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Evaluated Chemical Kinetics Data for Reactions of N (?D), N(?P),
and N,(A%3 ) in the Gas Phase @
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Chemical kinetics data for the gas phase reactions of the first two electronically excited
states of atomic nitrogen: RID) and N¢P), and of the first excited state of molecular
nitrogen N(A 33 ) are compiled and evaluated. The experimental data for 127 reactions
are summarized, the experimental method and year of publication given, a recommended
value given for the rate constant for each reaction at 298 K, and where possible, its
temperature dependence. The reaction mechanisms are discussed within the limits of the
available quantitative product yield data. The literature has been covered through early
1999. There are 94 references. 1®99 American Institute of Physics and American
Chemical Society.S0047-268899)00105-]
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The reactions of electronically excited species play an im-
portant role in plasma, laser, and atmospheric chemistry. The
present review grew out of a need for reliable chemical ki-
netics rate data to be used in modeling the destruction of
dDedicated to the memory of L. Wayne Sied@ecember 18, 1936 to Oc-  pollutants in air plasmasalthough the focus of this review is on
btober 24, 1998 colleague, collaborator, friend. plasma chemistry, the scope has been expanded to include reactions which
)Guest Researcher. . . o
9Electronic mail: jontherron@aol.com might .not be .relevant_to that subject, but are of Wld.er interest.
©1999 by the U.S. Secretary of Commerce on behalf of the United States. ThIS. review bUI!dS on the ],'970 analYSIS of Ponovan and

. . e . . . Hussain on reactions of excited atomic speli¢ise 1979

All rights reserved. This copyright is assigned to the American Institute of . . . .
Physics and the American Chemical Society. evaluation of Schofield on excited state chemistand the

Reprints available from ACS; see Reprints List at back of issue. 1988 review of Gold&on reactions of MA 32:).

6. Rate constants normalized to the average value
for the reactions of NA 33, v=0) with
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1454 JOHN T. HERRON

2. Scope and Format 3. Experimental Methods
and Their Reliability

The purpose of this paper is to compile and evaluate data

on reactions of the first two electronically excited states of AS n all (_:hemlcal klnetlt_:s m_easurements, the gqal n
atomic nitrogen: NED) and NEP), and of the first excited studying excited state chemistry is to isolate the reaction of

state of molecular nitrogen LA 33 7). Although every ef- Interest fror_n all othgr competing or cqmphcatmg Processes.
. This is particularly difficult to achieve in the case of excited
fort has been made to be complete, some earlier work h

. . i '%ate reactions since the methods of production invariably
almost certainly been omitted, and certain classes of reaction,olve formation of other reactive species, some of which

such as the reactions of,(A °3,) with the rare gases or  may not even be identified. Ideally, the excited state reactant
with atomic species other than H, N, or O, are not includedf interest would be produced by some form of pulsed irra-
Data are given for 129 reactions. Coverage is through earlgiation and followed by optical absorption or fluorescence.
1999. Reactions of the excited states of atomic nitrogen have rou-
The data are presented in two types of tables: summarginely been studied in this manner using, for example, flash
tables which give recommended values, and data tablgshotolysis or pulse radiolysis. However, even for this kind of
which compile the published data. experiment, great caution must be taken in interpreting the
As an aid in assessing the reliability of the data, comparifesults since excited state species other than the desired one
son tables are also provided which compare rate constang€ also produced. Discharge-flow techniques have also been
reported in selected publications. These tables cover a limHsed in studying excited states of atomic nitrogen. The mea-
ited number of reactants and give the normalized rate corsurement of reaction time is more complex in these systems
stants at 298 K. They are discussed in more detail in th&"d potential complications arising from the presence of

introductions to Secs. 4. 5. and 6. However. there is on@ther active species are equally daunting. Note that the inter-

common feature. Older values, often the results of pioneerf—ering species need not be excited. For example, ground state

- . 3 +
ing studies, tend to be high. This reflects the fact that i nitrogen atoms may react with JfA°%,) to produce

. . . N(*P).
gu_bsequent work therg is usually an improvement in sensi Pulse methods are most applicable to the excited atomic
tivity and overall technique.

. . . species; for the excited states of molecular nitrogen, with few
The_ summary tables give the reaction, Arrhenius paraméxceptions, the only approach is to use the discharge flow
e.ters i known,. rate constant at or near 298 K, .and an 8%achnique. Some simplification can be had by exciting one of
signed uncertainty based on the breadth of studies or of thg o (are gases such as argon, populating the first excited

experimental method. The uncertainty is a factor to be usediate, and then reacting this with, ko produce various ex-

as a multiplier of the 298 K rate constant to provide thecited states of Bl. This does not solve the problem of defin-

probable range of the recommended value. ing the states being studied, but at least simplifies the situa-
Following the summary table, the reported experimentation by eliminating problems arising from the formation of

data are given for each reaction, either in a separate dattomic species.

table if there are extensive data, or in the text. Information on Experimental methods are discussed further at the start of

reaction mechanism, basis for the recommendation, and argach section.

other relevant information are included here. Where data are It cannot be too strongly emphasized that the evaluation of

given in tabular form, the entries are arranged in chronologithe kinds of data covered in this review is highly subjective

cal order of publication. These tables are not numbered. and fraught with uncertainty. The data resources are in many
The only exception to this format is Table 9, Recom-Cases sparse, the experiments difficult, and the systems com-

mended values for the rate constants of the reactions dH€x. In general, uncertainty factors of 1.3 are assigned to
N,(A 35) with miscellaneous species, which is a compila-We” studied reaction@wo or more studies while for single

tion of data on a broad range of species, mostly the results chtudles using established experimental methods, a factor of 2

single measurements. For these data, the rate constants éﬁeas&gned to reflect the lack of confirmation. Limiting val-

tabulated at 298 K fop =0 and 1. If there are more than one ues are not assigned an uncertainty. Note that the author’s

measurement a recommended value mav also be provided rﬁported error limits are not given, and all values are rounded
y P 'to no more than two significant figures. No effort has been

there are product data or information on other aspects of thf?mde to arrive at an error estimate based on a statistical
reaction, it is discussed in a footnote to the table. _analysis of the data, since in almost all reactions included
Throughout this review species in the ground electronid,ere  the major sources of uncertainty are unknown system-
state are written without any designation, i.e=N(*S);  atic errors arising out of the complexity of the experimental
No=Ny(X'2g). systems. Additional sources of systematic error are in the
All rate constants are bimolecular and given in units ofmeasurement of time, particularly for flow systems, and in
cm®molecule*s™. determination of the concentrations of the reactant or
The conversion factors used for energy terms areguencher species. In many cases experimental details as to

1 kcal mol''=4.184 kI mol'?; 1eV=96.49 kJmol™. sample preparation are not given.

J. Phys. Chem. Ref. Data, Vol. 28, No. 5, 1999
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Fic. 1. Arrhenius plot for the reaction of RID) with O,.
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Fic. 3. Arrhenius plot for the reaction of XA 33.") with O,.

No effort has been made to provide an error factor other (CL) chemiluminescencéluorescencg
than at 298 K. The data are not extensive enough to justify (ES emission spectroscopy,
such a procedure. However, the uncertainty increases mov- (ESR electron spin resonance,

ing away from 298 K(see Figs. 1-3 and derived rate con-

(LIF) laser induced fluorescence,

stants should be treated with caution at other temperatures. (LP!) laser photoionization,
In the data tables, the acronyms given below are used to (REMPI) resonance enhanced multiphoton ionization,
indicate the experimental method. However, these are in- (RA) resonance absorption,
tended only to provide a rough classification of the methods, (RF) resonance fluorescence.
for details it is necessary to consult the original publication.

Methods of production:

(DF) discharge flow,

(FP) flash photolysis,

(LP) laser photolysis,

(P) steady state photolysis,
(PD) pulse discharge,

(PR) pulse radiolysis.

Methods of detection:

@ Slanger and Black (37)
1e-12 E
- E O Suzuki et al. (10)
‘v
"o
3
®
5 le-13 -
1S
)
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© °
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| P |
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Fic. 2. Arrhenius plot for the reaction of RID) with N,.

4. Reactions of N (2D)

Rate constants are given here for a total of 27 reactions of
N(°D). In general, there is reasonable agreement between
different workers over a long period of time. Nonetheless, if
we examine the data for a well studied reaction, for example,
N(?D)+H,, for which there are nine sets of measurements,
the range in rate constants is about a factor of 2. While one
expects the measurement of rate constants for slow reactions
to be difficult because of the limitations of measurement
technique as well as the complications that might arise from
the presence of reactive impuritiésr products, for reac-
tions of moderate reactivity one expects the measurements to
be more routine. The spread in values indicates that there are
sources of systematic error in many of these systems that
have not been recognized.

The internal consistency of measurements from a single
study can be examined by comparing the normalized rate
constants for the most widely studied reactions. This is
shown in Table 1. Although only qualitative conclusions can
be drawn, the values in Table 1 suggest that the data of Black
etal,” of Fell etal,”® and the earlier results of Husain
et al,>? are too high. Recognizing that there are glaring ex-
ceptions to that statement, e.g., Blaekal” have a low
value for the methane reaction, we choose to disregard these
data in arriving at recommended values if there are other data
available. We note that the earlier work of Blaekal’ is
followed in later publicationgBlack et al,”® Slanger and
Black)®’ with results in better agreement with the average

J. Phys. Chem. Ref. Data, Vol. 28, No. 5, 1999



1456 JOHN T. HERRON

TaBLE 1. Rate constants normalized to the average value of the rate constant for the reactiofid Jofvilg
selected reactants

Source Year bl 0O, NO  N,O N, CH, CH, CO CG
Black et al” 1969 1.89 111 221 1.13 074 150 1.84 1.30
Lin and Kaufmaf* 1971 095 086 131 0.88 1.08
Slangeret al>° 1971 1.29 0.60
Husainet al®? 1972 0.64 148 075 1.80 1.27
Husainet al* 1974 079 0.83 073 060 0.83 0.64 0.39
Black et al.”? 1975 1.02 0.98
Slanger and Blac¥k 1976 0.64 0.99
lannuzzi and Kaufmall 1980 0.86
Sugawarzaet alf” 1980 0.43 0.72 0.46
Fell et al®® 1981 1.32 0.97 1.13 1.13  1.04 1.47
Piperet al?® 1987 0.87 0.73 0.83 0.52 0.76
Whitefield and Hovi& 1987 0.68 1.05
Jusinskiet al®® 1988 1.00
Suzukiet al® 1993 091 1.32
Shihiraet al!* 1994 0.75
Umemotoet al®? 1998 0.86 1.02 0.81
Takayanaget al®° 1999 1.33

values. Similarly, the earlier results of Husadnal®® are  factor of 0.6 to arrive at the recommended value.
followed by lower values in later workHusainet al%). Rate constants measured using the pulse radiolysis—
Husain and his co-worker¢see Ref. 1% used pulsed resonance absorption technig@®RR—RA:167:81.909%hich
vacuum ultraviolet flash lamps to photolyzg@to produce are taken near £@Pa, are compatible with those obtained at
both N¢D) and NCP). The excited state concentrations much lower pressurethere is no indication of a pressure
were monitored by absorption of resonance radiation from affect, but see Sec.)5This approach, which involves pro-
flowing nitrogen cw discharge lamp. This in principle should qucing the excited states by pulse radiolysis and monitoring
be a very accurate measurement method. The limitationghe concentrations by resonance absorption, would appear to
have to do with impurities and the measurement of reactarirovide a reliable method; the reaction can be followed over
(quencher concentration. The body of data obtained by this, |ong time period and the concentrations of reactants varied
method is extensivé and, with few exceptions, should be widely. It is unfortunate that where there are data to compare

reliable. ) (nitrogen and methanghey disagree by about factors of 2.

Young (and later Slanggrand thel_r co-workergsee Ref. Umemoto et al® have used a pulsed laser photolysis
7 al_so used pulsed vacuum ultraV|oIet2fIash lamps to_phofnethod to produce the excited states from NO, which were
tolysis N,O tq produce both .'\?@) and N P).' They moni- . then followed by laser pumping the excited states into upper
tored the excited state reactions by measuring the attenuation f hich thev f d 1 incinal this should
of NO(B?II) emission arising from the reaction NF) states from which they fluoresced. In principal this shou
+N,O—N,+NO(B2IT) or emission arising from the provide a very powerful measurement method. As can be

22 A - 1SINg seen from Table 1 there are as yet unresolved differences
N(*P)~N('S) transition. Although the earlier reported num- between theirs and other workers data. Some of these are
bers(Black et al.’) appear to be high, the later values are in '

better agreement with the consensus values. discussed further under the individual reactions. Recom-

The discharge flow method was used by Kaufman and higwended values for the rate constants of the reactions of

2 . .
co-workers(see Ref. 44 In this method, the excited atoms N(°D) are given in Tables éand 3 : .
are produced by a discharge in He or Ar containing a small MOSt of the reactions of ND) discussed here have avail-

amount of N, and monitored by absorption of resonance@ble exothermic adiabatic reaction paths and are fast, but
radiation from a He or Ar—Mflowing cw discharge lamp. In generally, product.data are not available. elal*® in their _
these experiments, time is measured as flow velocity. Thesgudy of the reactions of hydrocarbons observed CN emis-
measurements also led to a consistent and reliable body &fON bands in these systems, although their origin is unclear.
data. One possible source is from the reactiom,(N2 )
Most subsequent measurements are based on the flagfCN—N,+CN(Bf;).”* Furthermore, it is known that hydro-
photolysis or discharge flow methods. Thus, Belal*3used  carbons are unreactive towards*S), whereas hydrocarbon
a flow system with electron spin resonance detection rathgigdicals are very reactive. Any highly reactive species could
than resonance absorption to monitor?Mj. They mea- initiate reaction which would then be carried by radical chain
sured rate constants for a large number of reactants, particeactions. The recerdb initio studies of the reactions of
larly hydrocarbons. In general, their results are uniformlyN(?D) with methané&’ and ethylen® are providing the first
higher than those of other workers, and when theirs is theeal information on the mechanisms of the hydrocarbon re-
only data, their values have been adjusted downward by actions.

