaying an induction period. Channel le is approximately
1600 cnt! exoergic, and the lowest vibrational mode of HNO
is af® 1500 cnTl. This channel involves a complete rearrange-
ment of the atoms so that there is reason to expect a statistical
distribution of the reaction energy between the two HNOs
produced. Thus, the slowly rising HNO signal must be from
other sources (to be discussed later), and any major contribution
from channel 1le is ruled out. Because the absorption cross
could also be observed. Figure 5 shows the time behavior of section for the HNO line monitored is one of the largest of the
the various species observed. It must be kept in mind that species we monitored, this conclusion is on rather firm ground.
products can be produced in excited vibrational states, which  The slow decay of the OH signal and the slow rise of the
have to be quenched to the ground vibrational level to be HNO signal provide strong indirect evidence for the formation
monitored. This is clearly the case fop®l which exhibits an  of large amounts of NpD in this system. We are convinced
initial induction period. that these time variations arise from the rapid reaction (16)
This experiment divides roughly into two time scales. On between NHO and OH and by a slower reaction (17) between
the short time scale, reaction 14 between H and S@omplete OH and HNO. We shall present evidence thatJ@Hloes not
in 12 us, and reaction 1 between Mtdnd NG is about 90% react rapidly with N@, and it is obvious from Figure 5 that
complete in 10Q«s. Thus, by 10Q:s, H has disappeared, and HNO does not react with N©or any reaction products. By
the decay of NHand the rise of BO are substantially complete.  analyzing these decay profiles, rates for reactions 15 and 16
Then on a time scale of several hundred microseconds, OHcan be estimated. However, reasonably accurate OH time
decays and HNO rises through reaction 16. The time behavior profiles are required in order to obtain information on these
of NO and HO is mixed. NO is produced by the photolysis of rates. First, as accurate data as possible were collected for the
NO,, by reactions 1b and 14, and, we believe, by the reaction earlier times when reaction 16 is dominant. For this purpose,

This reaction provides a unique opportunity for monitoring
reaction products. It was possible to observe the Bkt NOQ
reactants, bD, N>O, and NO products, and OH produced by
reactions 14 and 15. In addition, HNO, which we believe is
produced by a secondary reaction

NH,O + OH— HNO + H,0 (16)
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51013 TABLE 2: Reactions and Rate Constants Used in the
] . 83% conc Kinetic Modeling
410837 3= & oH3 done reaction rate (cis™?)
. ] o 0OH4 conc
2 3 _—? = 1a. NH 4+ NO; — H,0 + N0 4.80x 10712
S ] = 1b. NH; + NO, — NH;0 + NO 1.52x 101
T 0] * 14.NQ;+ H—NO + OH 1.20x 10°%°
O, b =z 16. NH,O + OH— HNO + H;0 1.80x 10710
] % 17. HNO+ OH— NO + H,0O 5.00x 10711
110533 18. OH+ NO, — HNOz 4.60x 107132
] 19a. OH+ NH; — O + NH3 1.00x 10713
0100 LI S Y L L B 20 OH+ NH3—> HZO + NHZ 160)( 1013
0 100 200 300 400 500 21. OfP)+ NH,— HNO + H 6.40x 1011
time (ysec) 22. OfP)+ NO,— NO + O, 9.70x 10712
Figure 6. Concentrations as a function of time of four OH frequency %gz m:ti Ng_' 132}(13-—:1?24- N iggx igi;
i i — . - 2 .60 x
scan analyses. These were obtained iy, = 10 mTorr,pno, = 30 4. OH+ NO — HONG? 150 10-13

mTorr, andpw: = 9 Torr using He buffer gas.

] 2 The second-order rate constant of this termolecular reaction under
frequency scans were obtained and analyzed. Then a very crudehe assumed conditions.

estimate of the rate of reaction 17 is obtained by fitting the
long time behavior of time scans. effect on the OH decay. In as far as we have been able to

The first step illustrates the real difficulties of rate measure- ascertain, the rate of reaction 19b has never been measured,

ments of reactions between reaction products. Data of the kind@nd we have omitted it. The OH decay is not very sensitive to
illustrated in Figure 2 must be converted into OH concentrations this rate, as Nkreacts primarily with the large excess of MO
at each of the times given. The observed line widths (1/e HW) and disappears early in the reaction. The reaction

for all of the data to be analyzed here range from 182 to 197 .

