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The rate constants for reactions NM2By, v, =
the pulsed UV photolysis/pulsed laser-induc

ArF excimer laser (193 nm), and NEK2By, v, =

0 and 1)+ NO have been determined at 2981 K using
ed fluorescence (LIF) techniquewhisiphotolyzed with an
0 and 1) were detected by LIF in the#—X?B; system.

It has bgen found that GFs efficient at vibrational relaxation of Niand the rate constant for deactivation
of NH,(X?By, v = 1) by CR has been determined to be [3:20.5(2)] x 10 cm® molecule® s1. Fast

vibrational relaxation of Nkl by CF, prior to t

he reaction with NO permits us to obtain an accurate rate

constant for NH(X?B,, v = 0) + NO. The rate constant measured in buffer gas at 1 Torr is [2.05
0.1(20)] x 10 * cm® molecule! s™*. The sources of discrepancy in previously reported room-temperature

rate constants have been discussed on the basis of a survey of the experimental conditions and the methods

of analysis. The overall rate constant for N¥?B,, v, = 1) + NO has been also obtained (without LFo

be [2.6+ 0.4(L)] x 107 cm?® molecule® s

Introduction

The reaction of amidogen (NHwith nitrogen monoxide
(NO) has attracted the attention of many researchers engage
in atmospherit? and combustion chemistf/. Oxidation of
ammonia in the atmosphere is initiated by the reaction-©H
NH3z; — NH; + H,O. Because the reactivity of NHvith O, is
very low}> the loss of NH is governed by the trace species
NO, particularly in the urban areas. Noncatalytic reduction of
NOy by ammonia, called thermal DeN@rocess;® has been
widely used in practical combustion systems, e.g., power plants.
The reactions of NEwith NO at room-temperature proceeds
through the following exothermic channels:

o — __

NH, +NO—N,H+OH  AH°=-4.2kImol’ (la)

—23.8 kI mol?

—N,+H+O0H AH°
(1b)

o — __

198.7 kJ mol*
(1c)

AH

—H, +N,0

o — __

AH

— N, + H,0 = —522.6 kJ mol*
(1d

There have been extensive studies on the rate constants an
branching ratios among the chann&l4 It is well-known that

been studied over a wide range of temperattire§:28.29,31,32,3440
Most of the studies have reported that the fraction of OH

é)roduction, kia + kip)/ki, is about 0.1 at 298 K and increases

with temperature up to 0.4 at 1500 K. There is no experimental
report on the detection of M because of its short lifetime
(a theoretical study by Philligs predicted the lifetime to be
~107! s at room temperature).

There has been a controversy over the difference between
the rate constants measured by the flow method and pulse
photolysis. The overall rate constaatfor NH,(X2By, (0,0,0))
at room temperature measured by the flow method, ap-
proximately 1x 10711 cm?® molecule s71,814.16is smaller than
that determined using pulsed photolysis by about a factor of
2_7,%11,13,15,1?20,2&26,28,3&33,35,37There is another unresolved
discrepancy in the rate constants measured by pulsed methods
at room temperature. A variety of techniques have been
employed for pulsed production of NHUV photolysis with
ArF (193 nm) laset>18:24.26.3833,3537 infrared multiphoton
dissociation with CQ@laseri®2°flash photolysis,11.13.17.253nd
pulse radiolysig:?8 For the past decade, the rate const&pet
room temperature reported by some groups are within{1.4
1.5) x 1071 cm?® molecule® s71,20:30.31.3%3nd others have given
(1.8-2.2) x 107 cm?® molecule’? s71,24.26.28,3233.37The dif-
ference seems to be small compared to commonly accepted
errors of reaction rate constants. However, there has been no
dign of convergence of the reported rate constants.

In the present study, pulsed laser photolysis oiXowed

the overall rate constant shows a negative temperature depenby the detection of Nbivia laser-induced fluorescence (LIF) is

dence, and that the reactions proceed via an adduct suck as H
NNO. No production of MO was observed by Andresen etal.
in the end product analysis, and Silver and Kbélimave estimated

employed to determine the rate constant for8##B,, v, = 0
and 1)+ NO reactions. Vibrational levels/{,v»,v3) = (0,0,0)
and (0,1,0) are hereafter representedvgfy= 0 andv,” = 1,

