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Studies on the Reactions of CH(v=0 and 1) with NO and O,
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Rate constants for the reactions of CH(X?II: v=0,1) with NO and O2 are measured under pseudo-first-
order conditions at 297+5 K. CH(X?II: v=0,1) radicals are generated by excimer laser photolysis of CHBr3 and
(CHs)2 CO at 193 nm, and detected by the laser-induced fluorescence (LIF) technique. The overall rate constants
obtained at the total pressure of 20 Torr Ar are: kno(v=0)=(1.6£0.2)x107° kno(v=1)=(1.3+0.6)x1071°,
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ko, (v=0)=(3.5+0.3)x10~'!, and ko, (v=1)=(3.4+0.8) x10™'* (cm® molecule™* s™1).

No apparent pressure dependence is indicated for the rate constants over the pressure range of 5—50 Torr
Ar for CH+NO, and 5—30 Torr Ar for CH+ O3 reactions, respectively.

The reaction mechanisms are discussed based on the quantum mechanical calculations of the potential

energy surfaces of CH+NO and CH+O; systems.

The methylidyne radical (CH) is believed to play
important roles in the formation of prompt NO, or
electronically excited and ionic species in combustion
processes, because of its high heat of formation and re-
activity: Detailed examinations of CH radicals in hy-
drocarbon/air flame have already been performed by
using laser absorption® and laser-induced fluorescence
(LIF)® methods for the ground state of CH, and by us-
ing the emission spectroscopy’® for the electronically
excited state. The CH+Nj; reaction producing N+HCN
at high temperatures is believed to be the source of
“prompt” NO,*® and it has been predicted® that the
formation and conversion of NO by the reaction with
CH is one of the most important kinetic steps in N-
containing flames.

The CH+0O; reaction leading to the formation of OH
is sufficiently exoergic to produce the OH in its electron-
ically excited state: Chemiluminescence for (A2X*-
X21I) transition has been examined.>” The reaction of
CH with O atoms was indicated to have an important
contribution to the initial stage of soot formation® via
the production of ionic species such as HCO+.%

The CH+NO reaction system was first investigated
by Lin:'?) CO vibrational inverted emission at 5 um was
observed in vacuum UV flash photolysis of CHBr3/NO
mixtures and he suggested the possibility of direct
formation of vibrationally excited CO and NH from
the CH+NO reaction. Lin and co-workers”!? em-
ployed UV laser photolysis of CHBr3 to generate CH
and LIF method to probe CH and to measure the
overall consumption rate of CH. The rate constant
for the CH+NO reaction was found to be kno=
(1.9£0.3)x1071% cm® molecule™! s~! and independent
of temperature.!® They also estimated the rate con-
stant from the time dependence of chemiluminescence
intensity for NH (A3II-X3X~). They obtained the
value of kno=(2.5+0.5)x1071% c¢m3 molecule™! s~1

tPresent address: Department of Chemistry, Niigata Univ.,
Niigata.

which is in close agreement with that obtained from
the decay rate of CH. Thus, they postulated NH
(A%M) to be directly generated from the CH+NO
reaction.” Wagal et al.'® who produced CH by IRMPD
of CH3NH; and cyclo-C3Hg obtained the rate con-
stant kyo=(2.020.3)x1071% cm?® molecule™! s~!. De-
spite the different source for CH, the rate constants
for the CH+NO reaction reported thus far agree each
other quite well and are found as fast as near the gas
kinetic collision rate. Nishiyama et al.'¥) who pro-
duced CH from the C(!D)+H, reaction in fast flow
system, observed NH (A3II-X3Y~) chemiluminescence
and measured the internal energy state distribution in
NH (A3II) state from the dispersed emission spectrum.
They suggested the direct four-center mechanism for the
CH+NO reaction leading to formation of NH (A3II).

Recently, Dean et al.'® studied this reaction using
laser absorption technique behind shock waves in the
pyrolysis of CoHg/NO and CH4/NO mixtures. They
compared the time dependences and the absolute con-
centrations of CH, NH, and OH with and without addi-
tion of NO to CH4 and CoHg and extracted the informa-
tion regarding the reactions of CH+NO from such com-
parison through kinetic simulation. They concluded
that both the reaction channels for producing NH and
OH are minor; this conclusion is consistent with that
of Miller and Bowman,'® who examined the reaction
mechanisms from theoretical bases and indicated that
HCN+O are the major products.

