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Determination of the Rate Constants for the NCO(XII) + CI(2P) and CI(?P) +
CINCO(X'A') Reactions at 293 and 345 K
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The rate constant for the reaction of the isocyanato radical, N@DYWith chlorine atoms, CtP), has been
measured at 293 2 and 345+ 3 K to be (6.9+ 3.8) x 10 and (4.0£ 2.2) x 10~ cn?® molecules® s,
respectively, where the uncertainties include both random and systematic errors. The measurements were
carried out at pressures of 8.2 Torr with either Ar or Ckas the bath gas and were independent of both
pressure and nature of the third body. Equal concentrations of NCO and Cl atoms were created by 248 nm
photolysis of CINCO. The reaction was monitored by following the temporal dependence of RIIPD(X

using time-resolved infrared absorption spectroscopy on rotational transitions of the NCO{1000'0)
combination band. The reaction rate constant was determined by using a simple chemical model and minimizing
the sum of the residuals between the experimental and computer generated temporal NCO concentration
profiles. The reaction C+ CINCO — Cl, + NCO was found to contribute to the observed NCO. The rate
constant for this reaction was found to be (2:4L.6) x 1073 and (1.94 1.2) x 1073 cm® molecules?! s,*

at 293 and 345 K, respectively, where the uncertainties include both random and systematic error.

| Introduction NCO(X?IT) + CI(P) — NCI(X*Z") + CO(X'=")

The NCO radical is an important intermediate in combustion _ 1
systems. It is the link between fuel-fixed nitrogen compounds Ao = —36kJmol™ (1)
and their ultimate fate forming Ngspecies. As well, the NCO . . )
radical contributes to NQformation by the so-called prompt The reaction e'xothermlcn)AHr,o, was calcu_lated using a recent
NOx or Fenimore mechanism. This chemistry is initiated by reccOJmmendatlon for the heat of formation of NCO at 0 K,
the reaction of simple hydrocarbon radicals such as CH and AH;o(NCO), of 128+ 0.8 kJ mot* based largely on high
3CH, with N, and occurs at low flame temperatures. Further- level theoretical calculatiofisind theAH{(NCI) of 325 + 5
more, the NCO radical plays an important role in severakNO kJ mol%, also based on high level theoretical calculations.
abatement strategies involving the addition of various chemicals Both NCO and Cl possess electronic angular momentum so
to flue gased.As an example, the RAPRENOX process uses that there are 3A'+ *A”) and 3fA’ + 3A") PESs correlating
cyanuric acid, (HOCN) addition to efficiently remove N@  to the reactants in plan&s symmetry. If the products are as
from flue gases. At the temperature of the flue gas, the cyanuric Written, they correlate to the lowest energetic triplet PE&;'a
acid is converted to HNCO, which is then oxidized to generate ISC could play an important role in the collision dynamics if
the NCO radical. Subsequent chemistry involving the NCO the initial interaction between NCO and Cl occurs on the lowest
radical, primarily NCO+ NO, removes NO from the flue gas.  energetic PES, the CINCO{X).

Atom—radical and radicatradical reactions play a unique The NCO and Nradicals are isoelectronic and are expected
role in many chemical processes. They can be chain propagating© undergo similar reaction dynamics. The more characterized
or termination reactions depending on the product channels of N3(X?IT) + CI(?P) — NCI(X3Z")/NCl(a'A) + Np(X'Z*) can
the reactior? Furthermore, radicairadical reactions are always be used to understand some of the reaction dynamics for reaction
governed by multiple potential energy surfaces, PESs. If the 1, for which there are no previous measurements. The Kl
reactant atom or radical possesses electronic angular momentunygaction system has received considerable more attention
there are multiple electronic surfaces as well as multiple spin because of the potential to construct a high power chemical laser
manifolds. The presence of multiple electronic and spin based on the electronic energy transfer between N&J(and
manifolds gives rise to the question as to the influence on the the spin-orbit states of the | atorh.
reaction dynamics of the coupling between either electronic ~Reaction 1 was initiated by photodissociation of CINCO at
states, i.e., internal conversion, IC, or between spin manifolds, 248 nm to create equal concentrations of NCO radicals and ClI
i.e., intersystem crossing, ISTheoretical descriptions of these  atoms. The temporal dependence of the NCO radical was
curve crossing processes are becoming increasingly morefollowed using time-resolved infrared absorption spectroscopy

accurate. using rotational transitions of the NCO{i) (10'1) < (00'0)
The present work involves the study of the radieaiom combination vibration band near 3.18n. A simple kinetic
reaction model was constructed and the calculated NCO concentration

profiles were compared to the experimental measurements. The

rgr;;é’don‘g‘doganIcg"égeslf;’;d?ggg) zssgzogéd be addressed. E-mail: gntimum value ofk, was determined by minimizing the sum
t Current address: Department of Chemistry, University of North Texas, Of the squares of the residuals between the model predictions

P.O. Box 305070, Denton, TX 76203-5070. and the experimental NCO profiles. The reactiortOCINCO

10.1021/jp058038r CCC: $30.25 © 2005 American Chemical Society
Published on Web 05/28/2005



Rate Constants of Isocyanato Cl Reactions J. Phys. Chem. A, Vol. 109, No. 24, 2005389

— NCO + Cl, was observed to contribute to the formation of The temporal dependence of the [NCG[K00'0)] radical
NCO and its rate constant was determined in the data analysiswas monitored by the 1R:(12.5) transition of the (1) —
as well. (00'0) combination band using the output of a Burleigh Model
. 20 single-mode color-center laser. The probe and photolysis laser
Il. Experiment beams were spatially overlapped using an-R dichroic

The experimental apparaflsas been described previously mirror set at Brewster’s angle on the optical axis of the White
so only a brief description is given here. The rectangular cell. A ZnS plate, also placed at Brewster's angle on the White
stainless steel reaction chamber contained an inner Teflon boxcell axis, protected the opposite White cell mirrors from the
with dimensions 100« 100 x 5 cm that could be heated from  photolysis laser beam and deflected part of the photolysis beam
290 to 390 K using a Nestlab EX-250HT recirculating oil bath. out of the reaction chamber onto the power meter that monitored
The reaction chamber was evacuated to a base pressure of 5 the excimer laser intensity. The distance between these two
1076 Torr and had a leak rate of aboutx510~ Torr min."* optical elements, 139 cm, defined the optical path length of the
Known flows of the various gases were admitted to the reaction probe laser. Most of the data were recorded for twelve passes
chamber from separate vacuum systems using calibrated elecof the probe laser through the photolysis zone.