an upper limit of the branching ratio of reaction 1c to be 0.9% respectively. Bulatov et & have shown that the decay rates
at 300 K. Branching ratios for the processes producing radicals of NH, decrease with an increase in Alebncentration. By their
(reactions lat- 1b) and stable molecules (reaction 1d) have careful experiments, Wolf et &:3"have also found that higher
concentration of precursor (NJHand fluence of photolysis laser
are likely to give smaller rate constants. We, therefore, have
performed experiments at precursor pressurgs,(< 13 mTorr)

and photolysis laser fluence:800uJ cm~2) as low as possible.
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Vibrationally excited NH is produced in the photolysis of
NH3*2-44 and, as a consequence, the profiles of;,fdbl’ = 0)
do not show a single-exponential decay until vibrational motion
is thermalized. Unfortunately, high buffer pressuPgf > 10
Torr) is not suitable for detecting N¥KX2B;) by the LIF
technique, because electronically excitedAfk#A) has a large
cross section for quenching even by rare gdges’ Therefore,
the addition of molecules effective in vibrational relaxation of
NH, is necessary for measuring an accurate rate constant of 514 515 516 517
NHz(z2" = 0) + NO. We have found that GFefficiently Wavelength / nm
accelerates vibrational relaxation of BHand an addition of
CF, to the system allows us to give an accurate rate constant
for the reaction NK(v,"" = 0) + NO.
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In addition to reaction of the,” = 0 level, the overall rate g
constant for NH(z2" = 1) + NO has also been determined. A €
small increase compared to the rate constant fop(df1 = 0) v
+ NO was observed.
Experimental Section 530 531 532 533 534

. . Wavelength / nm
Because the experimental apparatus used in the present stud g

has been described previouéhonly significant features of the \#/jgure 1. Laser_-induced fluor_escence excitation spectra of,NH
present study are described here. Photolysis of AtH 93 nm g;;%li ?ﬁﬂg?;: E‘)%?Be psr;/(s):glr)rlwslf Ofl@g %ngforr]:ne;ng ?afdl(%rgr
was gmployed to generate NkAn ArF excimer laser (Lambda (N2). Delay timels bet\/\ieen the p?l':tolysis and probe ;ggers are (a) 100
Physik LEXtra50) was operated at 20 Hz. Itis well-known that ,5"ang (b) 8Qus.
not only the electronic ground state’By but also the excited
state A is produced in the photolysis of NHat 193 nni2:46.49 When time-dependent profiles of vibrational levels of interest
Branching ratios for the production of these electronic states were recorded, the wavelength of the dye laser was tuned to
have not been well established. Donnelly et’diave reported  rotational lines (typically,RRy» of 25 and 2 bands and
the production yield of AA; state to be about 2.5% from a PQin=1-3 Of 2<13 band) and time delay between the photolysis
measurement of fluorescence intensity. Biesner éPainthe  and probe laser was scanned with a homemade delay generator
other hand, have given the yield ofA to be 26+ 4% using  with a step size of 200400 ns. The number of data points in
the technique of H atom photofragment translational spectros- 3 profile was at least 1000. After fast rotational relaxation, the
copy, claiming that the yield of 2.5% by Donnelly et al. might  intensities of rotational lines are in proportion to the population
be a result of the difficulties associated with detection of the in a vibrational level of interest.
fluorescence from NKAZ2A;) fragments in low vibrational The flow rates of all the sample gases were controlled with
states. Because NtA?A,) is efficiently quenched even by rare  calibrated mass flow controllers (Tylan FC-260KZ and STEC
gases?* NH,(A?Ay) produced in the photolysis does not disturb  SEC-400 mark3) and mass flow sensors (KOFLOC 3810).
the observation of the reaction between A%fB1) and NO. Linear flow velocity was 1 m s1. Total pressure (Nbuffer, 1

