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The reactions of GD) atom with saturated hydrocarbons (RH), £K;Hs, and GHsg, were studied by

monitoring the laser induced fluorescence of

products OH invthe 0 and 1 levels under bulk conditions

and in van der Waals complexes,Q{RH. O{D) was produced by the ArF excimer laser photolysis of

N-O. Nascent rotational distributions are bim

odal in all cases; the low- andMhagimponents. The former

is formed from a long-lived collision complex generated by the insertion process. The collision complex has
enough lifetime to randomize excess energy before decomposition. ThéNhlighiponent is produced in
the short-lived insertion process, in which the collision energy éDPatoms is reflected in the rotational
energy. The spirorbit state in the only half-reactions producing #ie= 0 level shows large population

in the low-lying?IT3, state in lowN components

systems studied. The reaction proceeds via a transfer from a singlet reaction surface to a triplet surface

, though spirorbit populations are statistical in other reaction

keeping the conservation of the electronic angular momentum.

1. Introduction

The electronically excited oxygen atom, 1DJ, is highly
reactive with various molecules and causes both abstraction an
insertion reactions in different from the ground state’FQ{—3
The reactions with simple saturated hydrocarbons, especially
methane, are important in upper atmospheric chendi$tpd
generate the OH radical, which is an important intermediate of
the catalytic HQ cycle in the lower stratosphere because the
HOy cycle is one of the mechanisms most responsible for O
destructior?.

The reaction of GD) with hydrocarbons is known to proceed
without a barrier, and the cross-section is large, nearly the gas
kinetic limit. Since the first study was reported by Basco and
Norrish8 the OD) + hydrocarbon reaction systems have been
widely studied by several groups?® The early studies
supported that the main products were OH and alkyl radicals
which were formed through two parallel mechanisms. The
dominant reaction mechanism is insertion of arf)(atom
into the C-H bond, resulting in chemically activated alcohol
followed by fragmentation. This reaction mechanism was
confirmed by the detection of stable alcohol under the high-
pressure condition, in which chemically activated intermediate,
[ROH]T, was collisionally stabilized before dissociation. How-
ever, OH radicals were also observed under the high-pressur
condition. The formation of OH radicals was ascribed to the
direct abstraction of H atom by &@f) atom, not via the activated
intermediate.

Although OH and alkyl radicals are main products in these

€

reaction of OfD) with CHy, and the molecular hydrogen
elimination was estimated to be less than 25% of the atomic

delimination.10

Recent studies about nascent internal distributions of
productd320 and ab initio calculatiorfd-22 for the reaction of
O(*D) with simple saturated hydrocarbons producing OH and
alkyl radicals throw light on its reaction dynamics. Luntz
reported that rotational distribution of OH was characterized
by bimodal modes for all reactants; the rotationally and
vibrationally hot and cold OH(XIT).13 The former is dominant
for CH4 and produced by the dissociation of the short-lived
intermediate prior to energy equilibration, where the reaction
mechanism is similar to the reaction of 'Df with H,. The
latter product is considered to be generated by the abstraction
reaction because of the similar distribution to that in the reaction
of OP) with hydrocarboi® This mechanism is more dominant
for larger hydrocarbons. On the other hand, Park and Wiesen-
feld reported on the basis of more complete measurements of
the product OH that the rotationally and vibrationally cold OH
might be ascribed to the insertion mechanism forming long-
lived intermediate alcohol, in which excess energy was suf-
ficiently randomized among vibrations prior to fragmentafion.

Naaman and co-workers made the crossed molecular beam
experiments of the reaction of &) with monomers and
clusters of simple saturated hydrocarbons, and observed the
propensities for populating the lower lying spiorbit F
component in lower rotational levels only in the €Eluster
and GHg monomer reaction¥ Recently, the OH distributions
in the reaction of OQ) with CH,; was studied using £CH,

reactions, other paths were also reported. One is the weaker g der Waals (vdW) complex by van Zee et®l.It was found

C—C bond cleavage of the chemically activated alcohol. This
reaction path is more dominant in the reaction with larger
hydrocarbons. The formation of molecular hydrogen from the
intermediate was also report&8. Hydrogen atom generation
was shown in a crossed molecular beam experiment for the
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that the populations were essentially identical to those reported
by Naaman and co-workers except for slight difference in the
rotational distribution for'' = 0. They also tried to reveal the
reaction mechanism by measuring the rise rate of OH products
with the subpicosecond pumprobe technique and observed
only one component with 3 ps rise tird®. Therefore, two
mechanisms could not be well distinguished.

In this study, reactions of @P) atom with simple saturated
hydrocarbons, Cil C;Hg, and GHg, are studied under bulk
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condition and in vdW complex to obtain further understanding signals amplified by a preamplifier (Stanford SR-240) were
of the reaction dynamics. The reactions were investigated by integrated with a gated integrator (Stanford SR-250), digitized
monitoring the product OH with the laser-induced fluorescence with an A/D converter (Stanford SR-245), and transferred to a
(LIF) method. OfD) atom was generated by the 193 nm personal computer. Laser intensities were monitored with

photodissociation of pD, photodiodes (Hamamatsu S133&8BQ) for the photolysis and
. - probe lasers and integrated simultaneously.
N,O + (193 nm)— O('D) + Ny(X 2g) 1) The measured population is disturbed by rotational relaxation
) ] ) in the A 2=t state by collisions. It was estimated that the
and reacted with hydrocarbons in the bulk reaction population was affected at most 14% under our experimental
condition, which was within experimental error and no correc-
0('D) + RH— OH(X 2IT) + R- @ ton wae made. P

