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A Comprehensive Study of the Reaction NH + NO — Products: Reaction Rate
Coefficients, Product Branching Fractions, andab Initio Calculations
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We have undertaken a comprehensive study of the reactigX¥B}) + NO — N + H,0 (1a) and NH(X

2B;) + NO— N;H + OH— N, + H + OH (1b). Experimental measurements of the reaction rate coefficient

and product branching fraction are combined with accurate ab initio calculations to give a detailed picture of
this important reaction. The rate constant of reaction 1 was investigated in the temperature rangs 203 K

T < 813 K using the laser photolysis/CW laser-induced fluorescence technique for production and detection
of NH,. The rate coefficient was found to be pressure independent between 10 and 100 Torr and is well
described byk(T) = 1.65 x 10T 3% exp (—93 K/T) cm?/(molecules). The deuterium kinetic isotope

effect for the reactions of NfHand ND, with NO was investigated at temperatures between 210 and 481 K.

A small, temperature-independent isotope effedt g, = 1.05+ 0.03 was found. Additional experimental

work focused on measuring the product branching fraction for production of@k,and its deuterium

isotope effect at room temperature. Measurements were performed using the discharge-flow technique with
mass spectrometric detection of products. OH from channel 1b was reacted with excess CO and measured
as CQ. The room temperature branching fraction was measurdgygs 9.0+ 2.5% (NH, + NO; T = 298

K) and®,,= 5.5+ 0.7% (ND, + NO; T = 298 K). Theoretical calculations have characterized the stationary
points on the potential energy surface connecting reactants with products using G2 and G2Q levels of theory.
These calculations support the experimentally observed temperature dependences and kinetic isotope effects.

Introduction

In the thermal DeNOXx process the reaction of Nidth NO
is a primary destruction mechanism for nitric oxide. Knowledge
of its rate and branching fraction into the possible product
channels

channels should result in little of the initially produced adduct
being able to redissociate to reactants, and hence the reaction
rate coefficients are expected to be pressure independent. The
potential energy surface explored by this reaction is complicated
by the presence of energetically accessible H-atom migrations
and cis-trans isomerizations connecting multiple stable inter-
mediates. Production of N+ H,O products requires breaking

2 —_—
NH,(X "By + NO—N, +H,0 (1a) of all of the bonds present in the reactants and forming all of
the bonds present in the products, highlighting the complexity
—NH+OH=N,+H+ OH (1b) of this elementary reaction.

This reaction has been studied for more than 50 years. In
1939 Bamford® photolyzed NH/NO mixtures at 373 K in a
series of stationary photolysis experiments. He identifie® H
and N as photolysis products, and proposed a mechanism in
which reaction 1la was the loss channel for NH.ater work
by Serewicz and Noyékin the vicinity of room temperature
also identified NO as a product of the photolysis; presumably
it was destroyed by mercury-sensitized photolysis in Bamford’s
work, since he made extensive use of mercury seals in his
vacuum apparatus. Srinivasamused!®NH; to establish that
the N;O came solely from NO, while the Nncorporated one
N atom from ammonia and one from nitric oxide, thus ruling

is of central importance in the successful modelling of the
thermal DeNQ process. Channel 1a is chain terminating, and
for the DeNQ process to be self-sustaining at least part of the
reactive flux must go through channel 1b. The lifetime gHN
formed in channel 1b has been a source of considerable
controversy over the years, but it is now generally agreed that
the lifetime of NH is short, in keeping with experimentally
measured upper limisnd theoretically calculated lifetimés®

In the atmosphere, NHis generated from ammonia from
either photolysis or reaction with OH radic&ls Although
production of NH from NHs; is probably only a small loss
channefl| the flux of NH; into the atmosphere is quite large,

and its reactions with atmospheric species need to be considere
Since NH does not react with Nand reacts only very slowly
with O,,° reactions with trace species, such as NO, could be
important, especially in polluted urban environments.

The reaction of NHwith NO is an association reaction with
multiple product channels available to the initially formed
adduct. The existence of energetically accessible product
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dout an NB + NO — H, + N,O channel. The BD was

assumed to be formed by the reaction of two HNO radicals,
producing NO and HO. The final “classical” photochemical
study was that of Jayanty, Simonaltis, and Heicklemhose
actinometric measurements established the quantum yield for
formation of N as 1.0+ 0.1 at 298 K, making B+ H,O the
major channel in the reaction of NHwith NO at room
temperature, since the OH formed in 1b would presumably react
with NHs, producing more Nkl and increasing the quantum
yield above 1.0.

More recently, both the rate and products of the reaction of
NH, with NO have been the focus of a number of direct
determinations between room temperature and ca. 1060°K.

S1089-5639(97)01316-9 CCC: $14.00 © 1997 American Chemical Society



6244 J. Phys. Chem. A, Vol. 101, No. 35, 1997 Wolf et al.

At higher temperatures modeling has been used to determinements under conditions identical with those used in the

products of the reactio?¥4° Portions of the potential energy  experiments showed that the temperature was constant over both

surface have also been calculated over the past 15 §#¢éfs,  the reaction zone and the duration of the experiment wittin

although all of the thermally accessible stationary points had K above andt1 K below room temperature, respectively.