MHz, and the calculated Doppler width is 183.4 MHz at 296 OH + NH; = H,0 + NH, (20)
K. Thus, line broadening from pressure broadening and unre-
solved hyperfine structure is small and is neglected in converting
the tabulatetf integrated absorption line cross section into a . - . .
peak cross section. Using this peak absorption cross section, ff@c\;e(g {g‘gc:rﬁddr:g?(; tgi;hgfTlg_?lh\ga;ztggeolfntﬂgsi%g or:‘r;he
the OH data from such frequency scans can be directly convertedzbsor tion Cross Eectior)mlof N@ that of NH; is22 0.031. The
into column density and, by the use of the measured path length, hotolp sis of N produces NO and O atoms with S'I. ht.I more
into concentration. Figure 6 shows the results of such an analysisp YS! produ Wi iy

for four OH time-resolved frequency scans taken sequentially. than half of the O atoms in the &Y) excited state, witf? o =
e . 0.55+ 0.03.
In this figure, there seems to be a general decrease in the

OH concentration with time, as might be expected if the excimer . 1 3
power had drifted down or the NHlow rate had drifted down. NO, + hw (193 nm)— NO + aO(D) + (1-0)0(P) ~ (13)
However, the decay rate of OH does not share this trend, andO
we shall see that the OH decay rate depends strongly upon th
initial OH concentration. It seems likely that the scatter in Figure
6 is random. Therefore, the four data sets were averaged for
further treatment of the time decay. On the same day that these 3 .
OH data were collected, the NI8ignal in the absence of NO O(P)+ NH, —~HNO -+ H (21)
was also measured from three such graph sets to be @3
cm~3. Subsequent modeling calculations indicate that this
number is about 14% too high to match the OH data. The fact
that the NH initial concentration is higher than that needed to
model the OH data indicates that reaction channel 1d is not
significant. The measurement of [NHs more difficult than
that of [OH] because the signal is weaker, the cross seéfions
are probably less accurate, and the measurement was done i
the absence of Ntherefore, only the OH signal measurements
were used in modeling.

For modeling the kinetics in addition to the reactions given

between NH and OH was included as its rate is 1x610°13
cm® s~1 at room temperature.

o (*D) will disappear from the system in, at most, a few
microseconds either by reaction or quenching. In contragB)O(
reacts away quite slowly by two reactions

O(P)+ NO,—NO+ O, (22)

Reactions 21 and 22 had’@rate constants df; = 6.4 x 10711
andky; = 1 x 107 cm? s71. As remarked earlier, @D) can
react rapidly with either Nslor NO,. It can also be quenched
by collisions with either of these gases or the He buffer gas.
he extent of reaction versus quenching is difficult to estimate.
ortunately, it does not matter, as the results we obtain modeling
the system assuming that all ‘D) is quenched to GP) are
imperceptibly different from those omitting reactions 13, 21,

here, the reactions and 22. .
However, the reaction
OH + NO, + M — HNO, + M (18) NH, + NO—H,0 + N, (23a)
OH+ NH,— O + NH,4 (19a) —OH+H+N, (23b)
OH + NH,— H,O+ NH (19b) With28 kpza = 1.44 x 10 andkoz, = 1.6 x 10122 cmd st

does have a small but perceptible effect on the modeling. There
need to be included. Reaction 18 has been extensively studiedis some controversy about whether the products of 23b should
The valué” of 4.6 x 10718 cm?® s™1 at 9 Torr of He was used  be as written above or should be GHHN,. The advantage of
for its rate (Table 2). The rate of reaction 1988i%0~13 cm? the choice made is that the rate constants for the reactions of H
s™1 at room temperature, which has a completely negligible are known, while those of HNare more uncertain. Because
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Figure 7. Average [OH] values from the data of Figure 6 are plotted 0 500 1000 1500
as six points. The dotted curve near the points represents the expected ]
time behavior from the model used and the fitted rate constagts time (usec)

