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CROSSED MOLECULAR BEAM STUDIES OF

ATMOSPHERIC CHEMICAL REACTION DYNAMICS
Jingsong Zhang

ABSTRACT
The dynamics of several eléﬁenfary chémical reactions that are imPortant
in atmospheric éhemistry are investigated. The reactive scattéring of ground state
chlorine or bromine atoms with ozone molecules}v and ground st-éte chlorine atoms .
with nitrogen dioxide molecules is studied using a crossed molecular i)eams
apparatus with a rbtatable mass spect;ometer detector. |
Th’e‘ Cl+0;,»>ClIO+0, reaétion has been studied at fouf collision energies
ranging from 6 kcal/ mole to 32 kcal/mole. The derived product centér-of-mass :
angular and tfanslationél ehergy distributions show that the reactidn has a direct
reaction mechanism and that there is a sti'ong repulsion on the exit channel. The '
ClO product is sideways and forWard scattered with reép'ec‘t to the Cl1 atom, and
_thé tralnslational energy release is large. The Cl atom is most likelxy' to attack the
terminal oxygen atom of the ozone molecule.
The Br + O; = ClO + O, reaction has been studied at five collision energies
rangi’ngfrom 5 keal /mole to 26 kcél/ mole. The defived product center-of-mass

angular and translational energy distributions are quite similar to those in the Cl

1



+ O, reaction. The Br + O, reaction has a direct reaction mechanism similar to
that of the Cl + O, reaction. The electronic structure of the ozone molecule seems
to play the central role in determining the reaction mechanism in atomic radical
reactions .with the ozone molecule.

The Cl + NO, — ClO + NO reaction has been studied at three coﬂision
energies ranging from 10.6 kcal/ mole to 22.4 kcal/mole. The ceﬁter-of-fnass
angular distribution has some forward-backward symmetry, and the produvct
_translational energy release is quite large. The reaction proceeds through a short-
lived complex whose lifetime is less than one rotational period. The experimental

results seems to show that the Cl atom mainly attacks the oxygen atom instead

of the nitrbgen atom of the NO, molecule.
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' CHAPTER 1
INTRODUCTION

Chemical reaction dynamics inv_olVes the study of chemical reactions on a
fnndamental level with all reactants prepared in well defined states and under
well controlled reaction conditions. A complete picture of a chemical reaction will
be obtained if all the properﬁes of the products and their distribution functions
are measured. Many experjmental techniques have been developed in the past |
decades and a lot of progress has been made.!? Arnong the e*perimental tools
to study the chemical reaction dynamics, the crossed molecular beams technique
~ is especially powerful and elegan—t.”- | |

| In our group, tne universal crossed molecular beam apparatus is used for
reactive scattering experiments.>® TWosuPersonic In_oleculaf beams arecrossed
at a fixed angle of 90°, and the produet lebOratory angular distribution and time- -
ef-ﬂight spectra at various laboratory angles are measured with a rotatable mass
' spectrometric detector. An electron impact ionizer is used in the mass
spectrometer, therefore, the detector in our crossed molecular beam apparatus is
applicable to most species of interest. |

The crossed molecular beam studies have contributed signvi‘ficanﬂy‘ to the

understanding of the basics of chemical reaction dynamics.!'* They also have
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provided rich information for undérstanding the fundamental processes in
combustion chemistry.*” However, for another type of cbmpliéated and important
"real iife" chemistry, atmospheric chemistry, there have been very few crossedA
molecular beam studies.® If some of the fundamental processes are understood
in great detail, a clearer picture for the modeling system m atmospheric chenﬁs&y
will be obtai/ned.

One very impbrtant subject in atmospheric chemistry is stratospheric ozone
" loss> Itis currently believed that ClO radical plays the central role of the.ozone
depletion cycles and that BrO radical is also significantly involved in the ozone
depletion. The Cl + O; - CIO + O, and Br + 0, —>‘ BrO + O, reactions, two
reactions studied in the | thesis, are the sources of ClO and BrO radicals in
vs.trabtosphere, respectively. As for the Cl + NO, — CIO + NO reaction, the third
reaction. studied in this thesis, its reverse reaction ClIO + NO — Cl + NQ, is'
important in the overall balance of odd oxygen in stratosphere. Of éourse, these
reactions are interesﬁng even only for the purposé of fundamental reaction
dynémic studies. As we discuss in the following chapters, interesting and rich
chénlistry has been seen in these systems. | |

In Chapters 2 and 3, we will discuss the reactive scattering of the Cl + O;
and Br' + 0O, reactions. Ozone is an inte;esting molecule, and a large number of
kinetic studies of the ozone reactions have been carried 6ut.“ 'I"he reaction
dynamic study of &1e Cl+0, - ClO + O, reaction could provide information for

understanding the mechanism of the more complicated ozone reactions. The Br
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+ O, reaction is studied along with the Cl + O; reaction t\o obtain systematié_
understanding of the ozone reactions with atomic radicals; The results from these
twé experiments are strikingly simiiar’. The electronic structure of the ozone
molecule should play the central role in determining th;: mechanism of these
reactioﬁs, and the transition state structures in these reactions should dosely
resemble that of the stable ozone molecule. Fiﬁally, it might be interesting to
extend this work to the I + O; reaction. It has been suggésfed that electronv
density could be transferred from the ozone molecﬁle to the Cl atom or Br atoin
in the Cl + O, or Br + O, reaction;” however, in the 1 + O, reaction, the electron
density is expectéd to be transferred in the revérse direction because of the much
- lower ionization potential of the jodine atom. If the electrbn density is indeed
 transferred from the I atom to the ozone rﬁolecule, different reaction dynarhics’ )
might hap"pen. |
In the tradition of chemical dﬁamics, the progress of experimental studies
is accompanied by that of theéretical studies. The reactive scattering experiments
. c‘aﬁ provide some of the 'experime'ntal measurements that can be most
straightforwar:ily compared with the theoretical calculations. A serhi-empiric ‘
stuay of tﬁe Cl+ 0O, reac,tioﬁ has béen.available.13 Its results qualitatively agree -
w1th our experimental results in the Cl + O, study; however, the ClO, potential
energy surface (PES) certainly needs to bé improved. We ﬁope.that the reactive
scatterif\g study of the Cl + O; and Br + O, reactions, as well as the study of the -

foliowing Cl + NO, reaction, could stimulate more theoretical studies of these



reactions.

In Chapter 4 the reaction Cl + NO, — ClO + NO is discussed. For this
éndoergic reaction, besides the angular distribution and the time-of-flight spectra,
the energy dependence of the reaction cross section, i.e., thé excitation function,
is also measured. The excitation function could provide rich infofmation about
the reaction dynamics as well. The molecular beams technique alloWs_ us to
adjust the collision energy of the reactive scatfer’ing so that the excitation function
could be measured. This reaction is found to be quite differenf from the C1 + O,
and Br + O, reactions. It is shown that the reaction Cl + NO, — CIO + NO
proceeds through a short-lived complex. -

A large amounf of dynahﬁc informaﬁori has been obtained frbm the

" reactive scattering éxperiments in this thesis; however, these eXperiments are
carried out using only atomic radical beams. Of course, these atomic radical
. reactions are very hﬁportant. However, the challenging goal in the reactive
scattering experiments is to prsduce diatomic or polyatorhic Ijadi.cal béams to
extend the scope of the reactions that the crossed molecular beams technique
could study. To extend the study of atmospheric chemistry using the crossed
molecular beams technique, it would be helpful to produce CIO radical beam and
OH radical beam. Reécﬁons of ClIO radical are certainly importanf bécat.lse' it
plays the central role in the ozone destruction cycles. Reactions of OH radical are
of fun_daméntal importance not only in cor'nbustion chemistry but also in

atmospheric chemistry. The crossed molecular beams studies of these reactions
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will definitely provide detailéd understandings of their reaction dynamics. Before .
I began the expérimehts in this thesis, I had started serious planning and |
- designiﬁg for a photolytic OH radical source beaxh; ﬁowever, no experiment had
been able to be carried out. As time goes by, a trial on generating the ClQ radical
beam has been performed," and intense OH radical beams are now becoming
available.’s In the near future, we might be able to see.more crossed molecular
beam sfudies of the atmospheric chemicél reaction dynamics using diatomi'c or

polyatomic radical beams.
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CHAPTER 2
'CROSSED MOLECULAR BEAM STUDY OF THE REACTION Cl + O,
ABSTRACT

The reaction of groﬂund-state (*P)) Cl atom with ozone molecule was studied
by the crossed molecular beams technique at four different center-of-mass (CM)
- collision energies ranging froﬁ 6 kcal/ moie to 32 kcal/mole. The translational
energy distribution and_the center-of-mass angular distribution of the products_
were derived from the experimental measurements. The findings are as follows:
| A» large fraction of the total available energy is channeled into the translational
energy of the products. The ClO product is sideways and forward écattered with
respect to the Cl atom. The translational energy release depends on the center-of-
mass scattering angle. With the increase of collision energy, the fraction of the
total available energy channeled into the translational energy of the products is
incréased, and the CIO prbduct is also scattered in a more forward direction with
respect to the Cl atom. The reaction Cl + O, is believed to proceed through a
direct reaction mechanism. The Cl atom is inbst likely té a&ack the terminal
oxygen atom: of the ozohe molecule. The exit channel of | the ClO; potential

- energy surface is expected to have a strong repulsion.



I. INTRODUCTION

The reaction of Cl + O, — CIO + O, is of fundamental importance in
stratospheric chel'."nistry.l The reaction is the source of the ClO radical; hence, it -
plays a key role in catalytic ozone destruction éycles. Itis éurreritly believed that
the .following two 'catalyt.ic cycles are responsible for most of the Antarctic

* stratosphere ozone loss:**

(I) ClO Dimer Mechanism:?
2 (Cl+0, - ClO +0,)
2CI0 + M - (ClO), | |
- (C10), + hv = Cl1 + CIOO

“CIOO+M->C+0,+M

Net: 20; - 30,

(II) CIO/BrO Mechanism?®
Cl +0, > ClO + O,
Br + O; 5 BrO + O,

ClO+BrO—-Cl+Br+0,.

' Net: 203 - 302
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Present calculations indicate that the CIO dimer mechanism (I) accounts for
75% and the ClO/BrO mechanism (II) accounts fof 20% of the Antarctic -
stratosphere ozone loss.** |

A large number of kinetic studies on the Cl + O, and similar reactions such

-as the Br + O, reaction have been carried out.”*?

Measurements made in these
studies of reaction rate constants and their temperature dependencies provide a
valuable data base for stratospheric chemistry modeﬁng. It has been found thet
for X + 0, (X=0CP), F, Cl, and Br) reaetions, with the excepﬁon of ‘the H + 03-
reaction, the pre-exponential factors were all -very close to 22 x 10™
cm®molecule™s? end, hence, were insensitive te the reaction exothermicity.
The rate coefficients for the reacﬁoh X + O, were found to correlate with the
electron affinities of the radical atoms instead of with the reaction exoth_errhicity?
~ For reactioris of '03 with diatomic radicals such as N((), OH, and SO, there was_‘v
| similarly little variation in the pre-exponential factors} rather, all such values were
close to 2.2 x 102 cm'”omol'ecule"-s".“'12 Largely on the basis of these fiﬁdings, it
was then suggested that the transition state structures of these reactions were
insensitive to reactant X and that the bond lengths and frequenc1es of the
transition state resembled those for the stable ozone molecule®® It was also
suggested that the X + O, reactions proceeded via early transition states that best
resembled reactant ozone ™ The correiation of the radical electron affinities with

the reaction rate constahts was seen to suggest that in X + O, reactions electron

density might have been transferred from the highest occupied ozone molecular

11,12 .
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orbital to thé singly occupied radical molecular orbital >

AsWetﬁc CIO; (C10-00) has been postulated as a possible reaction
intermediaté.n'“ However, Carter and Andrews’ matrix reaction study of the Cl
atom’ with the O, molecule showed no .obserﬁable infrared absorptions for a
possible asyﬁunetric ClO; radical species under conditions favorable for its
formation, 'éuggesting that the asymmetric ClO, might not be a stable species even
in the matrix."® Meanwhile, the ClO radical produced from this matrix reactién
‘was clearly idehtified in the infrared absorption Spectra. vFrom these results, it
may be surmised that if the asymmetric ClO, were the possible reaction
intermédiate 'of the Cl + 03 réaction, this reaction probably would not proceed
through a long-lived corriple*. |

McGrathand N erish carried out the pioneer flash photolysis study on Cl,-
O; and Br,-O, systems.’® Their flash photolysis ﬁght was filtered by a soda glass
filter so that only the Cl, or the Br, molecule, and not the O; molecule in the Cl,-
O‘.3 or Br,-O; mixture, éould be dissociated. " For the C1,-O, system, immediately
after the flash photolysis of Cl, (delay time in the range of several ps), the strong
v"' =0 prbgression of C10 was observed. The CIO product formed in this reaction
showed v_ibrationai exc:itaﬁdn, with the maximum Va’lue of v" possibly being as
high as 5. Some vibrétional'reiaxation of the nasé\ent ClO product might have
occurfed in the time scale of this flash photolysis study; IV howevér,- it was quite
evident that/rthe ClO product from the Cl + O, reaction had ‘considerablé

vibrational excitation. Similarly, the results from McGrath and Norrish’s study
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on the Br,-O, system showed that the strong v" = 0 i)rogression of BrO was
accompam'ed by BrO absorpﬁon bands with v" up to 4. Clyne and Coxon studied
theCl+O; » ClIO + 02 reaction by detecting the élO radical using time-resolved
_ electronic absorption spectrophotometry in a discharge-ﬂow system.”” ClO (v" =
0) was considered to be a major product of the reaction, and vibrationally excited
products, if present, were not identified. However, dﬁe to the much longer time
delay (~5 ms) in this experiment, the vibrationally excited CIO radical from the
Cl + O; reaction probably had already relaxed down tothe ground vibrational
state (v" = 0) when it was detected. |
Electronically excited oxygen molecule products 02(‘A8). and O,('%,") are
energetically possible (Fig. 1); however, they have not been observed in bulk
thermal experiments. If 02(12;) were produced in a bulk Cl + O, reaction system, -
it would react rapidly with the O, molecule to generate the oxygen atom product
and the ground-state o*ygen molecule product 02(32 ’) in the reactioﬁ O,('%,") +
0O, » 202(32 )+ O. Vanderzanden and Birks tr1ed to find the electromcally
exc1ted product O,('Y,") in a ﬂow Cl + O, reaction system by detecting the O atom
as the product of the secondary reaction between the product O,('%,*) and O to
do so, they used NO + O + M c.herm'luminescence detection.ls Under the
assumption that all the oxjgen atoms detected in their system originated from the
secondary reaction of O,('%,*) with O,, they were able to estimate the branchmg _
| ratio of the 02(12, *) channel to be in the range of.(1-5) x 10 3.4 Their overall

method, however, did not allow them to detect the Og(lAg) channel. Even if
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Oz(lAg) were produced from the ;eactionC_l + O, ‘thé reaction of O,('A,) with O,
was too slow to generate a detectable Quénﬁty of oxygen atoms. In a similar
effort, Choo and Leu studied the formation of OzflAg)‘and O,('%,") in the Cl + O,
reaction using the flow-discharge/chemiluminescence detection method.”
Because they too failed to detect any O,("A;) and O,('Z;") chemiluminescenf:e
signals in the Cl + O, reaction systeﬁ, théir work defined the upper limits of the
vbranching ratios for O,('%,") and O,('A) as < 05 x 10° and < 25 x 107,
respéctively. Both studies showed that productions of the electronically e’_Xcited
oxygen molecules O,('A) and oz(lz';) in the Cl + O, reaction were negligible. :
So far thére have been few theoretical studies of the Cl + O; reaction.
Farantos and Murrell used .the many-body expansion method to derive an
analytic function vfor the potential Lenerg_y surface (PES) of the ground-state
ClOa(zA).z"' In this functional form, relative to the énergies of the separated atoms,
the potential energy of ClO, was taken as a surh of the interaction enefgies of the
atoms in pairs Wicno and Vig), of the atoms in threes (Vig,o, and Viog),Aand a four-
body term (Vo). Including all the two-, three-, and four-body terrﬁs, they
located an early transition state for the coﬂineaf'collisidn pathway in which C1 .
attacked along the line of one O-O bond. Thé réaction barrier height along this
collinear pathway on the ClO, PES was 0.34 kcal/mole, an estimation which
appeared to be consistent With the experimental measurement of a 0.5 kcal / mole
activation energy for the Cl + O, reaction.’® Cléssic trajectory calculations were

carried out on this PES at four different collision energies correSpon‘ding to the
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Maxwellian mean velocities that ranged from 200 K to 600 K with the O, molecule
in its vibrational groﬁnd state. The rate constant‘ at room temperature, which was
calculafed using the cross-sections (o(E,)) generated from the - trajectory
calculations, was 1.34 x 10 ci_m‘3-molecule"-s“; hence, it too was consisteﬁt with
the exp;:rimentai estimation, in this case the value of 1.2 x 10 em®molecule™s™.
The trajectory calculations also provided some insight into the dynamics of the
Cl + O, reaction. It was calculated that at 300 K the CIO product was
| pfedonﬁnantly forward scattered with respect to the Cl atom in the centef-of-mass
system. The lack of forward-backward symmetry showed that there was no long- |
lived complex formation along this collinear pathway. Farantos and Murrell’s
calculations showed that at 300 K about 49% of the total available energy went
into the translational energy of the product while 20% went into ClO vibrational
energy and only 4% went into O, vibrational eﬁergy. CIO rotation took 19% on
the total available energy while O, rotation took only 9%. The researchéfs also
predicted that v = 1 was the most probable vibrational stafe of CIO but that
vibrational stateé up to v = 8 would be populated while almost all the O, would
be in the ground vibrational state. In their calculaﬁdns, there was a largé amount
of vibrational energy in the C1O prodﬁct due to the early transition state located
in the entrance valley. The O-O bond length, however, dici no.t change much in
the reaction,b and consequently there was much less vibrational excitation in the
O, product. It is worthwhile to note that the stable Symmétr’ic ClO; (Dy,

symmetry) was found to be -36 kcal/mole relative to the separated Cl and O,,
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and .there was a substantial barrier (>90 kcal/mole) to reach this minimum .from :
Cl + 03 by a reactlon path that maintained C;, symmetry. The tralectones
calculated for the collinear approach showed that the long-lived CIO, 1ntermed1ate
was not formed in the reaction. |

Recently Rathmann and Schindler carried out ab initio calculations on the
geometries and the.rmodynamic‘ stabilities of three chlorine trioxides: Cl1O-O, -
(AH o = 41 koal /mole), OCl-O, (AH; i = 58 kcal/mole), and sym-ClOQ (AH; o = 48
k_cal/ mole).? It was showh that the formation of the asymmetric C1O-O, adduct |

by association of O, and CIO was endothermrc by 13 kcal/mole; in other words,
the energy of the asymmetric CIO-O, intermediate lies above that of the separated
products ClO and O, (Fig. 1). Therefore, the Cl + O, reaction should not proceed
through a long-lived comp1e>£ if this asymmetric ClO; is the reaction intermediate.
The authors also planned to investigate further the rmmmum energy path of the
Cl+ 0O, reaction.