not been treated before the present work. NH; radicals in their X?B; ground state were produced by
Despite the large number of studies of this reaction there were ArF excimer laser photolysis at 193 nm of hH

still a number of unresolved issues. None of the previous studies

has examined the reactivity or product formation from JND NH, + hv — NH,(X °B,, A °A,) + H (°S) (2)

information which will shed additional light onto the mechanism

of this complex reaction. All of the thermally accessible The quantum yield for production of NkKK?B,) is 0.97, and

stationary points on the potential energy surface had not beenonly a small fraction ¢ = 0.025) is produced in the (A;)

calculated at a uniformly high level of theory. In order to excited staté? which undergoes rapid relaxation to the ground

understand these reactions better we have undertaken paralle$tate’® Although the relaxation of vibrationally excited NH

theoretical and experimental studies of this reaction. We haveis reported to be fa&t>3compared to the consumption of NH

used the G¥ and G2@8 methods to characterize stationary Via reaction 1 under the conditions used, a temperature- and

points on the various potential energy surfaces. Experimentally pressure-dependent signal rise time betwe®0 and 30Qus

we have used the laser-photolysis/CW laser-induced fluores-was observed in our experiments without any NO added, which

cence (LP/CWLIF) technique to measure reaction rate coef- could only be explained by assuming a relatively slow relaxation

ficients and the discharge flow technique to characterize reactionof rotationally and/or vibrationally excited NHo the equilib-

product branching fractions. rium distribution at the given temperature. PhotolyzingiND
under the same conditions yielded N&ignals with substantially
Computational Details longer rise times. This observation might be explained by the

fact that more rotational and vibrational levels can be excited
in the ND, molecule with the available photolysis threshold
energy, which, in turn, may slow down the relaxation process
to the equilibrium distribution.

lati ith dditional “high q tion” based As discussed below, the precursor concentration and pho-
culation with an additional “higher order correction” based on tolysis energies needed to be held at relatively low levels,

the number of palrgd and un.palred electrqns. The method has1imiting the achievable initial NH concentration. Photolysis
been shown' t(.) yield atomization energies with a average pulse energy densities of 2:3.0 mJ/c were used, corre-
absoll_the deylatlon of 0.9 kcal/mol for a Iarge_numberof Species sponding to total photolysis energies of &2 mJ/pulse in
containing first-row elements. For characterization of potential the quartz cell, and 0:81.0 mJ/pulse in the aluminum cell
energy surfaces the empirical “higher order correction” terms respectively. 'I:he precursor concentrations werexl Z0H < '
cancel, removing that source of empiricism from our calcula- [NHj < 1.9 x 10" molecules/cti Typical initial NI—TZ

t'??ﬁ" c\/;\lze ha‘t’ﬁ ((:jatm?d ou@taddltlto?al ?tudlgg of (tjhf apgl;chat?hty concentrations were estimated toAs 4= 1) x 102 molecules/
orthe method lo transition state structuresd found tha cm?, using the NH absorption coefficient oé;193nm= 2.91 x

it performed well in predicting transition state properties, 106 cri?/mol, given by Atakan et & Performing experiments

although its performance for transition states could be enhanceqN- ; - : -

. L . ith substantially higher Nklconcentrations and/or photolysis
by using _QCISD/6-31lG(d,p) Op.t'm'ZEd geomet_rles and fre- energies led to a systematic decrease of the measured rate
quencies instead of the MP2 optimized geometries and scaled

) . constants. Lowering one or both of these quantities below the
HF frequencies of the G2 method. We have used this G2// g d

. . values used in our experiments did not further change the rate
QCISD/6-311G(dp), or GZQ’ method to cha_lracterlze the h!gher constants but only decreased the S/N of the experiment. Under
energy (and hence more important) transition states leading to

No 4 HoO products the e>.<perimen.tal conditior]s used, recombingtion or dispropor-
2 2P : tionation reactions of Nkidid not play a significant role based
on published reaction rate coefficieffsFormation of NH
radicals via multiphoton dissociation at 193 ffrwas avoided
Reaction Rate Coefficient Measurement.The reaction of by attenuating the photolysis flux density to less than 3 mJ/
NH, with NO was investigated using the LP/CWLIF technique. cn?. Reactant concentrations were varied in the rangexs.4
A detailed description of the experimental setup used is given 10* < [NO] < 58.6 x 103 molecules/cri The total gas flow
elsewhere! and will be discussed only briefly here. Slow flows was adjusted at each temperature to provide a constant flow
of highly diluted reagents with argon as buffer gas passed velocity of about 5 cm/s. This value allowed for full gas
through the reaction zone of a reactor cell, with the reaction exchange between two excimer laser pulses. On the other hand,
zone defined by the perpendicular intersection of the photolysis at this flow velocity the gas mixture could be considered to be
beam, the CW dye-laser probe beam, and the photomultiplier stationary during the data acquisition time. Raising or lowering
field of view. Two different types of flow reactors were used the total gas flow by a factor of 2, leading to flow velocities of
during the experiments. For temperaturesTog 292 K, a 10 and 2.5 cm/s, respectively, did not lead to a change in the
heatable quartz reactor with air-cooled window mounts was measured rate constants. The gas pressure in the cell was held
used, which was resistively heated with a regulated dc powerat 10 Torr in all experiments investigating the temperature
supply. AtT < 292 K, the experiments were performed in a dependence and the deuterium isotope effect of the title reaction.
black-anodized aluminum reaction cell, which was thermostated In an independent evaluation of the pressure dependence of
by circulating cooled methanol through the reactor body. In reaction 1 the pressure was varied between 10 and 100 Torr.
order to achieve an effective thermal insulation and to avoid The time dependence of [NHwas monitored as a function
water condensation on the reactor windows at low temperatures,of the NO concentration using the CW LIF technique. CW-
both reactors were mounted in an evacuated brass cylinder. Thdaser radiation afl = 629.91 nm (Coherent 699-29 ring dye
temperature was measured with a chroralmel thermo- laser, DCM laser dye) was coupled into the cell through a
couple directly above the reaction zone. Independent measuremultimode, UV-optical fiber, exciting the (0,8,0)dine in the