The LIF of NH, was excited with a N#:YAG laser Torr) was monitored with a capacitance manometer (Baratron
(Continuum YG660-20) pumped dye laser (Lambda Physik 122A). The total pressure measurement together with the mole
LPD3001 with DCM or C-522 dye). The DCM and C-522 dyes fractions as measured by the flow controllers gave the partial
were pumped at 532 and 355 nm lights from the YAG laser, pressures of the reagents.
respectively. Vibrational states NH,' = 0 and 1) were Highly pure grade NkI(Nihon-Sanso, 99.999%), NO (Takachi-
detected by LIF excited via the 2628 nm) or g (515 nm) and ho Kagaku Cogyo, 99.9%), NO< 10 ppm), Ck (> 99.99%),
2% (532 nm) bands in the” #,—X2B; systeni®55 (bent and N (Nihon-Sanso, 99.9999%) were used without further
notation for vibrational numbering of the?A, state is adopted ~ Purification.
here). Vibrational levels% 25, and 2 are (0,8,0)1, (0,12,0]T,
and (0,13,0dy, respectively, in linear notation). Typical dye laser
fluence was 2640 «J pulsel. Fluorescence from NHwas Vibrational Relaxation of NH »(¢2" = 1) by CF4. Figure 1,
detected with a photomultiplier (Hamamatsu R-374) through a and b, shows the LIF excitation spectra of ¢4’ = 0 and
optical filters (HOYA R-62 and C-500S). Additional filters 1) produced in the NB193 nm photolysis at a total pressure
(Toshiba ND-50 and ND-10, transmittance at 628 nm was 4.6%) of 1 Torr (N,). The rotational assignment is based on the
were used to reduce scattered light signal in excitation via the previously reported spectroscopic d&tet® Time-dependence
28 band. The approximate concentration of initially prepared of the population of the level,” = 0 as a function of NO
NH, can be estimated to bel x 102 cm~3 from the energy pressures must be measured to determine the rate constant for
density of the photolysis laser at the entrance window of the the reaction NkK(z2"' = 0) + NO. However, analysis of the
reaction cell (0.3 mJ cn?), the photoabsorption cross section time profiles ofv,” = 0 is difficult, when vibrational relaxation
of NHz: 0(193 nm)= 1.12 x 10 cnm?2* and a typical (v2" = 1 — v = 0) by NO occurs simultaneously with the
pressure of Nl (13 mTorr). Wolf et af237 have shown that ~ NHx(v2" = 0) + NO reaction. Therefore, a buffer gas having a
formation of NH via multiphoton dissociation of NtHat 193 large cross section for vibrational relaxation of Nhust be
nm can be avoided using laser energy density less than 3 mJntroduced to thermalize vibrational motion prior to the reaction
cm~2; thus, no significant NH should be produced in the present NH,(z," = 0) + NO. Unfortunately, vibrational relaxation by
study. normally used buffer gases, e.g., rare gases andsh\ot so

Results and Discussion
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Figure 2. Time profiles of LIF intensities of Nk{v." = 1) at various 0 1 1 1
CF, pressuresPcr, = 0 mTorr, (a); 10 mTorr, (b); and 40 mTorr, (c). 0 1 2
Pnh; = 13 mTorr andPy = 1 Torr (N). The abscissa corresponds to [CF4/ 1015 molecules cm-3

the delay time between the photolysis laser and probe laser pulse. All
the profiles are so scaled to make their peak intensities the same.  Figure 3. Plot of apparent first-order decay rate of Mk = 1) versus
CF,4 concentrationskgecayis Obtained from semilogarithmic analysis of

fast: ~10-14—10-13 cme molecule! s-1.445657Ng additional the time profiles as shown in Figure 2. The slope of the straight line

. . . . fit from regression analysis gives a deactivation rate constant f NH
gas for accelerating relaxation of MNMas used in the previous (2" = 1) by CR [3.2 + 0.5(20)] x 10-1 cn molecule™ s

kinetic studies on NK+ NO. Stephens et &?.have added SF
to enhance relaxation of NHand product HO; however, they
have only determined branching ratios between the products.An analytical expression of the concentration profilevgf =
Hall et al?! have also determined the branching ratios; they 1 is given by the following multiple exponential forff:
have added Sfio the system to relax # product. Pagsberg
et al?® have used 28.5 Torr of $fot for NH, relaxation but [, = 1] = C g*ICFt 4 ¢ gk-alCFdt 1o
for producing F atoms in pulse radiolysis. [CFAt _[CFat