Schaefer and co-workers have used ab‘ initio quantum mechanical methods‘
to determme the key features of the H + O, PES.? The authors expected the key
features of the H + O, PES to be transferable to X + 03 (X Cl, OH, NO and
NH,) systems because the electronic structure of ozone has played a dormnant
role in determmng these key features. However, they could not locate a planar ‘
- transition state for a d1rect O-atom abstractlon, mstead they suggested that the
H+ O, reaction proceeded through a nonplanar pathway in which the H atom

attacked vertically to the ozone molecule plane. Most of the reaction
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éxothermicity was released while the H-O bond was being formed channeling
energy specifically into OH vibratfon, in accord with experimental results from
the chemiluminescence work by Polanyi and co-workers.? However, the
experiment also showed a large ratio of. OH vibrational energy (90% of total -
available energy) to OH rotational energy (; 3% of total energy); this result led the
anthors to suggést that the pntentiail ‘energy surface favored a col]ineaf HOO
approach and that the H + O, reaction was restricted tn a narr‘ow. range of iinpact
parameters.? There is certainly a discfepancy between the ab initio calculation
and experilr.\ental. results on the H + O, reaction. ‘Furtherrnore, if indeed the key
features of the H + O, PES were transferable to the Cl + O, system, they would
be quite different from those found in the semi-empirical 'calculati.ons.m An ab
initio calculation of the Cl + 0O, sYétem itself would be very helpful.
Infofmation on the dynanﬁcs of the C1 + O, reaction is not yet very clear.
The goal of the bfeéent work is to probé further the dynamics of the Cl + O,
reaction under .well-definea single collision conditions. We have carried out a
crossed molecular beam study of this reaction at fou: different collision energies.
- The center-of-mass angular and translational energy distn'butions of the product
CIO are derived from the experiméntal measurements. Using the obtained
dynamic information, we hope to provide mofe insight into the mechanism of this -
important reacﬁon. As far as What ‘we' know, this is the first crossed molecular

beam study of the Cl + O, reaction.
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II. EXPERIMENTAL

Thé universal croésed molecular beam apparatlis used for the present study
has previously been described in detail %% The beams and'detector arrangement
is shown in F_ig; 2. Continuous supersorﬁc chlorine atomic and ozone molecular
beams Were sgeded and two-stage differéntially pumped. The two beams'Were
crossed at 90° in the main collision chamber held at a vacuum of appfoxitnate 107
torr. The scattered products were detected by a triply differentially pumped mass
spectrometric detector which rotated in the plane of the two beams with respect
to £he center .6f collisioh. ‘'The mass spectrometric detector is vcomposed of a
.Brir‘\k_’s-type electron impact ionizer,” an Extrel quadrupole mass spectrometer,.
and a scintillation-based Daly ion detector? The t);piéal‘eleétron enefgy was 180
eV, and the typical ion energy was 90 eV The size of the collision zone was
~ typically 3 x3 x 3 mm’, and under normal conditions.the whole collision zone
was viewed by the detector. |

- The chlorine atom beam was préduced by thermal dissociation of Cl, in
rare gas mixtures in a resistively heated high-density graphite? nozzle source
Which was designed ih this laboratory by Valentini, Céggiola, and Lee® Mixtures
éf 10% Cl,in argon, 10% Cl,in 8% argon and 82% helium, 5% Cl, in helium, and
1% AC}12 in helium were used as seeded gas mixtures for this éxperiment. The
high-temperature graflﬁte source had a nozzle of 0.12 mm diameter and was .

heated to approximately 1400 °C-1600°C. The nozzle temperature was constantly .
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monitored by type C (Tungsten-5%Rhenium vs. Tungsten-26%Rhenium)
thermocouples 6n thé graphite heater and frequently checked by an optical
pyrometer and by pure noble gas time-of-flight temperature méasurements as
well.  After correcting the optical pyrometric measurements for emissivity of
graphite and absorption of the Plexiglass on the view port, the opﬁcal pyrometric
' measuremenfs agreed réasonably well with the noble gas time—of-ﬂight
temperature measurements; hence, the optical pyrometric measurements were
chosen as our temperature réadings. A conical graphite skimmer with an orifice
1.0 mm in diameter was positioned 7.6 mm along the déwnstream of the noizle.
A set of collimating slits o'n‘ the differential wall further defined 'thé beam to 3*
iﬁ full width and 3 mm x 3 mm in the collision region. The total stagnation
pressure of the beam was typically 700 torr measured outside of the machjhe just
before the gas mixture entered the molecular beam source. A large fraction of Cl,
thermal dissociation had been observed by a direct measurement of [Cl]/[CL)]
ratio in the beam. Thé residual Cl, specieé was not a problem in this experiment,
as later discussed in detail. Heating power for the high-temperature graphite
source was carefully maintained constant throughout the expéeriment period to
ensure a stable Cl atom beam with stable béam velocity. The Cl beam velocity
was also often checked before ahd after a daily reactive scaftering experiment.
" The Cl beam quality was quite stable during the whole experiment; ‘this high
density graphite source seemed to be very reliable for a long period of time even

for the Cl beam. To maintain the durability of the beam-source pumping system,
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perfluoropolyether (PFPE) pumping fluids (Fomblin 25/6 for mechanical pump

and Fomblin 25/9 for diffusion pump) were used.

" The ozone used in this experiment >was' generated by a commercial
ozonator (OREC, model number 03v1-0). The output of the ozonator (iO% ozone,
90% oxygén) was passéd through a Pyrex &ap with coarse siljcfa gel cooled to
- -78°Cin a dry ice/acetone slush®*%® After 1-3 hours of rﬁnning time (depending

on the condition of the trap), a sufficient amount of deep blue ozone with a small
amount of oxygen was adsorbed on the silica gel. The trap was then transferred
to a thermostatically controlled variable vlow-temperature bath (FTS Muiticool
'_System,'model number MC-4-60A-1), and the gas mixtﬁre wés generated 'by
passing rare gas to carry the desorbing ozone oﬁt bf fhe trap. The'gas mixture -
then passed through a 1 cm x 1 cm quartz flow cell just prior tb its entry into the
oi_one molecular beam sourcé, Itis importaht ‘IFEc.>vuse only clean stainless steel
components, glass components, and Teﬂon or stainless steel tubing in the
transportation line in order to prevent | other metals .and impurities frorﬁ
catalytically decomppsing the ozone. Thé'ozohe cbncerit_raﬁon was 'continﬁously
monitofed by measuring the ultraviolet absorption of -the gas mixtufe in the
quartz cell at wayélength 280 nm (Fig. 3). .The Wavelength 280 nm corresponds
to one disc_:rete.:line of the Hg lamp used as a light source in our experiment, and
the coﬁcentration of the ozone gas mixturé gave a reasonable transmission (~10‘7;;)
at t_hié wavelength.!>*** The total stagnaﬁon pressure of the ozone beam was 300

~ torr. After running the ozone beam through the nozzle for 1-2 hours, the small



amount .of O, in the silica gel trap would be well purged by the inert carriér gas,
and thé system would also be well passivated and stabilized. The stabilized mole
fraction of ozone for our experiment was typically maintained at 7%. The ratio
[O:1/10,] was typically ~3 deternxined from direct beam measurement. Some
residual O, from the trap and a smgll amount of decomposition of O, in the beam
were unavoidable. Since the iCl + O, reaction was energetically impossiblé in this
| e>.<periment, the presehce of O, in the beam was not a problem. If there were
single O atoms in the ozone molecular beém,: they might react with residual Cl,
in the Cl atom beam and produce CIO; however, as later mentioned, this process
is quite likely to be absent in our experiment. Because the ozone in the silica gel
- trép was gradually deplefed, in order to maintain the ozone concentration
unchanged, we constantly adjusted the temperatﬁre. of the low-texﬁperature' bath
following ozoné UV-absbrption ‘measurements, i.e., 6zone concentration
nieasurements. The operation temperature of the trap was normally kept in the
range of -60 °C to -30 °C to obtain a constant ozone concentration. The trap itself -
could be used up to .12 hours for ozone beams .of reproducible intensity and
velocity. The ozone beam source had a nozzle 0.12 mm in diameter. To
minimize the formation of ozohe dimers, the tip of the nozzle was heated to 80
°C. The temperature of the hqzzle was measured by a Chromel-Alﬁmel (fype K)
thermocouple fixed on the nozzle source tip ah_d referenced to an ice water bath.
The ozone molecular beam was skimmed by a vstainl.es}s steel skimmer with a 0.5

mm diameter orifice placed at a nozzle-skimmer distance of 7.6 mm. The beam

L]
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was further defined by the collimating slits on the differential wall before it
entered the main chamber. These slits gave a 3° beam full width and 3 mm x 3
| mm beam size in the collision region. - |

The time-of—ﬂigﬂt (TOF) technique was used to mea.sure the - velocity |
distributions of fhe Cland O, beams. A staihless steel wheel 17.8 cm in diameter
with four 0.78 mm slots equally spaced éround its circumference was installed in
front .'o'f the détector; The wheel was spuh a.t 300 Hz, and the modulated beam
was sampled 'straight into the detector through a 0.18 mm aperture. A
homemade 4096-channel multichannel sca‘ler‘(MCS)35 interfaced with a computer
 that accumulated the data. The flight path from the wheel to the efféctive',cen_ter
;)f the ionizer was experimentally deferminéd to be 30._1 cm. Various noble gas
| beams wvere‘ chosen for this calibration process, and their caiculated,ideal beam
velocitiéé wefe used in d_efermihing the flight path. ‘After using the appropriate
- offset time (ion flight time, wheel trigger time c}ffset etc.) to corre& ‘the
experimental time-of-flight Spectra, a program KELVIN, which convoluted_ 6ver .
the known apparatus functions to defermine the beam speed (v) and speed ratio |
(v/Av), was wused to fit the éorrected experimental time-of-flight spectra and
obtain the Cl afoiﬁ and ozone molecular beam velocity distributions®¥ The
typical beam parameters are liste‘d in Table 1. The most-probablé collisibh
energies E and the spread of the collision energies are listed in Tab‘le‘ 2.

Product TOF spectra frdrh the reactive s_cé&eriﬁg were measured using the

cross-correlation method.® A 17.8 cm diameter cross-correlation wheel was
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mounted in front of the detector to replace the four-slot single-shot wheel and
was spun at 392 Hz. The wheel has two iden_tical 255-bit pseudorandom
sequences of opeh and closed slots and was photoetched by PCM Products based
on Lee gr_dup specifications. When _sPun at 392 Hz, the wheel gives nominal 5
ps/channel time resolution in the TOF spectra and 50% transmission. The
detector was stationed at a particular laboratory angle to measure the product
veiocity distribution. Product ClO was monitored. The mass spectrometer was
sét at m/e = 51 with low resolution to detect more abundant CI®O isotdpe
species, while a small amount of C13?O might have been éollected as well. Total
counting times ranged from 0.5 to 12 hours per angle. |

Initially, an Extrel Model 14 High-Q Head, the high frequency inductor
circuit for the quladrupolebmass spectrometer, was used. Due to its large mass.
‘range, it 'lécked sufficient mass resolution. When the detector moved to within
25° of the ozone beam, the O, molecule (m/e = 48) elastically scattered by the
noble carrier gas in the CI beam started to leak into the CiO (m/e = 51) time-of-
flight épectra. The reactive ClIO TOF peak and the elastic O; TOF peak were‘
névertheless weﬂ separated by the ﬂight time. An Extrel Model 13 High-Q Head
was then -installed and used throughout the experiment,v and this High"-Q head
gave good mass separation. The contamination of the ozone elastic scattering.
peak w1th1n 25° of the oione beam was reduced to < 5% of the intensity of the
reactive ClO peak. For the faboratory angles close to the O; beam, the O; elastic

scattering timé-of-ﬂight spectra were measured along with the ClO reactive time-
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Qf-ﬂtght spectra. The O, elastic scattering spectrum at ene laboratory angle was
scaled to the O, elastic scattering peak in the raw CIO time-of-flight spectrum at
the same angle and subtracted away from the raw CIO time-of-flight spectrum.
However, this type of correction was very small (< 5%) and was ’only necessary
for the ClO time-of-flight spectra at lahoratory angles © = 65°. |
We also have to point out, whenmeasuring ClO time-of-flight spectra near
| the Cl beam (within ~10° of the Cl beam), a small amount of slow, effusive
background from the Cl beam source showed up in the spectra. To cot'reet' this
background, CIO time-of-flight spectra near the C1 beam with the O3 beam on and
with the O, beam off were measured and the corrected ClO product time-of-flight
spectra for those laboratory angles near the Cl beam were. ebtamed by simply
Subtljaeting the O, beam-off spectran away from the O; beam-on spéctra at the
same laboratory anglee. However, this type of background subtraction procedure
was needed only for the CIO time-of-flight spectra within 10° of the Cl beam.
The CIO product angular diétribution_s were measured hy modulating the
ozone beam_using a 150 Hz tuning folk chopper (Bulova) with the time-of-flight
wheel removed. Ata patticular .angle, the signal with the ozone beam on and the
- signal with the ozone beam off were recorded in two separate channels in a dual- |
channel scaler (Joerger, model VS) with an apprepriate gating orig‘inated from the
tuning folk chopper. Subtracting the beam-off signal from the beam-on signal at
a particular laboratory angle simply gave the net reactive signal at that angle To

correct  for long-term drifts of the experimental condltlons, a reference angle
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(typically the one with near maximum intensity) was chosen. After a sequence
of measurements at every 6-10 angles, dafa was twice taken at this reference
angle. The set of dafa was then normalized by taking a linear interpollati.on based
on the time at which a given angle was measured and the time between
normalization measurements. Counting time at each angle in each normalization
sequence ranged from 1. min to 3 mins, while the total counting times per angle
suﬁuned .from all thler normalization sequences ranged from 8 to 30 mins.

To reduce the background species entering into the detector, a cryogenic
copper cold panel was placed against the differential wall inside the main
scattering chamber and facing the detector. It Was cooled by being tightly
damped to the liquid-nitrogen cooled .cold shield in the scattering chamber. Its
femperam:e was typically abouf 90 K, which was monitored by a low

temperature sensor (LakeShore). It was effective to reduce the ClO'backgrouﬁd

- for both time-of-flight and angular measurements.

III. RESULTS AND ANALYSIS

Laboratory angular and time-of-flight distributions were recorded at four
different center-of-mass collision energies from  6 keal/mole to 32 kcal/mole
(Experimental conditions for three collision energies are listed in Table 2). The

N ewton diagrams for fh_e three collision energies are shown in Figs. 4, 9, and 14.
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The circles stand for the ﬁ\aximum range of the center-of-mass recoil velocity of
the CIO producf if all the av.ai.lable energy channels into the translational energy
- of the products. The angular and TOF distributions were recorded at m/e = 51,
correspondihg to CI°O". | |

The product angular’ distribution and time-of-flight 'spé'ctra were fitted
using a forward-convolution method. The FORTRAN program"is an improved
vérsion based on the previous pfogram written by Buss.® The goal of the
analysis is to find the product anguléf and translational energy distributions in
the center-of-mass frame. It starts with a trial form for the center-of-mass product
flux-energy dis&ibuﬁon, i.e.., the centér;of-mass douBlve differential reaction cross
lsect:iqn (DDC). In most of the cases, the centér-of-massi product 'ﬂux-energy
distribution . (0, E;) (where 0 is the center-of-mass angle and E; is the product
translational énergy) is assumed to have an energy-angle separable form and is
expressed as a product of T(6), the center-of—mass product angular distribution,

and P(E;), the center-of-mass product relative translational enérgy_ distribution:

I, (6, E;) = T(8)-P(E,) W

The prdgram transforms ‘this trial center-of-mass flux distribuﬁort’ into the
laboratofy frame flux distribution using the transformatioﬁ Jacobian I, (©,v) =
Io(0,u)-v2/u? | and generates thé laboratory frame ahguiar distribution and time-
of-ﬂight spectra for each exPerimental laboratory angle after convoluting over the

measured beam velocity distributions and the known apparatus functions such
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as the'spread of collision fangles, the deteétor acceptance angle, and the length of
the ionizer. The program scaleg the calpulated spec;tré to ‘thé éxpe;imental data
and makes the comparison. This is repeated 50 as to optimize the T(6) and P(E;)
' iferatively until a best fit for the experimental data is found.
Initially, we tried to fit the data using a single set of uncoupled T(6) and
P(Ep). We found that, for large laboratory'angles (© >’ 40°), the fittings for the
time-bf-ﬂight spectra were reasonably good; however, for small laboratory angles
(10°-25°), the calculated time-of-flight spectra were clearly too slow compared with
the experimental data. A faster and forward contribution in the center-of-mass.
 flux distribution‘ was néeded to rﬁake a satisfactory fit to our experimental data |
- which had very good _signal-to-noise ratio. It was then realized that the center-of-
mass angular distribution T‘(e)'and the translational energy distﬁbutipn P(Ep)
were honseparable, i.e., the product translational energy release was dependent
on the cehter-of—niass ’scatterir.lg angle. The translational energy release in the
forward direction With respect the Ci afom in thé center-of-mass frame was larger
than that ih the backward direction; thus, the CIO product was faster at the small
laboratory angles. | |
- To account for this coupling’ effect in a simplified way, we used a
- combination of different se?s of uhcbupled T(8) and P(E;). The center-of-mass
'prbduct flux distribution was expressed as the weighted sum of the prqducts of

different sets of T(8) and P(E,):
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Iae (6, Ep) = 3 w,-T,(8)-P,(Ey) ®
i=1 , .

