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A pulsed-laser photolysis/laser-induced fluorescence technique is employed in the determination of the pressure
and temperature dependence of the reaction of CN with NO in the range from 207 to 740 K and for Ar bath
gas pressures ranging from 30 to 900 Torr. A variational RRKM model coupled with a one-dimensional
master equation treatment provides a reasonably satisfactory description of the available kinetic data for both
the association and dissociation processes. The association kinetic data is best fit by a collisional energy
transfer parametefAEdown, for the simple exponential down model, which gradually increases fr@®

cm ! at 100 K to—500 cnmi! at 740 K. The expression 3.4 10719 exp(1201) cm?® s reproduces the
present theoretical estimates for the high-pressure rate constant in the range from 207 to 740 K.

I. Introduction respectively. The experimental and theoretical results are then
presented and discussed in section IV, with some concluding

The CN radical is an important reactive species in the remarks provided in section V.

combustion of [H,C,N,O]-containing nitramine propelldnfs
and is relevant to the N@hemistry in hydrocarbon combustion
processe4>® The reaction of CN with NO has been shown to
dominate the combustion of RDX (cyclotrimethylenetrinitra- The pulsed-laser photolysis/laser-induced fluorescence (PLP/
mine) in its late stages because of the stabilities of the two LIF) technique employed in the present study has been described
radical species. in our previous publication™ The kinetic measurements were

At low temperatures, the reaction of CN with NO is believed carried out in a Pyrex reaction cell with two oppositely mounted
to occur primarily by the association process producing NCNO side arms. For the study above room temperature, the reactor
with strong pressure dependerice.This process is directly  was resistively heated and the temperature was controlled to
related to the photodissociation reaction of NCNO, investigated within 1 K. For the study below room temperature, a similar
extensively by Wittig, by Zewail, and their co-workér. These reactor with cooling jacket for circulation of a coolant (i.e.,
state-of-the-art experiments provided wide-ranging results for methanol with dry ice cooling) was employed. The reaction
the energy dependence of both the product rovibronic statewas measured at four temperatures between 207 and 740 K.
distribution$ and the total rate constaritsin previous work The CN radical was generated by the photolysis of ICN at
we demonstrated that variational RRKM theory employing a 248 nm using a KrF excimer laser (Lambda Physik LPX105).
qualitatively realistic model potential provides a satisfactory The production and decay of the radical were monitored by LIF
description of both the product state distributions and rate using a nitrogen-laser pumped dye laser (Laser Photonics). The
constants for the dissociation of NCN©. photodissociation laser was introduced in the reactor through

In this work, new experimental results are presented for the one of the baffled side arms and the probing laser through the
temperature and pressure dependence of the association of Caffled, opposite side arm, overlapping with the dissociation
with NO. Comparison is then made with a slightly revised laser at the center of the reactor. The induced red-shifted (0,1)
version of the variational RRKM model of ref 10. In the CN fluorescence at 420 nm was collected with a photomultiplier
theoretical analysis the pressure dependence is treated via a ondube (Hamamatsu 955) through a lens-band filter set from the
dimensional master equation employing the simple exponential side window perpendicular to the laser beams. The amplified
down model for the energy dependence of the transfer coef- LIF signal was gated and averaged with a boxcar signal averager
ficients. In related work, Sims and Smith have recently studied (Stanford Research SRS 250) interfaced with a microcomputer.
this association process at a complementary sek ahd P, A pulsed delay generator (Stanford Research DG535) was used
which corresponds to the loR-and low-T range of the present  to control the delay between the dissociation and probing laser
experimental study. Comparisons with these data are also made pulses, which varied from-50 to 2000us, with a typical Sus

II. Experimental Section

herein. scanning step size.
The experimental and theoretical methodologies employed The CN precursor, ICN, and the NO reactant were mixed
in the present work are summarized in sections Il and lll, outside the reactor through a corrugated flexible stainless steel
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CN + NO > NCNO TABLE 1: Molecular Structures
1 PR I S VO RS [T S W VR NN S SRS R | I
10000 coordinate MP2  CISD  CCSD  B3LYP  exptl
CN and NO
ren 1.1355 1.1558  1.1806 1.1738 1.1718
'no 1.1429 1.1465 1.1667 1.1587 1.1508
NCNC*
I'ne 1.1859 1.1540  1.1690  1.1658 1.163
'no 1.2407 1.1987 1.2164  1.2096 1.217
ren 1.4243 1.4259 1.4418 1.4222 1.418
Onen 171.04 172.42 171.75 167.74 170
Ocno 112.53 112.96 112.55 115.14 113.5
] L 3NCNO
2200001+ B — .t Ine 1.1430 1.1509  1.1757 1.1796
) 15 5 o 3 35 4 o 1.1983  1.2057  1.2355  1.3057
R A) ren 1.3656 1.3367  1.3407 1.2279

] ) ) ) o Onen 177.79 175.30 174.16 172.50
Figure 1. Schematic plot of the states involved in the association of Ocno 131.28 128.91 127.27 134.70

CN with NO.