Chichinin et aF® have reported the deactivation rate constant Ce +Ce )
of NDy(v7" = 1) by CR: (1.94 0.4) x 10 1 cm? molecule’®
s™1, and concluded that the value is typical for a quasi-resonant whereC; are constants related to the initial vibrational popula-
energy transfer. There is no report on the rate constant fortions and rate constants. In general, higher vibrational levels
relaxation of NH(v2" = 1) by Ck; thus, we have first measured  relax faster than lower levels, i.&k, > k,—1 > ... > k» > ky.
the rate constant for relaxation of M, = 1) by CF,. Figure The last two termsCye*ICFt + Cie7MICFt are predominant
2 shows the time profiles of Nif,’ = 1) at different Ch over other terms after an appropriate delay timand profiles
pressures. The time axis is the delay between the photolysisafter the initialt; can be fitted to a double exponential form.
and probe laser pulse. There are 2000 points per time scan, anHowever, t; cannot be determined without the values of
a single data point represents averaged signals from 10 lasefe|axation rate constant of the levels’ > 2. This is the case
pulses. The decay in the profiles corresponds to vibrational for the present study, and single-exponential analysis was made
relaxation frOWz” =1to Uz” =0. Although Nl‘k is an efficient as an alternative way. Time prof”es oi" =1 are governed
collider for relaxation ((4.7-0.6) x 10-1* cm® molecule* s™1 only by the last termCye kICFdt after the delay timet,. For
*9), a discernible population of Nib;" = 1) is present even at  gxample,t, for the profiles shown in Figure 2 are 180, 110,
300 us after the photolysis under the conditions with na,CF a4 55,5 for a, b, and c, respectively. Semilogarithmic analysis
(Figure 2a). It is apparent, as shown in Figure 2, b and c, that of the time profiles aftet, gives apparent first-order decay rate
CF, efficiently accelerates the relaxation .(dec_ay) ofi&b{'_ constantskgecay Figure 3 shows a plot okgecay Versus Ck
= 1), and that 40 mTorr of Cflepopulates vibrationally excited ., entrations. The slope corresponds to a rate constant for
states within 10Q:s. It ;hould be nqted that not_only_the deca}y deactivation of NK(v,"" = 1) by CR: [3.2 4 0.5(20)] x 10-11
but also the growth |r_1_the profiles shown_ln Figure 2 is o8 molecule s, The error originates mainly from statistical
accelerated .by the add'?"’” of G;F!’he growth n thg profiles deviation of semilogarithmic analysis and the scatter of the data
reflects rotational relaxation from highly excited rotational levels R .

shown in Figure 3. The intercept of the plot represents the sum

O.f va = ltoa d_etected rotational Ie\'/’el, and the following of the rates of relaxation by Ng-&nd N> and diffusion loss from
vibrational relaxation from the levels %" > 2. Nadtochenko )
the volume probed with the dye laser.

et al* have reported that 7% 10% of NH, are vibrationally

excited, and Biesner et #lhave also shown that highly excited Deactivation rates of Npand NH by CF, are surprisingly
vibrational and rotational levels of NHare generated in the  fast. All the reported rate constants for deactivation of,Mif
photolysis of NH at 193 nm. molecules having neither polarity nor-NH bonds are less than

Pseudo-first-order conditions ([NH < [CF4]) are satisfied 1 x 107*# cm® molecule™ s71.44.5°58 Vibrational energies of
in the present study, and consequently, the first-order ratesNHz(v2" = 1) and NDy(v;" = 1) are 1497 cm* and 1109
governing the profiles are linearly dependent on{Chitially cm1,5! respectively; vibrational quanta of Gre 909 cm*
populated vibrational levels higher thagi’ = 1 cascade down (1), 435 cmt (v2), 1281 cm* (vg), and 632 cm! (v4).®2
to v2' = 1 by collisions of Ck as shown in the following  Assuming that deactivation of N{v," = 1) and NH(z" =

scheme: 1) by CF; proceeds via a ¥V mechanisn®8 vibrational energy
of NDy(v2" = 1) 1109 cmt is transferred tov; and/or v
k,[CF,] k,_4[CF,] K,[CF,] K,[CF,] vibrations of Ck, and NHy(v,'" = 1) 1497 cn1! to v3 of CF4
v v—1 e =17 as follows:
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Figure 4. Semilogarithmic plots of the time profiles of Nt#." = 0) 1) versus NO concentrations. The slopes of the straight lines fit by
at various NO pressures. The time axis is the delay between the yggression analysis give overall rate constant fop(di = 0) + NO:
photolysis and probe lasdPyn, = 13 mTorr,Pcg, = 240 mTorr, and [2.05 £ 0.1(2)] x 1071 cn® molecule™ %, and NH(z2" = 1) +
Potar = 1 Torr (Ny). NO: [2.6+ 0.4(2)] x 1071