tronic flow meters. Both the Ar and Gfgases were supplied The largest source of noise in the experiments was due to
by AGA and were 99.995 and 99.9% pure, respectively. The amplitude fluctuations of the infrared laser. To minimize this
gases were used directly from the cylinders. noise source several steps were taken. The probe laser beam

A constant flow of the transient CINCO molecule was created \was split into two beams and monitored by separate identical
by a slight modification of the thermolysis procedure suggested |nSb infrared detectors. The signals from both detectors were
by Nachbaur and Gottaréf. The CINCO generator consisted  equalized using infrared polarizers. The signal from the detector
of two heated regions: one containing the polymeric form of that monitored the initial probe laser intensiky, was sent to a
CINCO, (CINCO}, was heated to about 410 K to create ConOptics model Lass-Il noise eater. The noise eater modulated
(CINCO) vapor, and the other, was heated to about 550 K to the intensity of the K laser pumping the color center laser
thermally dissociate (CINC@}o CINCO. A measured flow of  and compensated for amplitude variations of the infrared laser
Ar (20—30 sccm) was passed continuously through the CINCO beam. Further noise reduction was accomplished by using a dc
generator. The total pressure in the generator was monitoreddifferential amplifier to process the difference signal between
by a pressure transducer. The concentration of CINCO, [CINCO] the balancedo and | signals. The difference signals were
(the square brackets will be used to indicate concentration in recorded and signal averaged using a LeCroy 9410 digital
molecules cm? throughout), in the reaction chamber could be oscilloscope operating in the DC mode. Thesignal was
varied by changing the Ar flow through the generator and/or measured by sampling the output of a boxcar integrator triggered
the temperature of the (CINC®jeservoir. 1 ms before the excimer laser fired. The data collection was

The CINCO could be admitted to the reaction chamber ynder the control of a laboratory computer.
through two ports: the first, 1.0 cm upstream from the photolysis
zone and the second 22 cm upstream. There was no detectabld]. Results
difference in the results obtained using either port. The flow
rate of CINCO was small and could not be measured reliably
by measuring the pressure change in the generator when the A
flow by-passed the heated zones. However, the absorption cros
sectior! of CINCO at 248 nm has been measured to bex1.8
10718 cm~2 molecules:® The [CINCQ] in the reactor was
determined by measuring the attenuation of the KrF photolysis
laser intensity when CINCO was admitted to the reaction A1) = In(l(n)/1(v)) = loy(VINCO()] (E1)
chamber or when the Ar flow by-passed the heated zones of
the CINCO generator. A second method for determination of Io(v) andl(v) are the initial and transmitted probe laser intensity
the [CINCO] was based on the pressure decrease in the reactiorat frequencyy, respectively] is the path length, andp(v) is
chamber when the Ar flow by-passed the heated zones of thethe peak absorption coefficient for the monitored absorption
generator, thus removing most of the CINCO from the Ar flow. feature.

Both techniques for the determinations of [CINCO] were in In using eq E1, one assumes that the NCO vibrational
agreement with each other to within abat20%. Generally, manifold is in thermal equilibrium with the ambient temperature
both methods were used to measure the [CINCO] several timesof the reaction chamber. An initial nonequilibrium NCO

during an experiment and a simple average taken. vibrational distribution can result in an incorrect determination

The photolysis laser was a Lamda-Physik Compex 205 of [NCO(t)], and its influence on the experiments needs to be
excimer laser operating at 248 nm at a repetition rate-e€81  addressed as only the ground-state vibrational level could be
Hz. This repetition rate ensured that a fresh sample of gas wasmonitored. The 248 nm photodissociation of CINCO leaves an
photolyzed on each laser pulse. Part of the photolysis laser beanmestimated 270 kJ motl of energy (see section I1I.C) to be
was transmitted through the reaction vessel and monitored bypartitioned between relative translational energy of the fragments
a power meter. The [CINCO] was kept low enough so that the and the internal energy of NCO. Fortunately, several factors
attenuation of the photolysis laser intensity was always less thanreduce the possibility that vibrationally excited NCO signifi-
20% and generally around 10%. The nominal photolysis laser cantly influenced the present measurements. First, an absorption
fluence at the entrance window of the reaction chamber was measurement always measures the degeneracy-weighted popula-
varied between 3 and 25 mJ cth.The excimer laser was tion difference between the two quantum states connected by
operated in a constant energy mode. To achieve low fluencethe radiative transitio®? For the 248 nm photolysis of CINCO,
laser pulses with reduced pulse-to-pulse fluctuations, the KrF there was sufficient excess energy to directly populate the NCO-
laser was operated at maximum power and attenuated by fine(10'1) vibrational level; however, there was no experimental
stainless steel screens. evidence for a population inversion between the NC&i)Land

A. Concentration Determination. The infrared probe laser
Ibandwidth is much narrower than the Doppler width of the NCO
Ee/f(12.5) absorption feature so that the Bekambert law?
can be used to directly relate absorbance at frequenand
timet, A(v,t), to the concentration of NCO, [NCO[
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(00'0) vibrational levels. A population inversion would have nm there is sufficient energy available to populate the NCI
been indicated by a negative absorption signal at the beginningsinglet state, which would be the major product in an allowed
of the NCO absorption profiles. The infrared detectors had a electronic transition; however, Bell and Coombe did not detect
frequency response of about 5 MHz so that the initial rise in any NCI(@A) — (X2Z) emission, indicating that there was little
the NCO absorption signals were temporally well-resolved. or no NCI(dA) generated in the photodissociation process. It
Second, the photodissociation of CINCO likely takes place on is unlikely that intersystem crossing could convert all the initial
a repulsive potential energy surface, leading to relative trans- NCl(alA) to (X3%), and some NCI(&\) — (X3%) emission
lational motion receiving the largest fraction of the energy should have been detected if the NEICO product channel
release. Third and most importantly, the vibrational relaxation  were significant. The [NCO] calculated from the attenuation of
of NCO, particularly the bending modes, has been found to be the photolysis laser and the measured CINCO absorption
fast even for inert gas collision partners; e.g., the rate constantcoefficient! agreed with the measured [NCO] assuming NCO
for removal of NCO(040) bending levels by Ar has been + Clwas the only channel in the photodissociation. Although,
measuretf to be 4.7x 10713 cm?® molecules?! s.”1 More highly as noted in section Il, there was some uncertainty in the
excited levels are expected to be removed with even larger ratedetermination of the [CINCO]. Furthermore, in experiments in
constant® so that even at the lowest pressures used in the this laboratory?® the reaction CH- CH; — CHgz + HCI was
present work at most an induction time of only a few 10’s of used to study the NC@ CHjs reaction. All three species, NCO,
microseconds could be anticipated compared to reaction timesCHs, and HCI, were monitored, and their concentrations were
of a few milliseconds. The only difference between NCO consistent with NCO+ Cl being the only product channel in
absorption signals obtained with €Br Ar as bath gas was the photodissociation of CINCO. If the NG| CO channel were
that the peak in the NCO signal occurred slightly earlier in time important, an excess of HCI over NCO would have been
with CF,, indicating more efficient energy transfer by £ observed due to reaction 4.
any case, to account for a possible small induction period due  The rate constant for reaction 3 has been measured by
to vibrational relaxation, the NCO temporal concentration \yategaonkar and Setdérto be (5.0+ 2.0) x 10°12 cmd
profiles were not analyzed for the first 3. molecule? s at 298 K. The products for this reaction were