Bozzelli et al. estimated the branching fractions for
this reaction using quantum Kassel theory (which is des-
ignated as QRRK theory by Dean'”) with potential en-
ergy surfaces estimated based on microscopic reversibil-
ity for reverse reactions, or on analogies to carbene H
shifts for isomerization of the reaction intermediates.'®
According to their calculation, reaction channels are
not selective, but many products which are thermo-
chemically acceptable combinations are possible, i.e.,
the branching fractions at room temperature are; 0.56
for N+HCO, 0.22 for H+NCO, 0.15 for O+HCN, 0.04
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for NH+CO, and 0.04 for OH+CN channels, respec-
tively.

Studies of the CH+O; reaction system were also ini-
tiated by Lin.'®) Not only CO laser emission at 5 pm
but strong CO; laser emission at 10 pm was observed
in vacuum UV flash photolysis of CHBr3/Oy mixtures:
it was postulated that the CH+ Oy reaction directly
produces both vibrationally excited CO and CO,.

Subsequently, the rate constant for the CH +
O, reaction was measured in several experimen-
tal studies.”''22=23) The results, ranging ko, =
(2—6)x107*! cm?® molecule™! s~1, roughly agreed each
other despite the different method for generation of
CH (UV photolysis of CHBr3,”'*'» CHyBrs,2® or
CHCIBr,,?® IRMPD of CH3 NH,,%® and sequential Br
atom abstraction from CHBr3; with excess alkali-metal
atoms®?); the rate constant has been found to be in-
dependent of temperature.'? Only Duncanson et al.??
has reported an order of magnitude smaller value than
others, but the source of this discrepancy is still un-
known. Messing et al.?® and Lichtin et al.” measured
the rate constant from the decay rate of OH (A2X*-
X2TI) chemiluminescence: it was in reasonable agree-
ment with that obtained from the decay rate of CH,
and postulated OH (A2X1) to be directly generated by
the CH+O5 reaction.

Although the rate constants for the overall consump-
tion of CH by various stable molecules were measured
extensively,?®) the details of the reaction mechanisms
have not been clarified. Since there has been no direct
experimental evidence on the main product channel(s)
of CH+NO and CH+O, reactions, it will be important
to detect radicals of concern so as to examine these con-
tradicting prediction.

In this study, the reaction rate constants of CH with
and without vibrational excitation in the reactions CH+
NO and CH+O, are measured. Search for the reaction
products in these systems is also tried. In addition,
quantum mechanical calculations were performed in or-
der to examine the mechanisms for these reactions.

No previous measurement on the rate constant for
vibrationally excited CH with NO reaction has been
reported.

Duncanson et al.?) reported that the rate constant
for CH(v=1)+0x is about two times larger than that for
CH(v=0). But these rate constants are much less than
those of other measurements for the reaction CH(v=
0)+0Os. If there exists appreciable vibrational energy
dependence on the rate constants, such informations
should reflect detailed dynamic features of the reactive
collision: thus reinvestigation on these reaction systems
seems to be important to get insight into the details of
the reaction mechanisms.

Experimental

A standard pump-probe laser technique in a quasi-static
cell was used to examine the reactions of CH radicals. An
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ArF excimer laser (Questek 2220: duration, 10 ns; repetition
7—15 Hz) was used as the photolysis source with a typical
pulse energy of 3—5 mJ/pulse in a 0.6 cm diameter beam.

CHBr3; was mainly used as the precursor of CH radicals
because of the high efficiency in generating CH radicals. In
order to examine the effect of the precursor molecules on
the measured reaction rate constants, (CH3)2CO was also
used as a source of CH. The production of CH radicals
from CHBrj is found to be over 50 times more efficient than
(CHj3)2CO.

A XeCl (308 nm) excimer laser (Lambda Physik
LPX110i) pumped dye laser (PRA DL14P: duration, 10
ns; typical pulse energy, 50—100 wJ/pulse; linewidth, 0.8
cm™1), with a KDP doubling crystal was utilized to get LIF
excitation spectra of radicals.