Each P,(E;) was normalized so that [P(Ep)dE; = 1. The total center-of-mass

angular distribution could therefore be expressed.as:

I (8) = [ Teng(6, Er)dEy =3 % T(6) 3)

The pr_oduct translational energy distribution at CM angle 0 would be expressed
in Eqn. 2 with the CM angle fixed at 6.

| For our purposes, a trial I8, Ep) combined from two different sets of T(6)
- and P(E,) was used as mput to the f1tnng program T(B) was chosen in a point
form because the angular dlstnbutlon of this reaction was unique. P(Ep) was
chosen in a RRK-type funchonal form for the convenience of parameter
adjustment. After optimizing this trial 1,(6, E) functlon, quite sausfactory
f1tt1ngs to the expenmental data were finally reached. The calculated and
experimental laboratory angular distributions at three different collision energies
‘are shown in Figs. 4, 9, and 14. The fitted and experimental laboratory time-of-
_ 'fiight speotra at three collision energies are in Figs. 5, 10, and 15. The average
~ translational energy releases vei‘sus center-of-mass angle and ’fhe totajl‘center-o‘f-‘

mass angular distributions are in Figs. 6, 11, and 16. We also plot the relative
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translational energy distributions at various center-of-mass angles in Figs. 7, 12,
and 17. Using thé optimized center-of-mass flux-energy distribution 1,6, E;),
we plot the center-of-mass flux distributions in velocity space I,(8, u) (I4(6, w)
o< u-I(6, Ep)) both in contour maps and in 3-dimensional curves in Figs. 8, 13,
and 18.

The laboratoi'yAangular distributions are quite broad. At higher collision
energies, the distributions show significant forward peak in front of the center-of-
mass angle. With collision energy increased, the peak of the laboratory angular
distribution is moved in the forward direction. There is, however, a 'falll-off
region in the laboratory angles closé to the Cl beam; the intensities within 10° of
the vCl beam are constantly low. In the‘ center-of-mass frame, the angular
_ disfributions are also quite broad, and they have larger intensities for the
‘side'ways scattering. | The centei-q‘f—mass angular distributions do not have
forward-backward symmetry. Instead, the large asymmetry with more forward
contribution is present in the‘angular distributions. The peak of the center-of-
mass angular distribution T(8) shifts from 90° to 50° and 30° with the collision
energy . increased, and the peaks becomes mo;e predominant as well.

The overall product translational energy release is Iafge. The product
laboratbry velocity peaks far away from the center-of-mass velbcity ch»i-* In the
center-of-mass frame, all translational energy release probabilities P(Ey) peak quite
far away from 0 kcal/ méle. The P(E;) curves are smooth and almost symmetric.

The width of the translational energy release pfobability P(E;) gets wider with the
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increase of the collision energy. We notice two more trends of the kinetic energy
1:re1easé of tlﬁs reaction shown in Tables 3 and 4. First,'with the collision energy
ihcreased, a larger fraction of the total available energy is channeled into
translational e‘nergy.' Seco‘n'cvi, with the collision energy increased, the angular
dependence of thé translational energy release becomes larger; i.e., the difference
between the fast and slow translational énergy re_leases,bééomes larger.

The possible presence of ClO contamina‘tion in the CI beam which might
‘give diffei‘ént translational éne_rgy distributipn from that of 'the Cl+ O, r'eéction
was ruled out. First, no ClO in the Cl beam was detected. The main components
of chemical interest in the 'Cl beam were Cl _‘atom arid'Cl2 mélecule. O, and Ozb
were the maih componénts of chemical interést in the O, Beam; there mighf also
have been é‘ small amount of O atoni in the beam. The re/éctibn channel of Cl
. with ,02 is too endothermicfAH" = 55 kcal/mole) to produce CIO. Cl, + 03 is a
very slow molecule-molecule enddthermic reéction (AH° = 13 kcal / mole); it wbuld
" not produce any ClO, and even if it did thé ClO product from fhis reabcti‘on
would be too slow to contaminate the ClO TOF spectra of the Cl + O3 reaction.
The reactlon Cl2 + O — ClO +Clis shghtly exothermic (AH° = -6.2 kcal/mole); it
deserves some attention. However, it would not presentr any problems eithér.
~ First, Cl, and O were éll' minor species in the two beams, especially the O atom.
The amount of th_e O atom .in the ozone Beam is almost negligiblé. Second, v‘th'e
_ feaction d +. Oé 1s fas.ter.than the reaction Cl, + O. Finally and most ix‘nportahtly,v

. the velocity of the ClO produced in the :Clz + O reaction would be too slow to
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interfere with the TOF spectra of the Cl + O, reaction. Parrish and Herschbach

carried out an early and brief crossed molecular beam study of the Cl, + O
reac_tion-.“0 They showed that the reactive scattering of Cl, and O was consistent
wnh a persistent eomplex mechanism. Grice and co-workers ftrrther studied this
reaction in detail using crossed .mol_ecﬁlar beams technique at 3, 7, and 9
kcal/mole collision energies.* It rvas shown that the Cl, + O reaction proceeded
via a short-lived collision complex. The CIO center-of-mass angular distribution
of this reaction showed certain forward-backward symmetry with a stronger peak
‘in the backward direction with respect to the Cl, molecule. The ClO flux was
ceneentr'ated on the poles at 0° and 180° in the center-of-mass frame, and since the
kinetic energy release was small, most ef the product flux located around the
relative velocity vecter. In our experiment, the expected cellision energies for the
- Cl, + O reaction.would be 4, 9, and 21 kcal/mole, which were. comparable to
those in Grice"s experiments. The possible le product from the Cl, + O reaction
hed to concentrare around the reiative velocity vector; however, the Cl1O product
from the él + O, reaction peaked very far away from the relative velocity vector.
: ‘Therefore, even if there were ClO from the Cl, + O reaction, it would be SO sloW
that it would not interfere in the CIO TOF spectra of the Cl + O, reaction.

We tried to detect any evidence o f the reaction charrnel Cl+0; » O, +
O (Fig. 1). This reaction channel is open at over 17.4 kcal/mole collision energy.
There are two types of ClO, isomers: CIOO and OClIO. OCIO is a stable molecule

and could be observed by the mass spectrometer W1th the electron bombardment
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ionizer. However, it might require a very large collision energy for the Cl atom
to insert into the O, molecule to make OCIO. We failed to detect any signal af
" m/e = 677t high collision .energies 26 kcal/mole and 32 keal/mole. In CIOO
rriolecule, however, cl and O, are bonded by only about 5-6 kcal/mole.**¢ The
CIOO molecule may not be able to survive in the electron bombardment ionizer.
At over 24 kcal/ moie collision enervgy, ClIOO might undergo furfher
- decomposition, then the whole process becomes a.calﬁsion-indﬁc_ed dissociation
of the O; molecule by the Cl atom collision. We detected n¢ signal at m/e = 67
- at high collision energies 26 kcal/mole and 32 kcal/mole. At m/e = 35. and 32,
‘the backgrdund signals from both beams ﬁere very strong so we could ﬁot fin'di

any evidence of Cl or 0O, fragments from ClOO by inspectiﬁg the time-of-flight
spectra at- collision energies 26 kcal/mole and 32 kcal/ mole. We .think the

reaction Cl + O; = ClO, + O is a very minor channel.

IV. DISCUSSION

A ‘The Mechanism of the Reaction Cl + 0,-C0+ 0,

The reaction Cl + O, is a d1rect reaction. The center-of-mass angular
distribution does not have the typical forward-backward symmetry thata reaction
via a persistent long-lived compléx has,¥ and there is a strong angular .

dependence of the kinetic ehergy release. This conclusion is cohsistent with the
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information from thermodynamic data. The energy levels of three ClO, isomers
all lie above that of the ground-state pr_oducté according to ab initio calculationsﬁ
(Fig. 1). Experimental results from DeMore gave an upper limit of about 7
kcal/mole for the potential well of the asﬁhmetn’c ClO,.* Therefore, in the Cl +
O, reaction, asymmietric ClO, could not be a persistent long-lived complex due to
the lack of any significant potential well and due to the lérge amount of excess
energy in the exit channel; in other words,’the life-time of the asymmetric ClO,
- would be very short. Observations by Cater and Andrews in matri* spectros‘co;.)y
work'also confirmed that a long-lived complex was hardly involved in the Cl +
O reaction.’” |
- The CM angular distribution at 6 kcal/mole collision energy shows a slight

forward-backward symtﬁetry (Fig. 16). It seems to peak at about 90° in the
center-of-mass frame. If a long-lived complex existed at this low collision energy,
the center-of-mass angular distribution with the peak around 90° Would suggestv
that thellong-.lived complex be an oblate,” and the CIO product should be ejected
perpendicularly to the plane of rotatioh of the long-lived complex. However,
there is no force acting in this direction. Most likely the force ejecting C1O would
be near the plane of the rotation. Furthermore, by the conservation of the total
| angular momentum, if the long-lived complex existed, the ClO product should be
ejected close to the plane of the rotation instead. The initial orbital angular
momentum L is large, while the initial rotational angular momentum of the

reactant ozone j is small due to the supersonic expansion. Thus, the total angular
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momentum J is effectively the initial orbital angular momenm: J = L. Because
of the large exoergicity and the large translational energy release in the'reacfion,
“the relative velocity of the products becomes larger than the initial relative
velocity of the reactants, so the vfinal orbital angular momentum L’ is also
expected to be large for any reasonable exit impact pafameter, and the final
rdtaﬁonal angular momentum j’ is not very large due to the small rotational
excitation in the p;dducts. AccordingtoL=J =L’ + j',‘ the final orbital angular
momentum L’ is estimated to point in the similar direction of the initial orbital
angular momentum L, so the initial relative velocity and the final relative velocity
should be more-or-less parallel to each rvo"ther. Therefore, the products are
supposed to decay ﬁear the plane of the rotation of the complex instegd of
. perpendicularly' out of the plane.- Howéver, the centef—of-r_nasé angular
distributidﬁ of the long-lived complex decaying in the plané of the rotation should
have peaks in 0° and 180° in the éenter—of-mass bfr‘amé, which is not the
obsérvation of our experiment. This argument from the conservation of the
~ angular momentum shows that a.long-lived complex in the cl + O; reaction
would give ﬁse to a symmetric center-of-mass angular diétributioﬁ with peaks at
0° and 180° instead of with a peak at 90°, therefore, this argument implies that it
is highl‘y unlikely for the reaction to proceeci through aA: long-lived complex.
Furthermofe, in fhe reaction mechanism we wiil discuss in the follox‘&ing:
paragraphs, the Cl atom is likely to attack the terminal oxygen atom of the ozone

molecule in a coplanar pathway at the low collision energy, and the transition
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state would likely be a prolate. Because of this coplanar collision pathway, L and
L’ are correlated so that they would be in the similar direction, and the ole)
product is expected.to be ejected- near this collision plane. Again, if a long-lived
collision complex existed, a center-of-mass angular distribution peaking at 0° and
- 180° should be egpecged. Howevér, the experimental results rule out vthis
possibility. Finally, thé difference in the center-of-mass fecoil velocity of the C1O
product és a function of scattering angle also strongly suggests that thére is not
a long?lived complex in this reaction.

' The electronic structure of the O, molecule plays an important role in the
reaction mechanism2  The electronic configﬁrétion of the O, molecule in
the C,, symmetry in its | ground state" (1'A) is given by*®
+(5a,)2(3b,)X(1b,)(62,)%(4b,)(1a,)(2b,)’. In the molecular-orbital (MO) picture,**
the 5a, and 3b, orbitals are the O-O ¢ bonds, and the terminal lone péirs form the
6a, and 4b, ¢ orbitals. The central 02p1t is the occupied lbl,‘ and the two terminal
atomic O2p=n orbital; form the pair of the 7 molecular ofbitals la, and 2b,. The
highest occupied moiecular orbital (HOMO) of the'(‘)3 molecule is_lei2 orbital,
which is fully occupied by the 2 terminal O2pr electrons. The center oxygenr '
atoni of the O, molecule has a closed oﬁter shell with 8 electrons, and the
terminal oxygen atom has only 7 outer electrons with a half-filled K orbital
. perpendicular to the plane of the ozone moleculee. The O, molecule is

characterized as a diradical with the two unpaired = electrons in the terminal

oxygen atoms.”
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' The electronic structure of the ozone molecule would suggest that it is -
unlikely for thé Cl é;tom to strike the central oxygen atom to make the reaction -.
happen because of the high repulsion of the lone péirs of elect;oné on the central
.oxygen atom. If the Cl atom abstrécted the. central oxygen atom, the ClO product
would 5e predominantly scattered in the backward direction,.and the O, product
formed from the two términal O atoms should be highly vibrationally excited.
However, the experimental facts that the CIO CM angular distribution is peaked
predominantly sideways instead ‘of in the backward direction, that the O'2
vibrationai states are not highly excited, and that the O, product sfays in the
electronic ground state dearly- indicate that the Cl atom is unlikely to attack the -
c‘:entfai O atom of the ozone molecule. |
* Itis also unlikely for the Cl atom to insert into the O-O bonc;i. Previous
kinetic. studies suggested that in this reaction the structure of the transitioﬁ state
closely résemb_led that of the stable ozone molecule”” We also studied the
reaction Br + O; using the crossed molecular beams techniqt.l.e;53 the results for
both the Cl + O, and the Br + O, reactions are quite‘ similar, suggesting that the
: configura’tibns of the transition states in these two reactions are similar and that
the Cl or Br atom Probably does not inéert to the O-O bond to make thé s.tructure
of the vtra'nsi'tion State quite diffe;ént fror& that Qf the stable ozone mol.’ecule.. The
insertion of the Cl atom ir;to the O-Ovbond is als‘o ‘not favored by the frontiér
orbital theory.*® In this pathway, there is no effective orbital overlap and

interaction. Unless the collision energy is very high, this pafhway is not _e_xPected .

¢
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to be significant.

The Cl atom is very likely to attack the terminal oxygen atom. One way
is that the Ci atom attacks the 7 orbital on the O, molecule perpendicularly from
above the plane of the ozone molecule, whiéh is similar to the way given m fhe
ab initio calculations of the H + 03 reaction by Schaefer and co-workers.? This is
also the favorite way in the frontier orbital theory** The HOMO of the O,
molecule could Be considered as two weakly coupled 2pr orbitals on the two
terminal oxygen atoms. If the singly occupied p Qrbital on the Cl atom ciescends
vertically to the & 6rbital on the terminal oxygen atom, therel is'a net overlap
between the two orbitals, ahd ao bond in this direction is expected to form
between the Cl atom and the terminal O atom of the ozone molecule. This type
-of interaction is symmetry-allowed according to &e frontier orbital theory. This
collision pathway should have a large impact parameter b since the center of
‘mass of the ozone molecule is on the ng,} axis that goes thr(;ugh the central
oxygen atom. The ClO product would be expected to be scattered in the forward
direction. With the increasing éollision energy, the forward scatt‘erihg would
becom.e stronger. However, the significant amount of wide-angle scattering,
especially in high collision énergies, could not ‘.be' explained by this consistent
- large impact pararﬁeter approach. Furthermére, in this picture, the impact
parameter is nearly constant, and the approach geometry is nearly identical; the
_ translational ehergy release is therefore not expected to vary much with the CM

scattering angle. The strong angular dependence of the translational energy
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shown in the experimental results could not fit into this picture. We would like

to emphasize that this reaction pathway does not contribute to wide-angle

reactive scattering and that this reaction path alone could not give rise to the
| strong dependence of the product translatlonal energy release on the center-of-

mass scattermg angle. Therefore,' this reaction pathway can not account for the

whole p1cture of the Cl + O, reaction mechanism. However, it can describe the

. forward react1ve scattering fa1r1y well. As we will d1scuss further, if two possible -
reactlon-pathways_‘are involved in the CI + O, react10n, this out-of-plane reaction -
pathway, in wluch the Clatom attacl<s the terminal oxygen of the ozone molecule
vperpendivcula.rly-to the oione molecule plane, could well account for the forward
scattering channel.

A coplanar reaction .mechanism, in which the CI atorn attacks a terminal
‘oxygen atom m the plane of the ozone rnolecule, could well explain the
e>tperiment_al results, especially for the sideways and wide-angle scattering. This
- coplanar colliSion»is also allowed according to the frontier orbital theory.. If the
- Cl atom approaches the terminal oxygen atom of the ozone molecule in a
coplanar pathway with the eingly occupied P orbital on the Cl atom oriented
perpendicularly to the collision plane (i.e., as a & orbital), this singly occupied p
orbital of the Cl atom would have net overlap with the 7t orbital on the .terrninal
B o atom, and tlus type of mterachon is symmetry-allowed In this reaction -
_ pathway, the Cl atom has a large range of attacking angles which correspond to

a large range of nnpact parameters and, thus, in the expenmental results, a w1de ,'
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range of CM angles into which the product ClO is scattered. If the Cl atom

approaches the ozone molecule along the direction of the terminal and terminal
O atoms, the impact parameter is small, and some backward scattered CIO would
be expected. Because this is a head-on collision, and because the initial
translational energy is well coupled to the vibrational modes of the reaction
intermediate in fhis type of collision, this collision approach would lead to more
internal excitation of the reaction intermediate and cause less translational energy
release in the backward direction. However, in this coplanar approach, the Cl
atom could cause sideways and forward scattering, if it attacks other thah in the
small impact parameter approachk (e.g., aiong the terminal O afom and central o
atom direction, or perp‘endiéularly to this direction). There is quite a strong
repulsive force acting on the separating products; the translational energy release
is very large. Even with the increasing of the collision energy, the CIO product
is still pushed sideways by such é strong repulsion. The large translational
energy release and the low forward 5cat’tering intensities within the CM angle 20°
at all collision energies might be explained by this repulsive force.