Almost all the data reported here were collected using the not directly identified by these authors bug Bind 2CO were
NCO(101) Pe(12.5) transition. For this low transition the  3ssumed the most likely, given the large exothermicity for this
A-doubling splitting in NCO cannot be resolved, but the splitting product channel. The rate constant for reaction 4 has been
is estimated to be smaller than the Doppler width at 298 K.  measured by Clyne and MacRol3&tb be (8.1 1.8) x 10712
Other experiments in this laboratory prompted a new determi- cn® molecule’ s~* at 295 K. Similarly, the products of reaction
nation of the absorption coefficient for this transition. The new 4 were not directly identified but the author's suggest that the
measurement givesy to be (3.22+ 0.24) x 10719 cn? reaction likely proceeds by the formation of a transient complex,
molecules* at 293 K, which is 8.0% smaller than our previous N,Cl, and CI, with subsequent fragmentation of the complex to
measuremeftbut within the experimental uncertainty. At345 N, and ClI, similar to the disproportionation reaction between
K, the peak absorption coefficient for this transition was two NF radical$® Reaction 5 was needed to account for the
calculated to be 2.% 10~*° cn? molecule-* This calculation  opserved production of NCO at long times and was determined
accounted for the change in Doppler width with temperature jn the data analysis. The rate constant for the recombination of
and used an exact vibrational partition function to calculate tyo C| atoms, reaction 6, was taken as (1:48.23) x 1032
population changes with temperature. The NCO vibrational cyé molecules? s1, independent of the nature of the third
energy levels observed by Patel-Misra et®aere used to  poqy24
calculate the vibrational partition function, explicitly accounting
for the influence of the RenneiTeller effect.

B. Reaction Mechanism.The following reaction mechanism
describes the NCO production and removal processes following
the 248 nm photolysis of CINCO:

The only species that could be monitored in the present
experiments was the NCO radical so that the rate constant
describing loss by diffusionk}°, could not be directly
determined. However, this laboratory has acquired a great deal

of information of the loss of HCN by diffusion in both Ar and

248 nm 5 5 CF4 under similar experimental conditions, particularly at 293
CINCO NCO(XI) + CI(P) @) K, and these measurements were used to estimate the first-order
NCO+ Cl — NCI(X*s") + CO 1) rate constant for loss by diffusfiohf,ﬁﬂ, for e_ach _species, X, in
the reaction system. As a first approximation to a binary
NCO+ NCO— N, +2CO (3) diffusion constant? gas kinetic theory gives the binary diffusion
constant to be proportional I6-° and inversely proportional to
NCI + NCI— N, + 2Cl (4) the product of the pressure, the square of the collision cross
section, and square root of the reduced mass. The diffusional
Cl+ CINCO— NCO+ Cl, (5) loss rate constant is the product of the binary diffusion constant
and a geometrical factor describing the boundary conditions of
Cl+Cl+M—Cl,+ M (6) the experimerif (a rectangular parallelepiped under the present
conditions). Simple gas kinetic binary diffusion constants were
NCO Kiifusion NCO 7 calculated for each species in the system, using tabdlated

Lennard-Jones cross sections and divided by that for HCN. This

The photodissociation of CINCO has been studied by Coombe "atio was then multiplied by the experimentally determined HCN
and co-workerd®1® however, the quantum yield for the pho- diffusional loss rate constant to provide an estimatekﬁ;p’.
tolysis products of CINCO has not been determined. It is This procedure should account for first-order species-dependent
possible that a molecular channel producing N€I CO and geometrical effects.

contributes to the product yield, but there is strong experimental C. Rate Constant Determination. For each experiment,
evidence that this contribution is small or negligible. At 248 temporal profiles of [NCO] were calculated by integrating the
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Figure 1. (a) Typical temporal concentration profile for NCO{ODin Ar at a photolysis laser fluence of 4.5 mJ cAiThe solid curve is the best
fit to the experimental data using a model outlined in section 111.B. BatAndks were varied to minimizenco? as discussed in the text. (b), (c)
and (d). Same as (a) except for photolysis laser fluences of 6.3, 10, and 17 Mespectively. The rate constants found kpandks were (a)
8.29 x 107 and 2.0x 107, (b) 8.28x 107 and 1.3x 107%3 (c) 7.71x 10 and 2.2x 107%, and (d) 7.0x 107 and 4.8x 107 cm?
molecules® s,”! respectively. The diffusion-rate constah[fﬁo was calculated to be 4274.The conditions of the experiment were [Af] 5.25
Torr and [CINCO]= 0.0075 Torr, at a temperature of 293 K. For clarity, the data points in each panel are shown only every 10th point.

kinetic equations describing the reaction mechanism, reactionsreagent flow rates but with different photolysis laser fluences.
1-7, and loss by diffusion for each species. The unknown rate Note that the initial concentration of NCO, [NC§]ncreases
constantsk; andks, were determined in a simple least-squares linearly with laser fluence and the reaction tintgp, scales
minimization procedure. For a fixed value lgfthe value ofk;
was determined that minimized chi-squarggscd?, i.e., the sum
of the squares of the residuals between the calculated andconcentration to decay by one-half.
experimental NCO concentration profiles. The valuépivas
incremented by 1.0< 1071 cm?® molecules® s™* and a new
optimized value ok, determined. This procedure was repeated for k; and ks that produced a global minimum inco? The

until a global minimum inynco? was found.

approximately as the expected second-order behavitay,cf
1/(Ksecond orddNCO]o), where ty, is the time for the initial