CNNO
tubing and carried into the reactor with Ar. The reactant fon 1.2042 11793 - 11920~ 1.1954
. . I'no 1.1905 1.1769 1.1887 1.1726

concentration was calculated by the equation [N©D.66 x N 14997  1.4183 14536  1.4859
108 PFyo/F1T molecules/cr®y whereFyo is the flow rate (in Oenn 160.08 163.43 161.98 150.37
STP cn¥/s, STP= 273 K, 1 atm) of NO and-t is the total Onno 112.42 112.48 112.16 113.55
flow rate. P is the reaction pressure (in Torr) measured with TS for CNNO— N, + CO
an MKS Baratron lead/headT is the reaction temperature (in ren 1.3224 1.3256
K) measured with a J-type thermocouple plaegsl mm from 'no 1.3261 1.3103
the collinear laser beams. rGNN 8%-3291 8%-8278

Ar (Spectra Gases, 99.9995%) and ICN (Aldrich) were used 9‘;:2 103.45 103.17
without further purification. ICN was contained in a fritted glass Tonne 35.96 31.30

and carried into the reactor with the Ar carrier gas. NO

(Matheson Gas Products) was purified by passing it through a *Distances in A and angles in deg. The 6-31G* basi$ wets

employed in each of the quantum chemical evaluati®Experimental

dry ice-cooled CaS@trap to remove any N@impurity. The data from ref 32¢ Experimental data from ref 33.

condensed NO at 77 K was distilled and used for the preparation

of NO/Ar mixtures with varying compositions. readily isomerize at energies well below their dissociation
threshold. Thus, the effective bimolecular rate constant for CN

Ill. Computational Study reacting with NO corresponds to a thermal average of the initial

A. Ab Initio MO Calculations. A schematic plot of the ~ 'ate of formation of energized complexte¢E, J) at energye
states involved in the association of CN with NO is provided and_ _total angy_lar _momentund, times the probability of
in Figure 1. Optimized molecular structures and vibrational colhsmngl stab|I|;at|on at gacE andJ. . o
frequencies were obtained for CN, NO, NCNO in the ground Oftentimes a single collision does not result in the stabilization

singlet &) and triplet statesTy), and CNNO with various of the initially formed complex. In this case, the determination
electron correlation procedures, including second-order Maller of the effective bimolecular rate constants requires the analysis

Plesset perturbation theory (MP2).15 configuration interaction of the time dependence of the populations in eeimdJ state,

with single and double excitations (CISE),8 coupled cluster as in the master equation approdeh.For computational

techniques incorporating single and double substitutions simpli_city_a one-dimensional reo!uced form of the master
(CCSD)19-24 and density functional theo?526 employing the equation is employed here, in which tBelependence of the

Becke3-Lee—Yang—Parr (B3LYP) functionat’ A 6-31G* populations is averaged over. In particular, we employ energy-

basis séf was employed in each instance. The relative energies d€Pendent rate constark(E) given by the average over the

of these same species were obtained at the G2(MP2) level oftnérmal distribution of the complex of tte andJ-dependent
theory28-3 The GAUSSIAN92/DFT quantum chemical soft- rate constantk(E, J). The time dependence of the populations

ware was employed in each of these evaluatins. P; of the complex with energ¥; is then approximated as

The molecular structures, vibrational frequencies, and relative dP.
energetics of these species are provided in Tables, 1 _'zkc[M]z(R_P_ —R,P) — kP, + 0, 1)
respectively. Sample analyses of the transition state separating dt . "l e b

CNNO from CO + N; (as determined via a reaction path
analysis) are also provided therein. This transition state is only wherek is the collision rate constant anM] is the concentra-
of importance to the kinetics at temperatures higher than thosetion of collider species. The first term on the right hand side
considered here, and so the corresponding analyses weref eq 1 represents the rate of transfer from sjateo statei
restricted to MP2/6-31G*, B3LYP/6-31G*, and G2(MP2) via collisions. The second term represents the corresponding
evaluations. rate of transfer out of state into statej. The third term