and in the half-reaction Jet Experiments. Premixed gas was expanded through a
pulsed solenoid nozzle (General Valve, P/N 9-279-900), which
N,O-RH + hr(193 nm)— OH(X 2H) +R+N, (3) was equipped with a conical chig@(= 300um) at the nozzle
exit to form vdW complexes efficiently. The ratio of samples
R: = CH;, C,H;, CH, was typically 2% NO, 4% hydrocarbon, and 94% Ar. As large
clusters, such as @9).,(RH), would be formed at high
The purpose of this paper is to verify the mechanism forming stagnation pressure, typical sample gas pressure was kept at 2
OH product and investigate its characteristics. The averageatm to form NO-RH. A chamber was evacuated lvia 6 in.
translational energy of @) atom produced here is higher than oil diffusion pump (Ulvac ULK-06, 1400 L/s) with a water
those in the photolysis of £studied before. Due to the large  baffle and a mechanical rotary pump (Ulvac D-950, 960 L/min).
reaction exothermicity, the available energy is not significantly The pressure in the chamber was kept at several degreeof 10
varied by changing the experimental conditions: for example, Torr during the nozzle operation to prevent bulk reaction within
in the O{D) + CHjy reactions photoinitiated by the 193 nm the jet.
photolysis of NO and 248 nm of @ the average collision N,O-RH vdW complex was photolyzed by the ArF laser at
energies are 38.9 and 26.7 kJ molwhile the available energies  x/D = 40-60 to prepare OD)—RH reactant pairs. The probe
are 222 and 210 kJ nol, respectively. Itis expected that the  |aser was counter-propagated collinearly, and the laser beams,
collision energy is reflected in the internal energy distribution molecular beam, and detection system were mutually orthogonal.

of the reaction products. ltis, therefore, possible to UnderstandThe fluorescence signals were collected by the same manner
how collision energy influences the reaction dynamics in such mentioned above.

a reaction system with large reaction exothermicity. Under the jet condition, a strong emission was observed just
2. Experimental Section after the irradiation of the ArF excimer laser. To avoid the

Experiments were carried out by using the laser photolysis/ influence of the emission, the_ probe laser was fired at 200 ns
LIF pump—probe technique in a flow cell and a supersonic jet. after the photol_yS|s laser, and if necessary an interference band-
The reaction between ¢I§) and saturated hydrocarbons was Path filter (Corion G16-307) was also used. Spectra of OH
initiated by irradiation of photolysis laser to mixtures or vdw Were correctgd for the transmllssmn profile of the interference
complex of NO and saturated hydrocarbons, and the population filter due to its narrow half-width (10 nm fwhm centered at
of the specific quantum states of the reaction product, OH(X 308.8 nm).
2T ", N, Q", A"") was measured with the LIF method. Hydrocarbons used in this experiment do not absorb 193 nm

Bulk Experiments. Samples (MO and saturated hydrocar-  light2* However, there is the possibility that H atom is
bon) which were premixed in a stainless steel cylinder were generated by the 193 nm multiphoton absorption of hydrocarbon
flowed into a stainless steel cell and pumped away by a rotary and reacts with BD producing OH. Actually chemilumines-
pump (Alcatel M2021C, 275 L/min) equipped with a mechanical cence due to the 193 nm multiphoton absorption of hydrocarbon
booster pump (Ulvac PMB-001B, 1500 L/min). Total pressure appeared by the irradiation of ArF excimer laser. To examine
was controlled by a needle valve and monitored by a capacitancethe influence of H atom, the OH LIF signal intensity was
manometer (MKS Baratron, 227HS-1). Partial pressures were measured by changing the 193 nm laser power. The results
maintained at 19 mTorr for §D and 61 mTorr for hydrocarbon. give linear relations for three hydrocarbons. This confirms that
An ArF excimer laser (Lambda Physik COMPex 102) was the OH radical is produced by the reaction of'f) with
focused with a 500 mm focal length lens into the cell and hydrocarbons following the absorption of a single 193 nm
photolyzed NO to generate QD) atom. Output of a dye laser ~ photon and that the H atom does not affect the LIF signal
(Lambda Physik FL 2002, sulforhodamine B and rhodamine intensity of OH.

101 dyes) pumped by a XeCl excimer laser (Lambda Physik  Nascent Population. The saturation of the OH LIF intensity
COMPex 102) was frequency-doubled with a KDP crystal and would occur due to the large probability of the?&+ — X 211
irradiated to detect the-00 and 1 sequence bands of the transition. The signal intensity was confirmed to be linear
OH A Z=t — X 20T transition. The two laser beams were against the probe laser power up tadipulse. The output of
counter-propagated collinearly. The lasers were operated at 1&the probe laser was therefore attenuated through an appropriate
Hz, where samples were enough to be refreshed shot by shotneutral density filter and kept at3 uJ/pulse to prevent the
The delay time between the photolysis and probe lasers wassaturation of the OH signals. Figure 1 shows the LIF excitation
kept as short as possible to minimize collisional quenching and spectra for (a) the bulk and (b) half-reactions of-@)(with

at 100 ns in the experiments. CH,. The spectra were calibrated for the intensities of pho-

The fluorescence signals were collected with a lens systemtolysis and probe lasers. Rotational band assignments were
located at a right angle to the laser beams and focused onto acarried out after the table of Dieke and CrosswhiteThe
photomultiplier tube (Hamamatsu R212UH) through cutoff nascent population of each rovibrational state was determined
(Toshiba 9-54) and band-path (Hoya U340) filters. The output from the measured LIF signal intensity by using the reported
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Figure 1. LIF excitation spectra in the-00 band regions of_nascent under the jet condition (a) and the GHulk reaction (b). The signals
OH _pro_duced'ln the CH(a)_ bulk and (b)_half-reactlons. _ASS|gnments were measured at th®y(1) line in the OH AZS+ — X2IT transition.
are indicated in (a). Experimental conditions are described in the text.