Figure 2 shows an enlarged Figure 1d. The solid curve shows

the agreement between the experimental data and the values

dot—dot and dashdot lines show the 68% confidence limits

Figure 1 shows four typical NCO temporal concentration in the best-fit value. The long dash curve gives the optimized
profiles. The panels in Figure 1 were all recorded at the samefit value for k; assuming thaks = 0.0. The calculateginco?
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Figure 2. Expanded view of Figure 1d. The solid line is the fit to the NCo+Cl ( )
experimental data resulting from the variation ka and ks that Figure 3. Variation inynco? as a function ok, for various values of
minimizedynco?; see text and Figure 3. The dash and dedbt curves ks. The error bars show the 68% goodness-of-fit limits from the variation
show the 68% confidence limit in the goodness-of-fit kpwvith ks set in k; that minimizedynco?. The solid point is the optimum value &f
to 4.8 x 1072 cm® molecules? s ! The long dash curve shows the  determined using the value & at the minimum ofynco? The solid
determination ok; neglecting reaction 5. line is a quadratic fit to the open circle calculations. The optimum values

of k; and ks were found to be 7.0x 107! and 4.8 x 1073 cm?®
for this case was 10 times larger than the best-fit case. As canmolecules® s;”! respectively.
be seen from Figure s = 0.0 gives a much poorer fit to the
data, illustrating the importance of reaction 5 to the overall measure of the contribution a particular reaction makes to the
kinetics of NCO. overall reaction mechanism for reacting with or producing a
Figure 3 shows the variation ignco? as a function of the given species. Such an analysis is shown in Figure 4 for the
optimized value foik; at various values oks for the analysis experiments at low [NCQ] Figure 1a, and high [NC@]Figure
of the NCO profile shown in Figures 1d and 2. Tkevalues 1d. The major difference between these two experiments is the
start at 0.0 and are incremented by .03 cm® molecule'? larger contributiork}j$° makes to the removal of NCO at low
s 1 at each point. The error bars give the 68% confidence limit [NCO]o. Reaction 5 contributes a similar amount to the
range for the valueg; found in the minimization procedure production of NCO, on a relative basis, under the two
for yncc?. The solid dot is the global minimization for the — experimental conditions, with IRCGES, ., approximately
optimum values fok; andks. The solid curve is a quadratic  equal to 0.25 in both cases.
least-squares fit to the data and the dash line gives the 68% The results for the determination &f as a function of Ar
confidence limit for the best-fit optimization. If the reverse pressure are shown in Figure 5a and as a function of CF
procedure is followed anks is optimized for fixed values of  pressure in Figure 5b. The dashed lines in Figure 5a,b are simple
kl, similar values fOIk5 andk1 are found but the Uncertainty in averages of each data set. The hea\/y lined error bar isthe
the optimizedks is generally larger than that shown in Figure in the scatter of the data. As noted in the figure caption, each
3 for k.. This is a consequence of the greater sensitivity of the data point consists of the average of up to five data points
fit to the contribution of reaction 1 compared to reaction 5. optained at the same concentration of carrier gas and CINCO
To determine the overall contribution to the removal of NCO byt different photolysis laser fluences, as illustrated in Figure
made by a particular reaction, a reaction contribution factor 1. Although there might be a slight trend fer to decrease
analysié® was carried out for each reaction rate constant with decreasing pressure, Figure 5a,b, the scatter in the data is

determination. The reaction contribution factor at timefor sufficient to obscure any real pressure dependence and a simple
species i removed by reaction with species j, RGHs given average of the complete data set provides a good representation
by RCI’—;(t) = —k;[j][i], or produced in reaction between of the data. The value &4, for both Ar and Ckas carrier gas,
species | and m, RGKY), is given by RCE (t) = kim[l][m]. was found to be (6.9 1.3) x 107 cm?® molecules? s™* at

The corresponding integrated reaction contribution factor, 293+ 2 K.

IRCF},,m, from t= 0 to timet is the total flux of species i that Figure 6a,b shows the results for the determinatioksoh

is removed in reaction with j or produced in reaction between both Ar and Ck carrier gases, respectively. Again, the dashed
I and m, respectively, up to tinteand is often called the reaction lines are the average of each data set. The combined average
pathway contribution. A reaction pathway analysis gives a direct of both data sets giveks to be 2.4+ 0.6 x 10713 cn?®
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Figure 4. Integrated reaction contribution factors, IRR, for the model calculations for the conditions in Figure 1a,d are shown. TheN®RCF
are expressed as a fraction of the total removal flux, negative, and total production flux, positive fractions. Photolysis is a productiongsrocess. F
(a) [NCO} = 5.00 x 10* and for (b) [NCO}p = 1.98 x 10' molecules cm3

molecule’? s As noted in section Il, the concentration of for reaction 1). (The recent high level theoretical calculafions
CINCO was not well determined because of the small flow of for the bond dissociation energieB,, of NF(X3Z~) and

CINCO admitted to the reaction chamber. NCI(X3Z") to be 315+ 5.5 and 265+ 5.5 kJ mof?,
For other experiments involving CINCO as a radical source respectively, establishes the reaction enthalpies for these two
being carried out in this laboratory, the valuekpandks were reactions.) Du and Setsédetected the NF(3&™) product from

needed afl = 345 K. These measurements were made in Ar the F+ NCO reaction but did not quantify this observation. It
only. Parts a and b of Figure 7 show the results for the should be noted that the reaction exothermicity for both systems
determination ok; andks, respectively. The measurements were is sufficiently small that the formation of the more energetic
carried out at a temperature of 3453 K. Over the observed  NF/NCI(atA) + CO channel is excluded at temperatures near
pressure rangdg was independent of pressure. At 345 K, the 300 K. Wategaonkar and Setdesuggest that the - NCO

average value df; was determined to be (48 0.6) x 10711 reaction likely occurs through thelX' PES, corresponding to
cm® molecule® s71, and forks, the average value was (149 a bound FNCO intermediate, followed by ISC to the FNCO-
1.0) x 10713 cm?® molecule st (a®A"") PES, correlating to NF(2™) + CO products. They
argued the 3" PES was likely repulsive so that direct reaction
IV. Discussion on this surface was unlikely. This mechanism is further

A. Products of Reaction 1.In the present work, the products stgengthened ,by the obse(r’vation tha.t the quenéﬁiogl\.lF.-
of reaction 1 were not identified experimentally but have been (&) by CO gives over 90% F- NCO; hence, redissociation

assumed to be NCIGE") + CO and not the recombination over the XA' PES dominates over collisional stabilization to
product, CINCO. All other combinations of possible products, form FNCO. Indeed, this appears to be the case fof GICO
atom+ triatom or diatom+ diatom are substantially endother- &S well.

mic. There are several reasons for predicting that the dominant In general, the recombination of an atom and a radical
product channel for reaction 1 is the N€ICO channel. The ~ composed of a few atoms to form a bound adduct is slow at
first is the work from Wategaonkar and Sefepn the low pressures because the recombination reaction is well in the
analogous F+ NCO reaction, and the second is an estimate of falloff pressure region. However; was measured to be
the CI+ NCO recombination rate constant using Troe’s strong relatively fast, within a factor of 5 of a gas kinetic collision
collision formulation of unimolecular reaction rate theéfy.  rate, and was found to be independent of the nature of the

These are discussed in the following. collision partner and pressure, Figure 5. It would be useful to
The rate constant for the  NCO reactiofi! is a factor of ~ have an estimate of the recombination of €INCO to give
8 smaller than the determination kf even though the F- the CINCO recombination product.