Calculations were carried out using the Gaussiaf? aad
Gaussian 9 programs. We used the G2 method, as outlined
by Pople and co-workerS. G2 uses a series of calculations to
approximate a QCISD(T)/6-3#1G(3df,2p)//MP2/6-31G(d) cal-

Experimental Section
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A 2A; — X 2B, electronic transition of N Fluorescence .., '
was observed broad band using a 70 nm fwhm filter centered NH, + NO y
at 800 nm. At temperatures &f> 600 K a 1 nmfwhm filter 7 n s om L
centered at 632.8 nm was used. This filter shows a considerably
higher transmission coefficient at the pump wavelength but is
more efficient in cutting off blackbody radiation which is blue-
shifted into the detection wavelength region with increasing 2%
temperature. NPradicals were pumped &t = 649.94 nm,
exciting the (0,10,0) 4 and 55 states in theA 2A; <— X 2B, ; -
electronic transition of NR and fluorescence was monitored L Lgs gt W oo
using a 697 nm high-pass filter. 80 Paw® o uen v
The measured rate constants were independent of the dye
laser power over the range of 16050 mW output power, 1254
measured directly at the dye laser. Approximately 1/2 of the N, + B0
dye laser power was incident on the experiment, due to lossesFigure 1. Schematic of the potential energy surface for the,NH
occurring within the optical fiber system. Fluorescence propa- NO — products reaction, showing the stationary points characterized
gating from the probed volume in a downward direction passed N this work.
through a bandpass filter and was detected by a photomultiplier. . )
The photomultiplier signal was sent to an amplifier/discrimina- MA were employed. Relevant ions were pulse counted with
tor, and the resulting pulses were counted by a PC microcom-2an SRS400 gated photon counter interfaced to an computer.
puter equipped with a multichannel scaler card. Data were Modulated beam sampling was employed to improve signal-
stored throughout 1000 channels with a multichannel scaler to-noise while a liquid nitrogen shroud above the mass
dwell time of 10us. Signals from 1000 to 5000 excimer laser spectrometer sampling region considerably reduced background

=

X
A T
[

pulses were summed to generate each, Nidcay profile. counts.

Excimer-laser-induced window fluorescence, fluorescence from All gas flow rates were controlled and measured with
NH,(A?A;) formed in the photolysis of Nk and chemilumi- calibrated mass flowmeters while the pressure was monitored
nescence from the reaction H NO — HNO + hv partially with a capacitance manometer and controlled with a butterfly

obscured the Nb decay profiles. This interference was Valve connected to an MKS 252 exhaust controller. Flow rates
removed by using a chopper to block the dye laser on alternatewere typically in the range 35 m/s while pressure was
excimer laser pulses and subtracting the signal collected with maintained at 1.0 Torr.

the probe beam blocked from that with it unblocked. NH2/ND; radicals were formed by reaction of NDs with

All reactive experiments were carried out with [BH< < F atoms, created by microwave discharging a flowing, dilute
[NOJ. Therefore, pseudo-first-order kinetics apply, and one Solution of R/He in a Beenakker-type microwave cavity
should expect strictly exponential decays. In the absence ofoPerating at SOW. ThezfHe mixture passed through the main
NO the NH decay profiles are dominated by losses due to flow tube, with the NH or ND; added through the middle
diffusion and reaction with background impurities, adding some injector. The He/NO/CO mixture was added through the inner
nonexponential character to the measured JNHofiles. We injector. The distance between the middle and inner injectors
therefore fit the initial slopes of the measured decays to an Was adjusted to drive the F- NH; reaction largely to
exponential equation. In this way we generated linear bimo- completion. Maximum ammonia concentrations were limited
lecular plots with intercepts 6£2004 100 s*. These values  Poth by formation of solid NkF, as well as formation of M
agree well with the Nkilosses by diffusion and background ~SPecies, which could be detected mass spectrometricaifjeat
reaction one would expect under the experimental conditions = 30, 31. We were also restricted to running with [jé>
used. [Flo in order to minimize formation of NH. The distance

between the inner injector and the sampling orifice was adjusted

Reagents used were NHMatheson, 99%), NP (MSD . . .
Isotopes, 99.4%), NO (Matheson, 98.5%), and Ar (Matheson, to all?v¥ tlme_”flor ’\tlig)e OH+ tC? reaction ttohbeh driven ht(ih t
99.9995%). NO was further purified by trap to trap distillation; compietion. € NO concentration was Set high enougn tha
Ar, NHa, and ND; were used without further purification the NH, + NO reaction was largely driven to completion in

; ’ : . . the mixing plume.