1.8x 10 ¥%cm*standk;;=5 x 107t cm? s, The upper dashdot
line corresponds thys = 1.8 x 107°cm® s andk;7 = 0 cn¥ s72, the
lower dashed line correspondske = 1.8 x 10 cnm? st andky7 =

Figure 8. Time scan of [OH] concentration under the same conditions
of initial concentrations. The vertical scale of this figure was adjusted

- . to give the best fit because the probe laser may not have been set on
11 1 —

20)_(101% (iTs Sd k Th_e 2Ionglg_alslh #Qe_fo¥ﬁ5p°nds ke I:j %5 ? the exact peak of the OH line. The rescaled experimental data are the
; % S ~antky = 2 —CO S K e_u(g;per solidine far  peavy solid line and the dotted curve almost exactly superimposed upon
rom the points corresponds igs = 0 (andki7 = 0). it uses the fitted rate constarkg = 1.8 x 107°cm®* st andk;; =5

. . . . x 107t cm? s71. The upper dashdot line corresponds tkig = 1.8 x
the dominant channel is 23a, we believe that the choice of 1510 opp 1 andky; = 0 cn? s L. The long dash line directly below

products of 23a cannot affect the results. We have also includedit corresponds tdus = 2.5 x 10710 cm? st andkyy = 2 x 101 cn?

the minor reaction s™L. The lower dashed line correspondskig= 1.8 x 1071 cn?® st
andk;; = 9 x 107 cm?® sL. The upper solid line far from the points
OH+ NO+ M — HONO+ M (24) corresponds téys = 0 (andk;7 = 0).
with an effective two body rate constant of 1510713 crm? 8x10"2

s L. Anderson, Margitan, and Kaufm#meported the rates of

reactions 18 and 24 in the same paper, finding that reaction 24  7x10'2
has a rate constant approximately one-third that of reaction 18.

We therefore divided the rate of reaction 18 by 3 to obtain the 6x10"
rate of reaction 24.

Figures 7-9 show the results of modeling the OH decay by ~ 5x10'
including reactions 16 and 17. Figure 7 shows the fit of the €
average of the OH data points shown in Figure 6. We regard = 4x10'
these data as the most reliable, because they cannot be affecte i
by baseline problems and because the center of the OH — 310
absorption peak is determined precisely. Figure 8 shows a fit
of an OH time decay under similar conditions to Figure 7. These
data were acquired several months before the data of Figure 7,
the gas flow conditions should have been identical, and the
excimer laser pulse energy was similar. We do not have a 0 ‘ |
satisfactory explanation for the difference in the peak OH 0 500 1000 1500
concentrations of Figures 7 and 8; possibly the alignment
between the excimer and IR probe beams was different. Figure time (psec)

9 shows the OH decay taken within a few minutes of that of Figure 9. Time scan of [OH] with the initial partial pressure of NH
Figure 8, but with an Nk concentration only about 10% of  reduced by about a factor of 10. The initial partial pressures of NO
that of Figure 8. (The ratio of the two N¢oncentrations could  and He were the same as in Figure 7, and the excimer pulse energy
not be determined very precisely, because the flow controller 'ant?] probe Iaser_fr?:quenqéw_ﬁze the same atS ::ijgutre 8. The vert_icakl)lsczle
was operating near its lower limit for the low Nilow of Figure IS the same as in mgure S. The experimental data are recognizable by
9.) The.OH cqncentration scale of Figures_8 and 9 could not be tlhglgcgﬁg.gpgn%oktfic5uerel(urslz?sc;gesﬁ}?egh;ahep;gpzkggh% Olt'ﬁg;
determined directly from the observed signal with complete cqrresponds tés = 1.8 x 1079 ¢ s 2 andks; = 0 cnf s %, and the
reliability because of the uncertainty in setting the lasers to the |ower long dash line correspondskg = 2.5 x 10720 cm? s~* andkyz