At low co]iision energy (6 kcal/mole), the sideways repulsion is stronger |
than the forward impulse from the Cl atorh, énd most of the CIO produét is
sideways scattered. When the collision energy is increased, and the forward
impulse becomes stronger and overcomes the sideways repulsion, the forward
peak starts to be predominant. It is noticed that, with the increase of collision

energy, the increase of the translational energy release for the small angle



scattering is larger than that for the large angle scattering "(Figs. 19, 20). This
ﬁlight be understood in two ways. First, the large angle ?cattering corresponds
“to the small impact parameter (small b) approach, which causes more vibrational
excitation '_of the reaction intermediate. The small angle séattering, however,
corresponds to the large impact paraineter (large b) collision, which causes less
vibrational excitation of the intermediate. When the cqlﬁsibn energy is in'creased,‘
the small b collision could still distribute the initial translational energy ihto the
vibrational energy of the products. However, the large b collision is more
efficient to channel the initial translational energy into the -translatioﬁ ‘of the
products. Second, the translational energy release pattemhés also to meet the
éonstraint of the conservation of the angular momentum. Since the small b
. col]ision hasa relaﬁvely sﬁaﬂ total angular moni/entum, thus, émaller final orbital
angular momentum énd rotational angular momentum, there_fore, the relatvive'
\)elocity of the products and the translational energy of the produéts all‘ have to
be relatively small to meet this cénstraint.‘ However, the large b collision allows
larger angular momentum, aﬁd, thus, large relative velocity of the products and
larger translational energy release. .v.The increase of the Width oé the P(E) curve
with the increase in the collision energy might be due to the increased excitation
of the reaction intermediate with the increased collision energy. |

We hax)e t.o- point out thaf’ it is also poSsibIe for the Cl + O, reaction tov
proceed through two reaction mechanisms. Besides the coplanar approach in |

which the Cl atom attacks a terminal oxygen atom of the ozone molecule in the
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plane, the out-of-plane reaction pathway in which the Cl atom attacks the
terminal O atom vert'ically to the ozone molecule plane might also exist. As we
have diséussed, this out-of-plane collision pathWay would give largely forward
-scattering, and it cén not account for the wide angle scattering, fhus, not the
completé picture of the reaction mechanism. - Nevertheless, ﬂﬂs out-of-plane .
channel might account for the forward scattering very well. Because of the large
impact parameter in this approach, the reaction intermediate may have smaller
internal exdtaﬁon, thefefore, the product translational energy is larger rélative.to
that in the wide angle scattering. Itis noticed that the ihcrease of the translational
énefgy release with the collision energy at small .center-of-méss angles is larger
thah that at wide center-of-mass angles, i.é., that the trend of the increase at srhall
angles is different from that at the large angles (geé Fig. 19). At wide center-of-
mass scattering angles, the translational energy release increases gradually, but
at small center-of-mass scattering angles, the translational energy release increases
drastically.  It is noteworthy that there seems to be a big jump in the translational
energy release from E_; =6 kcal/mole fo Egou = 13.5 kcal/mole at CM angle 10%
but there is only smooth increase at CM angles 50° and 120° (Fig. 19). It almost
seems that at E_;; = 6 kcal/mole the forward scattering channel with large
translational energy release is not open, and the forward scattering channel seems
| to have a higher reaction barrier than the wide-angle séattering channel. We try
to understand this phenomenon in two ways. In the first aspect, in a large impact

parameter collision such as in the out-of-plane approach, the orbital angular
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momentum L is large, therefore, there is fair amount of translational energy tied
up to rotation. This amount of translational energy is consumed into the rotation
as the centrifugal energy and cah nof be used to break 'the chemical bond. For

"E.u = 6 kcal/ mele, this amount of energy ié estimated to be abouf 1 keal /mole.
Inaddiﬁon to this rdtational energy, there is also an average reaction barfier of
about 0.5 kcal/ mole. Therefore, at low collision enefgy E.; = 6 kcal/mole, the
translational energy is not Very effective for\. the reaction with 'lerge impact
parameter. However, with the increase of the collision energy up to E_; = 32
kcal/mole, the translational energy tied up to the rotation increases only up to
about 3 kcal/mole, and it is much smaﬂef than the collision energy. .Therefore,
at high collision energies, the effect of the translational energy consumed in the
rotation beeomes much smaller, and the forward scattering from the out-of-plane
collision (with large impact parameter) becomes open' and becomes'predominant
as well. However, for the large angle scéttering which has to come frpm the in-
plane col_lision, the impact parameter is smaller, and the translational energy ‘tiedv
 to rotation plays a smaller role. Ther_efore, the dependence on the collision energy . |
for the large angle ecattering is smaller. Of course, the analysis for the out-of-
plane collision is also suitable for the large impact parameter collision in the in-
plane approach. .However,.in the coplanar vapproach, the dependen_ce on the
impact parar_heter should be smooth and‘may not be very strong, so the lafge

dependence of the translational energy release on the scattering angle may not

only come from the in-plane pathway. In the second aspect, the out-of-plane
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approach may indeed have a larger feaction barrier thah the in-plane approath,
so the forward scattering (out-of-plane pathway) has different collision energy
dependénce from the wide-angle scattering (in-plane pathway). At the low
collision energy (6 kcal/ mole),v the out-of-plane channel is almost not opén,
however, at high collisioﬁ energy, with a wide range of acceptance angles, this
channel beéomes significant. To summarize, the in-plahe coilision causés the
- sideways and Wide angle scattering; it causes the forward scattering as well.
. However, an additional collision channel, the out-of-plane channel, is also.
possible. This channel results largely the férward scattering. It ddes not seem to
have significant contribution at low collision energy E, = 6 kcal/mole, however, -
at higher collision energies, the out-of-plane channel -may become quife
- predominant.

Our e#perimental results have a qualitative agreement with the conclusions
from the semi-empirical calculations by Farantos and Murrell” The Cl + O,
reaction is a direct reaction; no long-lived complex is involved. The trajectory
calculations also showed no evidence of the long-lived complex. The translational
enefgy.release is about 50% of the total available energy. Our conclusion that the
Cl atom could attack the ozone molecule in a coplanar way is cbnsistent_ with the
collinear reaction> pathway given by the functioﬁal form of the ClO, potential
energy sﬁrface. However, the quantitative comparison between the experiment
and the calculations is hot satisfactory. The most noteworthy feature is the

center-of-mass angular distribution. The calculations showed a predominant
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forward ecattering of the CIO product with respect to the Cl atom at about 1
kcal/mole thermal energy. The experimental CM angular distribution at 6
kcal/ mole collision energy, the lowest in our experiment, is relatively flat and-
peakec% sideways. Only with fhe increas_e of the collision energy to 13.5 kcal/mole
and fi\nally' to 32 keal /mole, does the CM angular distributio_h sh_if‘t.to the forWard
direction. S&icﬂy'speaking, this shift is not totally forwar.d but forward-sideways.
The intensity 1(6) for § < 20° in the center-of-mass angular distribution is still
- consistently low eveh at the higheét collision'en_ergy. " One possible reason for
these discrepaneies is that the semi-empirical ClO, ,potential energy surface did
‘not have a strong enough repulsien on the exit channel. The semi-erhpirif:al PES
- may not Be sufficient; an ab‘ initio calculation on the Clv + O, reaction, Which is_ :
achievable now, is most desirable.®® Our experimental results also suggest that
an out-of-plane collision pathway with a higher reaction barrier is p0551b1e
However, this pathway was not mvestlgated in Farantos and Murrell’s study.”
It would be very interesting for an ab initio study to explore this out-of-plane
- collision approach. | |
Itis :clear now that the Cl atom mainly attack the tefmihal oxygen atom of
 the ozone molecule. At low collision energy (6 kcal/mole), the CIO product is
mainly sideways scaftered, and the translational energy is about 40% of the total
- available energy. The coplanar colhslon channel seems to contribute dominantly
até kcal/ mole colhs1on energy At high collision energies (13.5 kcal/mole and

- 32 kcal/mole), the ClO product is forward and sideways scattered. The forward |
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compbnent might come from an out-of-plane collision pathwa_y, and the
translational energy is 50-70% of the total available energy; hoWever, the in-plane
pathway still gives significant amount of sideways scattering. The in-plane
collision contributes. significantly.- at all' collision energies, especially at low
collision energy; and the out-of-plane cdllision seems to open and become
predominant at high collision energy (13.5 kcal/mole and 32 kcal/mole). |
Farantos and Murrell’s semi-empirical studies gave a good account for thé
coplanar collision pathway, however, they failed to explore the possible out-of-
plane approach.® The ab initio calculations on the H + O, reaction seems to have
.given. very reasonable results for this system.? Because the H atom has only an
s orbital and it can only have ¢ interaction, the out—of-plane} approach could havé
net overlap between the s orbital of the H atom and the 7 orbital on the terminal
O atom and is synunetry-al_lou}ed; the in-plane approach could not have the net
overlap between the frontier orbitals and therefore is repulsive. Howéver, the key
features of the H + O; PES may not be totally transferable to the Cl + O,
reaction.”? In both reactions, ,fhe out-of-plane approaches are similar; however,
- our experimental results show that the in-plane colﬁsion channel in the Cl + O,
reaction is quite sighiﬁcant, on the contrary, in the ab initio calculations, there is
*'no coplanar colliéion pathway in the H + O, reaction. This is mainly because the
Cl atom has p orbitals and could have n-r interaction with the terminal O atom
of the ozone molecule in a coplanar approach. -Finally,. in the experiméhtal

studies by Polanyi and co-workers,? the highly vibrationally excited OH product
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. may not be due to a narrow i'ange of impact parameters, because the reduced

mass of the reactants H and O, is extremely small and a large range ofAimpact

- parameters would still correspond to very émall o;'bi_tal angular momentum.
Therefore, an out-of-plane q_ollision pathway in the H + O, reaction might also
prodﬁce highly vibrd’tionally -excited OH .produ'ct, and the experimental results
and the ab initio'calculationvs may be consistent.

It ﬁas been suggested that electron density iS &ansferred from the HOMO
of the ozone molecule to the si;igly occupied p-orbital oh‘thé Cl atom, because Cl
a'toni has higher electron affinity (E. A.) but lower ionization potential (I. P.) than

o, molecule.** In both the in-plane ‘and -the out-of-plane mechanisms, the
frontier orbifal interactions afe symmetfy;allowed, and Eoth'_ approachés are
favored. Therefore, both types of attacks of the Cl atom bn the terminal oxygeﬁ ‘
of the ozone molecule could irﬁtiate the Cl + O, reaction, and the electron densityv
is éxpectéd to be .transférred from the = orbital on the ozone molecule to the Cl
atom, and vthis_ n bond is Weakened. After diséppearancé of the old O-O Bond

- and the formation of the new ClO bond, the stable O, and ClIO species are

genefated, and the strdhg repﬁlsion between the two products while the O-O |
bond is being cleaved channels large amount ‘of _énergy into the translational

energy of the products.

B. The Absence of the Electronically Exited '02 Products

Three CIO + O, channels are energetically possible and spin-allowed (;FigT
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1). Furthermore, all the three product channelslare syinmetry—allowed.u In a
coplanar collision pathway, the reaction proceeds through a C, symmetry, the
electronic states of the three product channels are correlated with those of the
_reaétants via 2A’ or 2A" states. In the out-of-plane approach (C, symmetry), the
states of the products a_nd the reactants are correlated via 2A state. However,
early experilnénts foﬁnd no evidence of the formation of the électronically excited
O,('A,) and O,(*Z,*) channels.”™" The translational energy release probability P(Er)
in our experiment is quite smooth with no obvious breaks, suggesting that it is
unlikely for the electronically excited O, produét to form which might ha\}e quite
different types of P(E;) from that of the ground- state O2 product. However,
because of the vibrational and rotational excitati'ons of the products and the time- |
of—ﬂight resolutiqn in our experiment, it is not very conclusive to tell whether or
" not the electronically excited O, product is formed just by inspecﬁng the
translational energy release P(E;). It is noteworthy that the absence or the very
minor presence of the electfonicélly excited oxygen niolecule product seems td be
"a general case in the radical and ézone reaction syétems such as Cl + 0, 0CP)
| + Oy* HCS) + .03,56, and NO(ZH) + 0, %5 Thls phenomenon ﬁﬁght be
ﬁnderstandable from the point of view of the electroni.c_ structure vof thé ozone
molecuie. If the radical attacks a terminal oxygeri atom, the O-O bond between
this terminal oxygen atém and the central oxygen atom cleaves, and the
-remaining O-O part from the ozone molecule would undergo rmmmum energy

and electronic structure change to form the O, molecule. The most likely state of
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the.O2 molecule would be the ground state 02(32'5) because the old = orbitals on .

this O-O part remain unchanged. ‘It is unlikely for the electronically excited O, ’/
molecule to form in the reaction,‘because,' in order to form the excited singlet o,
molecule_, the'unpaued electron on the central oxygen atom that is just released
from the breaking of the O-O ¢ bond has to undergo large rearrangement to pair
with the previously unpaired 7 electron on the terminal oxygen atom. If the
rad1ca1 attacks the central oxygen atom mstead of the terminal oxygen atom, a

large change of the O-O electromc structure could occur, and the electronically
v exc1ted O, might form;* however, tlus approach again will encounter a very _Iugh‘
barrier, Our 'experimental'results also imply that the Cl atom would not likely .
attack the central oxygen atom of the ozone;molecule. ~ Following the above
analysis, it would not be surp'ri‘sing. that almost no electrorrically excited .Oz

molecule is produced in the Cl + O, reaction.

C. The Absence of the CI0O and OCIO Channels

‘The reaction channels Cl +0; - ClOO(zA) +OCP) (AH’ = 17.4 kcal/ mole)
and Cl + O; - OCIO(CA) + OCP) (AH" = 19.5 kcal/mole) are open at the h1gh
collision energles 26 kcal/ mole and 32 kcal/ mole. These two channels are also
: spm—allowed However, we have not observed any ev1dence of any of the two
channels. To produce OCIO, the Cl atom has to insert into the ozone molecule, |
‘_but..'the high repulsion barrier _that, is much larger than ._the collision energies will

prohibit this reaction channel. In the 'coplanar pathway, when the Cl atom attacks
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one terminal oxygen atom on the ozone molecule to form the asymmetric ClO;
intermediaté, it would be the O-O bond between this terminal oxygen atom and
the central oxygen atom that is weakened the 'mést and is being broken because
of the strongest pérturbation from the ClI atom. Thus, it is very unlikely for the
other O-O bond to break to form the CIOO product. If the lifetime of the
asymmetric ClO; were quite long, there nﬁght be some small probability to break
the éther O-O bond after the redistribution of the internal energy of the ClO,
intermediate/ and to erm the C100 producf. | However, our conclusion that the
lifetime of the asymmetric.Cl'O3 intenﬁediaté is very small implies that there is a
very small probability for the CIOO channel in the Cl + O; reaction. Certainly,

other collision pathways would encounter much higher barriers and ClOO is

unlikely to be generated in the range of the collision energies in our experiment.

D. Spin-brbit States of the Reactant Cl Atom and the Product ClO Radical

The Cl atoms are in two spin-orbit states CI(P;,,) and CI(P, ;). The excited -
state CI(CP, ,) is separatéd by 2.52 kcal/mole from the ground state CI(P,,).”
Before the supersonic expansion, under the assumption that the CI atoms are in
- the Boltzmannian distribution, about 20% of the Cl atoms afe in the spin-orbit
excited state CI(P,,,) at 1800 °K terhperature. However, after the supersonic
expansion, the Cl atoms in the spin-orbit excited state could be partially relaxed.
The translational temperature of the Cl atomic beam is estimated to be leés than

200K using the measured speed ratios.* The 882 cm™ enérgy separation between
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E Cl(zP1 ;) and CI(P,,,) states is comparable to the energy spacmg of a low
frequency v1brat10na1 mode ina polyatomic molecule. There is reasonable chance
for the CICP,,») atoms to relax. If the electronic temperature el,m the Cl beam
- is taken to be 1000K, only 10% of the Cl atoms would be left in the excited state
Cl(zPl-/z)_ after the expansion. There are two possible spin-orbit states of the
product ClO in the ground electronic state 2T: ClO(1L, ) and CIO(I1, ,,), which are
separated by 318 cm"."‘. The time-of-flight resolution and the spread of the
collision. energies in our experiment prevented us from getting any information

about the reactivities of the two spin-orbit states of the Cl atom and the fine

structure population of the ClO product. In general, however, the C1CP;,,) atom' .

is found to be mere reactive than the excited Cl(.ZPl ,2) atom, and the Cl atom
products ‘are usually preferentially formed m the ground state 2P3,2.‘2 The
reaction rate constant of the CI‘FP3 /2) + O, reaction measured at 298 K by Clyne
~and Nip’ was slightly larger than that of the Cl(Z‘P1 /2) + O reaction measured at
the same temperature Because the Cl atoms in the ground spin-erbit state 2P3 /2
'_ are dommant in the beam, and because ground-state CIGP3 /2) atoms are more
reactive than the exc1ted C1(2P1 ,2) atoms, if we assume that the non-adiabatic
transition 'processes‘ in the reaction are small, then most of the ClO products

should be in the ground spin-orbit state 2H3 .

E. Some Implications to the Atmospheric Chemistry

This study of the reaction mechanism of the Cl + O; reaction shows that
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fhe Cl + O, reaction is a direct and fast reaction. 'I‘he Cl atom strikes the termjnal |
oxygen atom of the ozone molecule, and the strong repxiléion bétween ClO and
O, on the collision intermediate immediately force the products to ﬂigﬁt apart.
Meanwhile, the remaining O-O bond of the ozone molecule is not too perturbed
and serves as a spectator, and the O, )product should be vibrationally cold.
Therefbre, it 1s reasonable to speculate from the translatiohal energy distributions
that bésides- the large trahslational energy release, a substantial amount ‘of énergy
~ is also channeled into the ClO vibraﬁon.

~ In the paft of atmosphere where the vibrational relaxatioﬁ is slbw, the
vibrationally excited ClO radical nﬁght berf some importance. The vibratioriélly
excited ClO product in the Cl + O, reaction éould certainly promote its reatﬁon

with certain atmospheric species in both laboratory measurement and in the

stratosphere.®*

V. CONCLUSIONS

We have studied the' Cl + O, reaction using the crossed molecular beams
- technique. The center-of-mass product angular distrib‘ution‘ and the translational
energy distribuﬁon have been derived from the experimental results. The avérage
trahslational éne_rgy of the products is found to be 40-70% of the total available

energy. In the center-of-mass frame, the ClO product is sideways and forward
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scattered. With the increase of the collision energy, the ClO product is scattered
in a more forward direétion with re'spect to the Cl atom. The translational energy
distribution depends on the center-of-mass scattéring angle; the ‘translationalv
| ehefgy release in the forward direction in the cénter-of-mass frame is larger than
that in the backward direction.

The Cl + O, reaction is a direct reaction. Thé Cl atom ‘would most likely
attack the terminal o>£ygen atom on the ozoﬁe mole.cule. The exit channel on the
ClO, potential energy surface is believed to have a strong repulsion. Besidés the
large tranélational energy release in the products, the Clo pfoduct is also
" expected to be vibrationally excited. Since the remaining O-O bond of the ozéne .
molecule serves as a spectator in the reaction process, the O, producf that the
femainihg O-O bond finally turns into should remain vibraﬁonally cold. A
measurement of the sfate distributions of the CIO and O, products would be
helpful to complete the picture of the reaction mechanism. An ab initio ;alcul'ation
.on the Cl + O, reaction is also desirable to éomparev With .the resulté;éf this

crossed molecular beam study.
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VII. TABLES

TABLE I. Experimental Beam Parameters.

57

 Peak velocity (v,,) Speed Ratio
Beam description - _ L
‘ - (x10* cm/sec) (v/Av)
Cl (1% Cl,in He) 33.2 5.5
C1 (10% Cl, in 82% He 2.7 5.4
and 8% Ar) .
Cl (10% Cl,in Ar) 141 6.7 |
O, (7% in He) 149 136 |
O, (7% in Ar) 64 12.5

TABLE II. Experimental Conditions.