EinsteinB coefficient® and the fluorescence lifetifieof the would occur and produce OH radical in the jet, LIF signal
rovibrational levels in the A=" state. TheP, Q, andR main intensity ought to increase with time. Actually, such a slow
branches are usually used to analyze the LIF signal intensity. rise was observed even in the jet when He gas was used as a
However, the satellite lines are also used when main and satellitecarrier gas instead of Ar or X/D was small. Therefore, the half-
lines overlap (in the lowN region) or main line does not exist  reaction was carried out with Ar carrier gas and at sufficient
(P2(1)). Since both/ = 0 and 1, OH(A?Z") predissociate in large value of X/D. The constant intensity of LIF signals on
higher rotational levels, the fluorescence quantum yield of the delay time seen in Figure 2a is a reliable evidence that the
rovibrational levels was taken into accounts to determine the reaction occurs in a vdW complex. Decrease of the LIF signal
nascent rotational distribution fo¥' > 25 and 16 fors’ = 0 in the later time region aftend is mainly due to the escape of
and 1, respectively. . product OH from the detection region in the jet.

Inspection of Reactant Precursor in the Jet. When NO The rotational relaxation would also result in the slow rise
was photolyzed at 193 nm, &) is produced with large o | |F signal, if it occurs. The effect of rotational relaxation
translational energy compared with the case ef @s the is, however, ignored from the result shown in Figure 2a. This

; . e
average translational energy of‘0j is 114 kJ mof* in the is also confirmed from the same measurements done by using

photodissociation of pD? the average relative velocity of the Ri(20) |i . ; :
T i . 1 1(20) line for the higher rotational level, which showed
O(D) in the NbO/RH complex is estimated to be3.0 km s o dependence of LIF intensity on delay time.

n
in the center of mass system. Since O atom travels several 10 . .
y Naaman and co-workers reported drastic cooling of OH

um in the ns order detection time scale at this velocity, we on in th lecul on & ith
should examine the possibility of bulk reaction as well as the rotation in the crossed molecular beam reaction GDpit

collisional relaxation of product OH in the jet. the CH, _cluster?s Preli_minary experiments were, thus, done
Figure 2 shows the LIF signal intensities as a function of the [0 €xamine the formation of OH from large clusterso@h-
delay time between the photolysis and probe lasers under (a)(RH)m The LIF signal intensities were measured by changing
the jet and (b) bulk conditions. LIF signal was measured by concentration of BO or hydrocarbon of premixed gas. Con-
using theQs(1) line in the OH AZS*+ — X1 transition. The c_entratlons were changed up to 10%. The results showed almost
intensity under the bulk condition increases monotonically with linear dependence for both gases. Itis concluded that OH was
increase in the delay time. This rise is mainly due to increase Produced in the reaction of 1:1 vdW complex;dRH.
of collision number between @Q) and hydrocarbon, which Chemicals. Chemicals, MO (Shouwa Denko, 99%), CH
results in increase of OH production as time passes. On the(Takachiho 99%), gHs (Takachiho 99.7%), ¢Hs (Takachiho
other hand, the signal intensity under the jet condition is almost 99.9%), and Ar (Takachiho 99.9999%) were used without
constant from the very short delay time. If the bulk reaction further purification.
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Figure 3. Nascent rotational distributions fet' = 0 (upper) and 1 (lower) levels of product OHEKI) produced in the bulk reactions of D)
with (a) CHs, (b) GHe, and (c) GHs. Symbols: B, FIT(A); O, FII(A); @, FII(A"); andO, FII(A").

TABLE 1: Ratio of the Vibrational Population between the

3. Results v" =0 and 1 Levels

A. Reactions under Bulk Collision Conditions. Rotational Py=1/Py=o
Population. As discussed in Experimental Section, the LIF bulk
excitation spectra of product OH measured under the bulk CH, 1.1+0.1
conditions reflect nascent populations of OH[K. The CHe 0.79+ 0.02
nascent rotational distributions obtained are shown in Figure 3 - CaHs 0.43+0.04
for /' = 0 (upper) and 1 (lower) of the OH (X1) product in Jet

CH, 1.1+ 04

the bulk reaction of GD) with (a) CH;, (b) G:He, and (c) GHe.
The distributions in Figure 3 are described by logalismic plots Wiesenfeldt” who photoinitiated the reactions by the 248 nm
of populations divided by the rotational degeneracy, 2 1, photolysis of Q, reported that both bimodal components were
as a function of internal rotational energy like a Boltzmann plot. produced through the insertion/elimination mechanism. The
Highly rotational excitation was observed in all reactions; up high-N component arose from prompt dissociation of a collision
toN" =26 fory" =0 andN" = 18 forv"" = 1. The rotational complex before energy released by the reaction was statistically
distribution in OfD) + C3Hg reaction shows much richer  distributed among the internal modes and the Nwrom
population in lowN region than that in GD) + CHs. Park dissociation of a long-lived complex after the randomization
and Wiesenfeld reported that the rotational distribution in the of internal energy instead of the direct abstraction. The present
reaction of OfD) with CH, initiated by the 248 nm photolysis  results obtained in the reactions initiated by the 193 nm
of Oz was characterized by an essentially unimodal mode, while photolysis of NO show similar distributions to the reported
the GHg reaction apparently gave a bimodal distributidithe ones. However, the high-component is more populated for
one component has population on only lower rotational levels all reactants comparing with those reported by Park and
(low-N component), and the other has broad population lasting Wiesenfeld. The populations in the laWeomponents for gHs

to higher levels (highN component). The present results shows and GHg reactions do not show significant difference from those
the similar distributions to the reported ones which show reported by them, but the population in the Idheomponent

obviously the bimodal distribution in = 0 levels for all

reactant hydrocarbons.