J. Phys. Chem. Ref. Data, Vol. 28, No. 5, 1999



EVALUATED CHEMICAL KINETICS DATA 1457

TaBLE 2. Recommended values for the rate constants of the reactions’bf) Niith species containing H, O,

F, N, and 8

Reaction A E/R k(298) £(298)° Notes
N(®D) +H,=NH-+H 4.2x10° 11 880 2.2x10 12 1.3 200-300 K
N(?D) + H,O= products 4101 2
N(?D) + NHz= products 5101 2
N(?D) + HF= products K10 12 2
N(°D) +0=N+O(®P,'D) 3.3x10°12 260 1.4<10 %2 2 300-400 K
N(?D) + O,=NO+0(®P,'D) 9.7x10 12 185 5.2<10712 1.3 200-500 K
N(?D)+NO=N,+0O(°P,'D,!S) 6x10"1* 1.5
N(?D) + N,0=N,+NO 1.5x10° 1! 570 2.2x10° 12 1.3 200-400 K
N(?D) +N,=N+N, 1.7x10 4 1.5
N(?D) + NF(a)=N,(b)+F 2.5x10 10 2
N(?D) + NF;=N-+NF, 3.0x10°13 2
N(?D) + SF;= products <10

3Preexponential factord), and rate constant&(298), in units of cAmolecule*s™%; E/R in units of K.
PMultiplicative error factor. Applies to 298 K values only. Error limits are larger at lower or higher tempera-
tures.

N(?D)+H,—NH+H et al®8inferred that the reaction was abstraction. The nascent

. : . vibrational population ratios NH(=1)/NH(v=0) were
The rate constant data are summarized in the fonowmqneasured by Umemoto and Matsunitto be 0.9 which

table: led th lude that the ab f ly i d
Source Year Method Kk (298 K) e t em to conclude that the a sence 0 gstrongy mver_te
. - vibrational distribution argues against a simple abstraction
Blacketal’ | 1969 FP-CL 510" = mechanism. See also the discussion for “DY
Husainet aI.14 1972 FP-RA 1-7<10712 + CH,—products. For a discussion of the reaction paths for
glusim(tet ?7|'2 ig;g Ei_gf 22;{ 18712 the N@D)+H, and N@P)+ H, reactions see Donovan and
ack et al. - . ) . . i
Husairf he furth hofiéld.
Fell et al®3 1981 DFE-ESR 3510 2 usairf and the further discussion by Schofiéld
Piperet al* 1987 DF-RF 2310 % 5
Whitefield and Hovi 1987 DF-RA  1.&10°12 NCD)+HO-NH+OH
Suzukiet al2? 1993 PR-RA 241012  NCD)H+HO—H+HNO
Umemotoet al 2 1998 LP-LIF  2.x10%2 NCD)+H0—H+NO
. 10 . . The rate constant data are summarized in the following
Suzukiet al.™” have studied the reaction over the temperaturg .

range 213-300 K, and reportedk=4.6x10"1! Source Year Method  k (298
X exp(—880/T) cm®molecule *s™. The same authors also (298 K
reported for the reaction with ) k=3.9x10 1!  Slanger and Black 1976  FP-CL 2.510°1°

X exp(~970T) cnmPmolecule *s1. Umemotoet al®? also  Umemotoet al? 1998 LP-LIF  4.x10° "
reported for B, k=1.4x10 2 cm*molecule *s™%, and for
HD, k=1.8x10 *?> c® molecule s 1. The LP-LIF technique is more sensitive than the FP—CL

In general the data are in good agreement. The recontechnique and thus the recommended value is based on the
mended room temperature rate constank=2.2  data of Umemotet al®’ However, measurement of the par-
X 10 *cm®*molecule*s™?, is an average of all values ex- tial pressure of water is not straightforward, and this is re-
cluding the data of Blackt al.” and Husairet al” The data  flected in the assigned uncertainty.
of Fell et al** were adjusted downwards by a factor of 0.6.  kyrosaki and Takayanaljihave carried out aab initio

The room temperature value was then used in cor?julgctiogtudy of the reaction, and concluded that the main product
with the temperature coefficients reported by Suztkal. channels were NHOH, H+HNO, and H+NO. A nona-
to derive the rate expression given in Table 2. ’ ' :

Although NH(X 3% ") has been observed as a product by.

several worker$®®®and may be produced in unit yield, there q o of the initially { ' HNOH i g
are no quantitative data. Scattering and trajectory calculg@ecomposition of the initially forme intermediate.

tions have been reported by Takayanagal3® and Koba- However, this does not rule out a possible direct abstraction
yashiet al®® Both groups reported rate constants in reasonchannel. The authors also reported unpublished experimental
able agreement with experiment. The question of abstractioflata supporting the product identificatipd. Umemoto, T.
versus insertion has been the subject of controversy. On th&sai, H. Hashimoto, and T. Nakae, J. Phys. Chem(irA
basis of the measured vibrational distribution of the NHpres$]. However, there are no quantitative product yield
product p=1-3) and a derived value foo=0, Dodd data.

diabatic process may be important for thetHNO channel.
The products can all be formed by insertion followed by

J. Phys. Chem. Ref. Data, Vol. 28, No. 5, 1999



1458 JOHN T. HERRON

N(?D)+NH ;—products N(D)+0,—O0CP,'D)+NO

The only measurement is by Blaek al,” using the flash The rate constant data are summarized in the following
photolysis—chemiluminescence technique, who repoked table:
=1.1x10 *cm®molecule s, Schofield recommendsk Source Year Method k (298 K)
=5x10 cm?molecule 's™!, and that value is retained.

There are no product data. NH and N&re possible prod- B.Iack etal! 1969 FP-CL 75(10712
ucts. Lin and Kaufmaf* 1971 DF-RA 6< 10 12
Husainet al.5520 1972 FP-RA 9.% 10*§
Slangeret al. 1971 FP-CL 8.X10
NED)+HF—products Husa?inet all 1974 FP-RA 5.%10°12
The only measurement is by Whitefield and Ho‘iﬁﬂsing lannuzzi and 1980 DF-RF 5410 12
the discharge flow—resonance absorption technique, who re- Kaufmars®
portedk=1x 10" *?cm®molecule s 1. There are no prod- Fell et al*3 1981 DF-ESR 6.X10 12
uct data. Aside from physical quenching, the possible prodPiperet al*° 1987 DF-RF 4.610 12
ucts include NH and NF both of which can be formed in theWhitefield and Hovi& 1987 DF-RA 6.6¢10 12
ground state in an exothermic reaction. Jusinskiet al®® 1988 DF-REMPI 6.%10 *?
Shihiraet al! 1994 PR-RA 4.%10 12
N(°D)+0—0(CP,'D)+N

The earlier value of Lin and Kaufmé&hhas been superseded
The rate constant data are summarized in the followingby the data reported by lannuzzi and KaufriamBoth the
table: earlier results of Blaclet al.” and Slangeet al>® and those
Source Year Method k (298 K) of Husainet al®? are high and are discounted. The recom-
mended room temperature rate constért5.2x 10”12 cm®

Davenp(_)rtet al® 1976 DF-RF 1.&10 122 (315K) molecule * s™%, is an average of the remaining reported data
lannuzzi agd 1980 DF-RF 1.&10° in which the value of Felet al*® was adjusted downwards
Kaufmar? by a factor of 0.6(see the introduction to this sectjon
Jusinskiet al®® 1988 DF-REMPI 2k 10 * Slangeret al®® measured rate constants at three tempera-
Pipef? 1989 DF-RA 1.x10 % tures: k(231 K)=8.2x10 12, k(295K)=7.4x10 12 and
k(365 K)=8.6x10 %2 all in units of cn? molecule *s™*.
Jusinskiet al® studied the reaction from 196 to 465 K, and They fitted these data to &2 temperature dependence_

reported k=3.4xX 10 ''exp(-145T) cnPmolecule*s™ .  However, it is difficult to see any real temperature
The data of Davenpost al® are relative to the rate constant dependence in their dataee Fig. 1L The average is given

for the reaction with @, for which they usedk=5.5  above. Jusinsket al® studied the reaction over the tempera-
X 10" cm®molecule *s™*. These workers also compared ture  range 196-465 K, and reportedk=9.9

the rate constant ratios over the temperature range 315-40010 *?exp(—133/T) cn® molecule* s%. Their data are

K, and proposed the rate expressionk=4  badly scattered. Shihirat al!! also measured the rate con-
X 10 2exp(-259) cmPmolecule 's . These workers stant as a function of temperature over the range 210—-295 K,
used a somewhat different set of temperature coefficients faind reportedk=9.4x 10” *%exp(—210/T) cm® molecule™®

the comparison reaction than recommended here, but the di§& 1, The various temperature dependent data are shown in
ferences are small, and no effort has been made to modiffgig. 1. The most extensive data sets are from Jusitski®®
their derived temperature dependence for th8IN(¢-O re-  and Shihiraet al'* The agreement between these is very
action. good above 300 K, becoming poorer moving below 300 K.

The data of Jusinsket al®® are in serious disagreement The rate coefficients recommended in Table 2 are based on
with the results of the other three studies, one of wkiidgav-  the recommended room temperature rate constant and an
enport et al®), is from the same laboratory as JusinskiArrhenius preexponential factorA=9.7x10"2 cn?
et al® Pipef® has discussed the data reported by Jusinskinolecule *s ! (based on the data of Refs. 11 and,88hich
et al,® and argued that their experiments were subject tdeads to the expressiok=9.7x 10 2exp(~185T) cn’
large systematic errors. molecule s,

The recommended value is based on the temperature de-Lin and Kaufmafi* measured the O atom vyield from the
pendence reported by Davenpettal® adjusted to a 298 K reaction and found 2.4 for each ) reacted, close to the
value ofk=1.4x10 *?cm®molecule *s™%, which is an av- theoretical limit of 2.0, based on the probable mechanism:
erage of the data of lannuzzi and Kaufriaand of Pipef®  N(?D)+0,—0+NO, followed by N+NO—N,+O. This

The most probable oxygen atom product iSSP, butit  suggests that the reaction leads stoichiometrically to O at-
is not possible to rule out some contribution by'Dj (see  oms. The branching ratio for the channel leading tdm)

Ref. 40. has been reported to be 0.76 at 106°K.
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N(*D)+NO—N,+O(*P,'D,'s) for each NED) reacted, close to the theoretical limit of 1.0,
H . 2N

The rate constant data are summarized in the followin@séd ~ on  the — probable  mechanism: — “DIf
table: +N,O—N,+NO, followed by N+NO—N,+O. This sug-

Source Year Method k (298 K) gests that the reaction leads stoichiometrically to NO.

7 . —10
B.Iack et al. \ 1969 FP-CL 1.& 10711 N(D)+N,—N+N,
Lin and Kaufmafi 1971 DF-RA 7<10
. 52 —11
Husa!net aI.14 1972 FP=RA 6'1<10_11 The rate constant data are summarized in the following
Husainet al. 1974 FP—-RA 5%10 table:
Sugawaraet al®’ 1980 PR—RA 3.510 1 '
Umemotoet al *? 1998  LP-LIF  8.%10 Source Year Method k(298 K)
The earlier results of Blackt al.” and of Husairet al>> are ~ Black et al’ . 1969 FP-CL <6X10" ij
discounted. The low value reported by Sugawerral®” has ~ Lin and Kausfzmaﬁ 1971 DF-RA  1.& 10:14
been attributed to a flaw in their method of obtaining the NOHusainet a|-14 1972 FP-RA  2.310° i
partial pressuré [See also the section on the 3)+N, Husainetal. 1974 FP-RA  1.%10
reaction] Black et al.”? 1975 FP-CL <1.8x10 %
—14

The recommended room temperature rate conskanf ~ Slanger and le?dz 1976 FP-CL  1& 10_14
X 10" cm® molecule *s ! is based on the data of Lin and Sugavyaraetlgl. 1980 PR-RA  1.310° w“
Kaufman?®* Husainet al,** and Umemotcet al®? Suzukiet al. 1993 PR-RA  2.X10

Although there are no product data, the reaction almost . ; . 5
certainly leads to BHO.2 The earlier results of Blackt al." and of Husairet al>“ are

discounted. The recommended room temperature rate con-

N(2D)+N,0—N,+NO stant, k=1.7x10" “cmPmolecule 's™%, is an average of

the data reported in Refs. 44, 14, 37, 67, and 10. The dis-
The rate constant data are summarized in the following tableagreement between the results of Sugavetral®” and of
Source Year  Method k (298 K) Suzuk|et al"is hard to uqderstand since the.work was dgne
in the same laboratory using the same technique. There is no

Black et al.” 1969 FP-CL X102 pasis for choosing between the two.

Slangeret al>° 1971 FP-CL 1.610 2 Slanger and Blac¥ studied the reaction over the tempera-
Lin and Kaufmafl* ~ 1971 DF-RA 3510 " ture range 198-372 K, and reportek=1.0x10 13
Husainet al>? 1972 FP-RA 4810 % xexp(-510M) cnmolecule 1s L, Suzuki et al° studied
Herbelin and Cohéh 1973 DF-CL ~7x10""2  the reaction from 213 to 294 K, and give="5.4x 10" 12
Husainet al* 1974 FP-RA 1.610° "% xexp(~1620m) cn®molecule 's . The data are in rea-
Black et al.” 1975 FP-CL 2.610 ' sonable agreement at room temperature, but deviate sharply
Slanger and Black 1976  FP-CL 1.X10° " at lower or higher temperatures, as shown in Fig. 2. The
Fell et al®® 1981 DF-ESR 3810  disagreement on temperature coefficients is so great that no
Piperet al* 1987 DF-RF 210"  recommendation is provided.

The low reactivity is a consequence of the lack of an avail-
able adiabatic path.Physical quenching to N6) is prob-
ably the only process.

The earlier results of Blackt al,” Slangeret al,>® and those

of Husainet al® are high and are discounted. The recom-

mended room temperature rate constank=2.2

x 10 2¢cm? moleculg‘ls‘ll, is an average of the remaining N(2D)+NF(alA)—N

reported datdexcluding limiting valuesin which the value

of Fell et al*® was adjusted downwards by a factor of 0.6 Davis and Pip€r using the discharge flow—resonance ab-

(see the Introduction to this sectjon sorption technique reporteki=2.5x 10" 1% cm® molecule *
There have been two studies of the temperature depes=!. These workers monitored RD), NF(alA), and

dence from the same laboratci§langeret al>® and Slanger N,(B *[1,) to confirm the mechanism.

and BlacR"). The data are in agreement. The data of Slanger

and Black’ cover a wider temperature range and yield then(2D)+NF;—products

Arrhenius expressionk=1.15x 10" *exp(-570T) cn’

molecule’® s™%. The rate coefficients given in Table 2 are Davis and Pipet reported k=3.0x10"** cm® mole-

based on the recommended room temperature rate constdile”*s ', derived from unpublished data from their labora-

and the temperature dependence reported by Slanger akey. The method was not specified, but probably involved

Black®’ discharge flow—resonance absorption. There are no product
Lin and Kaufmafi* measured the O atom vyield to be 1.3 data.