A photomultiplier tube (Hamamatsu R374) was used to
detect LIF with cut-off filters (Corning CS2-58 or Ritsu UV-
39) or UV (Toshiba UV-D33S) filters to reduce the scattered
photolysis laser light. Signals from the photomultiplier tube
were fed into a gated integrator/boxcar averager (Stanford
Research Systems SR250) and processed with a laboratory
microcomputer (Epson PC286).

Radicals detected by LIF method in this work are listed
in Table 1. HCO could not be detected in the photolysis of
CHBr3/NO nor CHBr3/O2 mixtures. The detection limit
of HCO for the present LIF system was estimated to be at
least 10® molecules cm™3:252%) Typical concentrations of
HCO in this experimental conditions were much less than
the detection limit.

The partial pressure of each component in sample gas
mixtures was evaluated by use of a capacitance manome-
ter (MKS 122AA-00100AB) with a pressure-flux calibration
curve. Most experiments were conducted under the condi-
tion of flowing gas mixture (>40 cm s~ ') in order to min-
imize the interference by the photolysis and reaction prod-
ucts. Typical partial pressures of CHBr3 and (CHs)2CO
were 0.8 mTorr and 3.4 mTorr, respectively, and partial
pressure ranges of NO and Oz were 0—30 mTorr and 0—250
mTorr, respectively (1 Torr=133 Pa). The initial concentra-
tions of CH precursors were sufficiently small to ensure the
pseudo-first-order reaction conditions that [CH]:=o <<[NO]
or [O2]. The total pressure ranges were 5—100 Torr for
CH+NO and 5—30 Torr for CH4+ O3 reactions using Ar as
a buffer gas. All the experiments were carried out at room
temperature (297+5 K).

CHBr3 (Tokyo Kasei: 99.0%), which contains 50 ppm of
diphenylamine as stabilizer, was purified by trap-to-trap dis-
tillation to remove colored non-volatile components and de-
gassed at 298 K to remove water. (CH3z)2CO (Kanto Chem-
ical: 99%) was only degassed before using. NO (Takachiho
Kagaku: 99.9%), O2 (Nihon Sanso: 99.99%) and Ar (Nihon
Sanso: 99.9999%) were used without further purification.
All sample gases were diluted in argon and stored in glass
bulbs.

Results

The LIF excitation spectrum for CH (A2 A-X?II) ob-
served at 10 us after the photolysis is shown in Fig. 1.
In addition to the (0-0) vibrational band Q and R
branches, the (1-1) and (2-2) vibrational bands Q and
R branches are shown in this chart.?”
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Table 1. Summary of Radicals Detected by LIF

Radical Transition A/nm Laser Dye Lines utilized
to monitor the time profiles
CH AZA-XT 430 S-420 (0-0) R2(1/2), (1-1) R1(3/2)
NH AI-X3%~ 334 DCM/KDP (0-0) R1(4)
NH clll-a’A 326 DCM/KDP (0-0) P(3)
CN B2zt-XInt 387 BBQ (0-0) R1(11/2)+R2(9/2)
OH AZnt-X21 308 R-640/KDP (0-0) Q1(3/2)
NCO A?St- X2 417 S-420 (100)—(000)
T T T 1(0-0)R4
2 7% ¥ ¥ o o
. J N ?(O‘O)RQ CH (A-°1T)
72 72 Vel 2]
T T T |(H)R11 (1_1)Qb h
_ ranc
% % (1-1)R2 » 1 %% 0-0)
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Fig. 1. LIF excitation spectrum of CH. P(CHBr3)=2.6 mTorr, Prot(Ar)=20 Torr; t=10 us after the photolysis.

The Boltzmann plots for the vibrational distribution
at 5, 10, and 40 ps after the photolysis for Ry (3/2)
line in (0-0), (1-1), and (2-2) bands are shown in
Fig. 2, where the relative populations were estimated
with corrections for Franck—Condon factors®® and the
sensitivity factors against wavelength. The vibrational
temperature was found to be almost constant within
29304260 K (20) at P=20 Torr (Ar) for t=0—40 ps,
showing that the vibrational relaxation of CH is very
slow in this time interval, meanwhile, the observed LIF
intensities showed substantial decrement at 40 us for
the typical experimental conditions.