NCO— NF(X 327) + CO reaction is more exothermic by about The formulation of unimolecular reaction rate constants by
50 kJ moft (AH, o= —89 kJ mot* compared to-36 kJ mot™, Troe?® provides a convenient mechanism for carrying out this
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Figure 5. (a) Results for the determination &f with Ar as carrier Figure 7. (a) Results for the determination &f with Ar as carrier
gas as a function of Ar pressure. The error bars are the scatter in severajas at a temperature of 3453 K. The dashed lined is the average of
different measurements &f with the same partial pressure of CINCO  the data. (b) Results for the determinatiorkefvith Ar carrier gas at
but different [NCO}, as shown in Figure 1. The dashed line is the & temperature of 345 3 K.

average ok; with Ar as carrier gas and the heavy error bar gives one

standard deviation in the scatter of the data. (b) Same as (a) except theTABLE 1: EA x, D§' %, and r&'* of Elements and

third body is a polyatomic molecule, GFThe determinations df; Compounds Bonding to a Cl Atom

were carried out at 293 2 K. The value ofk; was independent of

electron affinity equilib bond dist dissociation energy

pressure and the nature of the third body.

species X of X Cl—-X Cl—X
—~s Cl-X EAx (eV) r$ X (A) DS (kJ mol?)
—.z -F 3.4012 1.628¢ 252
2,40 (2 —Cl 3.614 1.988 239.2
§ 4 § é —N —0.0725% 1.6107 265.4
o —NCl - 1.70 (152¥
g 3- ¢ , 1 ~NO 0.026 1.975 156
=B EEEETEETETRE SETESTES S (o8 SEEES SEES 1 —NO;, 2.273 1.840 139
S 2 ® —Ns 2.762 1.748 180
K=} —NCO 3.609 1.70% 195
><81 I aReference 35 Reference 40: Reference 7DS' ™ corrected for
5 1 ZPE.YReference 36. Theoretical calculation of structure and atomi-
P 0 T ‘ w w zation energy of NGl ¢ Reference 37.Reference 38¢ Reference 34.
0 2 4 6 h Reference 39.Reference 41.Reference 33¢Reference 31.Cal-
5 culated using eq E3.
o
‘n . . .
2 4 (b) cfF |- rate constant& The recombination rate constant for two radicals
& 4 forming an adductg., is related to the unimolecular dissocia-
g 3 * 1 tion rate constant of the adduct back to the initial radidass
R R . . N through the equilibrium constarieg, i.€., kiec = KiisdKeq FOr
93 2 * 1 a PES without an activation barrier, the low-pressure strong-
e collision expression fokgiss is given ag®
x_ 1|
z c —Eo/KT,
P 0 \ T i iss— ZLJpvib(EO)Q € FantFeFrotcorr (E2)
0 2 4 6 vib

P_(Torr) ) o
i e ) ) whereZ,; is the Lennard-Jones collision rate constagt(Eo)

Figure 6. (a) Results for the determination &f with Ar as carrier g yhe Witten-Rabinovitch vibrational density of states calculated

gas.ks was determined as illustrated in Figure 4; see text. The dashed . o . ,

line is the average of the data points and the heavy error bar gives the@t the dissociation enerdg, k is Boltzmann S constant, and

scatter in the datat1o. (b) Same as (a) except i the carrier gas.  the termsFann Fg, andFro are corrections to the density of
states calculation. The terf corresponds to a correction

analysis. This theory has been highly successful at reproducingfactor for coupling between the different degrees of freedom

a large number of experimental measurements of recombinationand is assumed to be small, i.€qr = 1.0. The parameters
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necessary to calculate the Lennard-Jones collision rate constant The AHEO for the Cl+ N3 — NCI(X3Z") + N reaction is
for Ar, CINCO collisions were taken from estimates of similar —2704+ 15 kJ mot? WhereagAH?O for reaction 1 is only-36
collision partnerg’ The parameters to calculate the density of + 6 kJ morl. Unlike the Cl4+ NCO reaction, the CH Nj
states and the correction factors were taken from spectroscopiGeaction has sufficient energy to directly populate N&\ja In

measurements on C|NC@-34_ _ - fact, the Cl+ N3 reaction is used as source of electronically
Unfortunately, the calculation dé;ssis most sensitive to the  excited NCI(8A) to chemically activate an | atom las®r.
value of the bond dissociation energgg, of CINCO, for which Modeling studie®-52of the production and quenching of NCI-

there appears to be no available data. Table 1 lists properties of(gtA) in flowing F/HN/CI mixtures indicate that the branching
Cl—X species, primarily involving GtN bonds, that could be  fraction into the NCI(&A) state is greater than 0.7 for the €l
used to estimate bond energies such as electron affifftiés, N, reaction. Although there is some discrepancy as to the value
EAx, of the atom or radical, X, bonding to the Cl atom, of the reaction rate constant for the €IN; reaction, Hewett
equilibrium bond lengthd 4! r{™, and bond dissociation  and Sets&? provide the most direct determination and give a
energie$** for the C-X bond, Dg' ™. As can be seen from  value of 2.119 x 101 cn® molecules? s 1 at 300 K. At this
Table 1, there appears to be little correlation betwBgrand same temperature, the valuelafis a factor of 3.5 larger than
the EA of the bonding species, X. However, as noted by the rate constant for CH N3 even though reaction 1 is
Johnston and Parr in the formulation of the BEBO theory for exothermic by only 36 kJ mot. This appears to be a general

H atom transfer reactiorf4 Paulings relationships between bond trend between the chemical kinetics of NCO anglriidicals
length and bond order and the relationship between bond energyteacting with other radical species or unsaturated molecules.
and bond order can be used to estimate bond energy as arhe rate constants for NCO reactions are faster even though
function of bond length. The bond energy and bond length of the reaction exothermicity is smaller.

a pure single bond and the binding energy and bond length for

L Further insight into the reaction dynamics of the -€IN3
the corresponding inert gas compound {Me for N—CI

system is obtained by recent theoretical calculations of Chen

bonding) was taken from Johns#hDg ™" is estimated from  5ng Huang at the CASPT2 level of thedfyThese calculations
the equation clearly show that the reaction occurs over the {RA’) well.
B The NCI(@A) + N, products are formed after passage over a
D5 = Dy explp(ry” — 1)) (E3) transition state that is energetically very close to thetQNs

asymptote. At 300 K, the formation of the NCRX") + N,
wherep is calculated from the properties of the NCI single bond products cannot occur directly from the @l N3 reactants
and the corresponding inert gas compound to be 0.8721. Usingthrough reaction on the lowest lying triplet PES because the
equation E3PS™C was calculated to be 195 kJ mél Ascan initial interaction is repulsive with a calculated barrier of 18 kJ
be seen from Table 1, this estimate f@5™°° appears ~ molt. The crossing seam between the singlet and triplet

reasonable compared to otheg values for C+N bonds in a surfaces occurs past the transition state to the NE)(a- N

variety of compounds. products and is only crossed while NCI and &e separating.