B3Iy +F
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TaBLE 3. Recommended values for the rate constants of the reactions’bf) Nith species containing T

Reaction A E/R k(298) f(298) Notes
N(?D) + CH,—products 4.8x10 12 750 4.0<10 12 1.5
N(?D) + CHsF—products 1.¢10 12 2
N(?D) + CF;H—products 1.x10 8 2
N(?D) + CF,—products <10 %
N(?D) + C,Hs—products 1.%10 % 15
N(?D) + C,Fg—products <10
N(?D) + C3Hg—products 2.%x10° 1 1.5
N(?D) + n-C4H,—products 3.x10 1 2
N(?D) + neo-GH,,—products 2.&10 1 2
N(?D) + C,H,—products 4.x10° 1 1.5
N(?D) + CH,CF,—products 3.x10 1 2
N(?D) + CzHs—products 6.6c10° 11 2
N(?D) + C,H,—products 1.6x107 10 270 6.5¢10 11 1.3 220-300 K
N(?D) + CO—products 1.%10 %2 1.3
N(?D) + CO,—NO+CO 3.6x10°13 1.5

®Preexponential factors), and rate constantk(298), in units of cimolecule *s™%; E/R in units of K.
PMultiplicative error factor. Applies to 298 K values only. Error limits are larger at lower or higher tempera-
tures.

N(°D)+SFs—products vibrational distributions for the product NMCS 7). They
concluded that the reaction involves insertion rather than ab-

Fell et al,*® using the discharge flow—electron spin reso- : . oo .
. L2 straction, having many similarities to the well characterized
nance technique, reported a limiting value for the rate CON: < ertion reactions of 3D) with alkanes. Kurosakét al, %’
stant ofk<10"“cm®molecule s™1. There are no exother- ' ¥

) carried outab initio calculations which also indicated that
mic product channels. o ; " .
the reaction is insertion followed by decomposition via sev-
N(2D)+CH ;—H-+CH,NH eral channels. These workers also car.rled out 'Rlce—
N(D)+CH ,—NH+CH Ramsperger—Kassel-Marc(RRKM) calculations to derive
4 8 thermal rate constants, but their method is not quantitative.
The rate constant data are summarized in the followingrhey estimate that the barrier for insertion is less that
table: 4 kJmolt. Assuming an insertion reaction, they concluded
that the major decomposition channels of the initially formed

Source Year Method k(298 K9 intermediate was to C{H+NH and CHNH+H. More re-
Black et al.’ 1969 FP-CL x10 12 cently, Umemotcet al,® reported the yields of NH and H to
Fell et al*® 1981 DF-ESR 4810 *? be 0.3 and 0.8, respectively, confirming the insertion mecha-
Umemotoet al®® 1998 LP-LIF 3.%10 2 nism.

Takayanaget al®® 1999 PR-RA 5.X10 % (292 K)

N(°D)+CH F—products
Takayanaget al®® studied the reaction over the temperature
range 223-292 K, and reportedk=7.1x10"1!

X exp(—750) cm® molecule* s,

There are also data for the deuterated analogues. Um
moto et al®? give k(CHsD)=3.2x10 %2 cm® molecule*
571, k(CH,D,) =2.7x10"*2 cm® molecule * s7%, k(CHDy)
=2.3x10" 2 cm® molecule! s!, and k(CD,=2.0
%1072 cm® molecule* s™1. Takayanagiet al*° reported
k(CD,)=3.3x10 texp(—700/T) cm® molecule* s ! [the
rate constant at 298 K isk(CD,)=3.2x10 %2 cnm?®
molecule s, considerably greater than that reported by
Umemotoet al®?]. The only measurement is by Fait al,*® using the dis-

The recommended value at 298 K is an average of theharge flow—electron spin resonance technique. They re-
values reported by Fekt al*® (adjusted downwards by a portedk=1.6x10 *cm®molecule *s™%; this has been ad-
factor of 0.6, Umemotoet al,®? and Takayanagt al®® The  justed downwards by a factor of 0.6 to obtain the
recommended temperature coefficients are based on the reecommended valugee the discussion in the introduction to
ommended value at 298 K and the temperature dependentas section. The reaction is probably insertion leading to
of Takayanaget al % CF;+NH, which is an exothermic path. However, there are

Umemotoet al®* have studied the nascent rotational andno product data.

The only measurement is by Fadt al.*® using the dis-
charge flow—electron spin resonance technique. They re-
portedk=1.6x 10" 2cm?molecule s™%; this has been ad-
justed downwards by a factor of 0.6 to obtain the
recommended valugee the discussion in the introduction to
this section. There are no product data. The reaction is prob-
ably insertion. CHF+NH may be formed in an exothermic
reaction.

N(°D)+CFzH—products
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N(°D)+CF,—products N(°D)+neo-CH,,—products

Fell et al,*® using the discharge flow—electron spin reso- The only measurement is by Fedt al,*® using the dis-
nance technique, reported a limiting value for the rate concharge flow—electron spin resonance technique. They re-
stant ofk=<10""*cmPmolecule *s%. There are no product portedk=4.6x10"**cnmolecule *s™; this has been ad-

data. The reaction is probably all physical quenching; therdusted downwards by a factor of 0.6 to obtain the

are no exothermic product channels. recommended Valb(see the discussion in the introduction to
this section. There are no product data. The reaction mecha-
N(2D)+C,H¢—sproducts nism is probably insertion.
The rate constant data are summarized in the followingy(2D)+C,H ,—products
table:
The rate constant data are summarized in the following
Source Year Method k (298 K) table:
Fell et al*3 1981  DF-ESR  2%10° 1 Source Year  Method k(298 K)
Umemotoet al* 1998 LP—LIF 2.x10 1 Blacketal’ 1969 FP-CL 1.x10 %0
Sugawaraet al®’ 1980 PR-RA 3.x10° ¢
43 —
The recommended value is an average of the value reportdee!l et al. 1981 DF-ESR 8310

by Fell et al,*® adjusted downwards by a factor of O$ee N e ¢ the val
the discussion in the introduction to this seciioand of The recommendegva ue1s an a"erage of the vajue reported
by Sugawareet al’’ and of Fellet al,” the later adjusted

Umemotoet al? . o C .
L . downwards by a factor of 0.6ee the discussion in the in-
There are no product data. The reaction is probably inser- . : .
tion troduction to this section
' There are no product data. However, on the basis of a
detailedab initio study of the reaction, Takayanaei al®®

concluded that the primary product channel would lead to

Fell et al,*® using the discharge flow—electron spin reso-cyclic-CH(N)CH,+H.
nance technique, reported a limiting value for the rate con- ,
stant ofk<10"4cm® molecule s ™. There are no product N(°D)+CH,CF,—products

data. The reaction is probably all physical quenching; there The only measurement is by Feit al,*® using the dis-

N(°D)+C,Fs—products

are no exothermic product channels. charge flow—electron spin resonance technique. They re-
portedk="5.3x 10" *cm® molecule 's™%; this has been ad-
N(*D)+C4Hg—products justed downwards by a factor of 0.6 to obtain the

ecommended valugsee the discussion in the introduction to

The rate constant data are summarized in the following,”. ; .
his section. The reaction probably leads to products, but

table: there are no data.
Source Year Method k (298 K)
Fell et al 3 1981  DF-ESR _ 4ag10 1 NCD1+CaHe—products
Umemotoet al®? 1998 LP—LIF 3.x10 11 The only measurement is by Fadt al.*® using the dis-

charge flow—electron spin resonance technique. They re-

— — 10 511, H
The recommended value is an average of the value reporte‘b?rte‘jk_1'1>< 10" *Pcm’molecule*s™*; this has been ad-

by Fell et al,*® adjusted downwards by a factor of O$ee Justed downwards by a factor of 0.6 to obtain the
the discussi,on in the introduction to this seclioand of recommended valugee the discussion in the introduction to

Umemotoet al %2 this section. The reaction probably leads to products, but

L . there are no data.
There are no product data. The reaction is probably inser-

tion. N(?D)+C,H ,—products
N(?D)+n-C,H,—products The rate constant data are summarized in the following
table:
The only measurement is by Fait al.*® using the dis-
charge flow—electron spin resonance technique. They re- ~ SOurce Year Method k (298 K)
portedk=5.2x10"*cm*molecule 1 s7%; this has been ad- fq|| et 2143 1981 DR-_ESR  1.%10°10
justed downwards by a factor of 0.6 to obtain theTakayanaget al® 1998 PR—RA 6.5 10 1t

recommended valugee the discussion in the introduction to
this sectiop. There are no product data. The reaction mechaTakayanaget al®' measured the rate constants over the tem-
nism is probably insertion. perature range 223-293 K, and reportel=1.6
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TaBLE 4. Rate constants normalized to the average value for the reaction$®j Mfth selected reactants

Source Year 7] 0, NO N,O Co,
Husainet al®? 1972 0.36 1.63 1.12 3.84
Husainet al* 1974 0.23 0.92 1.06 0.06 0.52
Young and Duff 1975 0.93 0.03 0.66
lannuzzi and Kaufmaii 1980 1.24
Sugawarzet al®’ 1980 0.89
Umemotoet al’® 1985 1.70 0.89 1.83
Phillips et al*® 1987 0.64
Pipef® 1993 0.78
Suzukiet al® 1993 1.70
Shihiraet al** 1994 0.89

X 10 %exp(—270T) cm® molecule 's . They also stud- €t al®® (adjusted downwards by a factor of 0.6 to obtain the

ied the reaction with ¢D,, and found k=1.4x10"1° recommended value; see the discussion in the introduction to

X exp(—240) cn® moleculelst. Their measurements this section, and Pipeet al* The data of Husaiet al* are

are the basis for the recommended value. The results of Feflearly anomalougsee Table 1L

et al,*® adjusted downwards by a factor of O$ee the dis- Lin and Kaufmafi* measured the O atom yield from the

cussion in the introduction to this sectjoare in excellent reaction, and found 1.05 for each3W) reacted, close to the

agreement at 298 K. theoretical limit of 1.0, based on the probable mechanism:
There are no product data. However, Takayaredgil®®  N(°D)+CO,—NO+CO, followed by N+NO—N,+O.

have carried ougb initio calculations and indicate that the This suggests that the reaction leads stoichiometrically to

reaction proceeds by addition at the triple bond followed byNO.

decomposition of the initially formed intermediate. The most

likely product channel gives HNCCH. These authors quote 5. Reactions of N (2P)

unpublished experimental results in support of their conclu-

sions. Rate constants are given here for a total of 24 reactions of

N(2P). Even though the number of reactions of?Rj in-

N(°D)+CO—products cluded here is almost the same as the number GDIN(

reactions, that is a consequence of a large body of data from

9 single sourcéUmemotoet al”®; the number of publica-

tions is much smaller. In general, these reactions are slower

Source Year Method k (298 K) than the comparable RID) reactions, probably reflecting a

lack of available adiabatic patRsThe experimental methods

The rate constant data are summarized in the followin
table:

7 _ — 12

BIacK etal. 14 1969 FP—CL 6<10,12 have been discussed in Sec. 4.

Husainet al. 1974 FP-RA 2.x10 As in the case of the reactions of H), the internal
Piperet al® 1987 DF-RF 1.x10 12 '

consistency of measurements from a single study can be ex-

. amined by comparing the normalized rate constants for the
The recommended value is an average of the results of Hu- . : ; _ .

. 14 . 29 . most widely studied reactions. This is shown in Table 4. The
sain et al." and Piperet al.™” According to Donovan and

Husain2 N(2D) + CO correlates with NCO( 2IT.), faciltat- data base from which these values were derived is much
ing physical quenching. smzaller than. the comparable data base in the case of the
N(“D) reactions. About the only conclusion that can be
drawn from this table is that the data reported in Husain
et al>® may be high as they were in the case of the compa-
The rate constant data are summarized in the followingable N¢D) reactions. The other data sets are not extensive
table: enough to draw any firm conclusions.
The large body of data obtained by means of the pulse

N(’D)+C0O,—NO+CO

Source Year Method k(298K radiolysis—resonance absorption technigq@&R—RA°": 7081
Black et al.’ 1969 FP-CL 6<10°13  which are taken near ¥®a, agree in general with measure-
Lin and Kaufmafi* 1971 DF-RA 5<10 **  ments taken at much lower pressure. However, in the case of
Husainet al1* 1974 FP—RA 1.810° 1 the reaction with H, these results are about a factor of 10
Fell et al*3 1981 DF-ESR 6.810° '  higher, and a pressure effect has been suggested. See the
Piperet al* 1987 DF-RF 3.%10 1  discussion under NP)+H,.

Data for the slow reactions are in many cases badly scat-
The recommended rate constant at 298 K is an average of thered. In the case of the reactions of CO and,Ctere are
values reported by Lin and Kaufm&hHusainet al,’* Fell  in each case measurements from three laboratories which
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TaBLE 5. Recommended values for the rate constants of the reactionsB)N(

Reaction A E/R k(298) f(298)° Notes
N(?P)+H,—N+H, 2x10°1° 3 see text
N(?P)+0—N(*S,2D) +O(®P,'D) 2.7x10° 1 15
N(?P) + 0,—0O+NO 3.1x10°1? 60 2.5 10712 1.3 200-300 K
N(2P) +NO—products 2.x10° % 1.3
N(?P) + N,O—products 51014 2
N(%P) +N—products 6<10713 3
N(?P)+N,—N+N, 5%x10 17 5
N(?P) + CH,—products 4.5x10°13 490 8.8<10 1.5
N(?P) + C,Hg—products 5410 % 2
N(2P) + cy-C;Hg—products 1.10 12 2
N(?P) + CyHg—products 1.%10 12 2
N(?P) + n-C,H,—products 2.K10 12 2
N(?P) +is0-C4H;o—products 3510712 2
N(?P) + neo-GH,,—products 3.410 2 2
N(?P) + C,H,—products 3.x10 % 1.5
N(?P) + CH,CHF—products 3.x10 % 2
N(2P) + CH,CF,—products 6.410 12 2
N(?P) + CHFCHF—products 3.x10 1 2
N(?P) + CHFCR—products 2.x10° % 2
N(2P) + C,F,—products 2.410 % 2
N(?P) + C,H,—products 1.0x10°1° 440 2.3x10° % 2 200-300 K
N(?P) + CO—products 610 % 2
N(?P) + CO,—products x10° % 2
N(?P) + Cl,—products 2.410 1 2

3preexponential factorg), and rate constantk(298), in units of crimolecule *s™%; E/R in units of K.
PMultiplicative error factor. Applies to 298 K values only. Error limits are larger at lower or higher tempera-
tures.

show moderate agreement for the £@action and serious (—950/T) cm® molecule * s™. For the comparable reaction
disagreement for the CO reaction. There is no obvious basigith D,, they give k=1.9x10 3exp(-930T) cm®
for the agreement or disagreement. molecule! s 1.