Product Branching Fraction Measurement. The branching Reager?tspused were NkMatheson, 99%), Np(Cambridge
fraction measurements were carried out in a discharge flow y P
system with products detected mass spectrometricall%/. Thelsotope Laboratory}'*N*0 (Isotec),*N, (Cambridge Isotope
basic apparatus has been described in some detail €ardirer Laboratory, 99%), He (Matheson, 99.9999%), Ar (99.9995%),

: 0, 0,
this study the flow system consisted of three quartz tubes placedz\:\i ;tﬁg?égisﬁggg% )a g&;gggn()'w?he;g?’irﬁtgi’j?;;)étgﬁ
inside one another, mounted vertically inside a vacuum jacket e ’ - Y

. ) _ 2
made of 45/8 in. Conflat hardware. Tube inner diameters (i.d.) Cglr\‘ﬁ%”"i“%“g Welr(()al,3|n rgolggjleslltzn{NTS]ls I\?HX &lODl '
were 21.8, 10.6, and 3.8 mm. This double-injector configuration [ ] =35 x 10% and [COF= 1.2 x 10% NHs, NDs,
allowed-e’ach' 6f the .three Itubes to be mounted at different N0, and CQ were purified through three freezeump-

thaw cycles prior to use. Before experiments with Nhe

heights from one another and permitted independent variation ; . .

of the mixing/reacting times in different regions of the system. flow system was deuterated by passingXhrough it overnight.
The outer vacuum jacket was pumped with an oil-free Drystar
mechanical pump.

Directly below the concentrically mounted quartz tubes, on  Ab Initio Calculations. G2 and G2Q calculations were
the tube axis, sita 2 mmi.d. skimmer (Molecular Dynamics)  utilized to characterize the stationary points on thgNNO
which feeds reaction products through a 1.5 mm collimating surface. The surface is shown schematically in Figure 1, with
orifice to a doubly-differentially pumped mass spectrometer. energies, geometries, and frequencies of the stationary points
An electron energy of 30 eV and an emission current of 0.75 collected in Tables 4. The energies of the stationary points

Results and Discussion
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TABLE 1: G2 and G2Q Energiest
species  E[MP4/6-311G(d,p)] E[QCISD(T)/6-311G(d,pf] A(+) A(2df)* A(QCIF A(G2F A(HLC)® A(ZPEF G2 energy

| —185.470 92 —185.466 11 —12.03 -—-98.26 4.81 —12.78 —45.00 32.22 —185.60197
Il —185.470 99 —185.468 26 —11.01 -97.60 2.73 —13.08 —45.00 33.31 —185.60163
Il —185.468 25 —185.465 82 —13.13 -97.11 243 —13.01 -—45.00 33.22 —185.600 85
\% —185.459 40 —185.456 53 —10.10 -—-98.51 2.87 —13.66 —45.00 32.35 —185.591 44
\% —185.470 00 —185.467 57 —11.25 -97.13 244 —13.14 -—-45.00 32.81 —185.60129
\ —185.419 18 —185.412 88 —9.94 —99.82 6.30 —12.16 —45.00 27.90 —185.55191
VI (G2Q) —185.418 98 —185.413 06 —9.78 —99.72 592 —12.34 —45.00 28.53 —185.551 37
\l —185.453 44 —185.451 32 —12.69 —97.01 212 —13.11 -—45.00 31.73 —185.587 40
Vi —185.401 06 —185.397 88 —13.77 —100.22 318 —12.97 —-45.00 29.38 —185.53996
VIII (G2Q) —185.400 69 —185.397 95 —13.14 —100.40 2.74 13.17 —45.00 29.70 —185.54353
IX —185.452 85 —185.450 53 —-11.11 -—97.83 232 -—13.59 —45.00 31.37 —185.58670
X —185.404 48 —185.401 01 —17.08 —99.34 347 —12.39 -—45.00 29.44 —185.54539
X (G2Q) —185.403 64 —185.401 12 —15.92 —99.57 251 -—12.74 -—45.00 29.84 —185.54451
Xl —185.429 34 —185.423 40 —16.72 —96.40 594 —11.83 —45.00 25.22 —185.568 14
X1 (G2Q) —185.429 89 —185.423 87 —15.61 —96.08 6.03 —12.05 —45.00 26.31 —185.566 30

aThe notation used is as follow\(+) = E[MP4/6-31H1G(d,p)] — E[MP4/6-311G(d,p)]A(2df) = E[MP4/6-311G(2df,p)}- E[MP4/6-311G(d,p)];
A(QCI) = E[QCISD(T)/6-311G(d,p)}- E[MP4/6-311G(d,p)]A(G2) = E[MP2/6-31H-G(3df,2p)]— E[MP2/6-311G(2df,p)I- E[MP2/6-311-G(d,p)]
+ E[MP2/6-311G(d,p)]A(HLC) = —0.19 x number ofa. valence electrons 4.81 x nhumber off valence electrons\(ZPE)= scaled zero-point
vibrational energy. G2 energy E[MP4/6-311G(d,p)H- A(+) + A(2df) + A(QCI) + A(G2) + A(HLC) + A(ZPE)= E[QCISD(T)/6-311G(d,p)]
+ A(+) + A(2df) + A(G2) + A(HLC) + A(ZPE).? Energies in hartree$ Energies in millihartrees.