Time / ps

ND,(v," =1)+ CF,— Here, we have chosen the fastest values reported so far to
ND,(v," = 0) + CF,(v; = 1) + 200 cm * (3a) evaluate the upper limits of the effects by these background
reactions. Time constants for reactions-5a are calculated to
ND,(v,” = 1)+ CF,— be 0.8 s, 1.3|s,>10ds, and(é[l.iﬂlos, respecti\(/)lezly, frlom tlhe pre33ent
" 1 experimental conditions ([Nfo ~ 1 x 10*2 molecule cm
NDy(v;" = 0) + CFy(v; = 1) — 172 cm ~ (3b) andPyw = 1 Torr (Ny)). Because the time constant of the NH
" (v2" = 0) + NO reaction is an order of 18s even at the lowest
NHy(2;" = 1)+ CF,—~ NO concentration in the present study (10.6 mTorr), all the
NH,(v," = 0) + CF,(v;=1)+ 216 cm* (4) above background reactions must be negligibly slow as can be
seen in Figure 4 aPyo = 0.
The magnitudes of energy defects are almost identical for these Regeneration of NHlis possible by the following reaction:
processes; nevertheless, deactivation ot = 1) by CK
is faster than that of Nfvo" = 1) by CF, by a factor of 1.7. OH + NH; — NH, + H,0 (6)
Rate Constants for Reactions of NH(z," = 0 and 1) +
NO. Because CFhas been found to be an effective collider Since the hydroxyl radical OH is produced in NH NO
for vibrational relaxation of Nk a large amount of CH240 reactions (reactions la or 1b). The rate constant for reaction 6,
mTorr) was added to the system for measuring the reaction ratesl.6 x 1072 cm?® molecule’* s~ corresponds to a time constant
of reaction NH(v2"' = 0) + NO. Semilogarithmic plots of the 1.5 x 10~ 2 s which is 150 times longer than the time scales
LIF intensities of NH(v2" = 0) as a function of reaction time  of observed NH + NO reactions. Therefore, any background
at various NO pressures are shown in Figure 4. Profiles reachreactions related to regeneration of Ne&n be assumed to be
their maxima at about 2@s, although the estimated time negligible under the present experimental conditions.
constant of vibrational relaxation @' = 1 by 240 mTorr of All the plots in Figure 4 show straight lines after @6, which
CF, is 4 us. The difference gives an evidence that higher indicates that the population of the level’ = 1 is negligibly
vibrational levels than,”" = 1 are produced in the photolysis small after the initial 3Qcs. This is in contrast to the observation
of NH3 at 193 nm and relaxed to,” = 0 via v»'' = 1. The that a discernible population @k’ = 1 is present even after
cascade of vibrational levels makes the times for maximum 300 s under the same conditions, except for the absence of
intensities longer than those estimated from only the relaxation CF; (Figure 2a). The ratios of [NOJ/[NH, are always larger

rate constant foe,"" = 1. than 230, and the pseudo-first-order conditions are satisfied. The
There are several possible disproportionation and recombina-first-order decay rate constants were obtained by the analysis
tion reactions of Nk of the decays after the initial 3ts. The dependence of the decay
rates on NO pressures is shown in Figure 5a, giving the rate
NH, + NH, =~ HN=NH + H, (5a) constant for the reaction between Mk = 0) and NO to be
[2.05+ 0.1(2)] x 10~ cm® molecule! s~%. The error is due
— NH + NH, (5b) mainly to the scatter in the data points of the plot and the
uncertainties of pressures of reagents.
— NH,NH +H (5¢) Reported rate constants for Mid,”" = 0) + NO reaction at
room temperature are listed in Table 1 in chronological order.
(+ Ny) = N,H, (+ Ny (5d) There is no systematic change in the rate constant with total
pressure (0.£760 Torr) and buffer gases (He, ArpoNand Q).
Reported rate constants for these reactionskgf800 K) = A significant feature is that rate constants measured by
1.3 x 102 cm?® molecule® s71,83 ksp(298 K) = 7.64 x 10713 discharge-flow methdd#16 are smaller than those obtained
cm? molecule? s71,64ks(300 K) < 1 x 10713 cm?® molecule? using pulsed photolysis by about a factor of 2. The discrepancy

s71,6%3 and ks¢(298 K) = 6.89 x 10730 cmP molecule? s71.65 has been a source of controversy for a long time. Jeffries et
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TABLE 1: Rate Constants for the Reaction NH(z, = 0) + NO at Room Temperature