A major problem in studying slow reactions arises from The recommended value for the rate constant at 298 K is
impurity effects or secondary reactions. Reactive impuritie)ased on the data of Husain al* taken at low pressure.

will lead to measured rate constants that are too high. HoWy e experiments of Umemotet al’® and of Suzukiet al°

evir, i 3|gn|f|car.1t amounts of gro_und state ”;trﬂge” alOMSyere carried out near atmospheric pressure which may ex-
N(*S), and excited molecular nitrogen, (A% ), are

present, NEP) may be generated through the reactionplain why they differ so greatly from the data obtained at
N,(A 32,+)+N(“S)HN2+N(2P) leading to a measured lower pressure. Note that in the case of the comparable re-
rate constant which is too low. In the absence of additionafCtions involving NED) there is no great disparity between
information, it is not possible to know which sets of data areloW and high pressure results. Caution should be used in
the most reliable. Recommended values for the rate constan@Plying the low pressure numbers to high pressure systems.

of the reactions of KfP) are given in Table 5. Until the problem can be resolved, no recommendations can
be made for the temperature coefficients.
N(?P)+H,—N+H, The reaction is probably predominantly quenching to
2 .
The rate constant data are summarized in the foIIowingi\‘( D)', at Iegst at low pressure. See Donovan and Hésain
table: or a discussion of the allowed paths.
Source Year Method k (298 K) N(%P)+0—N(*S, 2D)+0(P, ID)
Husainet al > 1972  FP-RA 3.610° 1%
Husainet al* 1974 FP—RA 1.%10 ®  The rate constant data are summarized in the following table:
— 16
Young and Du%?F 1975  DF-ES <8X 10714 Source Year Method  k (298 K)
Umemotoet al. 1985 PR-RA 1.410
Suzukiet al® 1993  PR-RA 1.410°*  Young and Dunff 1975 DF-ES 1.810° 1
Pipef® 1993 DF—-RF 2.x10° 1
Suzuki et al!® studied the reaction over the temperature

range 213-300 K, and reporteck=3.5x10 *%exp  The recommended value is taken from Piffer.
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This is one of the few reactions of excited nitrogen atomsN(?P)+N,0—N,+NO
in which the NEP) reaction is faster than the RI) reac-

tion (see Table 2 The reaction is sufficiently energetic to The rate constant data are summarized in the following

yield products in excited states. However, there are no dat?ble:
on product yields. There is evidence that N@ a chemi- Source Year Method  k (298 K)
ionization product” Husainet al52 1972  FP-RA  3.410° 1
, Husainet al** 1974 FP—RA 510 14
N(*P)+0,—0+NO Young and Dunff 1975 DF-ES 2510
70 — 14
The rate constant data are summarized in the followind’Mmemotoet al. 1985 PR-RA 6.%10
table: . . L
The earlier value of Husaiet al®?is discounted; the recom-
Source Year Method k (298 K) mended value is the average of the last three entries. The
Husainet al? 1972 FP-RA 4.&10 12 agriemem IS poor. g _ | erm
Husainet al 1974 FP-RA 261012 T e re?ftlon to produce NO is stron_gy gxot ermic. Hu-
Youna and Dunff 1975 DF—ES <oxio-l2 San et al™” concluded that the mechanism involved forma-
9 i - 1 tion of excited states of NO and that the low reactivity was
lannuzzi and Kaufmafi 1980 DF-RF  3.%10 the consequence of an energy barrier leading to such states.
Umemotoet al.” 1985 PR-RA 2.%10 12
Phillips et al*® 1987 DF-LPI 1.&%10 *  N(*P)+N—products
. 8 _ — 12
Plpef‘ 1 1993 DF-RF  2.210 The only data are from a discharge flow—emission spec-
Shihiraet al. 1994 PR-RA 2.%10 %2

troscopy study of Young and Durffiwho reportedk=6.2
X 10" BcmPmolecule st There is a high degree of un-
The earlier results of Husakt al>“ are discounted. The rec- certainty in this measurement because of the experimental
ommended room temperature rate constant is an average @ifficulty.
the balance of the dataot including the limiting valug

Shihira et al** studied the reaction over the temperatureN(?P)+N,—N+N,
range 210-295 K, and reportedk=3.1x10 12
X exp(—60/T) cm®molecule *s. The recommended tem-
perature coefficients are based on their results adjusted to the™

|52

The rate constant data are summarized in the following

recommended value at 298 K. Source Year Method k (298 K)
There are no quantitative data on product yields. However, i, and Kaufmaf® 1971 DF—RA 6<10°1 (400 K)

NO has been observed as a product. Rawinal*® mea-  Hysainet al52 1972 EP—RA <3x10-16

sured the initial vibrational state distribution of the productHysainet al14 1974 EP—-RA ® 10716

NO(X 2IT) at 100 K. They inferred that the branching ratios Sugawaraet al®’ 1980 PR-RA  3.8310 Y
for formation of O&S), O(*D) and OFP) were about equal Umemotoet al’® 1985 PR—RA <=4x1016
at that temperature. They suggest that the reaction may pro-
ceed through a long lived reaction complex, possibly involv-Note that the rate constant of Lin and Kaufffawas mea-

ing insertion. sured at 400 K. Even allowing for the temperature difference
between these and other workers, the data are badly scat-
N(?P)+NO—products tered. The lower values are preferred. The recommended

) ) ~ value at 298 K is based on the data of SugaVﬁ1ra1.67 and
The rate constant data are summarized in the fOHOW'ngassigned a large uncertainty.

table:

Source Year Method k (2908 K)  N(*P)+CH,—products
Husainet al®? 1972 FP—-RA 34101 The rate constant data are summarized in the following
Husainet al 4 1974  FP-RA  3.x10°1t table
Young and Dunff 1975 DF-ES 2810 1 Source Year Method k (298 K)
Sugawarat al.” 1980  PR-RA  2X10"  jcioetal’® 1985 PR-RA 7.810

o Takayanaget al®® 1999 PR-RA 9.310 '* (292 K)
}

The earlier value of Husaiet al> is discounted; the recom-

mended value is the average of the last three entries. Takayanaggt al° studied the reaction over the temperature
There are no exothermic adiabatic paths to productsiange 223-292 K, and derived the rate expressierb.0
Physical quenching is probably the only procéss. X 10" Bexp(—490/T) cm®molecule 's™. They also mea-
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sured the rate constant for the reaction with ,GD be k
=3.1x 10" ¥exp(—480) cnm®molecule 1s™ 1.

the two reported value@t 298 K. The recommended tem-

1465

These measurements are from the same laboratory. The rec-

. ommended value is the average of these. The reaction prob-
The recommended rate constant at 298 K is an average gy inyolves product formation rather than physical quench-

ing, but there are no data.

perature coefficients are based on the recommended value al
298 K and the temperature dependence of Takayanagxil(zP)+CH2CHF—>products

et al%°

There are no product data, although physical quenching The only measurement is by Umematba

may be dominanf®®°

N(?P)+C,Hg—products

The only measurement is by Umemabal.,’® using the

,7° using the

pulse radiolysis—resonance absorption technique. They
ported k=3.1x10 *cm’molecule*'s™t. There are no
product data.

N(°P)+CH ,CF,—products

pulse radiolysis—resonance absorption technique. They re-

ported k=5.4x10 cm®molecule*s .
product data.

There are no

N(?P)+cy-C3Hg—products

The only measurement is by Umematbal.,’® using the

pulse radiolysis—resonance absorption technique. They
ported k=1.9x10 2cm®molecule *s™t. There are no
product data.

N(?P)+C;Hg—products

|.,70

The only measurement is by Umemabal,”™ using the

pulse radiolysis—resonance absorption technique. They re

ported k=1.9x10 *cm’molecule's™t. There are no

product data.

N(?P)+n-C,H,,—products

The only measurement is by Umemabal.,’® using the

pulse radiolysis—resonance absorption technique. They
ported k=2.7x102cmPmolecule s t. There are no
product data.

N(?P)+iso-C,4H,g—products

The only measurement is by Umematbal,’® using the

pulse radiolysis—resonance absorption technique. They
ported k=3.5x10 2cm®molecule 's™t. There are no
product data.

N(?P)+neo-CH , —products

|.,70

The only measurement is by Umemabal,,” using the

pulse radiolysis—resonance absorption technique. They re

ported k=3.4x10 *cm’molecule's™t. There are no

product data.

N(?P)+C,H ,—products
The rate constant data are summarized in the followin
table:
Source Year Method k (298 K)
Sugawaraet al®’ 1980 PR-RA 2.810 1
Umemotoet al.”® 1985 PR—RA 3.x10 1

The only measurement is by Umemabal.,’® using the

pulse radiolysis—resonance absorption technique. They
ported k=6.4x10 ?cm®molecule's™t. There are no
product data.

N(?P)+CHFCHF —products

re-

The only measurement is by Umemabal,’® using the

pulse radiolysis—resonance absorption technique. They
ported k=3.1x10 *cm®molecule's™t. There are no
product data.

N(?P)+CHFCF ,—products

" The only measurement is by Umematoal,” using the

pulse radiolysis—resonance absorption technique. They
ported k=2.3x10 *cmPmolecule*'s™t. There are no
product data.

N(°P)+C,F,—products

re-

The only measurement is by Umemabal,’® using the

pulse radiolysis—resonance absorption technique. They
ported k=2.4x10 *cm’molecule's™t. There are no
product data.

|70
|81

1985 PR-RA 3.X10 ! (295 K)
1998 PR-RA 2310

Umemotoet a
Takayanagket a

Takayanagiet al.®!

perature range 223-293 K, reportell=1.0x10 1©

X exp(—440IT) cm®molecule *s™%. They also studied the

comparable reaction with 0, and reporteck=7.1x 10" 11

g<exp(=3801) cnmolecule s,

The two measurementfrom the same laboratonare in

re-

re-

re-

re-

re-

N(°P)+C,H,—products
re-
The rate constant data are summarized in the following
table:
Source Year Method k (298 K)

who studied the reaction over the tem-

good agreement. The recommended value is based on the

results of Takayanagit al®!

The relatively large rate constant suggests that chemical

reaction is dominant, but there are no product date the
discussion in Refs. 70 and B1
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N(?P)+CO—products actual measurements may be for some mix of vibrational
. . . levels.
Thfa rate constant data are summarized in the following As noted in Sec. 2, the only exception to this format is
table: , . .
Table 9, which compiles data on a broad range of species,
Source Year Method k (298 K) mostly the results of single measurements. For these data, the
rate constants are tabulated at 298 K #ier0 andv =1. If

Husainet al* 1974  FP-RA 9.6010 8
Young and Dunf 1975 DE_ES <7%10°15 there are more thgn one measurement a recommeqded value
Umemotoet al ™ 1985 PR_RA 651015 Mmay also be provided. If there are product data or informa-

tion on other aspects of the reaction, this is discussed in a

The disagreement is inexplicable, and indicates a majofro?:tnotet:]0 the.t?blfe._ f modell lied ¢
source of error in one or more experiments. The very high oM (€ point of view ol modeling applied systems, one

value of Husairet al* is rejected. The recommended value 'S interested in two classes ?f reaction of(N ) reac-
is based on the data of Umematbal”® tions which attenuate }(A33"), and reactions of additive
There are no product data. The mechanism may involvépecfs +WhiCh are transformedestroyed by reaction with
relaxation to N°D).2 No(A®% ). In the first category are the atmospherlc_ gases,
N,, O,, H,O, N, and O. In the latter category are oxides of
N(2P)+CO,—products nitrogen and sulfur, hydrocarbons, fluorocarbons and volatile
organic compounds of all kinds.
The rate constant data are summarized in the following |deally, it would be desirable to know the rate constants

table: for reaction for a range of anticipated vibrational levels for
Source Year Method  k (298 K) N,(A331), distinguishing between vibrational relaxation
and electronic quenching, which in many cases leads to dis-
Husainet al* 1974 FP—RA 1.X10 " gociation. However, it is difficult to always distinguish be-
Young and Dunff 1975 DF-ES 1410 tween these.
Umemotoet al.” 1985 PR-RA 3.10° % To try and keep terms clear, quenching will always refer

_ to electronic quenching of A3 !, v=n) to the ground

The recommended value is based on the data of UmemoiQeactronic state E(lE+ v=n'), irrespective of the vibra-
70 . ’ ’

etal.”™ (compare these results with those for the CO reactjgna| levels of either. Relaxation will refer to vibrational

tion). relaxation of N(A33  v=n) resulting in formation of

There are no product data. Ny(A33 fv=n’), wheren—n’ is expected to be 1 or 2. The
) measured rate constant refers to the overall process without
N(°P)+Cl—products distinguishing between possible mechanisms.