The calculated value fdg.., according to eq E2, was 90 Under such circumstances, the ISC crossing rate will be small,
10730 cmf moleculed s~1 at a temperature of 293 K. Atan Ar  and the formation of the NCIfa) + N, will dominate, as
pressure of 5.0 Torr, the bimolecular rakaJAr], would be observed experimentally. The rate constant for N&{fat N2
1.5 x 10712 cm® molecules? s~L. This rate constant is about formation is substantially smaller than the adduct formation rate
50 times slower than the measured valuekgfFigure 5. If because redissociation back to£Nj3 reactants dominates over
DS™Cis increased to 230 kJ mid}, slightly less than th&S", passage through an energetic transition state on the singlet PES.

krec is Only increased by a factor of 3 so that the recombination ~ The reaction dynamics for the Gi NCO system should be
rate in Ar would still be a factor of 16 slower than the observed similar to those for the Ci- N3 system just discussed except
ki. The strong collisiorkec does not take into account falloff  that singlet state products are energetically forbidden. As
effects and so is an upper bound to the true recombination rateoutlined in the section IV.A, at the pressures of the present
constant. From this and the conclusions of Wategaonkar andexperiment, the recombination of G NCO to form singlet
Setset! on the product channel for the analogoustMNCO products, CINCO(¥A'), does not compete with the formation
system, it is concluded that the products must be NCEX) of the triplet, NCI(XZ~) 4+ CO, products. As in the G N3
+ CO and the formation of CINCO is a minor channel. reaction, the reaction G+ NCO cannot proceed directly over
B. Comparison of Ng + Cl and NCO + Cl. As noted in the lowest energy triplet PES because the initial interaction
the Introduction, the fland NCO radicals are isoelectronic, between Cl and NCO is likely repulsive. Further evidence for
and hence, have similar properties. Both radicals are linear with this conclusion comes from several sources. Recent theoretical

?I1 ground states, and hence, subject to the Rerfeller calculations on the related  NCO systen?® using density
effect’® The spin-orbit parameters of both species are also functional theory to investigate the FNC@4&) surface, shows
similar with values of-71.3 and—95.6 cm;* for N3 and NCO, that there are significant barriers to the direct formation of the

respectively®”48 The ground electronic state of both radicals NF(X32-) + CO products. Formation of an NCFO adduct is
correlates to an excited R) atom and a ground stat&* possible on the triplet PES, but there is a 160 kJ thbhrrier
diatom fragment so the dissociation pathway leading to a leading to the NF(R2") + CO asymptote from this adduct.
ground-state N§) atom and af=* diatom partner results from  For the four systems: H NCO56 F + NCOS55 F + N3,57 and
ISC. As a result, the Ndiatom bond is thermodynamically ~ CI 4+ N354 the initial interaction of the atom with the radical
weak for both radicals. In fact, thesNadical is actually a  on the triplet PES is repulsive, preventing direct formation of
metastable species. The largest difference betwg@mINCO triplet surface products by this interaction. As concluded by
is the much larger heat of formatitfrof N3, AH?O(Ng) = 476 Wategaonkar and Setsgrthe Cl+ NCO system (reaction 1)
+ 9.6 kJ mot* compareélto NCO,AHEO(NCO)Z 128+ 0.8 must proceed over the singlet CINCG®) PES, and the
kJ molL. Thus, reactions involving the J\radical are much formation of the NCI(®¥=~) + CO products occurs by ISC.
more energetic than those involving NCO. The formation of an energetic CINCO{X') adduct likely
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facilitates the ISC by allowing the system to sample the crossing uncertainty of about:-6% to k;. The considerations of the
seam between the singlet and triplet surfaces multiple times. IRCFiNCO flux analysis indicates that the uncertainty in the rate
This situation has been described many years ago in the classi¢onstants influencing the NCO concentration can be up to

paper by Tully® on the quenching of GD) by N.. +15%, over the broad range of conditions of the experiment
C. Temperature Dependencek;. The temperature depen-  (+4% + +5% + +6%).

dence ofk; was not fully investigated in the present work; Similar considerations can be applied to the influence of

however, the near factor of 2 decreaséqfrom 293 to 345 K the uncertainties in the model rate processes on the [CI]. There

is surprising. It implies a temperature dependende oh T334 are only two processes that have not been considered, the

Such a steep dependence on temperature of a reaction rat@roduction of Cl atoms by reaction 4 and their loss by diffusion.
constant based on adduct formation cannot simply arise from The uncertaint$? in ks is +£22% whereas the maximum
an expected decrease in adduct formation rate with increasingIRCFyc,, Which occurs at the largest initial [NCO], is taken
temperature. It may indicate a delicate competition between to be+40% for the complete data set. Thus the uncertainty in
redissociation of the initial complex and ISC rate processes or, k, contributes an uncertainty af9% tok;. The uncertainty in
most likely, the temperature dependence is exaggerated becaus@ff is taken to be the same as i§O, 4+20%. Because ClI
of the small range over which it was determined, and results 5toms are removed by reaction with CINCO, IRg:Fs only
largely from experimental scatter. _ about half that for NCO and contributes about 15% to removal
D. Comparison of Cl+ CINs and CI + CINCO. Brunning  of C| atoms. Thus, the uncertainty kf}; was estimated to
and Clyné? have measured the reaction rate constant fotCl - ¢ontribute43% to the uncertainty ifky. The total uncertainty