ka [NHz)/cm™3 [NH]o/cm™3 method Pt/ TOrr buffer T/K refs
2.7 8x 1015-5 x 10% PR/PA 256-1520 298 7
0.83+0.17 8x 10% A2 x 10t DF/MS 1-10 He 298 8
214+0.2 3.2x 10' <6.4 x 10% FP/CWLIF 0.9 Ar 298 9
1.8+0.3 1x 10Y 6 x 101%-1.8x 10" FP/PA 2-700 N 300 10
1.7+ 04 3.3x 10-3.3x 10® <3.3x 10% FP/LA 0.1-1 Ar 293 11
1.9+0.2 6.4x 10*-1.6 x 108  10°—-10° FP/CWLIF 3-10 He 298 13
1.2 1.7x 108%-6.6 x 10'® <1.6x 108 DF/CWLIF 0.6-4 He 298 14
1.7+ 05 6x 108—6 x 10'° UVLP/PA, LIF, IREM He 295 15
0.9 <5 x 101 DF/LIF,RF 1.15-1.51 He 298 16
2.10+ 0.6Z 3.2x 101 FP/CWLIF 2.5-10 Ar 298 17
1.81+0.12 3 x 10" UVLP/LIF 1-2 He 297 18
0.90 1x 10d <3 x 101 IRLP and flow/LIF, RF, MS 1 He rt. 19
14+0.1 <1.6x 10%¢ IRLP/LIF 2-55 Ar 298 20
20+04 (0.16-32.2) x 10 ~3 x 1012 FP/LA 10 N 298 25
1.8+0.2 ~4 x 104 UVLP/LIF 10 N, 294 24,26
2.24+0.3 ~10Y PR/PA 760 Ar 298 28
1.45+ 0.15 (1.3-4.4) x 10' (1-5) x 10 UVLP/CRD 50, 60 Ar 297 30,31
19+ 0.3 <1.3x 108 (2—3) x 10 UVLP/MS 6 (0} 299 33
1.46+ 0.1% ~2.1 x 10% ~1.8 x 10" UVLP/MS 4.3-5.2 He 305 35
1.9+0.1° 1.2x 10%-19x 10 =~4x 10¥ UVLP/CWLIF 10 Ar 295 32,37
2.05+0.1° 4 x 10" <1 x 10% UVLP/LIF 1 N3 298  this work

2|n units of 101 cm® molecule! s ® PR: pulse radiolysis; DF: discharge flow; FP: flash photolysis; UVLP: UV laser photolysis (193 nm);
IRLP: infrared laser photolysis; PA: Photoabsorption; MS: mass spectrometry; CWLIF: continuous wave laser-induced fluorescence (LIF); LA:
intracavity laser absorption; IREM: infrared emission; RF: resonance fluorescence; LIF: pulsed LIF; CRD: cavity-ring-down figthoted
errors are @. 9 Precursor is BH.. ¢ Precursors are M, and CHNH,. f Room temperature.

al.»® produced NH using infrared laser decomposition in a Stephens et &P have suggested that high NEoncentrations

dissociator cell, and then introduced Nkb a flow cell for and photolysis result in thermal shock waves because of a large
observing NH + NO reaction. They produced Nkvith a pulse energy release of the reaction 1d. They have calculated that the
laser; nevertheless, their rate constant, 80-12 cm® molecule'® temperature rise is between 5 and 10 K, depending on the pulse

s1, is almost identical with the averaged value given by the energy and NHl concentration. Because the rate constant of
flow method. Whyte and Phillig8 have pointed out that long-  NH, + NO shows a negative temperature dependence, a slightly
lived NH,NO adduct diffuses out of the observation region in smaller rate constant is obtained. However, a decrease in rate
a photolysis method, but redissociates to NH NO in an constants estimated from the temperature rise is less than 5%
observation time scale typical of a flow tube method. However, that is too small to account for the underestimation of rate
this explanation seems implausible, because the observatiorconstants measured at high hHoncentrations. By their
times of experiments of refs 17 (3 ms) and 33 (8 ms), which systematic check, Wolf et &:37 have found that higher
employed pulsed photolysis and reported large rate constantsconcentrations of Ngland photolysis energies lead to smaller
are not much shorter than those of flow method. rate constants, and that lowering N&hd/or photolysis energies
The small rate constants given by the discharge-flow methodsdid not further change the measured rate constants. Indeed all
might be due to the plug-flow assumption made in the analysis. the measurements giving small rate consti#sl 3 were made
Howard® has pointed out that the flow methods are likely to at high NH; concentrations, but Wolf et al. have not given a
give considerably small rate constants unless the concentrationdecisive reason for the decrease in rate constants measured at
gradient of reactants in a flow tube is carefully corrected. high NHs; pressures and photolysis energies. Bulatov &b al.
Specifically, when homogeneous and wall-depletion rates are have also observed an apparent decrease in rate constants at
large, conversion from axial distance to reaction time cannot high NH; pressures, and concluded that the cause is regeneration
be made. Dorthe et &l.have shown that plug-flow rate constant of NH, by OH 4+ NH3; — NH, + H,0 following reactions 1a
values are significantly smaller than those given by the solution and 1b. It has been established that the yield of OH in the
of the differential continuity equation. They have measured rate NH, + NO reaction is about 10% at room temperaftiré’
constants for the reactions of atomic carbon with OCS and NO, Therefore, the amount of regenerated N&y OH + NH3 is
demonstrating that the rate constants obtained on the plug-flownot large enough to account for the small rate constants at high
assumption are about 1.6 times smaller than those determined\NHs and/or NH concentrations.
by the continuity equation. The homogeneous and wall removal Here we discuss the other possible causes of the small rate