In the GHeaction the rotational

distribution is mainly governed by the higifhcomponent with
slight contribution of the lowN one, while the lowN component

reactions.

266 nm Q photolysis as an @D) source!® It was reported
that all distributions were bimodal and that the higltompo-

C;He) and the lowN component for large ones §8s, C(CHg)a).

is clearly seen in the CHreaction.

Vibrational Population. The LIF excitation spectra in the
1—1 region of OH A2 — X 2I1 transition were also measured
for all reaction pairs. The recent studies reported a reaction

becomes more dominant for the larger hydrocarbons. The mechanism that the rotational excitation of OH produced is
distributions in the'' = 1 level are bimodal and similar in all

accompanied with vibrational excitation; the Idleomponent
with low vibrational excitation and the higR-component with
The first study of OH nascent distribution was done by using vibrational excitatiod317 This is the case in this study; the
fractions of¢”" = 1 and highN component become smaller in
larger hydrocarbon. The vibrational distribution was obtained
nent was predominantly formed for small hydrocarbons {CH by summing up the population in each rotational level, and the
results are listed in Table 1. The value in the Baction is
The former was attributed to the insertion/elimination reaction, almost the same with the reported vibrational ratio of 1.0 in
and the latter was to the direct abstraction. Lately, Park and the 248 nm photolysis of the £#iLH, systemt” On the other



Reaction Dynamics of GD) with Saturated Hydrocarbons

TABLE 2: Averaged Population Ratio, [IT(A"))/[TI(A")], of
Two A Doublet States

bulk condition

jet condition

v"'=0 V=1 v"'=0 V=1
CH, 1.9+ 0.30 1.3+0.34 1.8+£0.30 1.5+ 0.20
CHes 1.8+0.44 1.4+ 0.30
1.6+ 027 1.7£03" —
CsHg 1.7+0.31 1.4+ 0.37
1.5+ 0.28 144030 -

@ For the sake of the comparison between the bulk and half-reactions,
the values are obtained by averaging up to the same leN¢ls; 14,
which is the highest measured level in the feAveraged up taN”
12.

hand, the measured ratios, 0.79 and 0.43, in thd;@nd GHg
reactions are larger than those reported in the 248 pi@,8¢
and GHg systems~0.4 and 0.2.

Population of Spir-Orbit States. The spin-orbit coupling
in OH(X 2IT) produces the electronic fine structure,@hd R,
which correspond tél1s, and?I1,,, respectively. The fstate
was probed by the®:1(N), Q1(N), andRy(N) transitions, and the
F, state by theP,(N), Qx(N), andRx(N). The ratio between
two states, FF,, was converted to #N/F(N + 1), where the
factor, N/(N + 1), is the statistical weight. If OH is produced
statistically in both states, the population is reflected with the
degeneracy of rotationJ2-1. The measured ratio is very close
to the statistical expectation for all rotational levels. The
averages of the measured\H=,(N + 1) values are 1.% 0.23,
1.24 0.16, and 1.3t 0.24 in they" = 0 level and 1.6+ 0.26,
1.0 £ 0.30, and 1.0t 0.32 in thev” = 1 level for O{D) +
CHa, CoHg, and GHg, respectively. It is clear that neither fine
structure state is preferentially produced in both vibrational states
in all reactant systems. This is consistent with that reported in
the photolysis of @ before!317

Population of A Doublet States.In A = 0, coupling of
rotational and electronic orbital angular momenta produces two
A doublet states, which are labeled willi(A") and IT(A")
according to their symmetric properties. In the limit of high
rotation,IT(A") andII(A") correspond to the configurations in
which the unpaired electron lobe lies on the plane of rotation
and is perpendicular to the plane of rotation, respectively.
Therefore, preference of the population to either state reflects
the geometrical orientation of reaction intermediate leading to
dissociation products. ThH(A") population was determined
with the P and R transitions and theI(A") with the Q
transitions. The averaged ratiosIT(A)]/[TI(A")], for all

J. Phys. Chem. A, Vol. 102, No. 20, 1998485

in the nonpreferential population of th® doublet and more
production of the lowN component.

B. Reaction under Half-Collision Condition. LIF signals
of reaction product OH were measured in the half-reactions.
The LIF intensities in the OD) + C,Hs and GHg reactions
were much weaker than that in the gtéaction. This is caused
by predominant €C bond fission yielding products other
than OH in chemically activated alcohols formed igHg and
CsHg reactions. It was reported that the total OH yields in
the OED) + C,Hg and GHg reactions were 0.033 and 0.056
relative to that in O{D) + CHj, in the bulk reaction, respec-
tively.1?