Therefore, it is confirmed that vibrational deactiva-
tion is not responsible for the observed decay of excited
CH radicals.

The wavelength of the dye laser was tuned to R; (3/2)
or Ry (1/2) lines when the time profiles of CH LIF inten-
sity were monitored. Typical time dependences of CH
LIF intensity in some mixtures of CHBr3/NO/Ar are
shown in Fig. 3. The decay profile of the CH LIF inten-
sity was fitted to the single exponential formula which
gave the pseudo-first-order decay rate of CH, 75 ! Plots
of 77! versus NO and O, concentrations showed good
linear correlations as shown in Fig. 4, and the intercept
which usually represents the rate for the reaction with

the precursor molecules and/or the heterogeneous reac-
tion at the wall was confirmed to be sufficiently small.

The overall rate constants for the reactions CH(X?II :
v=0,1)+NO and CH(X2II: v=0,1)+ Oz—products,
measured at the total pressure of 20 Torr Ar, are sum-
marized in Tables 2 and 3, respectively. Present results
for the overall rate constants for these two reactions
were consistent with previous works.

Pressure dependence of the rate constants was also
measured. For CH(v=0)+NO—products, the covered
pressure range was 5 to 50 Torr Ar, and the decay rate
of CH showed no systematic pressure dependence. The
rate constant averaged over for all the pressure range is
(1.6£0.2)x1071° cm® molecule~? s~1.

For CH(v=0,1)+0., the rate constants were mea-
sured at 5 and 30 Torr Ar in addition to that at 20
Torr. The rate constants for CH(v=0)+O2—products
were (3.9040.60)x 107!, and (4.2840.30)x10~!! cm?
molecule™! s~! at 5 and 30 Torr, respectively. Those
for CH(v=1)+ 0, were (4.30+£0.04)x107!, and
(3.88+1.00)x107 ! c¢m® molecule™! s=! at 5 and 30
Torr, respectively.

The rate constants for CH+NO and CH+ O, do not
have obvious dependence on the total pressure nor on
the vibrational energy for v=0 or 1. Also, changing
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Table 2. Rate Constant for CH(X2IT)+NO

k/cm® molecule™ s~! Proy/Torr T/K Reference
(2.940.7) x 10710 100(Ar) Room temp 11
(1.940.3) x 10710 100(Ar) 297—676 12
(2.5+£0.5)x 10710 21(Ar) Room temp 7
(2.0£0.3)x1071° 5(Ar) 300 13
(1.61£0.18) x 10~ 20(Ar) 297 This work? (v=0)
(1.3040.41) x1071° 20(Ar) 297 This work® (v=0)
(1.3040.60) x 10710 20(Ar) 297 This work?) (v=1)

Errors denoted indicate 20 deviation of the data.

1) CHBrj3 was used as the precursor for CH(X?II).

2) (CHj3)2CO was used as the precursor for CH(X?II).

Table 3. Rate Constant for CH(X?IT)+ 0>

k/cm® molecule™! s7* Pro/Torr T/K Reference
(5.94£0.8) x 10~ 100(Ar) Room temp 11
(5.4£1.0)x 10~ 100(Ar) 276—676 12
(3.340.4)x 107" 10—30(Ar) 298 20
(8. £3. )x107 21(Ar) Room temp 7
Ez.u:o.z; X 10—13 10§Arg Room temp 21
2.340.5) x 10~ 2(He 290 22
(5.1£0.3)x 10~ 1! 2(Ar) 297 23
(4.2840.30) x 107! 30(Ar) 293 This work (v=0)
(3.88+1.00)x 107! 30(Ar) 293 This work (v=1)
(3.54+0.28) x 107! 20(Ar) 297 This work (v=0)
(8.374£0.78) x 107! 20(Ar) 293 This work (v=1)
(3.90+0.60) x 10! 5(Ar) 293 This work (v=0)
(4.30£0.04) x 107 1* 5(Ar) 293 This work (v=1)

Errors denoted indicate 20 deviation of the data. CHBr3 was used as the precursor for CH(X2II).

the precursor molecules for generating CH radical from
CHBr3 to (CHj3)2CO brought no difference in the mea-
sured rate constant.