rate constants in their measurements wefd®11—-10-10 cn3 constants. Gericke et #l. added a large amount of NO
molecule® s71 and ~1(? s71, respectively, and these values (maximum pressure was 3 Torr). The addition of NO accelerates
are similar to those in the case of MH NO reactions® Of not only chemical reactions of Nk, = 0) + NO but also

the studies on NEH+ NO reaction using flow tube methods, vibrational relaxation and/or reaction of M, = 1) with NO.
Silver and KolB® corrected for the effects of axial and radial As a consequence, both rates for the growth and decay of
diffusion in their analysis; however, they determined the rate NHy(v," = 0) are increased. They used 50 mTorr of 8,
constants on the assumption that reaction time can be calculatedhs a precursor of N and added 2 Torr of Ar to suppress

from axial distance. diffusion loss of NH. In their experiments, the first-order rates
Studies using pulsed methods are also divided into two of total removal ofv,” = 1 by CHNH, and Ar, which are

groups: one group has reported rate constants of-(IL3) x estimated to be 1.2 1®® st and 1.9x 10* s~ from previously

1071 cm?® molecule® s71,20:3031.353nd the other of (172.2) reported rate constart$?”:5%are much smaller than 1.5 10°

x 1071 cm® molecule'® s71,24.26.28,32.33 3\ though this differ- s™1 for the removal at a typical pressure (1.5 Torr) of NO.

ence is not so large, no convergence has been made. Therefore, It might be difficult to eliminate the effect of growth
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lowering the apparent rates of M, = 0) + NO reaction. vibrational relaxation nor radicalradical reactions. Neverthe-

Unfortunately, neither temporal profiles nor semilogarithmic less, they have reported a relatively small rate constant

plots of NHy(v2" = 0) are shown in their paper, and the details ((1.45 & 0.15) x 107! cm® molecule® st at 297 K). The

of their analysis are unclear. NO accelerates both growth andconcentration of Nglwas high, and their result is consistent

decay of the profiles of Nk{z"" = 0) also in the present study.  with the tendency for rate constant to decrease at high NH

However, the increase in the rates of growth on addition of NO concentrations as pointed out by Wolf et &I/ although this

is negligibly small, because the growth of' = 0 is totally is by no means certain.

governed by 240 mTorr of GHn the present experiments (see  The overall rate constant for Nd," = 1) + NO has also

Figure 4). Another problem of their measurement is time peen determined in the present study. Na @&s added in the

resolution. A large amount of NO was added, and apparent time system when the time profiles of Nt = 1) were recorded.

constant of the reaction of interest was about 700 ns at theThe growth and decay of the time profiles of' = 1 are

highest NO pressure. They recorded a profile with 512 points gccelerated by NO, because the rates of reactions and/or

per scan, and thus an interval of data points was 1.4 ns.relaxation of NH(v;' = 1 and 2) are linearly dependent on

However, the pulse duration of their probe laser, (Bser NO concentration. We have, therefore, analyzed time profiles

pumped dye laser) was about 8 ns. The fact suggests thain the range of a long delay time by single-exponential analysis

effective time resolution was too poor to derive an accurate rate jn the same manner as described in the analysis for determining

constant. the rate constant of relaxation of Nit,' = 1) by CF. The
Park and Lif® employed UV laser photolysis coupled with  potential uncertainty is larger than that for the }#3'' = 0) +

pinhole sampling using electron impact mass spectrometry. TheyNO case, because the number of data points used in the analysis

did not detect NH, but observed time-resolved concentration is limited. From the dependence of the apparent first-order decay

profiles of NO and HO, and gave a relatively small rate constant rates versus NO concentrations have given a rate constants for