B. Kinetic Theory Background. At modest and lower represents the rate of loss of the complex in siatkie to
temperatures the reaction of CN with NO proceeds via the reaction to produce separated fragments, and the lastitésm
formation and stabilization of an NCNO and/or CNNO complex. the source term describing the rate of reaction from NC and
Indeed the G2(MP2) calculations suggest that the barrier to NO into the complex in state
production of the lower energyNF CO products is 7065 cm The effective bimolecular rate constants are ultimately
higher than reactants. The NCNO and CNNO complexes shouldobtained via direct numerical inversion of the steady-state
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TABLE 2: Vibrational Frequencies
mode MP2 CISD CCsD B3LYP exptl
CNand NO

CN stretch 2863 2396 2153 2162 2069
NO stretch 3913 2849 1951 1992 1904
ratic® 0.61(0.12) 0.77(0.09) 0.97(0.01) 0.96(0.00)

NCNO?
CN stretch 2134 2430 2293 2277 2170
NO stretch 1405 1751 1615 1610 1501
CN stretch 873 922 874 823 820
bend 1 617 673 621 627 589
T 300 333 292 271 270
bend 2 211 251 226 216 217
ratio 0.98(0.06) 0.86(0.03) 0.94(0.01) 0.97(0.03)

SNCNO
CN stretch 3049 2484 2223 2128
NO stretch 2326 1869 1634 1675
CN stretch 898 980 945 958
bend 1 662 601 559 564
T 580 480 431 407
bend 2 277 234 221 219
ratio 0.83(0.11) 0.94(0.06) 1.00(0.02)

CNNO
CN stretch 2011 2229 2127 2064
NO stretch 1591 1802 1694 1745
CN stretch 783 889 835 772
bend 1 306 599 506 417
bend 2 152 177 161 180
T 127 155 122 94
ratio 1.16(0.22) 0.90(0.06) 1.08(0.14)

TS for CNNO— N, + CO

1 1414 1406
2 1178 1222
3 1036 1037
4 855 928
5 638 589
6 —537.8 —517.4

2Vibrational frequencies in cm. The quantum chemical estimates are harmonic values obtained for a 6-31G* badixpetimental fundamental
frequencies from ref 3Z Ratios of the experimental frequencies to the quantum chemical frequencies. Where experimental frequencies are not
available, the CCSD/6-31G* frequencies take their place in these ratios. Numbers in parentheses denote the variance in these ratios within a given
set of datad Experimental fundamental frequencies from ref 34.

representation of eq 3. The reduced matrix procedure of ref TABLE 3: Relative Energetics®
35c is employed, and the energy-transfer rate coefficients are species MP2 CCSDP B3LYP® G2  G2(ZPE} expte
evaluated on the basis of the exponential down model. An NcnO —25367 —15877 —19017 —18 983 —18 187 —17 083
energy grain size of 20 cm provides numerically converged  3NCNO —17479 —11042 —17220 —11875 —11004
results for all temperatures studied here with the energies CNNO —16195 —7818 —12023 —11987 -11387
spanning the range from 4000 chbelow to 4000 cm?! above 2812 6830 6538 7065
the threshold. aEnergetics in cmt relative to infinately separated N& NO.

It is worth recalling the high- and low-pressure limit results " Quantum chemical estimates employing a 6-31G* basis set and
for ket since they provide an important aid in the qualitative neglecting zero-point energy correctioA$32(MP2) quantum chemical

; : ; ; ; L ... estimates neglecting zero-point energy correcti8Zero-point energy
:Zt?'rlf))riestztil\(/):nor)sny modeling. First, in the high-pressure limit (ZPE) corrected G2(MP2) quantum chemical estimates. Note, in contrast
ff

with the standard G2(MP2) procedure, the present ZPE correction is
obtained on the basis of the experimental (where available) and CCSD/

Keo(T, [M]) = o 1 g‘r)de dJ NEJ exp(E/ksT) 6-31G* frequencies? Experimental value from ref 9.
reactant:
(2 The specific procedures employed here in the required
evaluations of QreactarkT), pPe3 Ko, and NEJ are outlined

where QreactantsiS the partition function for the reactants and
NL, is the number of available states in the transition state. In
contrast, in the limit of low pressure and strong collisidag
becomes independent of

below.