Rotational distributions obtained by the same method men-
tioned above are shown in Figure 4a and bfor= 0 and 1 in
the O{D) + CH, half-reactions, and in Figure 4c and d fof
= 0 in the O{D) + C,Hs and GHg half-reactions, respectively.
Highly rotational excitation of OH was observed in the £H
half-reaction, up taN" = 23 for " = 0 andN" = 17 for"' =
1. On the other hand, the @) + C,Hgs and GHg half-reactions
give large population in low rotational levels comparing with
the O¢D) + CHj, within the measured range up k' = 13.
The distributions are apparently characterized by the bimodal
(low- and highN components) like those in the bulk reactions
except for GHg which gives poor information due to low S/N
ratio. The lowN components in'' = 0 of the CH, half-reaction
has large population than that in the corresponding bulk reaction.
The distributions obtained in the jet seem to show similar feature
with those observed under the bulk conditions.

In the O{D) + C,Hg and GHs reactions, the £1 band could
not be detected in the jet experiments. Thus, vibrational
population could be discussed only in the case of,,CHhe
vibrational distribution was obtained by summing the population
in each rotational level and its ratio between tHe= 0 and 1
levels was estimated to be 1.1, which is same with that in the
bulk reaction.

Obtained spir-orbit ratios are displayed in Figure 5 together
with the expected statistical ratio for the reactions offp){ith
CHa, CoHg, and GHg under the jet conditions. The results for
v" = 0 indicate nonstatistical behavior in loW-components
for three hydrocarbons, where the low-lying electronic state,
F1, is preferentially populated. On the other hand, population
ratio shows no preference to either statefor= 1 in the CH,
half-reaction and the average value gNF->(N + 1) is 1.1+

The population ratios foA doublet states IT(A)])/[TT(A")],
averaged for all measured rotational states are summarized in

measured rotational states are summarized in Table 2. The ratiol @ble 2 together with those under the bulk conditions. All the
in all cases tends to increase as rotational quantum numbermeasured values under the jet conditions are very close to those
increases in the same way reported previously. The preferential””der the bulk conditions, that is, no specificity was recognized

population to thelI(A') state is clearly seen for the’ = 0
level, while only slight preference is recognized for the= 1
level. This supports the mechanism in which OH is produced
by a prompt dissociation of the intermediate with keeping an
orientated conformation formed by the insertion ot@)(atom

to the hydrocarbon. All the measured values are-0.3 larger
than those reported previously. This indicates that the more
defined plane conformation is achieved in theONL93 nm

for A doublet states in the jet.

4. Discussion

A. Characterization of Two Components of Rotational
Distribution. The measured rotational distributions in all
reaction systems are evidently bimodal, and characterized with
low- and highN components. Rotational temperaturés;, of
the highN components are directly derived from the rotational

system. As discussed later, it is considered that the averagegjstributions in high internal energy regions assuming the

center-of-mass collision (translational) energy in the reaction
system plays an important role in the rotational excitation of
the highN component.

The obtained ratio for'" = 0 shows slight decrease with the

Boltzmann distribution. The obtained temperaturesfor= 0

and 1 are listed in Table 3. The rotational temperature of the
high-N component for the GD) half-reaction in the @CH,
system was reported to be5600 K, where @was photolyzed

size of hydrocarbon, which is considered to be due to the destroyat 266 nn?° Park and Wiesenfeld measured rotational distribu-

of the oriented conformation during the dissociation resulting

tions in the CH and GHsg bulk reactions but did not report the
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Figure 4. Nascent rotational distributions of product OH{K) in the half-reactions. (a)" = 0 level in the CH reaction, (b} = 1 level in the
CHq, reaction, (c)" = 0 level in the GHg reaction, and (d)"" = 0 level in the GHsg reaction. Symbols®, FI1(A"); O, FIT(A); @, RII(A"); and
O, RII(A").

rotational temperature, where YD) was generated by the 248  bulk system is shown in Figure 7a and the surprisals for the
nm photolysis of @17 We estimated rotational temperatures high-N component was fitted by the linear approximation in
of the highN component to be-7500 K using their data for ~ the high fraction region. The rotational surprisal parameters,
the rotational energy between 4000 and 10 000 niThese O, were obtained from the slope, and are summarized in Table
temperatures are much lower than those obtained in this work.4. Due to poor data points for the higfhe€omponents in the
The average collision energy in these experiments is lower thanC,Hg and GHg half-reactions as seen in Figure 4, only £H
that in this study. This indicates that the collision energy is reaction was discussed for the half-reaction. The absolute values
efficiently reflected in the rotational excitation of the hith- of Oy are larger than the values reporféd’ which is thought
component. Itis noted that the change of rotational temperaturesto result mainly from the increase in collision energy. The large
with the collision energy supports the short-lived insertion negative values indicate that product OH is highly excited in
mechanism for the generation of the hijreomponent. The  comparison with the expected statistical distribution in the
rotational temperatures obtained are almost sani& 000 K, high-N components. Furthermorég of the half-reaction is
in the three systems studied. This is another support for the almost same as that of bulk reaction in thel@(and CH,
short-lived insertion mechanism. The effects of collision energy system.
and the change of substrate substantiate the mechanism that the As the highN components were well characterized by linear
excess energy is not randomized and is held in théDEH rotational surprisals, the loM-components were abstracted by
framework of intermediate ROH. subtracting the higiN components characterized by linear
To obtain further characterization of two components, sur- surprisals from the measured distributions. The abstracted
prisal analysis is applied. Since the masses of reactants andow-N component is shown in Figure 7b for the bulk reaction
products differ by only 1 amu in this light atom transfer, angular of C,Hg as an example. The loWN-components were well
momentum constraints are relatively insignificant. The prior characterized by Boltzmann plots in all reaction systems, and
distribution requires only energy conservation and is calculated their T,,x are summarized in Table 3. As the rotational
as the densities of energetically allowed rovibronic states of temperatures for the loWcomponents in the RH systems
products at a given total energy using the method defined in are not reported in refs 17 and 20, we estimated them to be
ref 17, where all quantum states of products are assumed to~1000 K by using the data in the references. The rotational
have an equal probability:2>-31 Vibrational frequencies of the  temperatures measured in this study agree with the value
product alkyl radicals were estimated from those of references estimated above. If reaction generating the lwomponent