The only measurement is by Umematbal.,’® using the As in the case of the reactions of the excited atomic states
pulse radiolysis—resonance absorption technique. They r@f nitrogen, the internal consistency of measurements from a
ported k=2.4x10 cm’molecule's™t. There are no single study can be examined by comparing the normalized
product data. rate constants for the most widely studied reactions. This is

shown in Table 6. Although only qualitative conclusions can
. 3+ be drawn, the values in Table 6, suggest that the data of
6. Reactions of N ,(A °X ) Black et al.” and of Clark and Sets&rare too high. This also
appears to be the case with the data of Meteal,>’ except

Rate constant data are provided here for 76 reactions dhat their results for the NO reaction are sharply lower than
N,(A33 7). The data are given in three tables: reactions otthe average values. Thus, although differences in results may
compounds containing H, O, and N; reactions of compoundslepend in some cases on broad factors such as the method
containing C; and reactions of miscellaneous compounds. for the measurement of time, in other cases the disagree-

Following each summary table, each reaction is discussemhents may arise from very specific errors in experimental
in detail. The literature values of rate constants are presentezkecution. Both kinds of problem represent unknowns to the
in tabular format in many cases. If there are measurements evaluator.
the rate constants as a function of the vibrational level of Although there are a variety of methods available to make
No(A331), the data are given in tabular form for=0-v and monitor N(A33), most of the data reported here were
=6. These vibrational levels)(=0—v =6) lie below the on-  obtained using some kind of discharge flow system. Other
set of the I\g(B3Hg) state. If data are reported fo=7, they = methods which have been used in a number of studies in-
are given in the text. Recommended values given in the sunelude flash photolysis and pulse radiolysis. These are dis-
mary tables are for nominal JA3X ), v=0). In some cussed in more detail by GoldeA critique of experimental
cases, the vibrational level of the; 33 ) molecule is not methods is given by Pipest al?®
known or specified. Depending on experimental conditions, There are basically two approaches to discharge flow
one can have significant levels of>0. If not specified, the sources. In one, NA 32 1) is formed in a discharge in Nor
reported rate constants are given in the0 column, but the mixtures of N in He or Ar. This kind of source leads to the
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TaBLE 6. Rate constants normalized to the average value for the reaction§AFR. , v =0) with selected

reactants
Source Year 7] NH; 0O, NO N,O  C,H, CcO CGo
Black et al” 1969  0.90 131 140 1.02 121 167
Younget al®® 1969 130 095 115 090 127 0.92
Callear and Woott 1971 0.90 118 131 086 093 073
Meyer et al®’ 1971 1.16 214 0.23 1.35
Slangeret al3® 1973 057 094 1.08 0.90 0.82
Dreyer and Pernét 1973 0.46 0.54
Dreyeret al*? 1974 059 062 0.46 0.87 0.33
Dunn and Youn 1976 0.95
Mandl and Ewing® 1977 0.70
Levron and Phelps 1978  0.72
Clark and Setséf 1980 148 246 1.08 1.02 242
Zipf 38 1980 0.62
Piperet al?® 1981 0.78
lannuzzi and Kaufman 1981 0.82
Shibuyaet al?® 1984 1.13
Thomas and Kaufmdn 1985 0.82
Cao and Setsét 1985 1.02 1.02
DeSousat all® 1985 0.82
Piperet al?° 1986 1.08
Thomaset al®* 1987 0.82 0.92 087 0.85 0.73
Hack et al53 1988 115 1.01
Bohmer and Hack 1989 1.75
Goldeet alf* 1989 0.72
Ho and Gold&t 1991 1.02
Suzukiet al®* 1993 0.83 0.29
Suzukiet al®* 1997 0.79

formation of many excited species other thag(A®S. ') as ~ Sensus values; adjustment upwards by a factor of about 1.5—
well as to copious amounts of ground state N atoms whict?-0 is appropriate. However, this is not universally tfeee
rapidly remove N(A%3 ") (see the section below on the the data for the CO reactipn

Ny(A3S )+ N reaction for which k=4.4x10" 1 cm? In all these approaches,(A 3 ) is generated as a mix
molecule* s7%). To reduce the effect of N atoms, a dilute Of vibrational levels. For kinetics applications, we want to
mixture of N, in He or Ar can be used. know the rate constants with reference to specific vibrational

An alternative to that approach was developed by Setsdgvels. Thus, the monitoring method is the critical factor.
and co-worker® in which one started by exciting arggar ~ Some of the earlier measuremefdse for example Refs. 7,
xenon or kryptohin a discharge to the first metastable state, 22, and 36 involved the use of some form of sensitized
which in turn was allowed to react with,N The initial prod- ~ fluorescence to monitor the ,8A3S.}); e.g., the reaction
ucts of that interaction are rapidly transformed tgA>3 1) No(A33 ) +NO—N,+NO(A23 ™), for which one can
with excitation of vibrational levels up to at least6. From  measure the emission from the decay of MGE *). Such
a practical point of view, this approach is only feasible undemmethods are not sensitive to the vibrational level of the
flow conditions using argon as the initiator. The great advanN,(A 3% ). The most straightforward method is to monitor
tage of the method is that nitrogen atoms are only a minothe Vegard—Kaplan MA,v—X) emission. However, the
product(probably less that 59, so that loss due to reactions emission is weak and not really usable much beyordL.
of N atoms is minimized. More general methods involve using laser induced fluores-

In the flash photosensitization technique of Callear andcence using the )B«—A) system, or visible absorption to
Wood the excited species is produced from photolytically Nx(B °I1,).
excited xenon or krypton in the absence of significant Suzukiet al>*®* describe a method in which it was pos-
amounts of N atoms. The direct vacuum ultraviolet photoly-tulated that M(A33 ) could be formed in a pulsed dis-
sis of N,O (see for example Youngt al®®) has also been charge and its concentration followed by measuring the elec-
used, but is somewhat less desirable since N atoms are alson current generated when the excited species collided with
generated. an electrode. The method does not appear to be specific to

Pulse radiolysis techniques have been applied by DreyeN,(A33), and the reported rate constants are suspect. Rec-
and Pernet?%®|n this method reactions can be studied overommended values for the rate constants of the reactions of
a broad range of pressufever 10 Pa if desirefl However, N,(A 33 ") are given in Tables 7-9.
their rate constants appear to be low compared to the con- In summarizing the status of our knowledge regarding
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mechanism, Goldeargued that there is only one mechanism  Source Year Method O 1

for quenching, electronic to electronic energy transfer to an

excited state of the collision partner, which can then decomPunn and Youngf 1976 DF-ES 0.035 0.035
pose. It now seems clear that although the energy of thelovis and Whitefield® 1987 DF-ES 0.5

N,(A33 1) species above the ground state is about 6.2 eV, iHo and Gold&' 1991 DF-ES 2.1

is not necessarily available for furthering chemical reaction:
Reaction may be dependent on the acceptor species havifg 4 curious reversal of the temporal nature of rate constants,
triplet electronic states available at or below about 6 eVina value is seen to be increasing with time. The measure-
particularly if the excited state is dissociative. Vibrational j,ants are difficult because of the need to measure the H
- . 3 + - .
excitation of N(A “%/) may help in accessing such states. 54,0 concentration at low levels in a complex reaction sys-
A major problem in using the kinetics data given here IStem. Dunn and Your§ and Hovis and Whitefield mea-

the lack of even qualitative data on products or their y'eldsswed the H atom concentration using a titration technique,

particularly for organic speues.'Rechons of al}(enes Olvhile Ho and Gold& used the resonance fluorescence tech-
alkynes are fast, and almost certainly involve chemical trans-. : .

; . nique. The latter is the more reliable approach, and the data
formations, yet the mechanisms are not known. For ethylene . .
L R o o6f Ho and Gold&! are the basis for the recommendation.
it is known that molecular elimination of His important,

1 .
with a minor channel leading to H atoms. For the higher Ho and Gold&" found that the yield of NH was less than

0 . . : )
alkenes there is some data indicating an H atom channel fo]r/o of the total reaction. This agrees with the observation of

C.He and cis-2-GHg. There are no product data fopl@, or ~ Hacket al”® in their study of the MA °3.1) + H, reaction,

for most alkanes or haloalkanes. in which addition of H atoms did not enhance the observed
It should also be noted, that even if vibrational relaxationNH Signal, although it attenuated that ob(4 °X.;). The

is indicated as a major path in a given reaction, that does ndgaction mechanism is probably all quenchifgpssibly

rule out electronic and dissociative quenching as an importhrough an excited state of;N); the product N(X) ground

tant process. Thus some caution must be used in interpretirfjate may be vibrationally excited. Sperlein and GHldave

what limited information is available on reaction paths. carried out a detailed theoretical study of the reaction in or-

der to explain the very efficient quenching.
N,(A 32 ) +H—products
No(A33")+H—N,+H No(A 32 ) +H,—Ny+2H

The rate constant data for the overall reaction are summa- The rate constant data for the overall reaction are summa-
rized in the following table as a function of the vibrational rized in the following table as a function of the vibrational
level of NyAS3Y). Rate constants in units of level of NyA33'). Rate constants in units of

10" 9¢cm*molecule ts™2. 10 ¥ cm® moleculets™.
|
Source Year Method 0 1 2 3 4 5 6
Black et al” 1969 FP—CL 3
Younget al>® 1969 P—CL <7
Callear and Wootf 1971 FP—CL 3
Slangeret al3® 1973 FP—CL 1.9
Levron and Phelgs 1978 PD-ES 2.4 44
Hack et al>® 1988 DF-LIF 3.8 22 23 25
Bohmer and Hack 1989 DF—LIF 5.8 17 18 20
Goldeet al>® 1989 DF-LIF 59 160 280 540 1000

The agreement is only fair. The data of Blagkal,” Young 7 are based on the recommended value for the rate constant

et al,>® and Callear and Wod@are discounted. The recom- at 298 K and the temperature dependence reported by

mended rate constant at 298 K fo=0 is an average of the Slangeret al3®

data from Refs. 36, 25, 53 and 15. There are serious disagreements for the rate constants at
Slangeret al®® studied the reaction over the temperaturehigher vibrational levels. Thus, while Haek al®® and Bo-

range 240-370 K, and repdkt=2.2x 10™ %exp(—3500T) hmer and Hack observe a leveling off of rate constants

cnt molecule ts ™2, beyondv=1, Goldeet al,>® who interpreted their data in
The recommended temperature coefficients given in Tableerms of electronic quenching, see a continuous rise. They
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TasLe 7. Recommended values for the rate constants of the reactiongAfN,) with species containing H,

O and N
Reaction A E/R k(298) £(298)° Notes
No(A 33 ") + H—products 2.1x10°° 15
No(A 32 5) +Hy—Ny+2H 4.4x10°% 3500 3.5x10° 2 240-370 K
No(A325)+ OH—N,+OH(A 23 ) 1.0x10° % 1.3
No(A 32 5) + H,0—N,+H+OH 5x10° % 2
No(A 32 1) + NH3—Np+H+NH, 1.2x10°% 15
No(A 33 5) + HNg—products 7.0x10° 15
No(A 3% 1) + NH,0H—N,+NH,+O0H 1.7x10°%° 2
No(A325)+0—N,+0 2.5x10 % 1.3
No(A 33 )+ O,—products k=k(300) 2.5x10°? 1.2 80-560 K;
X (T/300)>5° see text
Na(A3S 1) +0y(*Ag)—Ny+20 <2x10 4
No(A 33 1) + O3—products 4.2x10° %
No(A 32 7)+NO—N,+NO(A 23 ) 6.4x10 % 1.3
No(A 33 ) + N,O—products 93x10° % 120 6.2x10°2 1.3  240-370K
No(A 32 5) + NO,—N,+NO(X 2IT) + O 1.3x10°% 2
No(A 32 5) + N—N,+N(?P) 4.4x10°% 15
No(A 33 u+)+N,—Ny+N, <3x10718
No(A 1) +Ny(A 35 1) — Ny +Ny(B 311 ) 4x10° %0 see text

¥Preexponential factors), and rate constant&(298), in units of cimolecule* s™%; E/R in units of K.
PMultiplicative error factor. Applies to 298 K values only. Error limits are larger at lower or higher tempera-
tures.

show data plots for =3, 5, and 6, which are clearly linear s~ in agreement with the value reported by Wategaonkar

over the range of their experiments, indicating that vibra-and Setséf of k=0.95x 10~ 1° cm® molecule ! <.
tional relaxation was not important under their conditions. The reaction forming OH§?3 ") is thus the dominant

Bohmer and Hack show data plots foo=0—v=3. Their  and possibly only channel.
data are increasingly scattered going to higher vibrational
levels and could be interpreted in terms of larger rate conn,(A 32+)+H20—>N2+H+OH
stants. This is the only case in which a great disparity in rate
constants as a function of vibrational level has been reported, '€ raté constant data for the overall reaction are summa-
Bohmer and Hac¥ have measured product yields. The rized in the follogvmg table as a function of Fhe vibrational
yield of H atoms is directly proportional to the amount of Iev_ellz of N(A®%)). Rate constants in units of
added H. Although this is a major and possibly only prod- cm’molecule™s™
uct, it was not determined quantitatively. They argue that the Sgource Year Method 0 1 2 3 4 5 6
enhancement in rate going from=0 tov=1 is due to re-
active quenching, not to vibrational relaxation as suggestefallear and 1971 FP-CL 0.055
by Levron and Phelp%. Wood®
Sperlein and Gold@ on the basis of amb initio study, Goldeet al®® 1989 DF-LIF 37 45 56
deduced a barrier for reaction of about 49 kJ plwhich is
compatible with the measured activation energy. It is prob-The only measurements far=0 are from Callear and
able that vibrational energy can be used at least in part tWood®

1

overcome the barrier. Goldeet al>® have detected OH by LIF, and indicate that
this is a major product. However, there are no quantitative
N,(A 33 Y)+OH—products yield data.

Ny(A3% ) +OH—-OH(AZZH)+N,

Ho and Goldé* using the discharge flow—emission spec-
troscopy technique combined with resonance florescence to The rate constant data for the overall reaction are summa-
monitor OH radicals, reported the total rate constant to baized in the following table as a function of the vibrational
k=1.1X10"°cm®*molecule 1s™L. For the channel leading level of NyA33!). Rate constants in units of
to OH(AZS "), they reported=1.0x 10" °cm® molecule* 10" °cm®molecule *s™!

N(A 3% ) +NH;—N,+H+NH,
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Source Year Method 0 1 2 3 4 5 6
Younget al>® 1969 P-CL 1.8
Callear and Wootf 1971 FP-CL <0.2
Meyer et al >’ 1971 DF-CL 1.6
Slangeret al® 1973 FP—CL 1.3
Dreyeret al!? 1974 PR-AS 0.82 0.86 1.5 1.2 1.6 1.5 2.3
Hacket al>3 1988 DF-LIF 1.4 1.5 1.8 2.3
[
Dreyeret all? also reported rate constants for7 of 0.45 Source Year Method 0 1 2 3

10 11 _ -10
%10~ cm® molecule * s~* and forv =8 of 1.1x 10" *° cm® Cao and Sets® 1988 DF-ES 85

molecule™ ™. Bohmer and Hacé 1991 DF-LIF 55 55 52 7.3
The recommended value at 298 K is the average of the i i i '

i 36 12
datasglven by Slangeet al,™ Dreyer etal,” and Hack e yocommended value is the average of the two reported
et al>® The data of Callear and Wotdare in significant measurements

disagreement, indicating some source of unrecognized sys- 1,4 branching ratio to form NHY{3IT) has been reported

tematic error. as 0.0257 Although dissociative quenching is probably the

The3r§ have been three studies of product yields. Golde ang5ior path, there are no quantitative data on product yields.
Moyle®s found that H atoms were a major product, and the

y?eld was indeper!dent of addeg £ which brin.gs abogt N2(A32u+)+NH20H—>NH2+OH+N2

vibrational relaxation of BA 33 ,v). Under their experi- )

mental conditions, the initial distribution of=0, 1, 2, and 3 The rate constant data for the overall reaction are summa-
was 1.0, 0.48, 0.19, and 0.14, respectively. They concludefized in the following table as a function of the vibrational
that the rate constants and branching fraction for dissociatioffVel 0 No(A E_g ). Rate constants in units of
were independent af. They also argued that the low values 10 cm’molecule *s™,

for the rate constants reported by Dreyatral? for v=0

and 1 are in error. Hackt al3® measured the yield of Njy ~ Source Year Method 0 1 2 3
and concluded that the major channel was to produc@ohmer and Hack 1991 DF-LIF 1.7 2.3 4.0 4.0
H+NH,+N,, with possibly 10% going to a second channel
NH-+H,+N,. Taoet al®® measured the branching ratio for Bohmer and Hac¥ also measured the yield of NHind OH

the channel going to HNH,+N; to be 0.9=0.2. Itis likely by LIF, and reported a branching ratio for BH0.9+0.1.
that this is the only major channel.