CINs — Clz + N3 to be (1.8+ 0.3) x 10~*2 cm® molecules® in the [CI] contributes£(9%+3%) or +£12% to the overall
s 1 at 295 K. This reaction is analogous to the-€EICINCO uncertainty inks.
reaction andks was found to be (2.4t 0.6) x 10°*° cm® The procedure to determine is illustrated in Figure 2 and

molecules® s* at 293 K, Figure 6. Thus, the reaction rate yqre completely in Figure 3. Generally, the determination of
constant for CH- CIN3 is almost an order of gnagmtude faster ki by theynco? minimization procedure returned an uncertainty
than that for the Ci- CINCO system. The\H, , for the Cl+ of about+10% at the 68% goodness-of-fit level, slightly less
CIN; reaction is calculated to be59 kJ mof. (The AH, than the overall scatter for the complete data set-80%.
(CINg) can be calculated to be 415 kJ mblusing the recent  Assuming no systematic errors, these two sources of error should
measuremefitof the NCI(X*X") + N threshold energy of 89.7  pe comparable, as indeed, they are, and there is no additional

kJ mol* following the 203 nm photodissociation of G error factor due to the fitting procedure other than the scatter
Using the estimate of the bond dissociation energy for the Cl  in the data.
NCO molecule given in Table 1, theH’, for Cl + CINCO is The overall experimental uncertainty in determinkagcan

estimated to be-44 + 20 kJ mot .. The difference in reaction  be estimated to be the sum of the following: the scatter in the
rate constants between these two systems must be driven byomplete data set-20%, the uncertainty in determining,
the slightly stronger GtN bond in CINCO and, hence, a slightly ~ +8%, and the sum of the contributions of the rate constant
larger activation energy in this system. The structures of the uncertainties in the model from both NC@®;15%, and ClI
transition states for both reactions are likely similar so that reactions;=12%. Thus, the overall uncertainty knis estimated
entropic effects between these systems would be expected tdo be £55%, including both random and systematic errors.
be small. Similar considerations can be made to the overall uncertainty
E. Estimated Uncertainties ink; and ks. The determination  in determining ks except for the addition uncertainty in
of ki requires the [NCO] and the [CI] to be known, and hence, determining the [CINCO]. As noted in section Il, the [CINCO]
the uncertainty in the concentration measurement directly affectswas uncertain ta=20%. The factors influencing the uncertainty
the uncertainty in the rate constant. As noted in section Ill.A, in the determination dfs are the uncertainty in the measurement
the opi for the NCO(100) P.(12.5) transition was determin€d of the initial [Cl], i.e., the uncertainty in the NCO absorption
with an uncertainty of:8%. This introduces an uncertainty of  coefficient,4+-8%, and the uncertainty in the Cl atom concentra-
+8% in the determination df;. tion due to production by reaction 4 and loss by diffusion. As
The reaction mechanism consists of five chemical reactions noted above, these two processes contributed a maximum
and loss by diffusion. The IRCGE® analysis illustrated in uncertainty to [CI] of£12%. Undoubtedly, some of the scatter
Figure 4 is representative of the total reaction flux that passesin determiningks, as illustrated in Figure 3, results from the
through each reaction step in the overall mechanism that affectsuncertainty in measuring the [CINCO]; however, these two
the [NCO]. As a first-order approximation, the uncertainty in a effects cannot be separated and are simply added together.
rate constant for species i reacting with NCO times the  The overall uncertainty in determinirig is the scatter in the
IRCF'“© provides an estimate of the contribution the uncer- Mmeasurementsi:25%, the uncertainty in determining the [ClI],
tainty in this rate constant makes to the uncertainty in the overall £8%, the uncertainty in determining the [CINC@&},20%, and
[NCO], hence the uncertainty in determinikg There are only the uncertainty in the contribution of reaction 4 and diffusion
three reactions directly affecting the removal of NG@, ks, to the [CI], £12%. Thusks is estimated to be determined with

andk}<°. The uncertainBi in ks is £40% and the uncertainty ~ @n uncertainty of£65%, including both random and systematic

in Kj¢" is estimated to be:20%. As illustrated in Figure 4, ~ ©MOrs.

IRCR\S was 10% and IRCE;° was 25%; thus, the uncer-
tainty in the rate constants for these processes contributes abo
+4% and+5%, respectively, to the overall uncertainty in the The rate constant for the Gt NCO reaction was measured
determination ofk;. The only reaction contributing to the to be (6.94 3.8) x 10711 at 2934+ 2 K and (4.0% 2.2) x
production of NCO is reaction 5, and as can be seen from Figure10-11 cm?® molecules! s~ at 345+ 3 K, where the uncertainty

4, reaction 5 contributes about 25% to the total NCO production. includes both random and systematic errors. The rate constant
The uncertainty irks is taken to be the experimental scatter of was found to be independent of pressure and the nature of the
+25%, Figures6 and 7b; thus, this process contributes an overallthird-body collision partner, either Ar or GFThe products of

uY' Summary
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the reaction were argued to be N&I() + CO, correlating to
the lowest energetic triplet fA"") PES. The calculated strong
collision recombination rate constant to form ground singlet
CINCO(X!A") products was found to be 50 times smaller than
the measurement d&f. Insight into the reaction dynamics for
Cl + NCO was provided by comparisons with analogous
systems, F+ NCO and ClH+ Ns. The reaction proceeds by the
formation of an energized CINCO{X') adduct, and formation
of the NCI(X®Z") + CO products results from ISC. There is

competition between redissociation of the energized adduct bac

to reactants and the ISC process.

The reaction rate constant for the &€l CINCO — Cl, +
NCO was also measured and found to be @.4.6) x 10713
at 293+ 2 Kand (1.9+ 1.2) x 1013 at 345+ 3 K, where the
uncertainty includes both random and systematic errors.

Acknowledgment. This work was supported by the U.S.
Department of Energy, Office of Basic Energy Sciences,

Division of Chemical Sciences, Geosciences, and Biosciences

under contract No. W-31-109-ENG-38.

References and Notes

(1) Lissianski, V. V.; Zamansky, V. M.; Gardiner, W. C., In.Gas-
Phase Combustion Chemisti@ardiner, W. C., Jr., Ed.; Springer-Verlag:
New York, 2000; p 46.

(2) Miller, J. A.; Bowman, C. TProg. Energy Combust. Sc1989
15, 287.

(3) Pilling, M. J.; Stocker, D. WAnnu. Rep. Prog. Chem., Sect. C
1999 95, 277.

(4) Smith, I. W. M.Int. J. Chem. Kinet1984 16, 423.

(5) Yarkony, D. R.J. Phys. Chem. R001 105, 6277.

(6) Schuurman, M. S.; Muir, S. R.; Allen, W. D.; Schaefer, H. F., IIl.
J. Chem. Phys2004 120, 11586.

(7) Xantheas, S. S.; Dunning, T. H., Jr.; Mavridis, A.Chem. Phys.
1997, 106, 3280.