C. Qreactants and pgy. The reactants partition function is
evaluated here on the basis of standard rigid-rotor harmonic-
oscillator assumptions. The experimental rotational constants
and vibrational frequencies (cf. Table 1) are employed in these

k{M] evaluations. The use of rigid- ic-0sCi -
- . gid-rotor harmonic-oscillator assump
QreactanttT) tions for the reactant partition functions should be satisfactory

since the thermal energies of interest here are quite modest (i.e.,
and instead depends on the producp@f the density of states ~ 100—740 K). The electronic contribution QeactantslS incor-
of the complex, with the collision frequengyM]. porated as the factor 2[2 2 exp(173T)], where 173 is the

ker(T, [M]) = de dJ pgy exp(-E/kgT) (3)
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spin—orbit splitting in K for NO, and the factors of 2 correspond CCSD frequencies wherever experimental estimates are unavail-
to the electronic degeneracies of CN and the two lowestspin able. The large deviations between the CCSD and MP2 or
orbit states of NO. CISD estimates for each of the species considered here indicates
The effect of anharmonicities on the complex density of states the importance of these higher level estimates. Indeed sample
may be more substantial since it is to be evaluated at energiesevaluations with the different frequency sets led to variations
in the neighborhood of the dissociation energy (17 083%m in the calculated triplet and/or CNNO state densities of typically
In earlier work we have estimated an anharmonic correction & factor of 2.
factor of 1.25 on the basis of diagonal anharmonicity consténts. For completeness we have also considered density functional
This relatively modest correction factor seems quite reasonable(B3LYP/6-31G*) calculations of these vibrational frequencies
in light of our recent studies suggesting a close similarity since they provide a much less expensive approach than the
between the harmonic and anharmonic state densities for some&CCSD (or even MP2) approach and may be as accurate.
related molecule¥ However, there are both additional elec- Comparisons with the experimental and/or CCSD data suggest
tronic states and other low-lying local minima on the potential that the B3LYP/6-31G* approach is indeed quite accurate for
energy surface, which may make further important contributions the species considered here. The largest deviation arises for
to the density of states for the complex. The possible the CNNO structure where the B3LYP results are an average
importance of the lowest lying triplet state has been alluded to of 1.08 times lower than the CCSD frequencies. Notably, the
by Sims and Smith in the analysis of their dat&urthermore, B3LYP estimates for the triplet-state frequencies are in good
a local minimum in the potential arises for a CNNO structure agreement with the CCSD estimates even though the B3LYP
and is at a roughly equivalent energy to the lowest triplet state. estimated triplet binding energy is clearly in error.
This CNNO structure is also directly accessible from reactants. The G2 estimate for the binding energy of NCNO relative to
The contributions that the CNNO and triplet NCNO states CN + NO is in reasonably satisfactory agreement with the
make to the overall dynamics depend on the dynamics of the experimental binding energy (cf. Table 3). The G2 estimates
motion between these structures and the singlet NCNO structurefor the triplet and CNNO states should similarly be quite
The TS for the isomerization of NCNO to CNNO lies well reasonable. The 1104 cth difference in the G2 versus
below the CN+ NO asymptote (by 12 500 and 7100 chat experimental NCNO binding energies does, however, leave
the MP2/6-31G* and B3LYP/6-31G* levels, respectively). Also, some ambiguity in the choice of reference state for these
the NN separation and CN separations for this isomerization energies. In the present evaluations, we have chosen the NCNO
transition state are both only about 2.1 A. Thus, it seems state as a reference, yielding estimated binding energies of 9901
reasonable to assume that there is a rapid interconversionand 10 284 cm for the triplet and CNNO states, respectively.
amongst these two isomers. For simplicity we make a similar With these binding energies we obtain harmonic-oscillator
assumption for the singlet/triplet interconversions. With these Vvibronic state densities at the threshold for producing €N
assumptions the net effect of these states is simply to increaséNO, which are 34% and 46% of the corresponding harmonic-
the effective density of states of the complex. oscillator NCNO density, for the triplet and CNNO states,
The results of quantum chemical structural optimizations and "€SPectively. We thus employ a net multiplicative correction
vibrational analyses for the singlet and triplet states are reportedfctor to the harmonic complex density of states of 2:05.25
in Tables 1-3. These data are employed in the estimate of the T 0-34 + 0.46), corresponding to the sum of these two
corresponding state densities owing to the lack of experimental cOntributions and the estimated anharmonicity correction men-
spectroscopic data for these states. Generally, vibrationaltioned above. Alternatively, one could directly estimate each
frequencies obtained at the MP2/6-31G* (or even HF/6-31G*) of the contributions as a function & andJ. Howe\{er, such
level provide reasonably satisfactory values for the estimation @0 @pproach was deemed unnecessary here since the total
of state densities. Indeed, the simple multiplicative correction available energy varies only slightly over the thermal energy
by a factor such as 0.95 is generally expected to provide "an9€s considered. Interestingly, the energy and negrly angular
estimated vibrational frequencies of sufficient accuracy for momentum resolved rate constant data of Zewail and co-
subsequent kinetic analyses. However, for CN and NO, wo_rker§ provides a_meanlngfgl tes_t (_)f the accuracy of thl_s
inordinately small correction factors of 0.72 and 0.49 are gstlmated state den_sny at the dissociation threshold as described
required to reproduce the experimental fundamental frequen-In the next subsection.
cies3” For NCNO a more reasonable average correction factor D. Nf; and ke;. In transition-state theory (TST) the
of 0.98 is obtained at the MP2/6-31G* level. But then for triplet number of available states at the transition statg, is
NCNO what appear to be anomalously large frequencies aredefined as the minimum in this number over all possible surfaces
again obtained for the two highest frequency modes. that separate reactants from products. This minimization
These irregularities in the MP2/6-31G* frequencies led us typically involves the variation of a single reaction coordinate
to consider alternative quantum chemical methodologies. We defining the dividing surfaces. The present evaluations are
first considered the CISD/6-31G* approach, which does lead instead based on a variable reaction coordinate version of
to much reduced estimates for the CN and NO stretching transition-state theory in which the minimization is performed
frequencies in both the reactants and in triplet NCNO. However, With regard to both the definition of the reaction coordinate and
an average correction factor of 0.86 is now required for the the distancé&84° In particular, the dIVIdIng surfaces are defined
NCNO frequencies, indicating once again little consistency in by fixing the distance between two arbitrarily chosen fixed
the estimates. The CCSD/6-31G* approach generally providesPoints, with one fixed point chosen along the CN axis and the
a much improved estimate of electron correlation effects and other chosen along the NO axis. Both the distance between
was thus considered next. Notably, the average correction factorthe fixed points and the location of each fixed point along its
required for NCNO, CN, and NO is in each case close to 0.95 axis are optimized to provid&{, in this variable reaction
and has a variance of less than 0.02. Furthermore, the estimategoordinate transition-state theory (VRC-TST) approach.
frequencies for triplet NCNO and CNNO seem completely  In related work we have examined the dissociation of NCNO
reasonable. Thus, the present kinetic estimates employ theinto CN + NO at an energy and angular momentum resolved
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level 12 making comparisons with the corresponding experi- NCNO --> CN + NO