N,(A 32 ) +0—N,+0
No(A 32 ) +HN;—NH+2N, NL(A3ZH)+0—-N,+0(1S)
The rate constant data for the overall reaction are summa- The rate constant data for the overall reaction are summa-

rized in the following table as a function of the vibrational rized in the following table as a function of the vibrational
level of Ny(A33’). Rate constants in units of level of NyAS33!). Rate constants in units of

10" cmPmolecule ts™2, 10 ™ emPmolecule s
|
Source Year Method 0 1 2 3 4 5 6
Meyer et al>® 1970 DF-CL/ES 2
Dunn and Youn{f 1976 DF-ES 1.5 1.5
Piperet al1® 1981 DF-ES 2.8 3.4
Thomas and Kaufmdn 1985 DF-LIF 3.5 4.1 4.6 5.2
De Souzeaet al® 1985 DF-ES 2.1
De Benedictis and Dilecé® 1997 DF-LIF 3.3 35 2.1 4.3 4.6

De Benedictis and Dilecéalso reported fov =7, k=7.4  were measured relative to the rate constant for thee@c-
x 10 cmPmolecule 's . The data from Meyeertal®  tion for which they found k(O)/k(O,)=3—-4. Using
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the recommended value for,drom this evaluation gives nelis 0.75-0.13. There is no evidence for a channel leading
k(0)=0.9x10'* cm® molecule's™’. These data are to NO.
discounted. The recommended rate constant at 298 K is t

3y +
average of the rate constants given in Refs. 76, 18, 2(A32u+)+02—>products
and 5. N,(A°3)+0,—N,+20
Pipett’ has measured the rate constant for excitation ofN2(A SEU"')+OZ—>NZO+O
O(*S) in the reaction fow =0, and reported=2.1x 10" 11 The rate constant data for the overall reaction are summa-
cm® molecule 's™. Using a value for the total rate con- rized in the following table as a function of the vibrational
stant measured earlier in the same laboratBiperet all8), level of Ny(A 323)_ Rate constants in units of

Pipett’ deduced that the branching ratio for the'®Y chan- 10" *2cm®molecule s,

Source Year Method 0 1 2 3 4 5 6
Younget al>® 1969 P—CL 2.9
Callear and Wootf 1971 FP—CL 3.6
Meyer et al®’ 1971 DF-CL 6.5
Slangeret al3® 1973 FP—CL 3.3
Dreyeret al1? 1974 PR-AS 1.9 7.4 5.0 3.4 6.2 5.8 6.5
Dunn and Youn{f 1976 DF-ES 2.9 2.9
Clark and Setsé? 1980 DF-ES 4.5 5.1
Zipf 38 1980 PD-ES 1.9 4.0
Piperet al 23 1981 DF-ES 2.3 4.1
lannuzzi and Kaufmar 1981 DF-LIF 2.5 3.9 4.3
Thomas and Kaufmdn 1985 DF-LIF 2.5 4.3 5.4 57
Cao and Setséf 1985 DF-ES 3.1
De Souseet al® 1985 DF-ES 2.5 4.0 45
Thomaset al>! 1987 DF-LIF 2.5 4.3 4.5 4.9 4.3 3.8 4.5
Goldeet al>® 1989 DF—LIF/ES 2.2 4.2 4.6 4.4 4.7
De Benedictis and Dilecé2 1997 DF-LIF 3.7 6.3 5.2 4.1
[
Dreyer et al1? also reported rate constants for7 of 7.5 There have been a series of measurements of the yield of

x10 2cmPmolecule*s™!, and for v=8 of 5.1 N,O, which has declined as a function of time. Ziptised a
X 10" *2cmPmolecule s, Slangeret al3® studied the re- mass spectrometer to measure the yieldmae=44. Al-
action over the temperature range 240—-370 K, and reportetthough he believed that interference by £fas not a prob-
k=7.2x10 *?exp(—240/T) cm® molecule *'s™1. De Sousa lem, the reported branching ratio of 0.6 has been discounted
et al1® measured the temperature dependence from 80 to 30fy subsequent measurements. The most recent, by Fraser and
K for N,(A3S P, v=1,2), and over the range 80—-560 K for Piper reported a branching yield 6£0.2%. Examination
No(A32 ., v=0). They found that the data could be repre-of the data suggests a value of @96.2% would be equally
sented by an expression of the fokm koo T/300)*%°. Over  reasonable. There is no real evidence to support the existence
the temperature range of their measurements, the data couddl this channel. This does not rule out the reaction involving
not be represented in Arrhenius format. The temperature deN,(A 33 1), particularly for highv, but indicates that there
pendencies are shown in Fig.(@ata points are not shown are other possible routes to,® aside from the obvious
This is probably the most studied of all reactions of N+NO, reaction (see the discussion by Frasetral3! of
N,(A327), and more recent values are in good agreemenpotential sources of D in discharge systems
The recommended value at 298 K is based on the more re- The branching ratio for the dissociative channel to oxygen
cent measurements as reported in Refs. 23, 13, 8, 27, 16, Btoms is also the subject of uncertainty. lannuetzal ** re-
and 55. Many of the earlier measurements are too high. Thported a total dissociation to O atoms of 65%0% for a
rate coefficients given in Table 7 are based on the recomsystem of N(A3% ", v=0,1,2). Reanalysis of that data by
mended value for the room temperature rate constant and ti@olde and Moyl led them to argue that the branching ratio
temperature dependence o= 0 of De Sousat all® Their  increased withv, suggesting 0.57 foo=0 and 0.77 for
data are in fair agreement with those of Slangeal.®® but ~ >0. One can surmise that for higher levels, the branching is
cover a wider temperature range. unity. In light of the experimental difficulties in making
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these kinds of measurements, it is probably not too far wrongtates are available, and a rate constant comparable to the
to assume a branching of unity for all levels. upper range found for vibrationally excited (A 33)
However, there is one set of totally contradictory data.seems reasonable and is within the limit set by Piper. How-

Fraser and Pipét reported the yield of O atoms to be 6.6 ever, there is no direct evidence that the reaction occurs.
rather than the expected maximum of 2. They concluded that

some other reactive species was present and that the yield gf,(a 33 1) +0;—N,+0,+0
O atoms from the BA®Z])+O, reaction conceivably ,(A3sT)+0,—2NO+0
could be zero. If that were the case, one would expect to see
excess y|e|ds in other reactions for which y|e|ds have been The rate constant data for the overall reaction are summa-
quantitatively measured. There are data for reaction withized in the following table as a function of the vibrational
NHs, NO,, and NHOH for which dissociative product level of NyA33!). Rate constants in units of
branching is essentially unity. Until they can be confirmed,10~ **cm®molecule *s™.
the interpretation of the data of Fraser and Pipshould be
discounted. See also the discussion fo(A*S ) +H and Source Year Method 0 1 2 3
N(A°%y) +NO. Bohmer and Hack 1991 DF-LIF 4.2 4.4 8.0 10.2

It is notable that even at the highest vibrational levels i i i '

attained in any of the experiments, the rate constants were
still only about 0.1 of the collision number. That implies that Bohmer and HacK found that NO and O are products, and

factors other than an energy barrier are limiting. from the shape of the NO yield curve, they concluded that
NO is a primary product. The major channel gives

Na(A3X)+0y(*Ay) — products N,+0,+0, with a second channe(20% leading to

N(A 32 )+0,(*Ag) —N,+20 2NO+0. The branching ratio for the major channel has not

. . . b directl d; 0.8.
There are no data. Pipérgives an upper limit of 2 een directly measured, we assume

x10 emPmolecule st at 298 K from an analysis of

possible complicating reactions involved in a study of theN,(A 33)+NO—N,+NO(A 2% )

N,(A3%3[)+OCP) reaction. This limiting value is about N(A3%F)+NO—N,+N+O

four times greater than that found for reaction g{ N33 })

with ground state @ The relative slowness of the ground The rate constant data for the overall reaction are summa-
state reaction may be attributed to the Frank—Condon migized in the following table as a function of the vibrational
match of the upper and lower states of.NWith excited level of NyA3X!). Rate constants in units of
O,(*Ay), there are no energy restrictions, upper triplet O 10~ **cm® molecule *s™.

Source Year Method 0 1 2 3 4 5 6
Young and St. JoHA 1968 DF-ES ~7
Black et al.’ 1969 FP—CL 8
Younget al>® 1969 P-CL 7.0
Callear and Wootf 1971 FP—CL 8.0
Meyer et al®’ 1971 DF-CL 1.4
Dreyer and Pernét 1973 PR-AS 2.8 6.6
Dreyeret all? 1974 PR—-RA 2.8 4.0 6.8 12 11 10 9.6
Mandl and Ewind® 1977 FP—CL 4.3
Clark and Setsé? 1980 DF-ES 15 15
Piperet al?° 1986 DF-ES 6.6
Thomaset al®! 1987 DF-LIF 5.6 7.8 8.6 10.4 9.9 12.3 11.8
De Benedictis and 1997 DF-LIF 12.2 10.8 17.3 3.0 7.4
Dilecce®
Suzukiet al>* 1997 see text 4.8
Shibuyaet al?® 1984 LP—CL 6.9

Dreyer et al? also report rate constants for=7 of 8.9  added CHF and CH, to relax upper vibrational levels of
x 10~ cm® molecule™ s7%, and forv=8 of 6.7<10° ™  N,(A3S), and reported little effect on the measured rate
cm® molecule? s7L In their experiments, Pipeetal?®  constants, implying that vibrational relaxation was not im-
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portant compared to quenching. Suzekial®* used a pulsed attributed the difference to possible error in the accepted life-
discharge source, and monitored the excited state decay hiyne of Ny(A 33 ).

measuring the current arising from collisions of the excited Golde and Moyl& studied the emission from N@CS. )
species on the electrode. The method is suspect; see the inith and without adding CJH to relax the higher vibrational
troductory remarks to this section. The measurements devels of N(A 33 7). They argued that the total quenching
Shibuyaet al?® were independent of pressure over the ranggate is about the same far=0 and v =1, but that the
1.3x10*- 10 Pa. branching fraction to form NOY23*) depends on the vi-

This reaction has been extensively studied, and with fevprational level of the B(A 33 "). They assumed a branching
exceptions, the data are in reasonable agreement. The recoffyction of unity for N(A 33, ,v=0,1) and estimated the
mended value at 298 K is the average of the more recent da@anching fraction fow=2 to be 0.78. Note that there is
from Refs. 20, 51 and 28.

The branching ratio to form N@(S ") may be unity, but
the data are not quantitative. Ypung and St. Jdheported N2(A32u+)+N20—>products
the rate constant for formation of N@FX*) was 3 N,(A 33 H)+N,0—2N,+0
x 10" cmPmolecule *s™%, and estimated this to account 2 u z 2
for about 50% of the total reaction. Pipet al?° measured The rate constant data for the overall reaction are summa-
the rate constant for formation of N@FS ", v=0-v=2) rized in the following table as a function of the vibrational
to be (106:3)x 10 *cmPmolecule s, which is signifi- level of Ny(AS33[). Rate constants in units of
cantly larger than the measured overall rate constant. The$0™ *?>cm®molecule 's™1,

sufficient energy ab =2 to open a dissociative channel.

Source Year Method 0 1 2 3 4 5 6
Black et al.’ 1969 FP—CL 10
Young et al>® 1969 P-CL 6.4
Callear and Wootf 1971 FP-CL 6.1
Slangeret al 3¢ 1973 FP—CL 6.4
Clark and Setsé? 1980 DF-ES 7.7
Thomaset al®! 1987 DF-LIF 6.2 13 15 15 13 13 14

The data are in reasonable agreement. The recommenddg(A 32 )+N—-N,+N
value at 298 K is an average of the values reported in Refs.
22, 36, and 51. Slangest al*® measured the rate constant N,(A 3% +)+N—N,+N(P)

over the temperature range 240-370 K to ke 9.3 .
X 10 2exp(~120T) cm® molecule *s™L. The rate coeffi- The rate constant data for the overall reaction are summa-

cients given in Table 7 are based on the recommended valji#€d in the following table as a function of the vibrational
3%+ . .
for the rate constant at 298 K and the temperature depedevel of N(A®%;). Rate constants in units of
dence reported by Slanget al*® 10~ *cmP molecule *s ™2,
There are no guantitative product data. The_ meghanism Source Year Method 0 1
probably involves energy transfer followed by dissociafion.