OH peak. Instead, it was adjusted in the fitting process. =2 x 107 cm?®s™%. The dashed line between the long dash line and
However, Figures 8 and 9 are expected to share the same verticahe dotted line corresponds kas = 1.8 x 101°cn® s andki; = 9
scale, as the lasers were not adjusted during the data collection 10~** cm®s™%. The upper solid line far from the points corresponds
Therefore, the factor used to convert absorbance to OH 10 kis = 0 (andkyy = 0).

concentration is the same for both Figures 8 and 9. valuable to examine the time scans (see Methodology). Because

The data of Figure 7 were used to determkagand limit of the uncertainty about whether the laser was tuned to the peak
ki7. To obtain a complete overview of the time behavior, it is of the OH absorption line, the vertical scale of Figure 8 was

2x10"2

1x10' 1




Reactions of NH with NO, and of OH with NBO

determined by adjusting [N4b = [OH]o to get the best match
of its decay for the first few hundred microseconds using the
kis and ky7 values determined from the data of Figure 7. In
Figure 7, the dotted line correspondskig= 1.8 x 10710 cm?®
slandk;; =5 x 1071 cm? s™L. We believe it represents the
best compromise fit of the data. This value fgf (5 x 10711

cm® s71) is close to the value of & 10711 cm?® s71 previously
assumed by Glarborg et hland Park and Lif. The dashed
line in Figure 7 haks = 1.8 x 10719 cm? s™t andk;7 = 9 x
1071 c¢cm?® s7L The dask-dot line hask;e = 1.8 x 10710 cm?®

s andk;7 = 0. The solid line at the top, far from the data,
assumesg;s = 0. Clearlyk;s is needed. The long dash line has
kis =2 x 10°1%cm® s7? andk;z = 2 x 10" cm? s It fits

the data of Figure 7 slightly better than the dotted curve but
fits poorly to the data of Figure 8.

A similar choice of line types is used in Figures 8 and 9 as
was used in Figure 7. In Figure 8, the model curve (a dotted
line) corresponding téys = 1.8 x 107°cm® st andky; =5
x 101 cmB s71is almost exactly superimposed on the rescaled
experimental data (a thick dashed line). Figure 8 indicates that
the long time behavior is most affected by the vakye The
data for Figure 9 were taken without adjusting the lasers, and
thus Figure 9 provides a test of the scaling of Figure 8 and the
value ofk;s. Because the concentration of the radical pool is so
low that even NHO is reacting away slowly, reaction 17 plays
almost no role in the OH decay observed in Figure 9. All models
give an acceptable fit to the data in Figure 9 with the preferred
model kg = 1.8 x 1019 cm® s7t andk;7; =5 x 10711 cm?®
s1), perhaps paralleling the decay curve slightly more ac-
curately.

We conclude thakg is about 1.8(10)x 1071°cm? s™1 and
that reaction 17 proceeds at an appreciable rate With
somewhere between 2 107 and 8 x 107! cm?® s7%, with
our best guess of 5 1071 cm3 s,

In all this, it is assumed that there is no reaction at room
temperature between NB and NQ. Yet such a reaction
seemed likely on the basis of chemical intuition. In this case,
intuition proved unreliable. No effects which could be ascribable
to such a reaction were observed when the system was
investigated at different N concentrations. The results of
varying the NQ concentration upon the OH decay are shown
in Figure 10. Two effects are observed: the peak of the OH
signal moves to shorter times when [@ increased, and the
[OH] signal at a very long time decreases with increasing{]NO
Both effects can be explained without bringing in a reaction
between NHO and NQ. The time of the maximum [OH] occurs
when the rate of production of OH equals the rate of its loss.
Increased N@ shortens the time required for OH production
by reaction 14, causing the OH production rate to fall off earlier,
and it shortens the time required to produce ®Hby reaction
1b, causing the OH loss rate to peak earlier. The [OH] signal
falls off more rapidly at long times with increasing [NO
because a higher [NfPincreases the rate of reaction 18. Our
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Figure 10. Effect of changing the N@concentration by a factor of 2
upon the rate of OH decay. The dashed line corresponds to an NO
concentration of 5.% 10* molecules/crhand the solid line to [Ng}
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1000 1500