mental results of Zewail and co-workérsThe potential energy L E—
surface developed in this earlier work, although perhaps only
qualitatively correct, is employed with only minor modifications

(described below) in the present evaluations. An important _  10.5]
question for this reaction regards the extent of the contribution T’;
from the degenerate and nearly degenerate electronic states o0 < 104
CN and NO. The product state distributions observed in the ¢ g5
dissociation process suggest that all of these states are accesse g ] 0 EXPT (Ref. 9) [
in a nearly statistical fashich.However, at closer separations, CE N VRC-RRKM (Ref. 10 Pot.) a

- . ; . o ——VRC-RRKM (Rev. Pot.
where the transition state lies at higher energies, the splitting (Rev. Pot)

114

between the electronic statébecomes so large that one expects 8>

that only the lowest electronic state can make an important 8 4 T

contribution to the reactive flux. 0 100 200 300 400 500 600 700
In effect there are then two separate bottlenecks to the reactive Excess E (cm™")

flux. An outer or phase space theory like transition state occurs Figure 2. Plot of the microscopic rate as a function of excess energy

at large separations (e.g-%0 A) with an electronic degeneracy for the dissociation of NCNO. Squares denote the experimental data

gguter ranging from 4 to 8 of ref_9. Solid anq dashed lines denote the present varia_ble reaction
coordinate transition-state theory results employing the oritfiaald

touter modified model potentials, respectively, and are Jor 3.

Ng= 1

E—120(cm?),J
Nfouter 4) near threshold region, where there is little flexibility in tNQf
& estimates, suggests that the present estimate for the density of
states of the complex is quite accurate.