and parent moleculed 34 is direct abstraction, increase of collision energy would rise the
The rotational surprisals(f/f,) = —In[P(x",J")/P°(»'",J")], rotational temperature. On the other hand, if the OH formation

are plotted as a function of the rotational fraction of the total follows the insertion of Op) into C—H bond vyielding a

available energygg, and shown in Figure 6 for the GHa) sufficiently long-lived collision complex enough to randomize

bulk and (b) half-reactions, as typical cases. As seen in the the excess energy to various vibrational modes, the rotational
figure, the enhanced population in the |&Nveomponent is temperature for lowN component is thought to be not sensitive
apparently recognized in the half-reaction compared with the to the collision energy. The obtained results support the latter
bulk reaction. The rotational surprisal in thelD) + C,Hg mechanism.
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TABLE 3: Measured Rotational Temperatures, Ty (K)

V'"'=0 V=1
reactant lowN high-N low-N high-N
bulk

CH, 960 12 600 1100 13100

C:Hs 1100 12 500 860 13700

CsHs 820 12 900 1000 12 900
jet

CH, 1000 12 500 1100 13100

As we can well characterize the low- and hijlcomponents,
the population ratios between therRigw—n/Phigh-n, Were
obtained as listed in Table 4. The ratio in the £ZHlf-reaction
is larger than that in the corresponding bulk reaction, which
indicates that the population in the loM-component is more
pronounced in the CHhalf-reaction.

B. Rotational Component of High-N. The energy parti-
tioning in the reactions of AD) with hydrocarbons was
discussed on the basis of the rotational distributions for Ngh-
components i = 0 of product OH. As discussed above,
the rotational distributions for hight components were ef-
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Comes and Gericke studied energy partitioning in th¥dp(
+ H,!80 systen®536 The center-of-mass translational energy,
ET(O,Ny), for the photodissociated &) + N, is converted to
the laboratory-frame translational energy as

H 3 Mo
Ena(0) = Er(ON) +3 Mo @

whereRy is the gas constantio andmy,o are the masses of O
and NO, respectivelyuo is the reduced mass in the ‘0f +

N2 system, and the second term arises from the thermal motion
of N,O. The center-of-mass collision energy in the reaction
system of OfD) with saturated hydrocarbon (RH) is

E as(0) i §E)
Mo 2mgy

Eco(O, RH)= ug (

Ho
—UR rr_b E+(O,N,) + )

31 1
= +—|RT
2 (mRH mNZO) R
wheremgy is the mass of RHur is the reduced mass in the
O(*D) + RH system, and the ternRgT/2mg4 arises from the
thermal motion of RH. The total available enerdsyai, is

determined byE¢,(O,RH), the internal rovibrational energy of
RH, En(RH) = Eyi(RH) + E;(RH), andAH; for reaction as

(6)

Eini(RH) was estimated at room temperature for bulk reaction.
On the other handi((RH) and terms arising from the thermal
motions were ignored for the half-reaction due to the cooling
in the jet. The average rotational energy of product OH is
obtained from

E,

avail — Ecol(ov RH)+ E (RH) - AHr

int

[E o= R T (7
whereT,q is the rotational temperature listed in Table 3. Energy
disposal of OfD) atom in the 193 nm photolysis of @ was
reporteck® in which O(D) had the distribution in the transla-
tional energy due to the internal excitation of counter-fragment
N2. Accordingly, the average center-of-mass translational
energy,[Er(O,N;)[]was used, which was reported to be 114 kJ
mol~1 in the photolysis of MO at 193 nn?® The calculated
average collision energies, total available energies, and rotational
energies are summarized in Table 5. The average center-of-
mass translational energ¥r(0,0,)F%in the 248 nm photolysis

of Oz is reported as 72.4 kJ mdland, thereforelEayqi0= 210

kJ mol? in the QJ/CH, bulk reaction system of the 248 nm
photolysis. From the reported rotational temperature for Ngh-
component,~7500 K}!7 the average rotational energy is
estimated to be 62.4 kJ mdland the fraction of the average
rotational energy in the average total available energy is 29%.
The corresponding fraction for the higheomponent is obtained

to be 47% in the MO/CH, bulk reaction system of the 193 nm
photolysis, which is fairly large. Main difference between this
and early experiments is the average collision energy, though
the average total available energy does not significantly vary
due to very large exothermicity of &) reactions with saturated
hydrocarbons. The rotational excitation for the higreom-
ponent (insertion process followed by the prompt dissociation)
is enhanced with the increase of the collision energy. The

ficiently enhanced with increase in the average collision energy, average rotational energy in the®/CH, bulk system of the

while those for lowN components show almost no change. The

193 nm photolysis is 1.68 times of that in the 248 naiGH,

reactions studied in this paper have large available energysystem. This value is in good agreement with the ratio, 1.46,

because of their large exothermicity.