Cl v, | O; Vi - | Collision Energy.' e
. | L ' AEcoll/ E<:oll AEcoll/ Eavl
(x10* em/s) | (x10* em/s) | Ey (kcal/mole) o
332 14.9 32 31% - 14%
2.7 64 135 - 34% 9%
14.1 6.4 6 25% 3%




TABLE III. Average Translational Energy Release.

— =

Collision Energy | CM Angle 10° | CM Angle 50° | CM Angle 120°_ | (A<Ep>),x |
Ey (kcal/mole) <E{/E,»> - <E;/E,.> <E/E,.> kcal/mole
32 66 50 49 122
60 47 43 8.6
43 41 37 27

84



_TABLE IV. Peak Translational Energy Release.

Collision Energy | CM Angle 10° CM‘A-ngle 50° | CM Angle 120° | (AEP*%),....
E_, (kcal/mole) | EP*/E,, EP™*/Epu EP*/E, | kecal/mole
32 65 55 49 110
135 56 44 42 72

6 .41 40 35 2.8

et ———————————————————

hymrrr——————a———
—

6S
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VIII. FIGURE CAPTIONS ;

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

- Energy level diagram of the Cl + O, system. Thermodynamic

data of three chlorine trioxides is derived from Ref. 21. All the
other thermodynamic dafa is dérived 'fr-om Ref. 12b. »The solid
lines stand for the collision energieé in the experiment.

Top view of the crossed molecuiar beam apparatus.

Schematic diagram of the ozone molecular beam source.

~ Upper: Laboratory angular distribution of the reaction Cl + O, at E,;

= 32 kcal/mole. The filled circles are for the experimental data.

Error bars stand for 95% confidence limits. The solid lines are for

the calculated laboratory angular distributioﬁ.

. Lower: The Newton diagram fbr the reaction Cl + O; at E_, = 32

kcal/mole. The circle stands for the maximum center-of-mass recoil

~velocity of the ClO product. The direction of Cl velocity vector is

defined as 0°, and the direction of ozone velocity vector is 90°.

- Laboratory time-of-flight spectra of the ClO product at E. = 32

kcal/mole. The circles are the experimental data points. The solid |

lines are. the calculated .spectra. (@) TOF spectra for the

laboratory angles from 20° to 27.5°. (b) TOF spectra for the -

laboratory angles from 30° to 75°.
Upper: Average translational energy <E> at different center-of-



Figure 7

Figure 8

Figure 9

Figure 10

Figure 11
Figure 12
Figure 13
‘Figure 14

Figure 15

Figure 16
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mass angles for E_; = 32 kcal/mole.
Lower: Total relative center-of-mass angular distribution I.\(6) at

Eoi = 32 kcal/mole. The maximum of the relative angular

distribution is .scaled to unit.

Translational energy release probability P(Er, 6) at various center-of-
mass angles for E; = 32 kcal/mole. Maximum probabilities are

scaled to unit. The maximum translational ehergy in these plots is

~ the total available energy for the reaction at the most probable -

collision enefgy E,_.;,,, = 32 kcal/mole.

Contour map and 3-D plot for the center-of-mass flux-velocity

distribution IICM(O,' u) at E_; = 32 kcal/mole.

Same as Flg 4 but at E_; = 13.5 kcal/mole.

Same as Fig. 5 but at E_ = 13.5 kcal/mole. (a) TOF spectra‘ for the
labbratory angles from -20° to 35°. (b) TOF spectra for the laboratory '
angles froﬁl 40° to 75°. -

Same as Fig. 6 but at E,,; = 13.5 kcal/mole.

- Same as Fig. 7 but at E_; = 13.5 kcal/mole.

Same as Fig. 8 but at E_; = 13.5 kcal/ mole.

Same as Fig. 4 but at E.; = 6 kcal/mole.

’ Sam_é as Fig. 5 but at Ecoﬁ = 6 kcal/mole: TOF spectra for the

laboratory-angles from -15° to 75°.

Same as Fig. 6 but at E; = 6 kcal/mole.



Figure 17

Figure 18

Figure 19

Figure 20
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Same as Fig. 7 but at E_; = 6 kcal/mole.

Same as Fig. 8 but at E_; = 6 kcal/mole.
Upper: The fractions of the average translational energy in the total

available energy at different center-of-mass angles versus the

-collision energies.
'Lower: The fractions of the peak translational energy release in the

~ total available energy at different center-of-mass angles versus the

collision energies.

The maximum difference in the average translational energy release

~ at different center-of-mass angles versus the collision energies and

the maximum difference in the peak translational energy release at

different center-of-mass angles versus the collision energies.



Energy (kCaI/moIe) N

40

30

20

10

-10

-20

-30

40

Collision Energies -

CI(P)+O,(A)

OCl-00—

sym-CIO, |

Cl0-00—

Energ. y Level Diagram

Cl+0+0,
OCIO+0 (°P)

ClIOO+0 (°P)

- CIO(*I) + O,('EY

CIO(TT) + O(Ag)

L CIO(*IT) + O,(°EY

Figure1

63



Crossed Molecular Beam Apparatus

Halogen -
Atom

Source p————

TOF chopper
wheel

Ozone
Molecular

Beam Source

Figure 2

» 0°

- Mass
Spectrometer



¢ am3yg

Ozone Molecular Beam Source Setup

Noble Cé_rrier Gas (l—ie, A - TonMachine/Ozor)e_Mdlecu|ar Beam

Ozone/He/Ar Mixture |

/’ Hg Larhp

8 ‘Monochromiator .

/ Quartz Absorption Cell

| PMT

\ : o \Téﬂon/Stainless Steel Gas Lin_e'
.~ Low Temperature Bath : '

“—

Ozone Trap with Ozone/Silica Gel

9



RELATIVE INTENSITY

160

120

80

40

Collision

o 66
Energy 32 kcal/mole

I ! I

— T T y  p— T

® CM Angle. [

500 m/s
d

| Figure 4



67

Cl + QS —ClI0O+0, E_, = 32 keal/mole

150

Relative Number Density N(t)

100

50

150 |
100 }

50

100

50

150 |
100 |

50 +

150

100

50

o®;
A
0 PP . %
CeoLioTITielTUt el
i
T

| o | - o)
fZO = -13

150

-

1lcl>o_' 200 ‘_o'  1‘60 200
CIO Time of Flight (us)

Figu’re S5a

300"



Relative Number Density N(t)

Cl + 0, —CIO + 0, E_ . = 32 kcal/mole

150
100

50

150 |
100 r

- 501

150 t

100

50 |

150

100

150
100
50

o . . A
g . .
D o ) Qa
B N S ¢ . < 004 cTe 0 aWrnsoVosces s Wor o Ui, U, . WP — e R e
=== B -7 B . BOES-tr reen)- - ————— > -
L L 1 1
T T i

o
60

' o
65

o)
70

100

200

0

100

CIO Time of Flight (us)

Figure 5b

200

300

68



<E.> (kecal/mole)

Relative Flux

Colllisi:on Energy 32 _'kéal/mole

69

50 I { I ] |
S\
40 | N -
N\
A
\\. ______________ -
30 |- -
i 1 | S | | . »lv 1
0 30 - 60 g0 120 150.‘ 180
CM Angle (deg.)
1. [ i | 1
1.0 -
o TN
o8l | -
\
i ~
0.6 | S o s
-
~
0_.4,'_‘. \\\' =
- 0.2 7 . n
r.
O.'O' | 1 i 1 i 1 | 1 1 1

30 60 90 120 150 180

CM A‘r_\gle.'(deg,.) -

Figure 6



Relative Probability P(E.)

Collision Energy 32 kcal/mole

i T T T T | T T + ~T Y T

1.0r .CM Angle o _ ]
. 10.degrees

0.5 F 4

0.0 bttt N

10 oM Angle 7 \ .

L 40 degrees - ]

0.5 | - | i

0.0 — t——— } : + | ,

1.0 cowm Angle .
1 120 degrees

0.5 i

0.0- !

O 10 20 30 40 50 60 70

-

Translational Energy (kcal/mole)

Figure 7



71

L
E
o
S
7o)

(sn qz2) f

XOOO(
nnnnnn
XX

suoIa] (09, ._

: ‘Figu're 8



RELATIVE INTENSITY

72

Collision Energy 13.5 kcal/mole

160 — T T T T T T T I T
120 | | .
0 |

40 -

Figure 9



Cl + 05 —CIO + 0, E

Number Density N(1)

Relq’rive

150

100
50

0 e

150

100

150
100
50

150 |

100

50

150
100

50

coll

13.5 kcal/mole

T T

100 200 0

; 7Figure 10a

100 200 300

73



74

Cl + 03'——_ Clo + 0, E_, = 13.5 kcal/mole

150 | 6T
100
50

150 ¢ o T
100

50

150 : i

(o] o
100 | 60 | 65

Relative Number Density N(t)

150 | o ' o T
.100 n ' | 70 i | 75 |
50 | I

........
..........
0
.l..

0 100 200 0 100 200 300

ClO Time of Flight (us)

Figure 10b



Collision Energy 13.5 kcdl/"mo’.le'

Relative Flux

<E;> (kcal/mole)

40

30

20

10

1.0

0.8

- 0.6

0.4
0.2

0.0

| | i | | i
~
~S o
\\\ — _ .
! ) l I ) I . L L
0 30 60 90 120 150 180
CM Angle (deg.)
T T T T T
7/ , N
_ / ) ~ ]
/ T~
N \\
" ~—_ |
VI ' |‘. L | . | ! 1
0 30 60 0 1200 150 180

~ CM Angle (deg.) |

Figure 11

75



Relative Probability P(E)

Collision | Energy 13.5 kcal/mole

. i ' { T I d v I v .l
1.0r .CM .Angle
. 10 degrees
0.5 -
A
0.0 —y
10T oM Angle - T
| 50 degrees
0.5 F -
0.0 * — } ; 1 1
1.0 CM Angle i
| 120 degrees
0.5 -
0.0 1 L ! : " 1 !
0 10 20 30 40 50

Translational Energy (kcal/mole)

Figure 12



£
£
o
S
0.

(s “que) Az OD

Figure 13



RELATIVE INTENSITY

160

120

80

40

Collision Energy 6 kcal/mole

I v I i i M ¥ v i v I

c10

N CM Angle

-20 0 20 40 60 80

LAB ANGLE (deg)

_Figure 14

78



coll

Cl+0y—CIO + 0, E

= 6 kcal/mole

150 : o T
100 + T

.0
20

150
100

- 50

150
100
50

150’ ’ : le) T

Relative Number Density N(t)

100 - T

50} |

0 100 = 200 0 100 - 200

ClIO Time of Flight (us)

Figure 15

79

300 .



<E.> (kcal/mole)

Relative Flux

30

20

10

1.0

0.8

0.6
0.4
0.2

0.0

Collision Energy 6 kcal/mole

CM Angle (deg.)

Figure 16

180

80

1 ) I i ] v
-___N\\\ |
1 | 1 ] 1 . i .1 | 1 E | .‘ L

0 30 60 90 120 150 180
CM Angle (deg.)
1 1 : 1 | T
/ ‘~\
" , ~o A
/ \
- -/ N\
/
B / _
7/
//
1 s 1 L | 1 1 1 | 1 | 1
0 30 .60 90 120 150



‘Relative Probability P(E.)

Collision Energy 6 kcal/mole

- 0.0

T LR Y T T T
1.0 _ i
CM Angle
- 20 degrees
0.5 | .
0.0 . } i I }
1.0 | B .
CM Angle ]
' 50 degrees
0.5t | -
0.0 v = 1 + 1 ¢ I' :v :
1.0 , s
CM Angle -
120 degrees |
0.5 F ' .
s " 1
0 10 20 30 - 40

" Translational Energy (kcal/mole)

Figure 17



82

m&g ‘qre) Asuopn] Ol

P

Y

S
&
6

- Figure 18



0.8

A 0.6
=
B o ]
L
~N
Ll...ll-

v 0.4

0.2

0.8

> 0.6
Ll
N

XX

o
3

-~ 0.4
oLl

0.2

1 L l . 1

10 20 30

Collision Energy (kcal/mole)

T — T g T

A CM 1o: | o

m CM 50 . c A
B — .

- | i \ ] . S|

10 20 , 30

Collision Energy (kcal/méle)

- Figure 19

83



15

i ! | L |

10 ' 20 30

Collision Energy (kcal/mole)

Figure 20




85.
CHAPTER 3
CROSSED MbLECULAR BEAM STUDY OFTHE REACTION Br + O,
ABSTRACT

The reaction of ground-state Br(*P;/,) atom with ozone molé;:ule has been
studied by the crossed mole@ar beams technique at five different center-of-mass
(CM) collision energies rangﬁg from 5 kcal/mole to 26 kcal/mole. The product
~ translational energy distribution and the BrO product center-of-mass angular
di_stribution ‘have been derived from the éxperimental data. The .peruct
' translational energy release is iarge, '.and the average translational energy release
ran"geS from 46%-60% of the total available energy. The BrO product is forward
and sideways scattered in the center-of-mass frame. With the increasé of the.
_ collisionv energy, the fraction of the total available energy channeled into the
translational energy of produ_éfs is increased, and the BrO product is al\so
scattered into ‘vmd're forward direcﬁon with respect to the - Br atdm. The
translatiénal energy release .is found ‘tc.) depend strongly on the center-of-mass
scattering angles, with the translational energy release in fhe forWard direction in

the center-of-mass frame larger than that in the backward direction. It is

concluded that the Br + O; reaction is a direct reaction. The Br atom would most
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likely attack a terminal oxygen atom of thé ozone molecule. The exit channel on v
“the BrO, potential energy surface is believed to have strong repulsion to cause the
large translational energy release among the products. The detailed comparison
of the experimental results for the Cl + O, and the Br + O, reactions shows that
the two reactions have similar reactibn mechanisms. The electronic structure of
the ozone moleculé plays the central role in determining the réaction mechanisms

of these ozone reactions with the atomic radicals.



87
I. INTRODUCTION |

The reaction Br + O; — BrO"+ O, is important in stratospheric chemistry
along with the reactibn Cl+ 03 — ClO + O,.! They play\the key roles in catalytic
ozone .destrﬁcﬁon cycles. | It is currently believed that the ClO dimer and
CIO /BrO mechanisms in which the two reactions are involved are responsible for
most of the Antarctic stratosphere ozone loss.>* The reaction Br + O, is one of the
initial steps in the ClO/ BrO cycle of i:he oz.one destruction. |

- A lafge nﬁmbér of kinetic studies on ozone reactions with radicals éuch as

t”13 Measurements made

the C1+ O, and Br + O, reactions have been carried ou
in these studies of reaction raté constants and their temperature dependencies
have provided a valuable data base for rhodeling stratospheric chemistry and alsb
have given some insight into the reaction mechanisms of these reactions. For
atom X + O, (X=OCP), F, Cl, and Br) reactions, the pre-exponential factors were
found to be very similar and, thi;s, were insensitive to the reaction v
exothennicity.“"‘z'“ The rate coefficients for atom X + O, reactions correlated with
the electronl affinities of the radical atoms instead of with the. reaction
exothermic:ity.10 It was then suggested fhat the transition state structures of these
reactions were insensitive to reactant X, and that the bond lengths and frequencies
of the transition state resembled those for the stable ozone molecule.*"** It was

also suggested that the X + O, reactions proceeded via early transition states that

best resembled reactant ozone.'*'*? Therefore, based on the information from the
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kinetic studies, the reaction Br + O, is expected to be very similar to the reaction
a+o,

McGrath and Norrish carried out the pioneer flash photolysis study on Cl,-
O, and Br,-O, sy.stvems.14 Their flash photolysis light was filtered by a soda glass
filter so that only the Cl, or the Br, molecule, and not the O, molecule in the ClL-
. O, or Br-O, mixture, could be dissociated. For the B'rz-O3 system, BrO absorption
was obsv’ervéd after the shortest time delay. The v" = 0 progression of BrO
absorption was predominant, however, BrO absorption bands with v" up to 4
were also visible in thé experiments. It is clear that the BrO product formed in
the Br + O, reaction had _considerable vibrational ekcitation, which was quite
similar to the Cl + O, reaction. Clyne and Cruse’ studied the Br + O, > BrO +0,
feacﬁon by detecting the ground-state ErO (X?IT) radical using time-resoived
electronic absorption spectrophotometry in a discharge-flow system. The
absorption spectrum of the BrO radical produced in the Br + O, reaction showed
the -absence_ of the hot bands with v" > 1. However, due to the much longer time
delay (-5 ms) in this experiment, the vibrationally excited BrO radical from the
Br + O, reaction probably had already relaxed down to the groimd Vibfational
state (v" = 0). | | |

There has been 'almost. no theoretical sfudy on the Br + O, reaction.
However, due to the similarity of the Br + O, and the Cl + O, reactions, the semi-
empirical study of the Cl + O, reaction by Farantos and Murrell® could still

provide some information about the mechanism of the Br + O; reaction. An early
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transition state in a collinear coliision pathway in which the Cl atom attacked
along the line of one O-O bond was located on the ClO; potential energy surface
(PES) constructed semi-empirically by the authors. Classic trajectory calculations |
wére carried out on this PES at the ‘collisvion energy corresponding to the
Maxwellian mean energy at 300 K with the O, molecvuléb in its vibrational ground
state. The calculation results showed that the ClO product was predominantly
f'orward scattered with respe‘cr to the}Clj,atom in the centér;of-mass system. The
large forward-backward asymmetry showed that there was no long-lived complex
formation along this collinear pathway. The calcnla'tion results also showed that
at 300 K about 49% of the total available energy went into the translational energy

~of the products while‘ 20% into ClO vibrational energy. The autnors also
predicted that v = 1 was rl1e most probable vibratiOnal state of ClO but that
vibraﬁonal statesvup to v = 8 were populated while almost all the O, product
‘would be in the ground vibrational state.. There was n large amount of
'vibrational energy in CIO due to the early u'anéiﬁon state locatod in the entrance
yélley. The O-O bond length, nowever, did not change much in the reaction;
theréfore, thére Was much 1e_ss' vibrational _exoitaﬁon in the O, product. Michael
and Paynée’ used the activated complek theory to calculate the pre-exponential
factor A. They assumed a collinear approach and used the BEBO method to
determine the intermediate Conﬁguraﬁon. The intermediate configuration reached
was quite close to the reactants. Due to the lack of inforrnation to estimate

aocurately the bending frequency, the comparison between the calculated pre-



90

exponential factor and the experimental pré-exponential factor wés ﬁot conclusive.
We have repbrted the crossed molecular beam study of the Cl + O; reaction
in the previous paper.* A large fraction of the total available energy Was
channeled into the product translaﬁonal energy. The ClO product was sideways
and forward scattered fvith-respect to the Cl atOm; The translational energy
release was éoupled with the cenfer-bf—mass scattering angle. It was concluded
that the Cl + O, reaction proceeded through a direct reaction mechanism and that
the Cl atom was most likely to attack the terminal oxygen atom of the ozone
molecule. |
Previous kinetic studies on both the Cl + O; and the Br + O, reactions have
sfrongly suggested that the two reactions were quite alike. In the present work,
we extend our study to the .Br + O, reaction to further probé the reaction
mechanisms of the atom reactions with ozone molecule. We have carried out a
crossed molecular beam study of the Br + O, reaction at fi{re different collision
energies. The center-of-mass angular ahd translational energy distributions of the
producfs are derived from the expérimental data. With the oBtained dynamic
in_formaﬁon, we would like to provide more insight into the mechanism of this
important reaction and also to compare this study with that of the similar reaction
Cl + O, we carried out before. As far as.what we know, this is the first crossed

molecular beam study of the Br + O, reaction.
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Il. EXPERIMENTAL |