At higher energies the interplay between the inner and outer
transition state becomes important. The calculations employing
the model potential of ref 10 are seen to somewhat understimate
the observed rate constant in this region. This model potential
was obtained on the basis of empirical considerations, and so

gguterz a1+

and an inner transition state with an electronic degeneracy
g."®" of unity. Assuming that the motion between these two
bottlenecks is statistically randomized allows one to write an

effective number of states “s

- 1 _ L — (5) modest variations in its parameters are reasonable. Sample
N;ff gZ“ter Nguter g NiT'mer Niax calculations employing an effectiykeparameter for the Varshni
potential of 0.46 A& (instead of 0.517) and an orientational
whereN! _andN' . are the number of available states at the modulation of the bonding potential according to the square

inner outer

inner and outer transition states, respectively. MeanwRilgy root of [cosA0)] (instead of the square) were also performed.

corresponds to the maximum in the flux between the two As seen in Figure 2 these calculations provide a markedly
transition states. This latter quantity is difficult to evaluate, improved agreement at the higher energies while retaining the
but it may reasonably be considered to be quite large relative good agreement near the thresholds. This modified potential
to eitherN’  andN' . 3840 |n this case the last term in eq5 Wwas thus employed in the subsequent evaluations of the

inner outer

may be neg|ected_ Samp|e calculations Suggest that moretranSit.ior.]-State number of states and therEby the thermal
precise evaluations dfinax would not qualitatively affect the ~ a@ssociation rate constant.
present results. E. Collisional Parameters. As is standard practice a

Here, we implemenNZ,ﬁ With Npayx = o0 as our approxima- L(_annard-Jones model for the collisional frequenky,of Ar
tion to the transition-state number of states. The outer transition With NCNO was employed (cf. egs 5.5.14 and 5.5.17 of ref
state number of states is evaluated on a grid of separations39): The Ar-“NCNO Lennard-Jones parameters= 3.9 A
ranging from 5 to 10 A employing a center-of-mass separation ande = 205 K were obtained from the data_glven in ref 44 for
distance as the reaction coordinate. The inner transition-state”Ar @nd the roughly analogous NCCN species. Unfortunately,
number of states is evaluated for a bond length reaction there are no simple a priori means for estimating the average
coordinate on a grid of separations ranging from 2.4 to 3.6 A. energy transfefAEL] Thus, we present results for the temper-
Previous full optimizations of the reaction coordinate within &ture and pressure dependence of the predicted effective rate
the present VRC-TST scheme generally provided only a minor constants fofAELown values ranging from-25 to —800 cn*
reduction of about 10% or less in the estimate K .38 and employ the simple exponential down model.

This reduction is not applied here.

The photodissociation experiments of Zewail and co-workers
provide explicit values for the energy-resolved dissociation rate  A. Experimental Results. The rate constant of the Ci
constant as a function of ener§jyFurthermore, the reactant NO reaction was determined by measuring the decay of CN
NCNO is cooled down to a few K in these experiments via a LIF signals under pseudo-first-order conditions with [NS]
supersonic expansion, thereby greatly restricting the range of[CN] over a wide range of temperature (26740 K) and total
J. A comparison of the present theoretical predictions for the pressure (36900 Torr) using Ar as the diluent. The effects of
dissociation rate constant, employing a typitahlue of 3, with pressure, measured at 704, 430, 297, and 207 K, are presented
the experimental rate constants is provided in Figufé At in Table 4 and illustrated in Figures 3 and 4. These experi-
the lowest energies the outer transition state is expected tomental rate constants are estimated to have error bars of about
dominate the kinetics. Furthermore, the evaluation of the 4+20%. In Figures 3 and 4, the results of Sims and Srith,
number of states at large separations is essentially independenbbtained at 450, 296, and 2@52 K, are also included. Two
of the potential. As a result, the good agreement between theadditional sets of data obtained at 145 and 102 K by Sims and
theoretical predictions and the experimental observations in theSmith are presented in Figure 5. These results reveal an

IV. Results and Discussion
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TABLE 4: Experimental Rate Constants for CN + NO

T=207K T=297K T=1430K T=740K
pa Ko P k P k P k
30 393 30 135 50 065 100 0.26
30 302 51 201 74 090 100 028
50 589 100 345 100 130 100 0.30
65 743 100 333 100 123 200 0.44
100 864 100 339 100 131 275 055
100 811 101 339 202 202 350 0.66
101 9.09 101  3.65 300 285 425 0.76
125 101 151 495 360 3.13 500 1.02
150 128 225 573 400 343 500 095
150 119 300 7.60 450 383 600 108
200 151 400 7.72 502 436 600 1.1
250 149 498 891 599 479 702 123
300 17.8 498 108 652 482 800 1.46
400 203 501 110 698 522