(8) Henshaw, T. L.; Manke, G. C.; Madden, T. J.; Berman, G. D.;
Hager, G. D.Chem. Phys. Let00Q 325, 537.

(9) Decker, B. K.; Macdonald, R. G. Phys. Chem. 2001, 105 6817.

(10) Nachbaur, E.; Gottardi, WMonatsh. Chem1965 97, 115.

(11) Bell, D. D.; Coombe, R. DJ. Chem. Phys1985 82, 1317.

(12) Kroto, H. W.Molecular Rotational SpectraDover: New York,
1992.

(13) Wright, S. A.; Dagdigian, P. J. Chem. Phys1995 103 6479.

(14) Astbury, C. J.; Hancock, G.; McKendrick, K. @. Chem. Soc.,
Faraday Trans 1993 89, 405.

(15) Macdonald, R. G.; Liu, KJ. Chem. Phys1993 98, 3716.

(16) Decker, B. K.; Macdonald, R. G. Manuscript in preparation.

(17) Gao, Y.; Macdonald, R. Gl. Phys. Chem. R003 107, 4625.

(18) Patel-Misra, D.; Sauder, D. G.; Dagdigian, PJJChem. Phys.
199Q 93, 5448.

(19) Gilbert, J. V.; Coombe, R. DI. Chem. Phys1988 89, 4082.

(20) Gao, Y.; Macdonald, R. G. Manuscript in preparation.

(21) Wategaonkar, S.; Setser, D. W.Phys. Chem1993 97, 10028.

(22) Clyne, M. A. A.; MacRobert, A. Jl. Chem. Soc., Faraday Trans.
21983 79, 283.

(23) Cheah, C. T.; Clyne, M. A. A.; Whitefield, P. 3. Chem. Soc.,
Faraday Trans. 2198Q 76, 711.

J. Phys. Chem. A, Vol. 109, No. 24, 2005397

(24) Weng, C.-J.; Ho, T.-l.; Su, T.-Ml. Phys. Cheml1987, 91, 5235.

(25) Reid, R. C.; Prausnitz, J. M.; Poling, B. Ehe Properties of Gases
and Liquids McGraw-Hill: New York, 1989.

(26) McDaniel, E. W.Collision Phenomena in lonized Gasé¥iley:
New York, 1964.

(27) Svehla, R. ANASA Technol. Rep. R-132wis Research Center:
Cleveland, OH, 1962.

(28) Warnatz, J.; Maas, U.; Dibble, R. \€ombustion: Physical and
Chemical Fundamentals, Modeling and Simulation, Experiments, Pollution
Formationy Springer: Berlin, 1995.

(29) Troe, JJ. Chem. Physl977, 66, 4758.

k (30) Du, K.-Y.; Setser, D. WChem. Phys. Lett1988 153 393.

(31) Wategaonkar, S.; Du, K.-Y.; Setser, D. @hem. Phys. Letl.991,
99, 586.

(32) Patrick, R.; Golden, D. Mint. J. Chem. Kinet1983 15, 1189.

(33) Hocking, W. H.; Gerry, M. C. LJ. Mol. Spectroscl972 42, 547.

(34) Devore, T. CJ. Mol. Structurel987, 162, 287.

(35) Bradforth, S. E.; Kim, E. H.; Arnold, D. W.; Neumark, D. M.
Chem. Phys1993 98, 800.

(36) lllenbeger, I.; Commita, P. B.; Brauman, J. |.; Fenzlaff, H.-P.; Heni,
M.; Heinrich, N.; Koch, W.; Frenking, GBer. Bunsen-Ges.-Phys. Chem.
Chem. Phy1985 89, 1026.

(37) Linstrom, P. J.; Mallard, W. G. EA§IST Chemistry WebBook,

NIST Standard Reference Database Number 88tional Institute of

Standards and Technology: Gaithersburg, MD, 2003 (http://webbook.nist-
.gov).

(38) Papakondylis, A.; Mavfidis, A.; Metroppoulos, A. Phys. Chem.
1995 99, 10759.

(39) Cazzoli, G.; Esposti, C. D.; Palmieri, P.; Simone, J5.Mol.
Spectrosc1983 97, 165.

(40) Lee, T. JJ. Phys. Chem1994 98, 111.

(41) Cook, R. L.; Gerry, M. C. LJ. Chem. Phys197Q 53, 2525.

(42) Atkinson, R.; Baulch, D. L.; Cox, R. A.; Hampson, R. F.; Kerr, J.
A.; Troe, J.J. Phys. Chem. Ref. DatE992 21, 1125.

(43) Hansen, N.; Wodtke, A. M.; Komissarov, A. V.; Heaven, M. C.
Chem. Phys. Let2003 368 568.

(44) Johnson, H. S.; Parr, @. Am. Chem. S0d.963 85, 2544.

(45) Johnston, H. SGas-Phase Reaction Rate TheoRonald Press:
New York, 1966.

(46) Herzberg, G.Molecular Spectra and Molecular Structure IIl.
Electronic Spectra and Electronic structure of Polyatomic Molegulem
Nostrand Reinhold: New York, 1966.

(47) Douglas, A. E.; Jones, W. Can. J. Phys1965 43, 2216.

(48) Bolman, P. S. H.; Brown, J. M.; Carrington, F. R. S.; Kopp, |.;
Ramsay, D. AProc. R. Soc. London A975 343 17.

(49) Continetti, R. E.; Cyr, D. R.; Osborn, D. L.; Leahy, D. J.; Neumark,
D. M. J. Chem. Phys1993 99, 2616.

(50) Manke, G. C., II; Cooper, C. B.; Dass, S. C.; Madden, T. J.; Hager,
G. D. IEEE J. Quantum Electror2003 39, 995.

(51) Manke, G. C., ll; Setser, D. W. Phys. Chem1998 102, 7257.

(52) Henshaw, T. L.; Herrera, S. D.; Schile, L. A.Phys. Chenl998
102, 6239.

(53) Hewett, K. B.; Setser, D. Wl. Phys. Chem1998 102, 6274.

(54) Chen, B.-Z.; Huang, M.-BChem. Phys. LetR003 373 124.

(55) Zhou, Z.-Y.; Guo, L.; Gao, H.-WInt. J. Chem. Kinet2003 35,
52.

(56) Mebel, A. M.; Luna, A.; Lin, M. C.; Morokuma, K1. Chem. Phys.
1996 105 6439.

(57) Habdas, J.; Wategaonkar, S.; Setser, DIJWPhys. Cheml1987,

91, 451.
(58) Tully, J. C.J. Chem. Physl974 61, 61.
(59) Brunning, J.; Clynne, M. A. AChem Phys. Letf1984 106, 337.