Young and St. Joffi 1968 DF-ES 5.0 6.5

N2(A 3% 1) +NO,—N,+NO+0 Meyer et al5® 1970 DF-ES 52 52
The rate constant data for the overall reaction are summa-Pipef’ 1989 DF-ES 4.0 4.0
rized in the following table as a function of the vibrational punn and Youné 1976 PD-ES 4.8 4.8
level of NyA®Y[). Rate constants in units of /40 46t 5126 1976  see text 3.5
10" *emPmolecule s, : :
Source Year Method 0 1 2 3 Meyer et al®® measured the rate constant relative to the rate

Bohmer and Hacﬁ% 1990 DF-LIF 1.3 1.4 3.0 3.0 constant for the B{A 32:)'{'02 reaction. They usekl(OZ)
=6x10 2cm*molecule s, considerably lower than the

Bohmer and Hack reported detecting NO and O as prod- value recommended here ok(O,)=2.5x10*? cm®
ucts, giving the branching ratio for formation of NO to be molecule* sX. These data are discounted.
1+0.2. Vadaudet al.?® used a discharge flow system combined
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TasLe 8. Recommended values for the rate constants of the reactiongAfN,") with species containing®T

Reaction A E/R k(298) £(298)° Notes
No(A 33 1) + CH,—products 1.2x10°1° 3170 3x10° 1 2 300-360 K
No(A 33 1) + CHyF—products <10
No(A 33 ") + CH;Cl—products 8.0x1071? 2
No(A 33 1) + CHyBr—products 1.8x10 1° 2
No(A 33 1) + CHyl —products 4.3x10° % 2
No(A 32 7) + CHF,Cl—products 1.0x10713 2
No(A 33 1) + CHF;—products <10
No(A 32 1) + CF,Cl,—products 1.5x10 13 2
No(A 32 ") + CF;Cl—products 6.0x10° 14 2
No(A 331) + CFyl —products 2.0x10°1°
N,(A 33 ) + CF,—products <10 %
Ny(A 33 1) + C,Hg—products 1.8x1071° 1980 2.%x10°%8 2 300-370 K
No(A 33 1) + CH,FCF;—products see text
No(A 32 1) + C,Fg—products <10 %
No(A 32 ) + C3Hg—products 1.3x1071? 2
No(A 32 1) + cy-CiHg—products <2x10° %
No(A 33 7) +n-C4H o—products 2.7x1071? 2
No(A 3% ) + C,H,—products 1.1x 10710 1.2
No(A 33 1) + CzHg—products 2.8x10 % 2
No(A 33 ") + cis-C4Hg—products 2.2x1071° 2
No(A 33 1) + CH,CCH,—products 3.7x10 % 2
No(A 33 1) + CH,CHCHCH,—products 3.5x10 % 2
No(A 32 ) + C,H,—products 2.0x1071° 1.3
No(A 33 1) + CH,CCH—products 2.8x10 % 2
No(A 33 ) + CgHg(benzeng—products 1.6x10°1° 2
No(A 32 ) + C,N,—products 4.0x10° % 1.3
No(A 33 1) + HCN—products 6x10"12 2
No(A 33 ") + CH;CN—products 1.3x107 1! 1.3
No(A 3% 1) + CO—products 3.8x10° % 940 1.6¢10° 12 1.3 260-360 K
No(A 331) + CO,—products 2x10 2
N,(A 33 ") + CH,CO—products 6.5x10° 14 2
No(A *% ) + CH;OH—products 4.3x10 12 2
No(A 33 1) + (CH3),0—products 7.5x10 *2 2
No(A 33 ") + (CH,),CO—products 1.1x1071° 2
No(A 33 1) + CH;SH—products 4.3x10 %0 2

3Preexponential factors), and rate constant&(298), in units of cimolecule*s™%; E/R in units of K.
bMultiplicative error factor. Applies to 298 K values only. Error limits are larger at lower or higher tempera-
tures.

with mass spectrometry and isothermal calorimetry, to fol-N(*S) concentrations. They did not observe’R).

low the reaction. However, the method is not necessarily pjpef? measured the rate constants for total quenching of

specific to detection of NA 2)- PipeF”gnoies that the  n,(A3S ") and the rate constants for formati¢excitatior

fgg[tgd_lwa” quenching rate for MA°%,) of 1.8 of N(®P). The measured rate constant for excitation of
s~ is much lower than that found by other workers N(2P) by Nj(A®S, »=0) was 19 10~ e molecule'®

(=1sY. These results are also discounted. 1 Y 3ot
The recommended value for the rate constant at 298 K i§ and for excitation of N{P) by Ny(A®X,v=1) was

an average of the values reported by Plpand Dunn and 5% 10 **cnPmolecule *s™. Although the authors give
Young.® several possible reasons for the great discrepancy between

Meyer et al>® observed emission from RP) which they their values(for v=0) and the reported overall quenching
found to be directly proportional to the,8A 33 ") and to the  rate constants, the data are little more than suggestive that
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the excitation channel is the major path. It should be notedrode. The method is suspect; see the introductory remarks to
that one possible explanation offered by Pipdor the dif-  this section. In the experiments of Dreyer and Peffiexen
ference in rate constants is that some as yet unidentified aghough the total pressure was higk{0° Pa), the N{S)
ditional metastable Nmolecule is produced in the discharge. concentration was also very high, so that quenching by
Excess product yields were reported from the same laboray(4s) could have been important. Therefore, the rate con-
tory in the case of the NA 3 [) + O, reaction(Fraser and  giants are upper limits only. Vidaud al,?® used a discharge

Piper®). flow system combined with mass spectrometry and isother-
mal calorimetry. However, the experiment is not necessarily
specific to detection of NA 33 ).

The rate constant data for the overall reaction are summa- Levron and Phelgs reported their measurement as an up-
rized in the following table as a function of the vibrational per limit to allow for possible impurities in their nitrogen

level of NJ(A3S 1). Rate constants in units of 18 cm®  supply. Their value is the basis for the recommended upper
molecule * 571, limit.

No(A %) +N,—N,+N,

Source Year Method O 1

& No(A 32 ) +N,(A 33 ) —products
Callear and Wo 1971 FP-CL <10 N2(A 32u+)+N2(A 32u+)—>N2+N2(B 31‘[9)

Dreyer and Pemét 1973 PR-RA <370 <340  N,(A3SH)+Ny(A3SH) N, +N,(C3II,)

Vadaudet al2® 1976 see text 45 _ _
These energy pooling reactions are extremely complex;

Levro; anolleljhelﬁé 1978 = PD-ES 2.6 38 there are channels leading to,(8 3Hg), Ny(C 3I1,), and
Suzu !eta. 1993 see text 37 other unidentified states including that responsible for the
Suzukiet al>* 1997 see text 1.8

Herman infrared systenfHIR). For the overall reaction,
Pipef* suggests k=(3-4)x10 °cm®molecule*s™?,
Measurement of the rate constants of very slow reactions iwhich is the basis of the recommended value. For detailed
extremely difficult, but in the case of this reaction the ratediscussions of the excited state system see Refs. 24 and 26—
constant is a necessary input to models of air discharges. It izg.

therefore particularly unfortunate that the measurements are

in such disagreement. The unexplained disagreement in MeR,(A 32;“)+CH4—>products

surements from the same laboratory in the case of Suzuki

et al>*54 casts great uncertainty on the validity of their ex- The rate constant data for the overall reaction are summa-
perimental approach. They used a pulsed discharge sourdézed in the following table as a function of the vibrational
and monitored the excited state decay by measuring the cutevel of Ny(A33 ). Rate constants in units of
rent arising from collisions of the excited species on the elec10~ **cm®molecule 1s™%.

Source Year Method 0 1 2 3 4 5 6
Black et al’ 1969 FP—CL 0.03
Young et al®® 1969 P—CL <0.07
Meyer et al®’ 1971 DF-CL <0.2
Callear and Wootf 1971 FP—-CL <0.017
Slangeret al 3¢ 1973 FP—CL 0.032
Clark and Setsé? 1980 DF-ES <0.1 11
Thomaset al® 1983 DF-LIF 15 31 50
Piperet al.”’ 1985 DF-ES 14
Goldeet al>® 1989 DF—-LIF 12 23 29 40 40 51

Slanger etal® studied the reaction over the tem- tional level, but rather refers to some mix of vibrational lev-
perature range 300-360 K and reportke-1.3x1071°  els. Examination of the whole body of their data indicates
X exp(—31701) cn® molecule 's 1. These data are the ba- that this has not led to erroneous results. For this reaction the
sis for the recommended value. However, it must be notedatio of rate constants=1/v =0 is about 100, and the pos-
that their experimental method is not sensitive to the vibrasibility for error is much greater.
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Goldeet al® detected H atoms as a product, but were notGolde et al®® suggest MA 33 .)+ CF,HCI—N,+CFH
able to make a quantitative measurement. By studying the-ClI, as the major channel.
reaction with added GJH to relax the upper vibrational lev-
els of N(A33), they deduced that vibrational relaxation
was the principal deactivation process #o¥ 0, in agreement
with Thomaset al,® with maybe 12% going by electronic ]
quenching. In the absence of product data, it is not clear how The rate constant data for the overall reaction are summa-

much, if any, of the vibrational energy is available to sur- rized in the following table as a function of the vibrational
mount the energy barrier. level of Ny(A33 7). Rate constants in units of 1& cm®

N,(A 32+ CHF ;—products

molecule *s™.
N(A*%])+CHzF—products Source Year Method 0 1 2 3
The only measurements are by Clark and Séesing  Piperetal’” 1985 DF-ES 0.9

the discharge flow—emission spectroscopy technique. Theygoet al®® 1992 DF-LIF <001 1.0 26 29
reported for N(A32 ), v=0), k<10 ** cm® molecule!
st

Piper etal”” identified the process as,(A%3. ,v=1)
ot + CHF;—Ny(A33 ) ,v=0)+CHF;. Tao etal®® also re-
Na(A "%y)+CH4Cl—products ported the dominant process to be vibrational relaxation.
The only measurements are by Clark and Sefsesing
the discharge flow—emission spectroscopy technique. Th
reported for N(A3S !, v=0), k=8.0x10"*? cm® mole-

(A 33 ¥)+CF,Cl,—products

cule st There are two sets of measurements. Cao and $étser
Callear and Wootf detected excited iodine atoms as aused discharge flow with emission spectroscopy or chemilu-
product, but did not observe GHh absorption. minescence detection and reported rate constants=fdr of

1.5x10 BcemPmolecule st and forv=1 of 12x10 13
cm® molecule® s™%. Suzukiet al®* used a pulsed discharge
source, and monitored the excited state decay by measuring
) the current arising from collisions of the excited species on

The only measurements are by Clark and Sé’&gmng the electrode. The method is suspect; see the introductory
the discharge flow—emlfsmn spectroscopy technique. They, - ks to this section. They reportée-8.3x 10~ 13 cn?
reportedil fczrl NA®L],v=0), k=18<10"" cm® | iocuiel s for some undetermined mix of vibrational
molecule™ s~ levels, possiblw =0, 1, and 2.

The recommended value is from Cao and Setser.
N,(A 325 +CH;l —products Goldé' suggests simple bond cleavage as the dominant
mechanism, possibly A 33 )+ CF,Cl,—N,+CF,Cl

The only measurements are by Clark and Séfsesing ~ *Cl-
the discharge flow—emission spectroscopy technique. They
reported for N(A32 . ,v=0), k=4.3x10 ° cm® mol- N(A %3 H)+CF4Cl—products
eculetsL

N,(A %% +CH4Br—products

N,(A33F)+CF3Cl—=N,+CFz+Cl
3y +
N2(A “2y)+CHF,Cl—products The rate constant data for the overall reaction are summa-

_ rized in the following table as a function of the vibrational
The rate constant data for the overall reaction are SUMM3gyel  of Ny(A 32+) Rate constants in units of
a)-

rized in the following table as a function of the vibrational 15-12 3 molecule * s .
level of N,(A33 ). Rate constants in units of 1& cm®
molecule 1s™1,

Source Year Method O 1 2 3 4 5 6

Source  Year Method0 1 2 3 4 5 6 546 1080 DF-LIF 0.06 029 1.3 50 9.1 11 17
Goldeet al® 1989 DF-LIF 0.1 1.2 3.7 12 18 22 30 etal®
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Goldeet al®® concluded that the main electronic quenchingSource  Year Method 0 12 3 4 5 6
channel produced GFCI.

Thomas 1983 DF-LIF 0.47 1.8 55
N,(A 3% ) +CF3l —products ot al®

The only measurements are by Pigaral.”” using dis- Piper 1985 DF-ES =<0.01 0.3
charge flow with emission spectroscopy. They reported for et g17”
Ny(A3S ) ,0=0), k=2.0x10 *cm’molecule*s™?, and

<t 10 —, Golde 1989 DF-LIF 0.28 1.2 3.4 6.2 13 22
for Ny(A33[ ,v=1), k=2.1x10 cn®  molecule ot a5
s~ 1. The major quenching channel is probably decomposition
to Chy+l. Vibrational relaxation is probably the dominant channel.
N2(A32u+)+CF4—)pr0dUCts Nz(A 32:)+C2H6—>pr0ducts

The rate constant data for the overall reaction are summa- The rate constant data for the overall reaction are summa-

rized in the following table as a function of the vibrational rized in the following table as a function of the vibrational
level of Ny(A33\). Rate constants in units of 1& cm®  level of NyAS3Y)). Rate constants in units of

molecule s, 10" BcmPmoleculets™.
Source Year Method 0 1 2 3 4 5 6
Younget al>® 1969 P-CL <0.05
Callear and Woott 1971 FP-CL 3.6
Meyer et al®’ 1971 DF-CL <0.2
Dreyer and Perné&} 1973 PR-AS 2.9 36 74 111 170 160 210
Slangeret al3® 1973 FP—CL 2.2
Clark and Setsé? 1980 DF-ES 72

electron release, these data are susfsss the introduction

Slangeret al®® studied the reaction over the temperaturet© this sectiofn

range 300-370 K and reportedk=1.6x10 10
X exp(—19807) cm® molecule® s™L. This value, adjusted Na(A®E7)+C,Fe—products
slightly upwards, is the basis for the recommended value.
But see the comments under the Oidaction.

The reaction is probably mostly vibrational relaxation for
v=258 with some contribution by electronic quenching to
dissociative products.

The only measurements are by Clark and Se&esing
the discharge flow—emission spectroscopy technique. They
reported for N(A32 1 ,v=0), k=<0.1x10" = cm® mole-
culet s71 and for N(A3X ) ,v=1), k=2.9x10 13 cm?
molecule * s71,

N,(A 38 F)+CH ,FCF;—products Vibrational relaxation is the dominant channel.

The only measurements are by Suzakal > who used a N,(A 32:)+C3H8—;products
technique in which excited molecules were formed in a dc
discharge, and the excited state population monitored by fol- The only measurements are by Callear and Wdaging
lowing the current generated after the end of the dischargehe flash photolysis—emission spectroscopy technique. They
which was attributed to the electrons released when the exeportedk=1.3x 10" 22cn®molecule ts ™,
cited species collided with the electrode. They repoited
=2.96x10 *°cnm’molecule *s™* for some undetermined N,(A 33 +)+cy-CH g—products
mix of vibrational levels, probably =0, 1, and 2. Since
there is no way to characterize the species responsible for the The only measurements are by Meyairal.®’ using the
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discharge flow—chemiluminescence technique. They reNy(A 3% )+C,H, —products
portedk=<2x10" ' cm® molecule s 1.
Ny(A 3% )+n-C,H,—products The rate constant data for the overall reaction are summa-

The only measurements are by Callear and Wdadsing ~ fized in the following table as a function of the vibrational
the flash photolysis—emission spectroscopy technique. Thégvel of Ny(A3ST). Rate constants in units of
reportedk=2.7x 10" *?cm® molecule s 2. 10 ¥cmPmolecule s,

Source Year Method 0 1 2 3 4 5 6
Black et al.’ 1969 FP-CL 1.2
Young et al>® 1969 P-CL 1.5
Meyer et al >’ 1971 DF-CL 1.6
Callear and Wootf 1971 FP—CL 1.1
Clark and Setsé? 1980 DF-ES 1.2 1.4
Dreyeret al% 1973 PR—AS 0.64 1.08 1.09 1.11 1.19 1.09 1.45
Cao and Setséf 1985 DF-CL 1.2
Thomaset al>! 1987 DF-LIF 1.0 1.1 0.89 1.0 0.92 0.95 1.2
Ho and Goldé&! 1991 DF-ES 1.2

The results are in good agreement. An average value basdéde discharge flow—laser induced fluorescence technique.
on the data of Refs. 22, 27, 51 and 61 is the basis for th@hey reported for B(A3S ) ,v=0-3), k=3.7X10 ° cn?®
recommended value at 298 K. molecule * s7%, independent of vibrational level. Possible

Meyer et al®’ collected the condensable reaction productsdecomposition products include Gnd GH,, but there are
and identified GH, as a product. They proposed a mecha-ng data.
nism: Ny(A 33 ") + CHy—No+(CoH,)* —H,+CoH,. There
was no evidence for products arising from cleavage of C"‘NZ(A 32:)+CHZCHCHCH ,—products
bonds. Quantitative product yields were not reported. Golde
also argued that dissociative channels are minor, with the The only measurements are by Meyaral,®’ using the
branching fraction to yield H atoms being about 0.2. How-discharge flow—chemiluminescence technique. They re-
ever, at higher vibrational levels, one can expect branchingortedk=3.5x 10~ °cm® molecule *s™%.
ratios to change and total yields to increase.