The experimen'tal setup for this study is similar to that in the Cl + O, study
presented in the previous paper.’® We bfieﬂy describe the conditions for this
experiment in the following. - . |

The uniVersel crossed m'oleculaf beamapparatus used for the present study
“has been described in detail previously.”"® Continueus supersonic bromine
atomic and ozone molecular beams were seeded and two-stage differentially
pumped. The two beems were crossed at 90° in the main collision ehamber held
at a vacuum of approximate 107 torr. The sca_tteréd products were detected by
a triply differentially pumPed mass Spéctrorhetric detector which rotated in the
piahe of the two beams with reepect to the center of collision.” The typical -
eleetrdn energy of the electron impact ionizer was 180_eV,-.and the‘ typical ion
energy was 90 eV. The size of the collision zone was typieally 3x3x3 rmvm3, and
under normal conditi'oﬁs the whole collisidn zone was viewed by the detector.

| The bromine atom beam was produced by thermal dissociation of Br, in
rare gas mixtures in a resistively heated high-density grap.hite19 nozzle source that

was designed in this laboratory by Valentini, Coggiola, and Lee.*® The Br,/gas
| mi*tureg were generated by passing 700 torr of helium, argon or krypton th.rlough
liquid bromine (reagent grade' Fisher or Mallinkcrodt, without any further
purification) in a glass bbubbler held at an ice/water beth (at 0°C, Br, vapor

pressure = 60 torr). For the higheSt collision energy used in this experiment, 700
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torr of helium gas was passed through the Br, bubbler held at abouf -9 °C (Br,

vapor pressure = 40 torr) in a constant témperature bath. The high-temperature
graphité source had a nozzle of 0.12 mm diameter and was heated to
approximately 1700°C. A conical graphite skimmer with an orifice 1.0 mm in
diameter was positioned 7.6 mm away in the downstream of the nozzle. A set
of collimating slits on the differential waﬂ further defined the beam to 3° in full
‘width and 3 mm x 3 mm size in the collision region. A very large fraction of Br,
thermal dissociation (= 97%) had been observed by a direct measurement of
[Br] /[Br,] ratio in the beam. Heating power for the high-temperature graphite
source had been _carefullylmaintained constant through out the period of the
experiment to ensure a stable Br atom beam with stablé beam velocity. The Br
beam velocity was also occasionally checked before and after a daily reactive
scatterihg experiment. | | |

The ozone beam was described in detail previously.® In brief, the
Aozohe /inert gas mixture with 7% ozone concentration and 300 torr total pressufe
was expanded through a 0.12 mm diameter nozzle. The nozzle tip was heatéd
4to 80 °C to minimize the formation of ozone dimers. The ozone molecular beam
was skimmed by a stainless steel skirﬂmer of a 0.5 mm diameter orifice with>a
nozzle-skim'lhe‘r» distance of 7.6 mm. The beam was fﬁ:ther defined.by' the
collimatiﬁg slits on the differential wall before entering main chamber; this gave
a 3° beam full width and a 3 mm x 3 mm beam size in the collision region.

The velocity distributions of the Br and O; beams were measured using the
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time-of-flight (TOF) technique. 'Ihe Br atom and ozone molecular beam velo'city
distributions were vobtained from fitting the experiméntal time-bf-ﬂight spectra
using progrém' KELVIN%?? which convoluted over the knc;wn apparéms functions
| to-determine the beéﬁ speed .(v) and speed ratio _(v/Av). The typical beam
paraineters are given in Tabie 1. The collision‘.enerigy waé varied by seeding Br,
and_ 03 iﬁ different rare gases aqd by changing the cdncehtration of Br, in the gas
i;\i_*hnes. The most-probable.col_lision enefgies E.u and the spread .of the céllision
energies are listed in Table 2.
The product- timé-of-ﬂight spéctra from the reactive scattering were
measured using the _cross-corfelation method with | a time resolution
~ . 5ps/channel* The nominal flight path from the cross-correlation wheel fo the
electron impact ionizer Was 30.1 em. Préduct BrO was monitored. The mass
spectrometer was set at m/e = 95 w1th low r‘esolutionv:to detect Br’”O isotope
specieé, while a small amounf of Brf1O might have‘been collected as ‘Well." Total
counting times ranged from 0.5 to 6 hours per laboratory angle.

Exc,ept. fOr 'fhe experiment at 185 kcal/mole collision energy, the BrO
product laboratéry angular distributions were measured by modulating the ozone
beam using a 150 Hz tuning folk chopper with the time-of-flight wheel removed.
At a particular laboratory angle, fhe signaﬂ wiéh the ozone beam on and the signal
with thé ozone beam off wére recorded in two separate channels in a dual-
channel scaler. Subtracting fhe beaﬁl—off signai from the beam-on signal ata

vpar-tic'ular laboratory angle simply gave the net reactive signal at that angle. The
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total counting times per angle ranged from 3 to-10 minutes. For E.; = 185
' keal/ mole; the BrO angular vdistribution was obtained by performing area
integrations over the range of the time channels of the time-of-flight peaks in the
TOF spectra at the appropriate laboratory ahgles. |
To reduce the background species entering into the detector,‘ a cryogenic
copper cold panel was placed agaihst the differential wall inside the main
scattering chamber and facing the detector. It was cooled by being tightly
clémped to the liquid-nitrogen cooled cold shield in the scattering chamber. Its
temperatiire was typically about 90 K, whiéh Was monitored by a low
- temperature sensor (LakeShore). It was effective to reduce the backgfound for

species such as BrO.

III. RESULTS AND ANALYSIS

Laboratory ahgular and time-of-flight distributions weré recorded af five
different center-of-mass collisién energies from 5 kcal/ mole to 26 kcal/mole.
Experiméntal conditions for four collision energies are listed in Table 2. The
" Newton diagrams for the four collision energies are shown in Figs. 2, 7, 12, and
17. The circles stand for the max1mum range of the center-éf-mass recoil velocity ‘
of the BrO product if all the évailable energy channels into the translational

energy of the products. The angular and TOF distributions were recorded atm/e
. oo
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= 95, corre_spoﬁding to Br°O*.

The product angular distribution and tirhe—of-‘ﬂight spectra were fittved
using a,forward-convolution method. The FORTRAN program is an improved
version based on the previous program.*® The goal of .the analysis is to find the
product angular and tr/anslationai energy distributiohs in the center-of-mass
frame. It starts with a trial form for the center-of-mass product flux-energy
distribution. The program transforms this trial center-of-mass flux distribution. ‘
" into the laboratory frame flux distribution and generates the laborétory' frame
angular distribution and time-of-ﬂighf spectra for each experimental laboratory
angle. after confroluting over thé measured beam velocity distributions aﬁd the
known apparatus functions such as the spread of collision angles; the detector
accéptance angle, and the length of the ionizer. The program scales the calculated
spectra to the experimental data land makes tﬁe comparison.’ This is repeated so
as to optimize the center-of-mass flux distributioh iteratively until a best fit for
the expérimental data is found. | | |

Initially, we tried to fit the data using an energy-ahgle separable form of
the cénter-of—mass flux distribution. In this trial form, the center-of—mass ﬂux
distr_ibutidn was expressed as a prbduct of T(8), the center-of-mass product
* angular distribution, and P(Ef), the center-of-ma_ss product relative transl’atio_rial )
energy distribution. We found that, for lérge lébqratory angles (© > 40°), the
) fittings for the time-of-flight spectra t-«;ere reasonably good; howevér, for small

laboratory angles (© < 25°), the calculated time-of-flight spectra were clearly too



96

slow compared with the experimental data. A fast and forWard contribution in
the center-of-mass flux distribution was needed to make a satisfactory fit to our
experimental data which had very good signal-to-noise ratio. It was then realized
" that the center-of-mass angular distribution T(8) and the translational energy
distribution P(E;) were nonseparable, i.e., fhe‘ product transléti‘onal energy release
was dependent on the center-of-mass angle. The translational energy release‘in
the forward direction with respect the Br atom in the center-of-mass frame was
larger than that in the backward direcﬁon; thus, the BrO product was faster at -
small laboratory angles. This type of behavior is exaci_:ly the same as in the Cl+
O, reaction.

To account for this coupling 'effect‘ in a simplified way, we used a
combination of different sets of uncoupled 'T(é) and P(ET). The center-of-mass
product flux distribution was expressed as the weighted sum of thé products of

different sets of T(8) and P(E,):'

4

I (8, Ep) =Y w;-T,(6)-P,(E;) : ' n
i=1

H

Each P(E;) was normalized so that [P(E;)dE; = 1. The total center-of-mass

angular distribution could -therefore be expressed as:

T ([ lou(®, EDE=T weT(0) @)

i=1
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The produtt translational energy distribution at CM angle 9'.'would be expressed
in Egn. 1 with the CM angle fixed at ©. ) '

For our purpose, a trial I,,(6, ET) combined from two different sets of T(6)
and P(E;) was used as input to thefivtting program. T(8) was chosen in a point
form because of the uniqne angular distribution of this reaction P(E;) was
chosen in a RRK -type functlonal form for the convenience of parameter
adjustment. After optumzmg this trlal I.(6, Ep) function, quite satisfactory
fittingé to | the expenmental data were finally reached. The calculated and
experimental laboratory anédar distributions at four different collision energies
are shown m Figs. 2,7, 12, anti 17. The fitted and experimental laboratory‘ time-
of-flight spectra at four collision energies are in Figs. 3, 8,13, and 18. The average
translational energy releases versus center-of-mass angle and the total center-of-
mass angular distributions are in Figs. 4,9, 14, and 19. We also plot the relative
translational energy distrit)utions at various center-of—mass angtes in .Fig_s. 5, 10,
15, and 20. Using the optimized center-of-mass ﬂux-energy distribution I.«(6,Ep,
we plot the center-of-mass flux distributions in veloc1ty space L6, u) (1,6, u)
e U ICM(G ET)) both in contour maps and in 3-d11nen51ona1 surface curves in F‘lgs
6, 11, 16, and 21.

The overall features of the Br + O, reactxon are very sumlar to those in the -
.Cl + O, reaction. The laboratory angular d15tr1but1ons are quite broad, which are

due to both the large reaction exoerg1c1ty and the large product translatlonal

energy release. At h1gh_er colhswn energies, the laboratory angular distributions
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show a significant forward peak 'in front of the center-of-mass angle. With
collision energy increased, the peak of the laboratory angular distribution is
moved in the forward direction. There seems to be two peaks in the positive
angle region of the laboratory angular distribution, especially for the high
collision energies, which is different from the Cl + O, reactien. In the center-of-
niass frame, the angular distributions are also quite broad, and they have larger
intensities for the sideways scattering. The center-of-ﬁiass angular distributions
do not have forward-backward symmetry. Instead the large asymmetry with
more forward contrlbutlon is present in the angular dlstrlbutlons The peak of
the angular distribution T(8) shifts from 90° to 60° and finally 30° with the
collision energy increased, and the peaks are becoming more predominan£ We
have to point out, due to the _kinematics of this exotherinic reaction (Figs. 2, 7, 12,
~and 17), forward scattered BrO product within © = 10° in the laboratory frame
- could not be well detected. Therefore we are more confident about the fitting for
the wide-angle scattering in the CM frame than that for the forward scattering (6
< 20°). However, experimental data af E. = 26 kcal/mole, which is under the
most favorable kinematics, allows us to obtain a quite confident fit down to CcM
aagle 10°. The decrease of the intensity f\ror'n. 30° to 10° in the CM frame at E, =
26 kcal/mole is also of high certainty. For the lower collision energies, the CM
angular distribution within 20° is less certain, however, the trend of the dec_rease
of the CM angular intensity in this region is still quite obvious.

'The overall product translational energy release is large. This is especially
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évident in the TOF spectra at the laboratory anglés ﬁear the center-of-mass ang‘ie
Ocy (~20°). There are two peaks in the TOF s‘I)eotx'a, a forward and a backward.
The center-of-mass recoil velocity of the BrO product is very large so the
combined forward and backward laboratory Vellocities_. afe far way from the
center-of-mass velocity Vc,; therefore, two di_stinét peaks are present in the TOF
spectfa near the center-of-mass é_ngle' Ocy Al translatio'nall energy reiease
probabilities P(E;) peak quite far away from 0 kcal/mole. The P(E;) curves are
smooth and almoét symmetric. With the collision energy increased, a larger
fraction of the total available energy is channeled into translational energy. The
width o; the travnslavtion‘al energy release probability P(E;f) becomes wider with the
increase of the collision energy. Furthermore, with the collision energy incréased,
the angular dependence of the translational energy release also becomes larger,
ie., the difference be_ztween the vfastvar.ld slow kinetic energy releases becomes
larger. These trends of the kinetic energy release are shown in Figs. 5, 10, 15, and
20 .and in Tables_ 3 and 4. _ |

We started .the Br + 03' study with 18.5 kcal/molé collision energy. The

.large intensity in the laboratory angular distribution in the negative angles (-20°
-10°) aroused our attention. To conﬁrm that no impurity would give rise to such
‘mtensmes near the Br beam, we substitute O, with CO, with th‘e same
concentration. N 0 m/e = 95 signal was observed in the nearby region, so the Br
beam was ouiée clean from m/e = 95 contamination. Following the experiment

at-18.5 kcal/mole collision energy, we performed the reactive scattering at four



more different collision energies. At these different kinematics, the intensities at
the negative laboratory angles near the Br beani'remaiﬁed large. Finally, our data
fittings gave quite reasonable r‘éproductions of these intensities.

The other type of ’possible_BrO impurity was from the reaction between the
chemicai interest species in both beams, and it might give different translational
energy distribution from that of the Br + O, reacﬁon. | However, in thé same way
as we arguéd in the C1 + O, sfudy, we can rule ouf this possibility_. The reaction
channel of Br with O, in the ozone beam is too~ endothermic (AH® = 63 kcal/mole)
to produce any BrO. However, thevreaction_Br2 + O - BrO + Br (AH° ~ -10
keal/ molej'is én_ergetically poséible. Nevertheless, because of the 1arge fraction
of dissociation (= 97%) of bromine molecule 1n the high temperafure source, the
residﬁal bronﬁﬂe molecule in the Br bc;lm}is a very minor component; and the
amount of tﬁe oxygen atom in the ozone beam is also expected to be very small.’®
: 'Therefore, the possible Br, + O reaction would only produce trace amount of BrO
species; Furthermore, as we argue in the following, fhe BrO radical pfoduce;l in -
the Br, + O reaction will not interfere w1th the TOF spectra of the BrO product
from the Br + O, reéctibn. Herschbach et al.”* and Grice et‘al.”'29 studied the Br,
+ O reaction using crossed m'ole‘cul'ar beamé technique. At about 1 kcal/mole
collision energyf"”/' the Br, + O reaction was shown to proc;eéd .via a long-lived
collision complex with small product translational energy releasé. At higher
collision energies from 3'k_cal/ mole to 10 keal/ mole,®? the BrO center-of-mass

angular distribution of the Br, + O reaction still showed some forward-backward
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symmetry with slightly larger intensity in the direction of the incident O atom.
The BrO flux was concentrated on the poles at 0° and 180° in the center-of-mass
frame, and the translational energy release waé small; therefore, hiost of the
- product flux cor}centrated around the relative Velocity vector. Ih our éxperiment,
the expected collision eriergies’ for the Br, + O reaéﬁon would be from 2 to 13
kcal/mole, which were comiparable to those in the previous exp.erin_lentssz"'29 The
possible BrO product from the Br, + O reaction had to concéntrate around the
relative ’:\relocity vector, however, the BrO product frorrﬁ the Br + O, reaction
peaked véfy far away from the relative velocity vector. Therefore, even if there
were BrO from the Br, + O reaction, it would be 'so slow that it would not
interf_ere in tﬁe BrO ﬁmefof-fhght spectra of the Br + O, reaction.

We tried to detect ’any evidence of the reaction channel Br + O; - BrO, +
O (Fig. i). There are two types of BrO, isomers: asymmetric BrOO and syrﬁmeuic |
* OBrO. | OBrO is an unstable rholecule ‘but could be observed 5y the mass
spectrometer with an electron bombardméﬁt ionizer® Due to the lack of the .
thermbdynamic data of OBrO, the threshold of the OBrO + O chahnel is not clear.
BrOO- moleculé is less étable tha'n. OBrO; Br and QZ are bonded by only about 1 |
kcal/mole in the BrOO molecule."” 2 1t may not be able to survive in the
electron bom‘bardmént ioni’zer; The reaction channel BrOO + O would be open
_ above about 22 kcal/mole collision energy. }At over 24 keal/mole collision
'energy, BrOO might under go further decomposition. We detected no signal at

m/e = 111 at 26 kcal/mole collision energy. As in the Cl + O, reaction, we think

¥
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the reaction channel Br + O; — BrO, + O is a very minor channel.