TABLE 2: Calculated MP2/6-31G(d) and QCISD/6311G(d,p) Geometries

Vi Vil X X
[ I Il \Y v VI (QCISD) VIl VIl (QCISD) IX X (QCISD) Xl (QCISD)

r(NO) 1237 1.369 1.396 1.392 1.424 1290 1.284 1.442 1500 1.447 1466 1587 1494 1864 1.856
r(NN) 1343 1.258 1.252 1.244 1.240 1287 1273 1248 1.201 1.198 1.237 1.183 1187 1170 1.163
r(NHa) 1.011 1.029 1.031 1.046 1.041 1310 1.278 1.035 0.999 0.994 1042 0.999 0992 1.150 1.144
r(NHb) 1.019 1.023 1.017

r(OH) 0.990 0.976 0.990 0.977 0978 098 0969 0.980 0.979 0962 0.985 0.966
ONNO 112.96 110.86 108.27 118.14 111.57 103.08 102.94 108.48 114.31 114.23 113.42 110.65 110.93 89.47 90.83
OHaNN  115.81 104.84 103.28 112.67 109.87 81.31 80.57 103.52 177.28 178.63 110.82 173.27 175.10 102.09 97.34
OHbNN  117.77 117.45 117.84

OHON 104.98 101.77 108.16 102.75 103.20 103.11 103.63 103.85 99.08 100.66 136.94 128.62
OHaNNO 167.31 180.00 180.00 0.00 0.00 0.00 0.00 177.54 0.00 0.00 0.06 0.00 0.00 0.62.98
OHbNNO 10.91 180.00 180.00

OHONN 0.00 180.00 0.00 180.00 87.73 0.00 0.00 67.85 180.00 180.00 180.20 138.62

aDistances are in A, angles in deg.

TABLE 3: Calculated Scaled HF/6-31G(d) and QCISD/6-311G(d,p) Frequencies (in cm): (A) Protonated Species and (B)
Deuterated Speices

VI vill X X
| I 1T \Y v Vi (QCISD) VI VIl (QCISD) IX X  (QCISD) Xl  (QCISD)

(A) Protonated Species
3531 3529 3669 3523 3662 3403 3573 3623 3663 3919 3603 3681 3938 3610 3825
3367 3312 3297 3130 3195 2069 2180 3271 3549 3724 3177 3650 3860 2076 2198
1680 1719 1755 1730 1763 1511 1497 1732 1787 1783 1735 1818 1836 1894 1858
1590 1445 1445 1460 1434 1346 1375 1421 1346 1324 1414 1323 1290 1059 1161

1243 1382 1348 1299 1318 1198 1210 1305 867 776 1286 801 716 1010 981
1116 1015 988 983 1023 1145 1182 959 649 583 985 640 546 767 807
664 964 978 972 946 944 972 952 547 556 920 562 496 550 532
615 659 656 679 635 629 534 666 486 363 647 446 418 106 187

334 596 443 423 423  2182i 2052i 481i 1394 1427i 413i 1388i 1389i 1442i 1446i
(B) Deuterated Species

2618 2568 2672 2564 2668 2624 2639 2919 2630 2936 2785
2430 2425 2414 2291 2338 1314 2394 2718 2335 2810 1937
1669 1705 1737 1713 1742 1428 1727 1719 1731 1772 1510
1258 1210 1197 1193 1180 1277 1163 1053 1131 1003 862
1086 1079 1019 995 980 1107 991 731 992 657 806
963 922 909 933 915 908 883 533 882 530 734
563 727 734 789 819 837 700 432 745 359 508
500 582 604 593 562 403 632 282 585 334 141
258 466 335 320 314 1494i 363i 1106i 270i 1074i 1081i

agree well with the limited set calculated by Walch using nonplanar, with the hydrogens located about above and
CASSCF/ICCH8 reinforcing our claims for the accuracy of the  below the NNO plane. This adduct undergoes a 1, 3 H-atom
G2 and G2Q methods. It is also apparent that the lower levelstransfer to yield a planar HNNOH species. This species can
of theory used in earlier work were insufficient to accurately undergo a series of cidrans isomerizations, giving rise to four
characterize the potential energy surface. distinct HNNOH isomers, KV, all of which are planar. One
The reaction is initiated by the addition, without barrier, of of these isomers, V, is configured correctly to undergo a four-
NH. to NO to form an HINNO adduct. The adduct is slightly  center elimination yielding Nand HO. Additionally, all of
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TABLE 4: Energetics of H,NNO Specie3

Casewit and Melius and Abou-Rachid, Harrison and
Goddard* Binkley*? et al43-44 Maclagar® Walch® this work experiment

| —29.8 —48.1 —39.9 —-37.0 —44.0 —45.8
Il —-32.0 —47.5 —36.2 —45.7 —45.6
11} —-31.2 —455 —38.3 —34.4 —445 —45.1
v —24.0 —41.1 —29.2 —39.2
\% —-32.4 —47.2 —-36.1 —455 —45. 4
VI —-19.7 0.5 —-2.8 —-14.4 —14.014.8)
VIl —26.2 —-36.7
VI 7.8 —6.8(-7.2)
IX —25.9 -36.2
X -7.0 6.5 -7.4 —9.8(-10.3)
Xl —25.2 -7.6 —-21.0 —23.4(-24.8)
No-H ts+ OH 8.7 11.5 10.0(99
NzH + OH 2.4 —-35 6.3 45
N, + H + Oy —8.8 —-14.7 —-13.0 —4.7 —6.5
N, + H20 —134.2 —-113.1 —-113.2 —122.8 —124.4
SH,NNO 4.0

a All energies are in kcal/mol, relative to NH- NO, 0 K, including zero-point energies. Energies are evaluated at G2 level for equilibrium
species and G2Q level for transition states, unless otherwise RdEeergy is evaluated at G2 level for transition state.