of the average collision energy in the 193 nONCH, system
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to that in the 248 nm @CH, system. This kind of ratios was
estimated in the ¢Hg bulk and CH half-reactions as listed in

TABLE 4: Rotational Surprisal Parameter, g, and the
Ratio, Pow-n/Phigh—n, Of Populational Fraction between Low-
and High-N Components

—6r Piow—N/Phigh-n
v"'=0 =1 V''=0 V=1
bulk
CHy 7.0 6.9 0.19 0.05
CzHs 12.3 13.0 0.41 0.06
CsHs 17.1 16.5 2.3 0.06
jet
CH, 6.8 6.9 0.32 0.07

Table 5, together with the reported valdég® The ratios of
the average rotational energies also agree well with those of
the average collision energies. The potential surface for the
reaction of O{D) with CH, calculated by Arai et al. has a very
low potential barrier of 8.8 kJ mot in the entrance region of
the reactiorf? Taking account of the barrier, the excess energy
in the NbO/CH, bulk system of the 193 nm photolysis is
calculated to be 1.68 times of that in the 248 nghGhl, system,
which coincides very well with the ratio of the average rotational
energy for highN component. The results in other reaction
systems also show good coincidence (Table 5). It can be
considered that the average center-of-mass collision energy
(translational energy) in the reaction system plays an important
role in the rotational excitation for the high-component, which
is produced by the insertion followed by the prompt dissociation
of the reaction intermediate. In other words, the initial memory
included in the reaction system is well retained beyond the
activation barrier. This means that alkyl groups behave like a
spectator in the reaction and, therefore, the vibrational excitation
of product alkyl radicals is thought to be not so high. This is
consistent with the observation of the noninvertedumbrella
mode) excitation of the product GHormed in the OfD) +
CH, reactiont®16

Arai et al. calculated the potential energy surface in tH®P(
+ CH, reaction in restrictedCs symmetry by the ab initio
multireference single and double configuration interaction
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TABLE 5: Summary of the Rotational Energetics (kJ mol™?)

N.O/RH system @RH system
bulk (193 nm) jet (193 nm) bulk (248 nrh) jet (266 nmY
CH4 CzH(; C3H3 CH4 CH4 C3H3 CH4

AH; 180 208 200 182 180 200 182
[E.0(O,RH)O 38.9 49.5 55.2 36.3 26.7 37.3 18.7
(EavailJ 222 263 263 218 210 246 201
Eold V"'=0 low-N 7.9 9.1 6.8 8.4 8.3 8.3 8.3

high-N 105 104 107 104 62.4 62.4 46.6

V=1 low-N 8.8 7.1 8.6 8.9

high-N 110 114 107 109
fraction of (E«8 V"'=0 low-N 35 35 2.6 3.8 3.9 34 4.1

high-N 47 40 41 48 29 25 23
ratio of (Eco(l 1.46 1.48 1.36 1.0 1.0 0.70
ratio of [E¢, 19 1.68 1.63 1.54 1.0 1.0 0.56
ratio of [EqdN V'=0 highN 1.68 1.72 1.67 1.0 1.0 0.75
aTaken from ref 172 Taken from ref 20¢ AH, = —200 kJ mof? for the production oh-CsH; was used in the £Eg reaction because it was

demonstrated from a study of &) + CHs;CD,CHs bulk reaction that product OH was dominantly produced from primary positionsid§ @an
secondary positioff. ¢ [E.,(O, RH)Owas calculated by using reported valuedgf(O,0,)[] 56.1 kJ mot! in the /266 nm systemd® € Calculated
as the fraction ofE,.i((%). f Calculated as the ratio t@.,(O, RH)Iin the corresponding RH bulk reaction in thg/248 nm systemd Ratio was
obtained by considering the potential barrier reported in ref 22. The potential barrier inHgeeaction was regarded as the same in the.CH
h Calculated as the ratio tdE,[lin the corresponding RH bulk reaction in the/88 nm system.

method?? The potential indicates that the minimum energy path rotational energy in similar way under the bulk and jet
for the reaction is the collinear approach oftD) atom to the conditions. This is more evidence of the absence of the third
H end of the G-H bond. They suggested existence of a saddle body effect.
point in the entrance region of the reaction surface in the course  However, two obvious differences from the bulk reactions
of the minimum energy path, during which the Chhoiety appeared in louN component of the half-reactions, that is, the
almost keeps the stable Glstructure. After the saddle point, more pronounced population especially in the,Céhction and
O(D) moves off from the CH axis and the structure the apparent propensities of lower lying sporbit (F;) states
approaches to that of the stable €M very rapidly (insertion for all hydrocarbons studied here. It should be noted that the
process). In this process, the angle eft€—O skeleton changes  low-N component is generated by the dissociation of a long-
from 180 to about 50 and then OH removes from GHeeping lived intermediate produced by the insertion reaction ¢D)(
almost the same €H—0 angle. Therefore, in the course of to a G-H bond. The entrance channel of'Df + saturated
the reaction, a relatively large amount of energy may be used hydrocarbon correlates equivalently to two sporbit states,
to make torque of the OH moiety until the chemically activated F1and B, of the product OH and does not directly bring about
intermediate (methanol) is formed. If the collision energy is the preference to the low-lyingi k?IT3,) state. Figure 8 shows
enlarged on such a potential surface, the reaction process? schematic correlation diagram for the -© hydrocarbon
forming the intermediate proceeds rapidly and the rotation of reaction. There is a crossing around the entrance refgitin.
the OH moiety is enhanced; the increase in the collision energythe CI’OSSing occurs and the total electronic angular momentum
is reflected in rotational excitation of OH as seen before. (3 = 2) of O(D) is conserved during the crossing, 'O}