In addition to CH, LIF for NH (A%I-X3%2~), NH
(cll-alA), OH (AZs+-X2II), CN (B2Z+-X2%7) and
NCO (A2 *-X2II) were observed in CHBr3/NO sys-
tem, and LIF for OH(A2X*-X2II) in CHBr3/O; sys-
tem. The intensity distribution of NH (X3%~) R4
branch at 10 ps after the photolysis indicated that the
rotational distribution was equilibrated at room tem-
perature.

Examples of the time profiles of LIF intensities of rad-
icals observed in CHBr3/NO and CHBr3/O5 reaction
systems are shown in Figs. 5(a) and 5(b), respectively.

In CHBr3/NO reaction system, NH (a'A) was gen-
erated in the first ca. 5 pus after the photolysis and then
decayed exponentially. Since no rising behavior corre-
sponding to the decay of CH was seen, the generation of
NH (a'A) may be due to the photolysis of the remaining
reaction products in the cell and actually higher flow-
ing rates of sample gas reduced the LIF intensity of NH
(atA).

Time profiles of NH (X3%2~), CN and NCO showed
a rise and decay behavior. The profile of NCO seems
to have an induction time before the rapid increase and

the rise rate did not agree with the decay rate of CH.
The LIF intensities of NH (X3X~) and CN showed rise
and decay profiles and could be fitted to a double ex-
ponential formula:

Iir/Io = Aexp(—7a~'t) — Bexp(—m"'t) (1)

where, 7, ™! and 74! are the pseudo-first-order rise and

decay rates, respectively, Iy is the intensity of the dye
laser, and A and B are the constants. The pseudo-first-
order rise rates, 7!, were plotted versus NO concen-
trations and found to be slower than the decay rates
of CH in whole NO concentration range as shown in
Fig. 4(a).

The present experiment may imply that neither
NCO, NH(X3%~), nor CN is one of the primary prod-
ucts of the CH+NO reaction, however, the reaction
system is very complicated and one can not exclude
the effects of side reactions (for example, the reactions
NH+NO?? and NCO+NO?*? are known to be very
fast).

The mechanism of CH formation from CHBr; pho-
todissociation by 193 nm laser photolysis is not clearly
understood; it is probably produced by consecutive ab-
sorption of photons and C-Br bonds are broken succes-
sively. Thus, the concentrations of CHBr and CHBr,
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Fig. 2. Boltzmann plots of the vibrational distribu-

tion of CH observed at different delay times after
the photolysis of CHBr3 diluted in Ar. [@:t=5 ps,
A:t=10 ps, B:¢t=40 ps, P(CHBr3)=2.6 mTorr,
Prot(Ar)=20 Torr. Intensity of R;(3/2) line in (0-0),
(1-1), and (2-2) vibrational bands was used for the
plots. The straight lines represent the least-squares
fit of the Boltzmann’s plot. The vibrational temper-
atures were estimated as, 2710£260, 3140+300, and
2930 K for t=>5, 10 and 40 ps, respectively.]

are expected to be much higher than that of CH. In
addition, high concentration of CBr radical has been
detected in the UV flash photolysis.?? As these radi-
cals are believed to be very reactive and should affect
the observed profiles of product species.

Moreover, as the reaction is highly exothermic for
these reaction channels, production rates of these rad-
icals in their vibrational ground state can be different
with the consumption rate of CH, if substantial fraction
is produced in the vibrationally excited states and the
relaxation is slow.

To check this possibility, 7. for NH(X3X~; v=0)
was measured in total pressures ranging from 5 to 100
Torr under the constant NO concentration of [NO]=
(6.0£0.2)x10'* molecules cm™3. However, no clear
pressure dependence of 7, was indicated and the con-
tribution of vibrationally excited NH(X3X ™) is not ob-
vious.