200 ‘
/" NO
100 f.on HoNO H,0
HNO
N,O
0 — ]
k=]
2
%
X
-100
-200
ANO,
-300 1 | ! | L
0 200 400 600 800 1000
time (psec)

Figure 11. Concentrations of the various species resulting from the
model ks = 1.8 x 1071°cm?® s~ andk;; = 5 x 107! cn? s79) cast

in terms of percent yield, where 100% corresponds tohHn this
model, any NH and OH produced by the reaction ofDf with NH3

was assumed to be produced almost instantaneously and lumped into
the NH; produced by photolysis. The initial concentrations assumed
are [NH] = [H] = 4.1 x 10, [NO;] = 9.79 x 104, [NH3] = 4.4 x

10, and [OfP)] = 3.47 x 102 cm 3,

which removes HNO. At larger N&roncentrations, OH at long

times is smaller because of the three body reaction (18).
Figure 11 shows the time variations of the concentrations of

the various species observed and depicted in Figure 5. We

modeling of the reaction predicts these changes in the OH decaybelieve the match between the observed concentrations and the
curve when the N@concentration is changed. Figures 9 and model is excellent when the uncertainties in infrared absorption
10 demonstrate that, if NMD reacts with N@, the products of  cross sections, the baseline time variations, the uncertainty about
that reaction must react with OH with a near gas kinetic rate whether the laser is exactly on the IR absorption peaks, and
constant. Moreover, the yield of HNO actually increases very the uncertainties in the model are considered.

slightly with more NQ. To explain this, the hypothetical The vyield of NO from reaction la has been measured
products of the reaction of OH with the products of the reaction previously several times.!* Under the conditions of our

of NO, with NH,O must react with OH to produce HNO with  experiment, we obtain anJ® cross section value of 8 10718

unit efficiency. The small increase of HNO with increased,NO  cn?, which agrees fairly well with that calculated (3310718

is explainable by a reduction in the reaction of HNO with OH cn?) from the HITRAN value for the integrated line strength
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when our measured 1/e half line widths of 214 MHz are used.
The Doppler 1/e halfwidth is 143.5 MHz, which would yield a
oo of 4.69 x 10718 cm?. Our cross section (X 10718 cmd)
gives a yield for NO of 0.27(5), and the use of HITRAN with
our observed line widths (3. 10718 cn?) gives a yield of

Sun et al.

(8) Park, J.; Lin, M. ClInt. J. Chem. Kinet1996 28, 879.
(9) Quandt, R. W.; Hershberger, J.J-Phys. Cheni996 100, 9407.
(10) Park, J.; Lin, M. CJ. Phys. ChemA 1997, 101, 2643.
(11) Lindholm, N.; Hershberger, J. . Phys. ChemA 1997 101, 4991.
(12) Angstl, R.; Finstertd, H.; Funder, H.; lllig, D.; Papousek, D.;
Pracna, P.; Rao, K. N.; Schter, H. W.; Urban, SJ. Mol. Spectroscl985

0.24(5). These numbers are to be compared with the results of114 454.

Park and LiA° of 0.19 and with the last measureméntsom
Hershberger’s group of 0.24. We cannot claim to have improved

(13) Stephens, J. W.; Morter, C. L.; Farhat, S. K.; Glass, G. P.; Curl, R.
F.J. Phys. Chem1993 97, 8944.
(14) Rothman, L. S.; Rinsland, C. P.; Goldman, A.; Massie, S. T.;

on previous measurements of this quantity. Our results agreegqwards, D. P.; Flaud, J. M.; Perrin, A.; Camy-Peyret, C.; Dana, V.; Mandin,

well with the last from Hershberger.

Discussion

We cannot find any other way to explain either the rapid
decay of OH, the appearance of HNO, or the high yield gdH
in this system other than by the rapid reaction (16) of OH with
NH20O to produce HNO and 0. The necessity for the reaction
(17) between HNO and OH is on less firm footing. It was
introduced into the model to explain the continued excessive
decay of OH at long times after the [NE] becomes too low
for reaction 16 to remove OH at a significant rate. The fact
that reaction 17 is only marginally needed to fit the OH decay
is reflected in the large uncertainty in its rate constéit,
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