It is also noted that the averaged population ratioshof correlates to the GP,) + hydrocarbon surface as the crossing

doublet states studied here are a little larger than those in theizl,[\s,\tlzelg tt:: s?:tzg?;i dr?r‘cillcigt. stlc'tsltI:s ITQ?/V(;T ?f?itcitehni trrz]rlgﬁgh
0O3/RH system reported previously. This is a reasonable result 9 P y 9

because the plane conformation of O—H of the intermediate the cro4sss:?g point when a long-lived collision complex is
. . . . o . formed?#344 The O@P,) + hydrocarbon surface only correlates
is retained during the dissociation, as the torque of the rotation

. . . . to the F state of OH (see Figure 8). The propensity for the F
of the OH moiety on the atiractive ‘?r?”ance potential surface is state is, therefore, caused by the crossing. This explanation is
more enhanced with enlarged collision energy.

consistent with the reaction mechanism described before and

C. Half-Collision Reaction. Studies of half-reactions experimenta| results: the propensity for th@ ftate was
photoinitiated in a vdW complex frequently bring us peculiar observed only in the loid component, which was generated
results in comparison with those obtained in the corresponding via the long-lived intermediate.

bulk reactions. It is reported that a third body effect is not  The propensities for the;Rtate in the Op) reactions were
negligible in some half-reactiorf8;*1in the photoinitiated half- also reported on the Cftlusters and propane reactions in the
reaction, the counterpart of photolyzed molecule exists near thecrossed molecular beam by Naaman and co-worerEhey
reactant and, therefore, affeCtS the reaCtiOn. HOWeVer, van Zeeanswered to the ques“on Why the e|ectronic angu'ar momentum
et al. reported that there was no third body effect in thé O was conserved during the curve crossing from the singlet to
CH, half-reaction and explained that the large exothermicity the triplet surface. The total angular momentum in the reactant

of the OfD) + CHa reaction overcame third body effe€tThe system has two components; the orbital angular momentum due
half-reactions of GD) with saturated hydrocarbons studied here to the impact parameter and the initial angular momentum of
do not give significantly different results fdt o (or Tior), the the reactants. In the jet experiment, the angular momentum

vibrational population, or the population ratioAfdoublet states ~ associated with the nuclear rotation is small due to the cooling
from those obtained in the corresponding bulk reactions, and of reactants. If the collisions of the reactants occur with the
no third body effect is recognized. As mentioned before, the small impact parameter, the electronic angular momentum is
average collision energy is directly reflected in the average the only angular momentum in the system. If angular momen-
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tum caused by the nuclear motion during the cause of reactionhigh-N components is recognized, while the average rotational
is included in the total angular momentum, the electronic angular energy for the lowN components does not show apparent
momentum is not conserved and, therefore, no propensity isdifference. The reaction mechanism and dynamics producing
observed. The experimental results that the propensities arecharacteristically bimodal components are discussed by compar-
observed only in the loviN components of the' = 0 level ing the populations of OH obtained under different reaction
and monotonically decrease as the rotational quantum numberconditions.

increases are consistent with the conservation of the electronic The rotational energy of the loM- component does not

angular momentum during the reaction. depend on experimental conditions; average collision energy
Although no propensity of spinorbit states was recognized and the bulk and half-reactions. The rotational temperature is

in the CH, crossed molecular bedfand the Q/CH, half- low, ca. 1000 K. The lowN component is verified to be

reactions? the propensities were apparently observed even in generated by the dissociation of a long-lived intermediate

the NbO/CH, half-reaction as well as thesHg crossed beatfi produced by the insertion reaction, in which the excess energy

and the NO/ G,Hg and GHg half-reactions. A question arises is randomized before dissociation.

why the propensity appears in thegHg but not in the CH On the other hand, the rotational energy of the high-

reactions in the crossed beam experiments. The lifetime of thecomponent is changed with the average collision energy and
insertion reaction intermediates gives one of the answers forthe temperature is very high, ca. 13000 K. The high-
this questiori® Another possibility is, however, explored in  component is confirmed to be formed from a short-lived
the impact parameter. The contribution of the reaction with a intermediate produced by the insertion reaction. The increase
small impact parameter would be more emphasized in thg C  of the collision energy is reflected in the increase of the
reaction than in the Ckteaction due to the larger spatial extent rotational energy. This is due to that the excess energy is
of hydrogen atoms. In the half-reactions, theOXCH,; vdW fundamentally distributed among the local framework of
complex gives propensity buts@CH, does not. The BO/CH, C—0O—H of the intermediate, which is also supported by larger
vdW complex may be considered to have a favorable conforma- values of the population ratios fér doublet states in this study
tion to promote the reaction with a small impact parameter than than those obtained in thez@hotolysis system.

O4/CH4 does. The study of the structures opONand Qf Spin—orbit populations in alk”” = 0 levels under the half-
hydrocarbon vdwW complexes, on which we have no information, collision conditions indicate pronounced populations for low-
would bring about further understanding about the reaction lying F; state in lowN components, while those under the bulk

mechanism. conditions are statistical. It is thought that the reaction of all
saturated hydrocarbons studied here occurs via a crossing from
5. Summary a singlet to a triplet surface keeping the angular momentum

The bulk and half-reactions of €I) with saturated hydro- ~ conservation.
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