(1.46+ 0.15) x 10~ cm® molecule? st at 305 K. Detection NHa(22" = 1) + NO to be [2.6+ 0.4(D)] x 107 cm?

by mass spectrometry differs from that of laser-based techniquesmolecule® st (Figure 5b). Gericke et &P have also shown

in state selectivity. If rate constants for the reactionsy(xf the acceleration of total removal of NHipon excitation of

> 1) + NO are different from that for Nk = 0) + NO, bending vibration, whereas their value ((3220.2) x 1071

then rate constants measured by mass and laser detectioem® molecule’? s™1) is larger than ours. There are too many

techniques may be different. However, Imamura and Wasghida differences in experimental conditions to find the causes of the

have employed a similar pinhole sampling technique, and discrepancy in the rate constants. Gericke et al. decomposed

directly detected Nklby photoionization mass spectrometry at CH3NH; or NoH4 with an infrared laser, and added a much larger

various NO pressures, giving the rate constant to beX{1093) amount of NO £3.5 Torr) than in the present studx 70

x 10711 cm® molecule? st at 299 K. Their rate constant falls  mTorr). They have concluded that the increase in the rate

into a group of relatively large rate constants. Accordingly, mass constant upon vibrational excitation is indicative of an accelera-

detection is not a cause of the discrepancy in the rate constantstion of reactive removal of Nklby NO, on the assumption that

A significant difference in the experimental conditions in the deactivation rates of Ny, = 1) by NO are not so different

two studies is the initial Nkiconcentration: [NH|p ~ 1.8 x from those by @ and N: 10713—10"12 cm® molecule?

10* molecule cm?® in ref 35, and< 3 x 10 molecule cm?® s14456.57However, there is a possibility that NO shows a larger

in ref 33. Park and Lin did not adopt the pseudo-first-order cross-section for vibrational relaxation than would be expected

conditions (0.35< [NOJ/[NH 2] < 0.93 in measurement at 305 from results on @and N,’2because NO has a radical character.

K), and they were not able to neglect the competing radical To determine accurate branching ratios between reactive removal

radical reactions. Thus they simulated the kinetics of the systemand vibrational relaxation of Nifv,” = 1) + NO, calibration

consisting of 71 reactions. Self-reactions of Nirfeactions 5a of detectivities of NH(z," = 0) and NH(z," = 1) must be

and 5b) and the reaction of Nivith H were taken into account  made.

as background processes related to the initial products of the

photolysis of NH. Reliability of the rate constants determined Summary

by simulation is strongly dependent on the accuracy of the

kinetic data used in calculation. Unfortunately, none of the rate It has been found that GFs an effective collider for

constants for these reactions at around 300 K have beenvibrational relaxation of Nkl The deactivation rate constant

established. The rate constant of reaction 5a used in theof NHy(v2 = 1) by CK has been determined to be [3£22

simulation was 8.3« 10713 cm?® molecule! s71;68 Stothard et 0.5(20)] x 1071 cm?® molecule’? s72, and it is larger than that

al%3 have reported a larger rate constant to bexl 8012 cm? for NDx(v» = 1) by CF, by a factor of 1.7. The fast relaxation

molecule’! s71. There is a large discrepancy among reported of NH, by CF, enables us to determine an accurate rate constant

rate constants of reaction 5b measured at room temperaturefor NHx(v, = 0) + NO reaction: [2.05+ 0.1(2)] x 1071t

1.15x 10718 — 7.64 x 10713 cm® molecule’! s71.646%71 Rate cm® molecule’? s71. Our rate constant supports the relatively

constants for reactions 5b and Nt H in the simulation were larger rate coefficients around 2 107! cm?® molecule’! s71

extrapolated using temperature dependence measured by shocteported so far for the Nif, = 0) + NO reaction. The overall

tube experiments at 226@800 K& Actually, the difference rate constant for Nk{v> = 1) + NO has also been determined:

in the rate coefficients for N+ NO reported by Wolf et al. [2.6 £ 0.4(2)] x 10711 cn?® molecule! s71,

and Park and Lin is smaller at higher temperature. It might be

suggested that a little small rate constant for,NHNO reaction Acknowledgment. This work was supported by the Grant-
determined by the simulation results from incorrect rate in-Aid for Scientific Research on Priority Areas “Free Radical
constants used. Science” (Contract No. 05237106), Grant-in-Aid for Scientific

Diau et al’! have measured the rate constant by cavity-ring- Research (B) (Contract No. 08454181), and Grant-in-Aid for
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