IV. DISCUSSION

The cen_ter—of-rhass angular distribution and the produ_cf translational
energy release of the Br + O; reaction vare very similar to those in the Cl + O,
reaction, and, thus, both reactions should proceed through the similar reaction
mechanism. It is clear that the reaction Br + O, is also a direct reaction. For the
| higher collision energies (E.y = 14.5-26 kcal/mole), the center-of-mass angular
: distvributionv has a ‘preddminant forward-sideways peak and is strongly
asymmetric with respect to 90° in the center-of-mass frame. It does not have the
typical forwafd-backward symmetry that a reaction via a persistent long-lived
éomplex has.® Furthermore, the strong coupling between the translational energy
release and th.e center-of-mass angle is another cleaf s1gn of a direct reaction
mechanism. |

The CM angular distribution at 5 kcal/mole collision energy shows a slight
forward-backward symmetry (Fig. 19). It seems to have the peak at around 90°
in the center-of-mass frame. If a long-lived complex exists at this low céllision
energy, it is an oblate that woﬁld have this type of angular distribution,® and the
BrO product should be ejected perpendicularly to the plane of rotation of the

" long-lived complex. However, there is no force acting in this direction. Most
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likely the forcé ejecting BrO would be‘in the plane of the rotation. In the reacﬁoﬁ
mechanism similar to that in the Cl + O, reaction,' the Bf atom is likely to attack -
the terminal oxygen atom of the ozone molecule in a coplanar pathway at the lp_w
collision énergy, and the transition stafe would likely be a prolate. Because of this
coplanar collision pathway, L and L’ are éorrelated so that they would be in the
- similar direction, and the BrO product is expécted to be ejected near this collision
plane. Fu_rthenﬁore, \becausethe in‘itial orbital angular momentum L and the final
orbital angular mom/entum L’ are quite Iarge, by fhe conservation of the ahgular
momentum, they should be in the similar direction, and the initial relative
velocity and rfhe final velocity should be more-or-less parallel to each other.
Again, 'thé products are supposed té decay into the plahe of the rotation of the
complex instead of perpendicularly out of the plane. However, the center-of-mass
angular distribution of the long-lived ‘complex decéying in the plané (;f the
. rotation should have peaks in 0° and 180° in the center-bf-r_nass frame, which is
not the obéervation in our experiment. This argument again suggested that it is
‘highly unlikely for the reaction to proceed tﬁfough a-long-lived complex. The
difference in the center-of-mass recoil Velocity of the BrO prociuct as a.funttion
of scattering angle also strongly suggests thét there is not a long-lived complex
in this ééction". -
When comparing the experimental results from Ehe Br + O, reactioh and
those from the Cl + O, reaction,'® one finds that the prdduct translational energy

distributions and the center-of-mass angular distributions of the two reactions are
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very similar. The energy dependence of these distributions from the two
reactions are also similar, so are the couplings between the translational energy -
distributions and the cénter-of-mass scattering angles. Essentially, the dynamic
information (center-of-mass energy-flux distribution, i.e., double differential
reactive cross section) for béth reactions obtained from rthé crossed molecular
beam studies shows that the two reactions are very muth alike. The 03 molecule
is fhe central playef to determine the reacti;m mechanisms. The compérison of
the résults from ﬂle crossed molecular beams studies of these two reactions firmly
supports the suggestions ff_om the early kinetic studies that the transition state
structures of these réactiéns were mosﬂy determined by the configﬁraﬁon of the

ozone molecule.!*?

This comparison also agrees with the results from the
theoretical calculations which showed that the intermediate configuration was
quite like the stable ozone molecule.** The conclusion from the two crossed _
molecular beam studies reinforces the argﬁm_ent by Schaefer and co-workers that
the électronic structure of the O; molecule plays an important role in the reaction
mec_:’hanism.34 The O, 'inolecule is characterized as a diradical with' the two
unpaired = electrons in the t‘erminai oxygen atoms.® The center oxygen atom of
the O, molecule has a closed outer shell with 8 electrons, and the terminal oxygen
atoin has only 7 outer electrons with a half-filled = orbital perpendicular to the
plahe of the ozone molecule. The two terminal atomic O2pn orbitals form the

pair of the & molecular orbitals la, and 2b,. The HOMO of the O, molecule is 1a,

orbital, which is fully occupied by the 2 terminal O2p= electrons.
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As argued previousl}'r,l‘”4 it is unlikely for the Br atom to strike the central
oxygen afom.to make the reactién happen, because of the high répuléio‘n of the
lone pair of eléétrons on the central oxygen atom. This is confirmed by the fact
tﬁat the BrO CM angu.lér distribution is péaked predominantly sidewa);s instead
of in the bac’:kwafddirectioﬁ. It is also unlikely for the Br atom to insert into the
O-O. bond. Previous kinetic studies suggested that in this reactioﬁ the structure
of the transition state qtiite feser.nbled.that of the stable oz'oné molecule.*? The
' 'similarity' of the results from the crossed molecular beam studies of both the Br
+.O3 and fhe Cl+0, reacﬁons indicates that the configurétions of the &ansition
states in these two reactions are_similar. This implies thatvt'he Cl or Br atom
prpbably does not insert to the O-O bond to make the structure of the transition
state éuite different from that of the stable ozone molecule.

The Br atoﬁ is very likely to attack,the termi.nal oxygen atom. .One way
is that the Br atom attacks the r orbital on the O; molecule pe’fpeﬁdimlarly from
above the plane of the ozone xﬁolecule. This vertical a_pproach is the favorite way
in the frontier orbital theory..e""'40 Similar to thé C1v+ Q3 reaction, if the singly
occupied p orbital on the Br atom descends vertically to the = orbital on the
terminal oxygen atom, there is a net overlap between tile two orbitals, and a ¢
bond in this direction is expected to form between the Br atom and the terminal
O atom of the ozone molecule. This typé of interaction is symmetry-allowed.
This collision patﬁway has a large impact parameter b, and the VBrO product is |

expected to be scattered in the forward direction. With the increésing collision
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energy, <t}.1e forward scattering would become stronger. - However, in our
- experimental reéuits, BrO is predominantly forward and sideways scattered, and
the intensities of the BrO product in the forward angles (0°-20°) are not very large-
even with about five times increase of the collision énergy.from 5 kcal/mole to
26 kcal/mole. The significant amount of large angle scattering, especially in mgh
collision energies, could not be~ “explained by‘ this consistent large impact
parameter appro';ch either. In this picture, the impact parameter is nearly
constant, énd the approach geometry is nearly identical; the translational energy
release is therefore not expected to vary mﬁch with the CM angle. The strohg‘
angular dependenée of the &anslaﬁonal energy shown in the experimenfal results
could not fit into this pictﬁre. Therefore, this reaction pathway does not
contribute to wide-angle reactive scattering; this réaction pathway alone could not
givé rise to the strong dependence of the product translational energy release on
the center-of-mass scattering angle; and it can not account for the whole picture
of the Br + O, reaction mechanism. N évertheless, it can fairly well describe the
forward reactive scattering. As we discussed in ti;e Cl + O; study, if two poésible
reaétion pathways ..are involved in the Br + O, reaction, this out-of-plane reactioh
pathway, in .which the Br atom attacks the terminal oxygen of the ozone molecule
perpendicularly to the ozone molecule plane, could well account for the forward
scéttering channel. |

If wé assume the similar reaction mechanisfn of the Cl + O, reaction that

the Br atom attacks a terminal oxygen atom in the plane of the ozone molecule,
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the experimental fesults could be well explained, espécially for the sideways and
wide-angle scattering.. If the Br atom approaches the terminal oxygen atom of the
ozone molecule in a coialanar pathway with the singly occupied p orbital on the’
Br atom oriented perpendicularly to the collisién plane (i.e., as a & orbital), this
singly occupied p orbital of the Br atom would have net overlap with the
orbital on the terminal O atom, and this vtype of interaction is aléo synunétry-
- allowed. In this reaction appfoaCh_, the Br atom has a large raﬁge of attaéking
~ angles which correspond to avlarge range of impact pérameters and thus a wide
range of CM angles into which the prodﬁct BrO cpuld .be .scat't‘erec;l.} If the Br
afom approaches the ozone molecule along the direction of the terminal and
terminal O atoms, the impact parameter would be small,. and some backward
scattered BrO would be e'xpected. Because tlus is a head-on type of collision, it
would lead to more internal excitation of the ,réaction intermediate ahd_causé less
translational energy release in the backward direction. Hc;wever, in this in-plane
pathway, attacking of the .Br atom other than m this small impact parameter
approach could cause forward and sideways scattering (e.g., along the, terminal
O atom and central O atofri direction, oi pérpendicularly to this direction). There
is quite a strong repulsion force acting on the separating products( and the
translational energy release is very large. Even with the increase of the collision
‘enefgly, the BrO product is still pushed sideways by such a strong force. The
large translational energy release and the low forward scattering intensities within |

the CM angle 20° at all collision energies could be consistently explained by this
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repulsive force.

At low collision energy (5 kcal/mole), the sideways repulsion is stronger
than the forward impulse from the Br atom, and most of the BrO prbduct is
sideways scattered. When the collision energy is inéreased, the forward impulse

becomes stronger and overcomes the sideways repulsion, the forward peak starts
to be predominant. It is noticed that, w1th the increase of the collision energy, the
increase of the translational energy release for the small angle scattering is larger
than that for the large angle scattering (Fig. 22 and 23). This might be understood
in two ways. First, tile large angle scattering corresponds to the small impact
parameter (small b) approach, which causes more viBrational excitation of the
reaction intermediate. The small angle scattering, however, corresponds to the
large impact parameter (large b) collision, which leéds to less vibrational
excitation of the intermediate. When the collision energy is increased, the small
b collision could still distribute the initial translational energy into the vibrational
energy of the prodﬁcts. However, the large b collision is more efficient to channel -
the initial translational energy into. the translat.ion. of the products. Second, the
translational energy release pattei'n has also to rheet the constraint of ‘the
conservation of the angular momentum. Because of the small initial rotational
angular momentum, the total angular momentum is almost)determined by the
initial orbital angular momentum. Since small b collision has a relativeiy small
orbital angular momentum, thus, small total angular rﬁomentum, consequently,

the final orbital angular momentum and, thus, the relative velocity of the
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products and the translational ehergy of the products have to be reiatively small
to meevt this constraint. However, the large b collision allows larger total anguiar .
momentum and large final orbital angular momentum, therefore, large ré‘lative
velocity of the'proc‘luc.ts and larger translational energy release. The increase of
the width of the P(E;) curve with the collision energy might be due to the ..
incréased excitation of the reaction intermediate with the increased collision
energy. | |
Similar to the Cl + O, reaction, two pbssibie reaction mechanisms might
also exist in the Br + O, reactién. Besides the coplanar approach in Which the Br
atom attacks a terminal oxygen atom of the ozone molecuie in the plane,v the out-
.o_f-pléhe reaction pathWay in which the Br afrdm collides vertically to the ozone
- molecule plane might also exist. As we have discussed,v tlus collision pafhway
would give largely forward scattering, and it can not. account for the wide angle
scattérihg, thus, _nof the completé picmre of the reaction me;hanism: However,
this out-of;plane channel might account for the forward scattering very well.
' Because of the vll‘arge impact parameter in this approach, the product translational
energy is larger relative to that in the wide angle scattering. It is noticed that the
incréaéé of the transiational energy felease_ with the collision energy at small
center-of-mass angles is larger than that at wide center-of-fnass angles, i.e., that
the trend of the increase at small angles is different froxﬁ that at the large angles
(Fig. 22). At wide centér-of—mass scattering angles, th}el translational energy

release increases gradually, but at small center-of-mass scattering angles, the



110

translational energy release increases rapidly. It almost seems that at E_, = 5
keal /mole the forward seattering channel with large translational energy release
is not open, and the forward sca&eﬁng channel seems to have a higher reaction
barrier than the wide-angle scattering ehannel. In a large impact parameter
collision such as in the out-of-plane approach, the orbital angular momentum L
is large, therefore, there is fair amount of translational energy tied up to rotation.
This amount of translational .'energy' is consumed into the rotation as the
centrlifugal energy ahd can not be used to break the chenﬁcal bond. For E_; = 5
kcal/mole, this amount of energy is estimated to be about 1 kcel/ mole'. In
addition to this rotational energy, there is also a reaction barrier of about 1.5

kcal/mole.”® Therefore, at low collision energy E., = 5 kcal/mole, the

_translational energy .is not very ‘ef,fective for the reaction with large impact
parameter. However, with the increase of the collision energy up to E, = 26
kcal/mole, the translational energy tied up to the.rotation increases enly up kto
about 4 kcal/mole, and it is much émaller than the collision energy. Therefore,
at high collision energies, the effect of the translational energy .consumed in the
rotation becomes much smaller, end the forward scattering from the out-of-plane
collision (with large impact parameter) becomes open and becomes predominant
as well. However, fer the large angle scattering which has to come from the in-
plane collision, the impact parameter is smaller, and the translational energy tied
to rotatioh plays a smaller role. Therefore, there is only small dependence on the

collision energy for the large angle scattering. Of course, the analysis for the out-
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of-plane collision is also suitable for the large impact parameter collision in the
in-plane approach. However, in the Copl_anar_ approach, the dependence on the
iin?act parameter shouid be smooth and may not be very strong, so the large
dei)endence of the translational energy release on the scattering angle may not
only come from the in-pane pathWay. The out-of-plane approach may indeed
heve a lafger reaction barrier than the in-piane approach, .so the forward
scatteﬁng (out-of-plane pafﬁway) has different collision energy dependence froin\
the wide-angle scattering (in-plane pathway). At the low colliéion energy (5
kcal/mole), the out-of-plane channel is almpst not open, howex}er, at high
collisibn enefgy, with a wide -range of accepvtan‘ce angles, th1$ cﬁahhel becomes
s_ignificant. To summarize, the in-plane collision causes the sideways and wide
angle _sc_attering; it ca_uses the forward scattering as well, However, an additional
collision channel, the out-of-plane channel,»is also possible. This cilannel results
lafgely the forward ecattering. It does not seem to have significant’confribuﬁon
at low collision energy E,.; = 5 kcal/mole, however, at higher collision energies,

‘the out-of-plane channel mey become quite predominant. |

The experimental results for the Br + O; reaction are very similar to those
for the Cl + O, reaction. The general features of the Br + O, ekperime’ntal results
have some qualitative agreement with the conclusionsb from the. semi-exhpirical
calculations by Fafantos aan Murrell von the Cl + O, reaction.”® The Br + O,
reection is a direct reaction, and no long-lived complex is involved. The coplanar

reaction pathway in the Br + O; reaction is similar to the collinear reaction.
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pathway vgiven by the functional form of the ClO.3 potential energy surface.
However, the center-of-mass angﬁlar distributions are -quite different. "The
calculation showed a pfedominanf forward scattering of the CIO product with
respect to the Cl atom at about 1 kcal/mole thermél energy. The experimental
CM angular distribution at 5 kcal/ mole collision energy, the lowest in oﬁr
experiment, is peaked sideways. Only with the increase of the collision energy
to 14.5 kcal/mole and fihally to 26 kcal/ mole, the CM angular distribution shifts
to the forward direction. The angulai' dependence of the kinetic energy rélease
was hot demonstrated in the calculations. This angular dependencg becomes
larger with larger collision energy, as does the kinetic eﬁergy releése. One
possible réasdn.for these discrepancies is that the semi-empirical ClO; potential
energy surface did not have a strong enough .’repulsion on fhe exit channel. The
semi-empirical PES may not be sufficient; an ab initio calculation on the Br + O,
. reaction is very valuable. _

The two product channels, BrOCIT) + O,(E;) and BrOCII) + O,('A,), are
energetically possible at all collision energies. When E_; is above 6.4 kcal/mole, -
the third product channel BrOCII) + O,('E,") is also open (Fig. 1). All the three
channels are spin-allowed. Furthermore, all the three product channels are
correlated with the reactants and are symmetry-allowed. For the Cl + O, reaction,
early experiments have shown no or very little formation of the electronicaﬂy '
excited Oé(‘Ag) and Oz(‘}:g*) channels. 64142 Acﬁaﬂy, besides in the Cl + O,

reaction, the absence or the very minor presence of the electronically excited
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oxygen molecule product seems to Be a general case in the radical and ozone
réaction systems sﬁch as OCP) + 0, HCS) + O,® and NOCII) + 0,4 This
phenomenon might be understandable from the point of view of the elecfronic_
structure of the ozone molecule. In all these reactions, the radical _likély attacks
a terminal oxygen atom; the O-O bond betW"eén this ternlinai oxygen atom and
the .‘central oXygen atom cleaves; the remaining O-O part from the ozéne molecule
_Woﬁld undergo nummum enérgy and electronic structure change to form the O,
moleculé. Theréfore, the most likely state of the‘ O, mc;lecule would be .the

ground state O,CZ) because the old .1t orbitals on ‘this O-O part remain |
unchanged. It is unlikely for the electronically excited O, lmolecule to form in fhe ,
reacti’on,‘ becausé, in order to form the excited siriglet_ O, molecule, the unpaired

- electron on the central oxygenvatom that is just released from the breaking of the
- O-O o-bond has to undergo large rearrangement to pair with the previously
unpaired 7 electron on the terminal bxygen afom. If the radical attacks thev
central oxygen atbm, a large change of the O-O electronic structure could occur,
and the 'eleqtr\onicall}.r exdtéd 0, nﬁght form;*® however, this approach again will
ehc_ounter a very high barrier. Following the above analysis, it would be quite
reasonable to specuiafé that almost no electronically excited 0O, ﬁolecule would
be produced in the Br + O, feaction. The traﬂslational energy release probability
P(Ep) for the Br + Os reaction is quifé smooth. It is unlikely for the elecfronicallj
excited O, product to form which might haQe quite différent type of P(Ep from

that of the ground- state O, product. However, because of the vibrational and
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rotational excitations of the products and the time-of-flight resolution in our
experiment, it is difficult to tell whether or not the electrdm'cally excited O,
product is formed just by inspecting the translational.energy release P(Ey).

Another reaction channel, Br + 0, - BrQO(zA)- + 0(31’) (AH® = 22
kcal/mole), is open at the high collision energy 26 kcal/mole. This channel is
also spin-allowed. HoWever, we have not observed any evidence of this channel.
In the coplahar pathway, when the Br atom attacks one terminal oxygen atom on
the ozone molécule to form the asymmetric BrO, intermediéfe, it would be the O-
O bond between this terminal oxygen atom and the central oxygen atom that is
weakened the most and is bc/aing broken because of the strongest perturbation
from the Br atom; so it is \}ery unlikely for the other O-O bond to break to form
the weakly-bond BrOO product. If the lifetime of the asymmetric BrOé were quite
long, there might be some small poséibilit}" to break the other O-O bond after the
redistribution of the intemal energy of the BrO; intermediate and to form BrOO.
waever, our conclusion fhat the lifetime of the asymmetric BrO, intermedia‘lte'
' is very small implies that there is a very small probability for the BrOO channel
in the Br + O; reaction. Certéinly, other collision pathways would encounter a-
much higher barrier, and Br_OO is unlikely to be generated in the range of the
collision energies in our experiment.