3y +

Ny (A 5:4)CHosproducts N,(A°%)+C,H,—products

The only measurements are by Meyaral,®’ using the
discharge flow—chemiluminescence technique. They re

3w+
portedk=2.8x 10" °cm? molecule ts™%. level of Ny(A°%;).
10 PcmPmolecule s

The rate constant data for the overall reaction are summa-
rized in the following table as a function of the vibrational
Rate constants in units of

N,(A 3%} +cis-2-C,Hg—products

Source Year Method O 1 2 3

57 H
The only measurements are by Meyadral,”" using the Youngetal® 1969 P—CL 12

discharge flow—chemiluminescence technique. They re-

ported k=2.2x10"2° cm® molecule® s°%. These workers Callear aznd 1971 FP-CL 16
also collected the condensable reaction products, and found Woodf
trans-2-C,Hg and 1,3-butadienne as major products. TheyMeyeretal® 1971 DF-CL 25

proposed a mechanism: 033 7)+cis-2-CHg—N,
+(C4Hg)* —trans-2-C,Hg or H+C,H;. Quantitative prod-
uct yields were not reported.

Bohmer and 1991
Heclké

DF-LIF 20 20 20 20

The data are in reasonable agreement. The recommended
value is from Bohmer and Hack.
There are no product data, but the high rate constant and

N,(A33F)+CH,CCH,—products

The only measurements are by Bohmer and HAclsing
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lack of dependence on the vibrational level suggest a disso- Source Year Method O 1 2 3
ciative quenching mechanism. Clark and Setséf 1980 DF-ES 12
Taoet al® 1992 DF-LIF 058 19 29 3.1

N,(A 3% )+ CH;CCH—products
The only measurements are by Bohmer and H4alsing

The very large disagreement between the values o0 is

. . . inexplicable, since the same workers are in good agreement
the discharge flow—laser induced fluorescence technlqu<]3(.)r rate measurements for GEN (see below Tao et al®3

3%+ — —
They reported  for 'XA 2y ,v=0-3), _k__2'8 repeated their rate measurement for 0 using emission
x 10" %P molecule 's™%, independent of vibrational spectroscopy, finding=0.63x 10~ L molecule *s * in

level. They suggest as possible productgifand CH.  agreement with their LIF result. Their data are accepted.

There are no product data. Product yields were measured by Tabal®® For v =0,
the H atom yield was 70%. For the vibrationally unrelaxed
N,(A3%H)+CgHg (benzeng—products system consisting of vibrational levels up to at least 4, the

yield was 81%. The balance is presumably due to a second

57 H
.The only measurem'ents' are by Me)&tral.,' using the guenching channel, which they suggest might lead to an ex-
discharge flow—chemiluminescence technique. They re

cited triplet state of HCN.
ported k=1.6x10 *°cm®molecule's™t. There are no P

product data. N,(A %)+ CH;CN—products
N,(A33%)+CH;CN—CH3+CN+N,

N,(A33%H)+C,N,—products N,(A 32+ CH;CN—H+CH,CN+N,

No(A 3% )+C,oN,;—2CN(X ) +N, The rate constant data for the overall reaction are summa-

The rate constant data for the overall reaction are summaized in the following table as a function of the vibrational
. ) ) 3 . .
rized in the following table for (A3S , v =0). Rate con- level of N(A°X;). Rate constants in units of

—11 ;11
stants in units of 10'*cm®molecule *s™. 10" e molecule s,
S Y Method0O 1 2 3 4
Source Year Method 0 ouree car Vetho
Clark and Setsé? 1980 DF-ES 1.9
Young et al>® 1969 P-CL 4.2 63
Taoet al. 1992 DF-LIF 1.3 3.2 58 6.7 6.0
Meyer et al®’ 1971 DF-CL 5.7
Clark and Setsé? 1980 DF-ES 4.0 The data are in good agreement. The recommended value at

, 298 K is based on the data of Tapal®®
The data are in good agreement. The recommended value atpqqyct yields were measured by Tebal® For v =0

298 K is based on the data of Clark and SetSer. the H atom yield was 70%, while for the vibrationally unre-
Meyer et al.”* studied the emission spectrum arising from |axed system consisting of vibrational levels up to at least 4,
the formation of GN,(a33 ). They also observed the for- the yield was 62%. This suggests that other channels includ-
mation of excited CN radicals, presumably arising from ex-ing CHs;+CN are competitive. Thus, the yield of CN in-
citation of CN radical formed in the JA 33 )+ C,N, re-  creased from 8% at=0 to an average of 59% at=3. As

action. Although there are no quantitative data on product the case of the HCN reaction, the dissociative channels
yields, they suggested the reaction,(N33")+C,N, only account for about 80% of the total reaction. The balance
[l u

L2CN(X 23 ) +N is presumably due to a second quenching channel, which
2 they suggest might lead to formation of an excited triplet

state of CHCN.
N,(A33%F)+HCN—products H

Ny(A32H)+HCN—H+CN+N, N,(A 33F)+CO—products
The rate constant data for the overall reaction are summa- The rate constant data for the overall reaction are summa-

rized in the following table as a function of the vibrational rized in the following table as a function of the vibrational
level of NyA33]). Rate constants in units of level of NA33!). Rate constants in units of 1& cnm®

10 2 emPmolecule s, molecule® s71,
|
Source Year Method 0 1 2 3 4 5 6
Black et al. 1969 FP—CL 2.5
Young et al>® 1969 P-CL 1.9
Callear and Wootf 1971 FP-CL 15 24
Meyer et al®’ 1971 DF-CL 22
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Slangeret al3® 1973 FP—CL 1.7
Dreyeret al!? 1974 PR-AS 1.8 18 46 21 19 16 17
Clark and Setsé? 1980 DF-ES 5 25
Thomaset al>* 1987 DF-LIF 1.5 17 49 18 19 10 14
Suzukiet al®* 1993 see text 0.6

|
Dreyer et al? also reported fonw =7, k=9.0x 10 *? cn?® The sharp increase in rate constant going from0 to

molecule? s 1 and for v=8, k=7.2x10"12 cm® v=3 followed by a sudden drop-off is discussed by Thomas
molecule * s™L. Slangeret al®® studied the reaction over the etal® in terms of the energy resonance between the
temperature range 260-360 K, and reportée-3.9 N(A®X[) and CO K) states. The rate constants at high
X 10~ exp(—940/T) cnimolecule's™!. Suzuki etal®  vibrational levels[(1-2)x 10" **cm’molecule's™] are
used a pulsed discharge source, and monitored the excitédgnificantly below the collision number. The reportedac-
state decay by measuring the current arising from collisiond0" IS not too different from the measured maximum rate
of the excited species on the electrode. The method is Sug_onstant(at_v =2). The t(g.rsnperatu_re de_pendence IS re adily
pect(see the introductory remarks to this section ![nterpreted in terms of &~ factor implying a zero activa-
The data of Refs. 7, 59, 56, and 64 are discoul$ee the 'on energy.
introduction to this section The recommended value at 298 Nx(A 32:)+C02—>products
K is based on the average of the remaining values. The rec- The rate constant data for the overall reaction are summa-
ommended rate coefficients are based on the recommendegded in the following table as a function of the vibrational
value at 298 K and the temperature dependence reported yvel of Ny (A 323). Rate constants in units of

Slangeret al3® 10" B¥cmPmolecule s,
|
Source Year Method 0 1 2 3 4 5 6
Black et al.! 1969 FP—CL 0.5
Younget al>® 1969 P-CL <0.2
Callear and Wootf 1971 FP-CL =<0.013
Meyer et al®’ 1971 DF-CL <0.2
Dreyeret al1? 1974 PR-AS 0.099 0.2 1.5 2.9 4.9 16 31

Dreyer etall? also reported for v=7, k=48 respond to the lowest energy path. In other experiments,
x 10" BcmPmolecule 's™%, and for v=8, k=47x10"*  Golde and Moyl& from a study of the B(A,v —X) emis-
cm® molecule! s™1. The recommended value is based onsion found that MA 33, v=1) is removed at about twice
their data(for v =0), adjusted upwards by a factor of@ee the rate as MA33,,v=0). From a study of the H atom
the introduction to this sectigon yields with or without added GJH which relaxes the upper
vibrational levels of N(A 33 ), they concluded that disso-
ciative electronic quenching increased significantly with vi-
brational level, and that vibrational relaxation was a minor
process.

N,(A33%H)+CH;OH—products
N,(A3%+)+CH;0H—CHO+H+N,

The only measurements are by Clark and Sefsesing
the discharge flow—emission spectroscopy technique. Theyg(A32;")+CHZCO—>products

reported for N(ASYS!,0v=0), k=4.3x10'* cn? |
. The rate constant data for the overall reaction are summa-

molecule* s,
Tao et al® found that H atoms are the primary product rized in the following table as a function of the vibrational

with a branching yield of 0.86(relative to an assumed Ievﬁell4 of N2(A32j);l Rate constants in units of
branching yield of 1.0 for the corresponding reaction of 19 cm’molecule™s™.

NHj). Studies of reactions of labeled @BH indicate that

the reaction involved scission of the O—H bond rather than Source Year Method O 1 2 3

the C—H bond. The yield of OH was very small. As in other
reactions of N(A 33 ") the products do not necessarily cor- Bohmer and Hack 1989 DF-LIF 65 95 145 16
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TasLe 9. Recommended values for the rate constants of the reactions(af*N.) with miscellaneous

specied
Method
references
Reaction k(298),v=0 k(298),v=1 £(298)° notes Year
No(A 32 1) + HCl—products 1.3x10°12 2 DF-ES®°¢ 1980
No(A 33 1) + HBr—products 7.8x10 1 2 DF-ES® 1980
No(A 33 1) + HI—products 2.8x10°10 2 DF-ES*® 1980
No(A 33 1) + H,S—products 3.0x10° 10 2 DF-ES® 1980
No(A 32 1) + F,—products 2.0x10 %8 1.5x10 12 2 DF-RE®%4 1989
No(A 32 1) + Cl,—products 7.8x10 % 2 DF-ES/CI?” 1985
No(A 327 + Br,—products 1.2x10°1° 2 DF-ES/CI?’ 1985
No(A 33 5) + I,—products 6.9x10 %2 FP-CL™® 1977
2.3x10° % DF-ES/CL¥ 1985
2.3x10° % 2 Recommendéd
No(A 33 1) + IF—products 1.9x10°1° 2.0x10 1 2 DF-ES” 1985
No(A 32 1) + ICI—products 8.0x10 1 2 DF-ES/CI?’ 1985
No(A 33 1) + IBr—products 1.5x 10710 2 DF-ES/CI®? 1988
No(A 33 1) + NF;—products 3x10° %8 DF-ES” 1985
1x10 3 DF-ES/CL®? 1988
2x10 2 Recommended
No(A 32 7) + SF—products 1x10 2 DF-ES’ 1985
No(A 32 1) + SO—products 1.2x10°1° DF-ES/CL¥ 1985
1.1x10°1° DF-ES/CI®? 1988
1.1x10°1° 2 Recommended
No(A 33 7) + SO,—products 4.8x10° 1 DFESY 1971
3.0x10° % DF-ES® 1980
2.8x107 % DF-ES/CL¥ 1985
3.5x10 1 2 Recommended
No(A 33 7) 4+ SOChL—products 8.7x10 % DF-ES/CL¥ 1985
9.4x10 % DF-ES/CL®? 1988
7.0x10° 1 2 Recommended
No(A 33 5) + SOR,—products 7x10712 2 DF-ES/CI®? 1988
No(A 33 1) + SOF,—products 1.5x10713 2 DF-ES/CI®? 1988
No(A 3% 1) + S,—products 6.0x10 % 2 DF-ES/CI" 1985
No(A 3% ) + S,Cl,—products 6.0x10 % 2 DF-ES/C¥ 1985
No(A 32 ) + PR,—products 1.5x10 2 DF-ES/CI#? 1988
No(A 33 1) + PCk—products 5.0x10 % 2 DF-ES/CI#? 1988
No(A 33 ) + PRs—products 5x10 13 2 DF-ES/CI#? 1988
No(A 33 )+ POCEL—products 3x10 %2 2 DF-ES/CI#? 1988

3preexponential factorg), and rate constantk(298), in units of crimolecule *s™%; E/R in units of K.

PMultiplicative error factor. Applies to 298 K values only. Error limits are larger at lower or higher tempera-

tures.

‘Golde® quoting unpublished data of Golde, Ho, and Tao, indicated that the yield of Cl atoms was about unity

and increased going from=0 tov=1.

YBohmer and Hack also reported forv=2, k=1.5x10 *cm®molecule's™?, and for v=3, k=1.7

X 10" *2cn® molecule* s™%. There was no evidence for vibrational relaxation of the higher states.

®The two sets of reported data are in serious disagreement. Mand! and #wisg,obtained the rate constant

for the NO reaction from the intercept of their plot of the reciprocal of the decay time as a function of the |
concentration, finding a value close to the accepted one. Similarly, Cao and Betsmsured rate constants

for the reaction with @and GH,, and also reported values in reasonable agreement with the accepted ones.
The problem is thus due to a source of systematic error in one or both experiments. One possibility is the
determination of the concentration gf.IMandl and Ewing used a static temperature controlled iodine source.
However, it would require an enormous error in assigning the effective vapor pressure to account for the
discrepancy(an error of 5 K leads to an error of 2 in concentrajioBao and Setser gave no experimental
detail. Since all measured rate constants for the dihalogens, with the exceptiop, afluster around

10 *°cn® molecule * s, the data of Cao and Setkare accepted.
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There are no product data;

CH,+CO+N,.

possible products

N,(A33%)+(CH,),0—products
The only measurements are by Clark and Sefesing
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