OH was generated immediately after the sample mix-
tures were photolized and then gradually increased.
The time profile of OH was simulated by using the ob-
served time profile of NH (X3£7) in this work on the
basis of the experimental result?® that OH is directly
produced in the reaction of NH (X3 ™) with NO. Since
this simulation well explain the time profile of OH as

S. OkADA, K. YAMASAKI, H. MATsuI, K. SAITO, and K. OKADA

[Vol. 66, No. 4

=

K]

: =

2

k=

v

3

<

e L
0 50 100
Time /107%s
Fig. 3. Semi-log plots of the typical time profiles of

CH LIF intensity. P(CHBr3)=0.8 mTorr, Prot(Ar)=
20 Torr; (a): P(NO)=0 mTorr, (b): P(NO)=5.7
mTorr, and (¢): P(NO)=13.4 mTorr. The straight
lines indicate the least-squares fit of the experimental
data.

shown in Fig. 5(a) by solid line, the increase of OH af-
ter the photolysis in CHBr3/NO reaction system can be
due to the reaction of NH (X3X~) with NO.

It should be noted that precise discussion on the rel-
ative concentrations of these radicals may not be fea-
sible; however, the relative concentrations of CH, NH
(X3£7), CN, and OH were estimated from the relative
LIF intensities considering the absorption coefficients
and the quenching effects. From such evaluation, the
branching fractions for NH (v=0), CN, and OH were
estimated as 0.15, 0.002, and 0.2, respectively.

Since the amounts of CN and OH should be the same
if they are produced only from the reaction of CH+NO
directly, the difference in the observed concentrations
should indicate the effects of successive reactions. In
any case, the reaction channels producing NH, CN, and
OH radicals are confirmed to be minor.

The relative concentration for NCO could not be es-
timated from the intensity of LIF excitation spectrum
because of lack of the required informations; there re-
mains a possibility that NCO is a major product for the
reaction of CH+NO.

In CHBr3/O2 reaction system, OH was also gener-
ated just after the sample mixtures were photolized and
then increased. The solid line in Fig. 5(b) is the profile
for OH as a direct product calculated from the decay of
CH: The formation rates of OH seems consistent with
the observed dacay rate of CH. Thus, the possibility
of OH as the primary product of the CH+ O3 reaction
cannot be denied in this work. From the relative LIF
intensities, the conversion of CH to OH(v=0) was esti-
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Fig. 4. Pseudo-first-order analysis for the decay rates : e L
of CH versus concentrations of NO (a), and Oz (b). 0 20 40 60
@®; experimental result for the decay rate of CH in Time /1078s

the reactions of CH(v=0)+NO and O, solid line; the

. . Fig. 5. Time profiles of radicals observed in the pho-
least-squares fit of the experimental data. O ; experi-

mental result for the decay rate of CH in the reactions
of CH(v=1)+NO and Og, the dotted line; the least-
squares fit of the experimental data. P(CHBr3)=0.8
mTorr, Prot(Ar)=20 Torr. NH (X3X7) rise rate (A)
and CN rise rate (ll) are shown for comparison in

tolysis of (a) CHBr3/NO/Ar and (b) CHBr3/O2/Ar
mixtures. CH(v=0):(®), CH(v=1):(0), NH
(X327):(Aa), NH(a'A):(A), CN: (W), OH:(O),
and NCO (V). Solid curves in panel (a) and (b)
are the calculated profiles for OH postulating that
they were produced in the NH(X®%~)+NO and CH+

panel (a). O2 reaction, respectively. P(CHBr3)=0.8 mTorr,
Prot(Ar)=20 Torr; (a) P(NO)=13.9 mTorr, the ex-
perimental conditions are the same in the upper and

the lower panels, (b) P(O2)=124 mTorr.

mated to be about 20%.
Further detailed examination will be required for the
rest of products.

Discussion Lichten et al.” and Nishiyama et al.'¥) Both of them
have suggested that NH(A3II) is formed via a direct
four-center mechanism at room temperature.

In contrast, Dean et al.'® observed absorption of

As for the product channels for the reactions CH+
NO, no conclusive evidence has been presented so far.
Chemiluminescence from NH(A3II) was observed by
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Calculated potential energy diagrams for se-

lected CH+NO reaction pathways. (MP4SDTQ/6-
31G**//UHF/4-31G).