500 240 501 961 752 543

500 203 646 108 800 557

600 224 649 105

605 226 901 124

700  21.0

700  19.9

700  25.1

700 242

800 218

805  23.1

809 285

810 208

aPressure in units of TorP.Rates constants are in units of 10
cm® s7! and have estimated error bars-6f20%.
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Figure 3. Plot of the pressure dependence of the-€NO association

rate constant for temperatures of 430 and 740 K. The circles denote

the present experimental results. The cross denotes the experimenta 8 .
P P " trapolated the pressure-dependent data with Troe’s method using

data of Sims and SmithThe solid, dasheddashed dotted, dashed i > :
dotted, and dotted lines denote the present theoretical predictionsthe following empirical equatiori34
employing [AE[own values of—800, —400, —200, and—100 cnt?,
respectively.

extensive pressure dependence of the bimolecular rate constant
below 900 Torr, the highest pressure reported in the studies.
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Figure 4. As in Figure 3, but for temperatures of 207 and 297 K. The
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Figure 5. As in Figure 4, but for temperatures of 102 and 145 K. The

k= a[b/(1 + b)]F

solid line now corresponds tAAEown = —25 cnT?.

log F = log FJ[1 + (log b)?]

association step and the efficiency of energy transfer from the
gxcited NCNO to the third-body (M), respectively], we ex-

(6)
@)

In order to estimate the limiting values of the association rate wherea = k*, b = k[M]/k®, and F. is a fitting parameter
constants at high and low pressurks,and k® [which relate
directly to the nature of the transition state involved in the pressure fall-off curvé®4® [east-squares analyses of the

(typically 0.6 £ 0.1) that accounts for the broadening of the
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Figure 6. Plot of the temperature dependence for the high-pressure ] ° [
limiting thermal association rate constant. The filled squares denote ] x o Extrap. (This Work) |
the CN vibrational relaxation data of Sims and Snitthe circles ] . x  Extrap (Ref. 7a)
denote the Troe-based extrapolations of the present work, the crosses P '
and pluses denote the corresponding extrapolations of Sims and"Smith, . o + Extrap (Ref. 7b)
and the triangles denote the present RRKM estimates. The lines are . RRKM fit
provided as a guide to the eye. 1 n
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experimental data shown in Figures 3 and 4 with the above 1000/T(K)

equations using. = 0.6 gave rise to the limiting values &f Figure 7. Plot of the temperature dependence of the low-pressure
andk’, which are summarized in Figures 6 and 7, respectively. limiting thermal association rate constant. The circles, pluses, and

For most temperatures, increasifgby 0.1 yields about @ 40%  ¢gsses are as in Figure 6. The filled squares denote the present RRKM

decrease itk” and about a 3% decreasekh ForT = 207 K estimates employing at each temperature IAEo.n value that
such an increase iR instead yields only an 7% decreasekih provides the best fit to the observed pressure dependence (cf. Figures
and an 18% decrease KA. 3-5).

Also included in Figures 6 and 7 are the extrapolated results . .
of Sims and Smith employing similar extrapolation techniques limit is never closely approached in the present experiments.
(in which the fitting parameters for the pressure fall-off were The closest approach is for a temperature of 207 K where the
estimated separately).These rate constants and the pressure €xperimental data at a pressure of 800 Torr is only 2.5 times
dependency depicted in F|gures-3 are Compared below with lower than the TST estimated high—pressure rate constant. In
theoretically predicted results. this instance it is difficult to accurately extrapolate the experi-

B. Comparison of Theory and Experiment. The pressure mental data to the high-pressure limit and it is not surprising
dependence of the theoretically predicted association ratethat the experimental extrapolations are not in good agreement
constantser are compared with both the present experimental With the theoretical estimates. _
data and the prior experimental data of ref 7 in Figure$3 An alternative |nd|rect_ exper_lmental measure of the h|gh-
for temperatures of 740, 430, 297, 207, 145, and 102 K. SomePressure rate constants is provided by the experiments of Sims
of the experimental data of Sims and Srfitorresponds to a and Smith, which probe the rate of vibrational relaxation of
slightly different temperature from that plotted, but only minor CN in»= 1 arising from collisions with NG This relaxation
corrections would be expected. The data of ref 7 and the presenf@t€ would be expected to correlate quite closely with the rate
experimental data are in remarkably good agreement in the Of complex formation and thus with the high-pressure limiting

regions of their overlap. This agreement provides strong Supportrate constant. These experimental relaxation rate constants are
for the accuracy of both sets of data. also plotted in Figure 6 and are about 40% higher than the