the HNNOH isomers can undergo an endothermic, barrierlessTABLE 5: Experimentally Measured Rate Coefficients for
bond fission to yield MH and OH. The product branching the Reaction NH, + NO — Products

fraction will depend on the competition between bond fission [NH3] no. of ky(T)
from the various HNNOH isomers yielding.N + OH and T (K) p (Torr) (10%cm?) expts (10 'cn¥ls)
passage over the barriers separatinflNO and BO + Na. 203 10.0 1.49 9 2.9% 0.05
These barriers are of two types, the first transformirans 210 10.0 1.46 9 2.98-0.06
HNNO species intais-HNNO species, and the second trans- 210 10.0 1.45 9 2.780.03
forming cis-NNOH species intéoranssNNOH species. The first 34213 18-8 igi g g-gi 8-8‘31
of thgse |somer|zqt|ons is accompllshed by means of a planar ¢ 10.0 147 9 5 08 0.05
transition state, with a nearly linear NNH moiety. The two 288 10.0 1.46 5 1.82 0.06
transition states of this type, VIII and X, exhibit substantial 292 10.0 1.40 9 1.88 0.01
barriers to the isomerization. The second of these isomerizations 292 10.0 1.40 7 1.98-0.02
is accomplished by a rotation about the NO bond. The two ggg 18-8 i-gi g i-g% 8-8‘2"

transition states of this type, VIl and IX, have low barriers, and ) : ' '
. . 328 10.1 1.38 7 1.66 0.05
we expect the species they connect to be equilibrated. 365 101 1.39 7 1.58 0.09
Rate Coefficient Determination. The reaction rate coef- 403 10.0 1.39 7 1.32-0.09
ficients of the reaction Nk + NO — products (1) were 453 10.7 1.90 7 1.268:0.04
measured at 22 temperatures between 208 K < 813 K by 481 10.0 1.42 9 1.0£0.01
; ; e ; 498 10.7 1.53 9 0.99 0.03

following the disappearance of NH Initial NO concentrations

between 5.41x 10' and 58.57x 10 molecules/cri were 238 10.0 1.40 10 0.84 0.04
n o d 96 538 10.1 152 6 0.7%0.02
used, yielding pseudo-first-order decay ratésbetween 1126 546 10.0 1.56-1.59 8 0.81+ 0.02
and 6626 sl. The experimental conditions and results are 575 10.0 1.42 9 0.730.03
summarized in Table 5. The assigned error limits are the 2~ 613 10.0 1.52 9 0.62:0.02
error limits for the 95% confidence intervals of the linear least- 868 10.0 151 10 0.6% 0.02
' ; 731 10.0 1.41 7 0.5% 0.04
square fits. Plots ok’ versus [NO] for different temperatures 813 10.4 179 7 0.5% 0.04

are shown in Figure 2. The data points for each temperature
can be described very accurately by a least-squares straight line

IglvmthEe blmolecu!a: rate i:onstalzi(‘l‘) tas(;.k;fe s]ope O:; tEe K rate constant, performing experiments at pressures between 10
Irr]gﬁn d rZar::(t)igiesro ';'r%:rtceerg Segtireuge Oenéelasczlgno??eacsgn_ and 100 Torr at room temperature as well as at an elevated
9 ) P P ]Iemperature of 548 K. NO concentrations were varied between

is shown in Figure 3, where the kinetic data(T) are -
o . 3.11 x 10 and 32.60x 10' molecules/cr# giving pseudo-
logarithmically plotted against logl{. The error bars denote first-order decay rate, in the range between 770 and 3315

the % statistical error limits of the experimental data as given <1 Argon was used as buffer aas in these experiments. The
in Table 5. The data over the temperature range 20B < - A9 9 . P L
experimental data are summarized in Table 6. Within the

13 K are well represen weigh hree-parameter fi . o
813 K are well represented by a weighted three-paramete texperlmental error limits, no pressure dependence could be

ky(T) = found between 10 and 100 Torr at room temperature or at 548

—7— —1.54 = 3 :
165> 107 exp (93 KIT) cnr/(molecules) The reaction of NHwith NO has been investigated by several
The data can also be described using a weighted linear fit of @uthors over a wide range of experimental conditign&’31.3234.36

' We have also looked for evidence of falloff behavior in the

the formk;, = AT", yielding a rate coefficient of Our room temperature reaction rate coefficienkgf95 K) =
(1.94 0.1) x 10~ cm?/(molecules) is in very good agreement
k(T) = 2.55 10 81 %" cm’/(molecules) with previously published results obtained from experiments

using nondischarge flow techniques. The room temperature rate
The solid line in Figure 3 shows the result of the three-parameter coefficient determined using the discharge flow technique,
fit. approximately 1x 10711 cm?/(molecules), is about a factor of
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Figure 2. Pseudo-first-order rate coefficieritsfor the reaction Nk Figure 4. Experimental first-order rate coefficients for the MND,

NO — products vs NO concentration at different temperatures. + NO — products reaction vs the NO concentration at room
temperature. Full symbols represent the set of data where theriNH
NO reaction was observed first, and the hollow symbols show the data
set beginning with the NPmeasurements.

-10.4 T T T T T T L T T T T

-10.6 [
s 1 gas phase, and Farber and Hat¥istudying the reaction of N

1 with NO over a vanadium oxide catalyst, report seaing =
45 and 46 mass peaks, which they attributed tgNKNO.