NH(X3Z£7) in the pyrolysis of CoHg/NO and CHy/NO
mixtures behind shock waves, and concluded that the
branching fraction leading to the formation of NH
(X3£7) was suggested to be less than 10%.

Since NH (A3II) should be quenched to NH (X3%£7)
within a very short period (radiative lifetime =404
ns®?), formation of NH radicals (both in electronically
excited and ground states) seems to be a minor channel,
even if they are the direct products.

Also, the present LIF measurement on NH (X3%7)
indicates that the yield of NH in the CH+NO reaction
is less than 15%, as was predicted by Dean et al.,'® and
Bozzelli et al.'®

In order to examine the reaction mechanisms for CH-
NO and CH-O; systems, potential energies for some
reaction channels are estimated by ab initio calculation
using MP4SDTQ/6-31G**//UHF/4-31G.

For the CH+NO reaction, three transition states
(TS;-TS3) are found as shown in Fig. 6. The direct
pathways leading to the formation of N+HCO and
O+HCN seem possible. ’

The accuracy of the calculated potential surfaces may
be judged from the energies of the stable products.
The heats of reaction are evaluated as 113 (102), 55
(42), and 83 (72) kcalmol~! for the product channels
NH(X3X~)+CO, N+HCO, and O+HCN, respectively,
where, the values in the brackets are the heats of re-
action given by Benson.®® The difference of 11 to 13
kcal mol ! reaction energies between the ab initio calcu-
lation and the thermochemical data indicates that the

branching fractions can not be determined accurately
from these potential energy surfaces.

However, as shown in Fig. 6, the barrier height of
TS, is indicated to be the lowest and implies that the
reaction for producing N+HCO is dominated. If the rel-
ative energies for these transition states are correct each
other, the present result is consistent with the conclu-
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sion of Bozzelli et al.'®) The amount of energy released
in the formation of N+HCO is enough to dissociate
HCO into H+CO, in the consecutive process, which
might cause CO IR laser emission observed by Lin.!®

For the reaction of CH+Qs, it is indicated that some
fraction of CH is converted to OH directly, however, the
transition state for this channel is not identified in this
calculation.

With a very low energy barriers, CH+ Oy reac-
tion leads to the formation of HCO+O(TS;) or H+
CO2(TS3), as shown in Fig. 7.

The reaction intermediates HCOO and HCO, are
found, but the structures and the energies are not calcu-
lated here. The heats of reaction for CH+0O,—HCO+0
and CH+O,;—H+CO3 are calculated to be 80 and 185
kcal mol~!, respectively, whereas, the corresponding en-
ergies calculated by thermochemical data are 73 and 184

kcal mol~!, respectively;® this implies that the uncer-
tainties of energies are less than 10 kcal mol~1.

The energy barrier from HCO5 to H4+CO2 has been
estimated to be about 16 kcalmol~! and that to OH+
CO to be about 33 kcal mol~1.34) The reaction pathway
producing OH+CO may be possible via stable HCOq
followed by migration of H, because the barrier is still
about 150 kcal mol~! below the energy level of CH+Os.
In both reaction pathways the energy release is sufficient
enough to excite the internal degrees of freedom of the
product molecules, and furthermore, the OCO bond is
so bent at the transition state leading to H+CO» that
it is probable to cause strong vibrational excitation in
CO,. Intense IR emissions in CO5 and CO observed by
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Lin'® may be explained by such a reaction scheme.

A comparison between the energies of these transition
states suggests that the CH+O; reaction proceeds most
likely to the formation of H+CO2 and to OH+CO via
the HCO; intermediate.

Finally, as shown in Tables 2 and 3, the effect of vi-
brational excitation in CH on the rate constants for
CH+NO and CH+0O, is found to be very small. Such
conclusion is consistent with the present calculations
because the barrier heights for all the transition states
are much lower than the energies of the reactants.

The authors are grateful to the critical comments and
discussion given by Professor M. C. Lin of Emory Uni-
versity, and Dr. A. M. Dean of Exxon Research and En-
gineering Co.
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