For each temperature the predicted and observed pressuIréheoretlcal estimates. This reasonably minor discrepancy again

dependencies are seen to be in satisfactory agreement. Notabl)fnay be an indication of errors in the treatment of angular

the average energy-transfer param@E o, which provides momentum effects for the transition state. Notably, a theoretical
OWny . R
this agreement, decreases quite substantially with decreasin odel that yields a somewhat greater high-pressure rate constant

temperature. The best fit values are abe600, —300, —200 t the higher temperatures (in agreement with these relaxation
—140.—70 énd—35 cnt for temperatures of’ 740 ;130 2}97 rate constants) would also require somewhat smaller energy-
207, 145, and 102 K, respectively. A slight increaseN&[ldown transfer parameters at higher temperature_s. .

with increasing temperature is perhaps to be expected given The temperature dependence of .th‘? various estimates for the
the increasing average collision energy. However, the magni- onv pressure limiting rate constant is |Ilu§trated in Figure 7. In
tude of this increase (and of the actual values at the highest!liS instance, the TST results for the fitted average energy-
temperatures) are so large as to be suggestive of some fa”uréransfer coefficients are seen to be in good agreement with those

in the theoretical model, perhaps related to the treatment of thec’bta'r!ed from the present Troe-based e_xtrapolatlons of .the
angular momentum dependence of either the dissociation rateexperlmental Qata. The similar extrapolations of ref 7 predict
constants or the energy-transfer process. It would be interesting®™y Slightly higher rates.
to examine such possibilities in future studies.

In Figure 6 a plot of the temperature dependence of the high-
pressure limiting rate constant is provided. Consideration of The good agreement between the present experimental results

the TST values presented therein suggests that the high-pressurand those of Sims and SmitWhere the two experiments overlap

V. Concluding Remarks
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demonstrates the validity of both experiments. The implemen-  (19) Cizek, JAdv. Chem. Phys1969 14, 35. ‘
tation of the Troe factorization method provides an estimate _ (20) Bartlett, R. JAnnu. Re. Phys. Chem1981, 32, 359. Purvis, G.

. _ D.; Bartlett, R. JJ. Chem. Phys1982 76, 1910.
_ 7T-1.50 _
for the high-pressure rate constakitt 6.16 < 10~T exp (21) Paldus, J. IlNew Horizons of Quantum Chemistiydwdin, P.-

(—332I) e s™4), which is essentially identical to that obtained o, Puliman, B., Eds.; Reidel: Dordrecht, 1983; p 31.
by Sims and SmitA. The expressiork = 3.4 x 10710 exp- (22) Bartlett, R. J.; Dykstra, C. E.; Paldus, JAdvanced Theories and
(120m) cm® s~1 provides a good representation of the transition- Computational Approaches to the Electronic Structure of Molecules

. e . ykstra, C. E., Ed.; Reidel: Dordrecht, 1984; p 127.
state theory estimates for the high-pressure rate constant in the (23) Scuseria, G. E. Scheiner, A. C.. Lee, T. J.: Rice, J. E.. Schaefer,

207-740 K region. _ _ H.F. Il J. Chem. Phys1987, 86, 2881.
The theoretical study suggests the importance of anharmonic  (24) Scheiner, A. C.; Scuseria, G. E.; Rice, J. E.; Lee, T. J.; Schaefer,
effects and of the secondary CNNO association channel in H. F., lll. J. Chem. Phys1987 87, 5361.

yielding a net increase in the density of states by a factor of _ (25 Pam. R. G.; Yang, WDensity-Functional Theory of Atoms and
b h o | | lovi imol Molecules Oxford: Oxford, 1989.
about 2. The variational RRKM results employing a simple (26) Labanowski, J. K., Andzelm, J. W., EdBensity Functional

model potential provide a completely satisfactory description Methods in ChemistrySpringer-Verlag: New York, 1991.
of the experimental results for both the dissociation and the (27) Becke, A. DJ. Chem. Physl993 98, 5648;lIbid. 1992 97, 9173;

association. The agreement for the association results reIies'Fk,’ri]‘g/'S 1%982 gGigéLg%I?bi%é%a 88, 1053. Lee, C.; Yang, W.; Parr, R. G.
upon fitted values fofAE[Jownthat decrease in magnitude from (2é) C'umssy L A.;’ Rag.havachari, K. Pople, J.AAChem. Phys1993

—500 to—35 cnt! from T = 740 to 102 K. 98, 1293.
(29) Curtiss, L. A.; Raghavachari, K.; Trucks, G. W.; Pople, JJA.
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