-10.8 [~ T

1T

I G ] However, neither group carried out any isotopic substitution
RN ] experiments to verify their observations, and we consider it more
likely that the peaks are due tosNs™ and NsH4. Foner and
HudsoR® have observed M¥s™ and NyH4" in the products of
electrodeless discharge hydrazine which had been condensed

F in a liquid nitrogen trap. At high [NEH we have.alsc_) seen
-114 22 23 24 25 26 27 28 19 R ewdence for formation of pH," and NsHy" species in our

experiments.
log T The reported temperature dependenck; @ complex. Itis
Figure 3. Temperature dependence of the rate coeffidierithe error generally accepted that the reaction rate coefficient decreases
bars give the & error limits for the 95% confidence intervals of the between 200 and 1000%k?2:23.25:313%nd is reported to show
linear least-square fits of the individukil(T). Arrhenius-like behavior at temperatures above 1680 Our
observed temperature dependence is in good agreement with
that of other workers.
The deuterium isotope effect of the reaction M¥D, + NO

log k

-11.2 T

TABLE 6: Pressure Dependence of the Reaction Rate
Coefficient for NH, + NO — Products

no. of ke(T) . . . . . -
bri products was investigated in this work in the temperature

T®) p(Torn expts (107 cms) range 210 K< T < 481 K. Typically, experiments using NH
ggg ig-é ; 1-3& 8-8% as reacting species were perfomed first. Subsequently, the flow
293 60.0 6 187 005 system was purged with a mixture of Ar and pI9r a waiting
203 80.0 6 1.86- 0.08 period of ~90 min to allow for isotopic exchange of the
293 100.0 6 1.9@: 0.08 ammonia absorbed on the reactor walls before the f#INO
546 10.0 8 0.8% 0.02 reaction rate was measured. At= 210 and 292 K the
550 100.0 7 0.78 0.08 procedure was repeated the following day in reversed order,

measuring the NP + NO reaction first. The order of
2 slower than the value determined by other techniques, experiments did not show any influence on the observed isotope
including this work. The source of this discrepancy is still effect, indicating that the isotopic exchange was completed
unclear. Two interesting observations can be made, however.within the waiting period. This can be seen in Figure 4, where
The first is to note that under conditions of high BH the experimental first-order rate constants of the room temper-
concentration or photolysis energy our laser photolysis rates ature experiments are plotted vs the NO concentration. Full
decreased from their asymptotic behavior, which is opposite Symbols represent the set of data where the MHNO reaction
the behavior normally encountered when secondary chemistrywas observed first, and the hollow symbols show the data set
is encountered in photolysis experiments. The second is to notebeginning with the N measurements. The observed rate
that similar behavior has been observed for the less studiedconstants are clearly independent of the order in which the rates
reaction of NH with NO,, where the flow tube results of Hack ~ are measured.
et al?2 are approximately a factor of 2 slower than the results  The experimental conditions and results for the kinetic isotope

of other workerg$:31,34.56,57 effect experiments are given in Table 7. The errors of the rate
The discrepancy between flow tube studies and other studiescoefficients are the @statistical errors of the linear fits to the
has been suggested to arise from a stabilizgdNO adduct, first-order rate vs concentration plots. These errors were used

which can then redissociate in the longer time scales typical of to calculate the limits of the individual isotope effect values as
flow tube experiment$® Both Gehring et al*> working in the given in Table 7. The measured isotope effect values are plotted
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TABLE 7: Deuterium Kinetic Isotope Effect on the Rate CO+OH—CO,+H (3)
Coefficient for the Reaction NH/ND, + NO — Products
isotopic  [NX] no. of ka(T) Determination of [CQ|/[N;] yields the desired branching
T(K) species (10"cm®] expts (107 cm?s) kilko fraction®. To separate the G@nd N reaction products from
210 NH, 1.45 10  2.78:0.03 background signals, isotopically-labe®1€0 is used, requir-
210 ND, 1.47 8  270:0.04 1.03:0.03 ing m/e 29 to be monitored fot>NN and mve 46 for CO<O0.
218 HEE i-ig g %-g& 8-8; 1025 0.05 While the background counts far/e 46 are low, me 29
592 N 140 7 190L 0.02 : : background is high due to the small but significant amount of
202  ND, 147 7 178£003 1.07+0.03 '3CO in carbon monoxide. To correct for this, we measure the
292 ND; 1.47 11 1.78+ 0.02 (m/e 29)/(m/e 28) ratio prior to a reaction run and use this to
202 N 1.40 9  1.88-001 1.06+0.02 determine the contribution GfCO tonve 29 during a run.
481 NH 1.42 9 1.014-0.01 Determination of C&0O and15NN concentrations is made
481 ND, 1.43 9 0.96+0.02 1.05+0.03 by measuring a calibrated mixture 8N, and CQ. A small

mass-dependent transmission correction is determined and
applied since theve used for the calibrants are different from
[ those in the reaction. Neon and argon are used to determine
v 3 ] this correction by measuring the/e ratio for the two major
:I l isotopes?®NeP2Ne and®®Ar/*°Ar and comparing to the naturally
1.05 I occurring distribution.
_ 1 The branching fractiong, at room temperature was 98
L ] 2.5% (2 error) for NH; + NO reaction while® for ND;, +
= E ] NO was measured to be 5450.7%. These results combine to
0.95 ] yield the deuterium isotope effect for OH productiaby/®p
. ] = 1.6 £ 0.5. This is the first measurement of the deuterium
0.9 - ] isotope effect for OH production, although the room temperature
[ product branching fraction has been measured by numerous
0.85 L ! L ' ' ' ] workers beforé323-2528-3537 While early direct measurements
2 25 3 35 4 45 5 of the product branching fraction suggested significant OH
1000/T [10° K™ production more recent work has settled into the rang® of
Figure 5. Kinetic isotope effectiu/ko, for the NH + NO — products 7—10%. The present work is thus in excellent agreement with

reaction vs temperature. other recent investigations.
This deuterium isotope effect can arise from shifting of barrier

vs the temperature in Figure 5. Within the experimental error heights due to changes in zero point energies and from changes
limits the isotope effect is temperature independent for 210 K in vibrational sums-of-states occurring upon deuteration. Our
< T < 481 K. A weighted average of the experimental data ab initio characterization of the stationary points accessible in
yields an isotope effect déi/kp = 1.051+ 0.012. Including this reaction allows us to comment on the relative importance
the estimated systematic errors of the experimental setup, weof these two factors. To begin with, we will considerably

obtain a final value of the deuterium isotope effeckafio = simplify our picture of the potential energy surface. First, we
1.05+ 0.03. will assume that all of the transition states leading to ®H

N.H can be lumped together. Because these transition states
are all loose transition states arising from rotational isomers of

the HNNOH adduct this should not represent too large an error.

Second, we will consider transition state X as representing the

rate-limiting step in the production of N+ H,O products from

the HNNOH adduct. Transition state X is the highest energy

115 r T T T T T

]

/k
o ®

This is, to our knowledge, the first measurement of the
deuterium kinetic isotope effect for this reaction. The small
size of the isotope effect is consistent with a barrierless
association reaction in which the vibrational frequencies are
unchanged at the transition state. Indeed, if we calculate the

change in the collision frequency in going from hH NO to . . -
: r .. point on the lowest energy path connecting HNNOH with N
ND, + NO we would predict a temperature-independent kinetic Yt H,0. With these simplifications we can calculate an

isotope _effect of 1.04, in excellent agreement with that approximate deuterium isotope effect for the OH producin
experimentally observed. This agreement does not rule out other pp P P 9

sources of a kinetic isotope effect in this reaction, but it does pr_oc_iuct channel arising from changes in zero-point energies and
suggest that they effectively cancel one another out. We alsoa”;ggagg;ntﬁzi;‘fff'\l'rhscuhrgfmogl Si;a;ﬁshﬂ endothermic we
note in passing that several barrierless reactions of CH have 2 . gntly

large isotope effectd:62highlighting the possible inadequacies expect that _the product branching fraction will depend on zero-
of simple treatments of kinetic isotope effects. point energies as

Product Branching Fraction. We have measured the @, /D, 0 exp((AE, — AE,)/RT)
product branching fractionp = kg/(kia + ki) = [OH]/[N] HD D H
for the NH, + NO — products reaction, as well as the branching
fraction for the isotopically substituted reaction of NDTo
form the NH/ND, radicals, F atoms formed in the microwave
discharge of Fwere allowed to react with ammonia. Care was
taken to prevent formation of NH/ND by monitoring,®
formation, a known product of NH- NO. Once formed, the
NH2/ND- is allowed to mix/react with NO: with the flow rate,
[NO] employed, and=1.9 x 10~ cm¥/s, this corresponds  Which yields
three reactive lifetimes. To determine [OH], CO is introduced
with NO to completely scavenge the radical: /Py = 0.93

where theAFE'’s refer to the difference in zero-point energies
between the reactants and OH N,H products. Using the
results of our G2 calculations, this overall energy difference is

AEy — AE,=—14cm*
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Of course a 14 cmt difference in calculated zero-point energies
is smaller than the anticipated error in this quantity, 70 &R
However, a difference of 100 crhwould be required to yield
an isotope effect of the size experimentally observed.

We now turn to a calculation of the size of isotope effect
expected from changes in the sum of states. We begin by
writing the expression for the branching fraction for production
of OH

Using the discharge-flow technique we have measured the
product branching fraction for production of OH

Dypiqe= 9.0+ 2.5% (NH, + NO; T = 298 K)
®,,,,.= 5.5+ 0.7% (ND, + NO; T = 298 K)

The deuterium isotope effect for the product branching fraction,
dy/dPp = 1.6+ 0.5, is consistent with calculations of the change
in the sum of states in the N+ H,O channel caused by
deuteration.

The highest point on the minimum energy path for reaction 1a

is transition state X; the rate of reaction across this transition ~ Acknowledgment. This work was supported by the Division
state is the limiting process for,N- H,O formation. Thus we of Chemical Sciences, Office of Basic Energy Sciences,
assume that the branching fraction can be characterized strictlyDepartment of Energy. We acknowledge the able technical
by considering the branching of adduct Ill. Recasting in terms assistance of E. Bochenski and M. Gutzler. M.W. thanks the
of microcanonical rates leads us to Deutsche Forschungsgemeinschaft for a research fellowship.

D = Ky f (K, + Kyp)

® 05 PUENS PAE) + 3 Piy(E)

where } P(E) is the sum of vibrational states, evaluated using

direct count. Note that the term due to the density of states of

the adduct cancels out. We further note th&i{E) >> > Py
(E), whichs allows us to write

© 0 5 PLE)S Pi(E)
D/ Pp O [H P(E) Y PN P1(E) Y PiE)lp
A final simplification is to note that at the threshold for the

NoH + OH channely Pis(E) = 1. We thus arrive at our final,
approximate answer

/Py, O [zpla(E)]D/[zpla(E)]H =18

This implies that the bulk of the observed deuterium isotope

effect is due to the larger sum of states in thetND,O channel,
relative to the N + H,O channel.

Conclusion

We have presented results of a combined experimental and

theoretical study of the reaction of Niith NO. Accurate ab

initio procedures were used to characterize all of the energeti-
cally accessible stationary points on the potential energy surface
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