The Br afdms could be in two spin-orbit states Br(*P; ;) and Br(*P, ;). The
excited state Br(*P,,,) is separated by 10.5 kcal/mole from the ground state

Br(*P,/,).* Before the supersonic expansion, under the assumption that the Br
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atoms are in the thermal equilibrium, about 3% of the Br atoms are in the spin-
orbit excited state Br(°P, ;) at 2000 K temperature. In general, the Br(*P;,) atom
is found to be more reactive than ﬁe excited Br(P, ;) atom.” Based on the study ,
by Clyne and Nip,* in which the reaction rate constant of the Cl(‘Ps,z) + O,
reaction measured at 298K was vf_ound to be slightly larger than that .-bf the
CI(P,,,) + O; reaction measured at the same’ temperature, fhe reactivity of the -
| ground-s\tate Br(®P;,,) with ozone is expeéted to bellarger than or at least equal to
that of the épin—orbit excited state Br(P, ). If BrCP, ,;) is highly reactive, there
sh‘ould be 10.5 kcal/mole more enérgy release. However, we_could not see any
abnormal e*tra‘ energy release in the translational energy aisﬁ'ibuﬁohs'., Br(*P,,»)
is in a very small amount and is expected to have sm_aller. réactivity; we can
_ conclude that all the dynamic. information obtained in this crossed molecular.
beam study is exclusively from the ground—state Br(®P,,,) + O; reaction. There are
| ‘two possible spin-orbit states of the pfodugt BrO in the ground electronic state 2IT:
BrO(CIL;,,) and BrO(11, )2), which are separ_afed by 900 cm™.® The time-of-flight
| resolution and the spread of the collision ehergies m our exPerinient prevénted
_'us from gettir-\gvany informatioﬂ about thé finé-structure vpopulaﬁon of the BrO
- product. | | | |

From the translafional energ};' diétfibu”tion of thé B,r' + O, reactidn, we caﬁ |
tell that, besidés the large translational energy release, the BrO product is also
- vibrationally and rotéﬁonally excited. .Following the analysis of the reaction

. mechanism, the O, product might remain internally cool because of its spectator
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role. If the O, produét indeed has little rotational and vibrational energy, from
the translational energy distribution, it is reasonable to speculate that a substantial
amount of energy is channeled into the BrO vibration. The vibrationally excited
BrO radical from the Br + O, reaction could certainly promote its reaction with

certain atmospheric species in stratospheric chemistry.

V. CONCLUSIONS

We have studied the Br + O, reaction using the dosséd molecular beam
method af five different collision energies from 5 kcal/mole to 26 kcal/mole. The
center-of-mass product angular distribution and the translational energy
distribution have been derived from ihe. experimental data. The product
translational energy release is large, and the average translational energy ranges
from 40%-60% of the total available energy. The BrO product is forward
sideways scattered in the center-of-mass frame. With the increase of the collision
energy, the fraction of the total available energy channeiled into product
translation is increased, and the BrO product is also scattered into more forward
direction with respect to the Br atom. There ié a strong coupling befweeh the
 translational energy release and the center-of-mass angles, with the translational
energy release in'the forward direction in the"CM system lar_gér than that in the

backward direction.
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It is concluded that the Br + O, reaction has a direct reaction mechanism.
.The Br atom would most likely attack a terminal dxygen atom of the ozone
molecule. The exit channel on the BrO; potential energy surface is believed to
‘have a strong repulsion to cause the largé translational energy release among the
products. An ab initio calculation on the Br + O, reaction is valuable to compare
with the results of this crossed molecular beam study. |
| The detailed comparison of the results for the Cl + O, and the Br + O,
r.eac':tionrs‘ manifests that the two reactions have the sﬁnﬂar reactibn mechanisms.
In the ozone reaction with the atomic radicals, the electronic structure of the
ozone molecule plays /tﬁe central rolé to determine the reaction mechahism. It is

expected that other ozone reactions with the atomic radicals such as F + O;, 1+

O, and O + O, should have the similar reaction mechanisms.
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VII. TABLES

TABLE I. Experimental Beam Parameters.

Beam description

(x10* cm/sec)

122

Peak velocity (v,) | . Speed Ratio

(v/Av)

Br (6% Br,in He)

23.7

57

Br (9% Br,in He)

19.0

5.8

Br (9% Br,in Kr)

10.2

7.7

O, (7% in He)

- 12.8

'13.6

O, (7% in Ar)

6.4

'TABLE II. Experimental Conditions.

12.6

Br vy, O; Vi Collision Energy \ |
. AE<:oll/ Ecoll AEcoll/ Eavl
(x10* am/s) | (x10* em/s) | E.y (kcal/mole) '
23.7 128 26 27% 2%
19.0 v 12.8 18.5 23% 9%

19.0 6.4

10.2 6.4




TABLE III. Average Translational Energy Release. |

Collision Enérgy CM Angle 10° | CM Angle 40° | CM Angle 120° | (A<Ep),
Eu (kcal/mole) <E{/E, > <E,/E,> , | <Ey/Egp> (kcal/mole)
26 62 . 56 43 11
58 52 41 9
54 49 .37 8
39 .37 33 2.

€Cl



TABLE IV. Peak Translational Energy Release.

‘ﬁ#

Collision Energy | CM Angle 10° | CM Angle 40° | cM Angle 120° | (AE“Y),..,
E.y (kcal/mole) EF**/E,, E.”*/E, ELF*/E,, (kcal/mole)
2% 64 57 41 13
18.5 59 53 38 10
14.5 54 ~ 48 35 9
5 35 33 30 2

144"
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VIII. IGURE CAPTIONS

Figure 1

~ Figure 2

Figure 3

Figure 4

\

Energy level diagram of the Br + O, system. Thermodynamic values

- are derived from Refs. 13b; 31, and 32. The solid lines stand for the

collision energies in the experiment.

- Upper: Laboratory angular distribution of the reaction Br + O, atE_

‘= 26 kcal/mole. The filled circles are for the experimentai data.

Error bars stand for 95% confidence limits. The solid lines are the

- calculated fitting curves.

Lower: The Newton diagram for the reaction Br + O; at E.; = 26
kcal/ mole. l' The circle stands for the .maxim,um center-of-mass
velocity of the BrO product. .The_ Br"be_am 1s defiﬁed as 0° in the
laboratory framé, and the ozone beam is 90°. | |

Laborator).r. time-of-flight spectra of the BrO product at E = 26
kcal/mole. The circles are the experimental data points. The solid
lines are the ﬁtﬁng. (a) TOF spéc&a in the laborafory angles from =
-15° to 22.5°. (b) TOF spectra in the laborétory angles from 25° to
55°.

Upber: Average traﬁslational ehergy <E;> athdifferent CM anglés for
Ec;,l =26 kcal/ mole.

Lower: Total relative center-of-mass angular distribution ICM(O‘) at

E_, = 26 kcal/mole. The maximum of the relative angular



Figure 5

Figure 6

Figure 7

Figure 8

figure 9

Figure 10
Figure 11
Figure 12

Figure 13

Figure 14

- Figure 15
Figure 16

Figure 17
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" distribution is scaled to unit.

Translaﬁohal energy release probability P(Er, 6) at 'Various center-of-
mass éngles for E_; = 26 kcal/mole. Maximum probabilities are
scaled to unit. The maximum translational energy in these plots is
the total available energ&r for the reaction at the ﬁost probable

collision energy E; = 26 kcal/mole.

- The contour map and the 3-D plot for the center-of-mass flux-

velocity distribution I.\(6, u) at E_; = 26 kcal/mole.

Same as Fig. 2 but at E_;, = 18.5 kcal/mole.
Same as Fig. 3 buf at E_, = 18.5 kcal/mole. (a) TOF spectra in the
laboratory angles from -15°to 27.5°. (b) TOF spectra in the laboratory

angies from 30° to 65°.

~ ‘Same as Fig. 4 but at E_; = 18.5 kcal/mole.

Same as Fig. 5 but at E,; = 18.5 kcal/mole.

Same as Fig. 6 but at E_; = 18.5 kcal/mole.

Same as Fig. 2 but at E_;, = 14.5 kcal/mole.

Same as Fig. 3 but at E_;; = 14.5 kcal/mole: TOF spectra in the

laboratory angles from -15° to 45°.

~ Same as Fig. 4 but at E,,;; = 14.5 kcal/mole.

Same as Fig. 5 but at E, = 14.5 kcal/ mole.

Same as Fig. 6 but at E_; = 14.5 kcal/mole.

- Same as Fig. 2 but at E_;; = 5 kcal/mole.



~ Figure 18

Figure 19

‘Figure 20

Figure 21

Figure 22

Figure 23‘
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- Same as Fig. 3 but at E; = 5 'kc'al/ mole: TOF spectra in the

liaboratorybangles from 25° to 55°.

Same as Fig. 4 but at Ecou = 5 keal/ mole. .

Same as Fig. 5 ’but atE ;=5 kcal/ mole.

The contour élot of the center-of-mass flux distribution I (6, .u) at
En = 5 keal/mole for the region where the TOF spectra have been
méasured. . . |

Upper: The fractions of the average translational energy in the total

‘available eriergy at different center-of-mass angles versus the

collision energies.

‘Lower: The fractions of the peak translational energy release in the

total available energy at different center-of-mass angles versus the

collision energies.

The maximum difference in the average translational energy release

~ at different center-of-mass angles versus the collision energies and

the maximum difference in the peak translational energy release at

different center-of-mass angles versus the collision energies.
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Energy Level Diagram

—  Collision Energies

BrOO + O (°P)

BrO(M) + O('s})

Br (2P ) + 03(1A1)

BrO(“I) + Oy 'Aq)

. BrO(*I) + 0,(°5;)

Figure 1
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Figure 3b
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Relative Probability P(E)
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RELATIVE INTENSITY
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Collision Energy 18.5 kccll/mole
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Br + O,—Br0O + 0, E_ . = 18.5 kcol/mole
o —15° T —125°)
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Figure 8a
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= 18.5 kcal/mole

Br + 03—— BrO + 9 coll
100y 30° 32.5°
50 ¢
O ........................
—
= 1007 35° 40°
>
£
c
a
o0 .42.5° 45°
SO
.-Q .
&
A
prd
100 | o O
g 50 55
©
4))
o
100y 60° T 65 ]
50- T ‘ -

0 100 200 300 400 O 100 200 300 400 500

BrO Time of Flight (us)

Figure 8b
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Br + 0, —Br0O + 0, E_ = 5 kcal/mole
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CHAPTER 4
o CROSSED*MOLECUL*AR- BEAM STUDY OF THE REACTIQN Cl + NO’ |
ABSTRACT

Thé reaction of the chlorine atom with the nitrogen.dioxide molecule has
been studied using the crossed molecular beams technique- at three different
center-of-mass (CM) collision energies from 10.6 keal/mole to 22.4 kcal/mole.
The prodﬁct center-bf-mass angular distributio‘ns vand franslaﬁonél energy
distributions- as well as the excitation function héve been derived from the
experixnenfal measurements. The center-of-mass ahguiar distributibns_ have some
forward-backward symmetry. Thev product translational éhergy release is
genérally .large, and th'ev avérage t;anslaﬁonal energy is over 50% of the total
availaEle energy. As the collision energy incréases, the ésymmetry in the angular
distributions increases, and‘ the fraction of the totai enefgy released into
translation slightly décreases. The excitation fungtioh is found to have a positive -
dependence on the energy; however, it does not increase rapidly with the energy.
The feaction'proceeds through a short-lived complex whosé lifetime is less than
a rotational period. The energy redistribution in the collision éomplex is pfqbably

not éomplete before the collision complex decomposes. As the collision energy
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increases, the lifetime of the complex is shortened with respect to its rotational
period; the forward distributibﬁ in thé center-of-mass angular distribution
~increases; and the reaction mechanism seems to be on the transition to a direct
reaction. The‘reaction path in which the Cl atom maiﬁly attacks the oxygen atom
instead of the ﬁitrogen atom of ﬂle NO, molecule seems to be more consistent

with the experimental results.
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I. INTRODUCTION

The reaction C1O + NO —» CI + NO%, along with the.reaction HO, +. NO —->
OH + NO,, is of partimlar'ixnportance to the overall balance of odd -exygen-in- the -
s‘tratosphefe.1 This is the reaction which interconnects the ClO, family and the |
NO, family in the atmosphere. The reverse association reaction Cl + NO, + M ~
produces both nitryl chloride (CINO,) and chlorine nitrite (CIONO), which are the
possible reservoir species for the Cl atom or the ClO radical in the stratosphere.! |
Studying this 'react_ion in detail certainly is helpful for thev modeling of the
stratospheric ehemistry and for the understanding of the quene deatruction :
mechanism. | |

We probe the reaction mechanism by studying the reverse reaction Cl +
NO, using the crossed molecular beams tecnnique. The reaction Cl+ NQ; is
endothermic by 8.6 kcal/ mole (Fig. 1). At reom_tempe;atnre, only the association
‘reaction channel is possible for the Cl + NOz'appreach under bulk conditions,
‘while fhe reaction ClO + NO — Cl + NO, oceura readily at thermal energy.
Because of the wide ‘use of the reliable halogen atom beam source?® anel the
dlfflculty of generating inten_se CIO radical beam, we choose to study the reaction
dynamics .starting. fronl the Cl + NOZV side. The crossed molecular beams
- technique allows us to adjust the collision energy of the Cl + NO, reactive

- scattering. Using the seeded atontic and molecular beams, the collision energy

could be much higher than thermal energy so the reactive channel Cl + NOZI -
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CIO + NO could become open. The collision energy is adjustable so the

dependence of the reaction cross section on the collision energy, i.e. the excitation
function, could'be probed for this éndothermic réaction. We have»carrie'd out the
crossed molecular beam studies on the Cl + O, and Br + O; reactions.”” The
ozone molecﬁle is found to play thekcentral role for determining the mechanism
for these two reactions. We would like to study the reaction of another triatomic
- molecule NO,, with the central ongen atom in the ozone molecule replaced by
the central nitrogen atom in the nitrogen dioxide Iholecule. We hope to compare
the Cl + NO, reaction with the Cl + O, reaction, and we hope it might provide
with us some mdre insighf‘into the mechaniéms of ﬂle atmospheric chemical
reactions. |

The CI + NO, system has been previously studied from two approaches.
When starting from the Cl + NO, side, because of the large endoefgicity, only the
associétion process is péséible at room temperature under bulk conditions. There

are two possible products in the association reaction:

'C1+N02+M—->C1N02+M (D)

— CIONO + M | 2)

The total reaction rate constant as well as the individual reaction rate constants
have been measured.“" Reaction (2) which produces chlorine nitrite CIONO was

found to be faster than reaction (1) which produces nitryl chloride CINO,."
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_ Tevault and Smardzewski studied the matrix reaction of the chlorine atom
“with the NO, molecule.’? Both the CINO, and the CIONO species were detected
by infrared absorptions; presence of a possible OCINO species was also
suggested. There was indication that the CIONO species underwent
intramolecular rearrangement to produce the.more stable CINO,. The fact that
both ClONO and ClNOz products were observed in the low temperature (~1t)K)
- matrix study ixnplied that addition of the Cl atom to either the oxygen atom or
the nitrogen atom on thevN O, molecule had altnost no energy barrier, whith was:
typical for the radical and radical recombination reactions. The authors also
pointed out that evidence for any Cl, + NO, reaction products was absent.
Burrows,‘ Tynctall and Moortgat recently Obtained a Fourier transform infrared
(FTIR) matrix isolation spectrum of a photolyzed gas-phase.mixture of Cl, and
NO,."? Both CIONO and ClNO2 were again observed, and CIONO was evidently
of larger quantity than CINO,. -

Using the FTIR method Niki et al.* 1dent1f1ed chlorine nitrite (ClON O)and
nitryl chloride (CINO,) in gas phase as the reaction products of the Cl + NO2
- M asso,ciation reaction in the photolysis of Cl,-NO, mixtures. A UV irradiation -
dissociated Cl,, and the FTIR spectra of the products were taken during the |
irradiation time. From the data acc.:u'mulatedl in a short time, 20s, an upper limit
of 20% of the CINO'2 yield in the prilnary process, correspondingly, a lower limit

of 80% for the CIONO y1eld were determined. It was then concluded that the

addmon of the CI atom to the O atom rather than the N atom of NO2 was the
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major reaction path, although this was thermochemically less favorable (sée Fig.
1). Leu’ found the branching ratio for the formation of the two possible isomers
to be CIONO (2 75%) and CINO, (< 25%) using a static photolysis system coupled
with the FTIR spectrophofometér, which was in gbod agreement with Niki et al.'s
~measurements.* In the IR spectroscopy experiments, CIONO was found either
to decompose heterogeneously on the surface or to rearrange to the more stable
CINO,. Chang, Baldwin and Golden® calculated low-pressure limit rate constants
for the three-body reactions (1) and (2) using Troe's method..16 The ratio of tile
rate constants of reaction (1) and (2) was found to be 1 to 4, which was in
excellent agreement with the eScperimental results of Niki et al and Leu’ In
their simple rationale,”® assuming similar assoéiaﬁon rate constants for forming
_thé two types of energized reaction intermediates and similar deaétivation rate
constants of the two enefgized reaction intermediates to form the final stable
products, they found that the overall rate constants for. the final products were
inverseiy proportional to the dissociation rate constants of the excited reaction
intermediates back to the reactants. By virtue of the deeper well of the more
stable molecule, the overall rate to form the more stable molecule was therefore
expected to be smaller. Using the simplified RRK expréssion, and realizing that
the larger entropy of CIONO resulted a smaller pre-expdnential factor, the smaller
overall prbduction of the more stable CINO, could be explained in this simple
model. Lately, Patrick and Golden‘} calculated again the association rate

constants for CIONO and CINO, using Troe’s method, and agreement with the
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‘experimental results was still reached.

| An extensive amouﬁt of work was also carried ouf on studying the kinetics
of the CIO + NO reaction.)® 2 I v;ras well established that there was a xiegati_ve
température dependencé of the reaction rafe constant, i.e, a negative ,activaﬁbn
~energy. In order to explain the negative temperature ‘dependence, Leu and
DeMore® prcspose‘d amechanism involving formation of an intermediate complex.
In this reaétion, according the RRK theory, the dissociation rate constant of the
intermediate complex back td ‘the reactants, k,, increased more rapidly with
- temperature than the dissociation rate constant of thé intermediate complex to the

- products, k. The overall reaction rate constant therefore decreased with
increasing .temI')er.ature,. i.e, showed a nevgative' teinperature dépendence.
- However, this type of assumption required that k,, the réte constant for
diséotiation of the intermediate into the original reacténts, to be at least .
comparable in 'magnitudé‘ to kp,_ the rate constant for dissocigtion 6f the
intermediate into the products, i.e., k. ~ k. According to the RRK theory, the rate
’cbnsfant could be ék_pressed’ in the form k - A(e'/E)", where A is the pre-
exponential factor, ¢ is the excess energy above the criﬁcaliconfiguration, E is |
the internal energy of the energized intermediéfe and s is the number of active
vibrational modes.‘. In order to obtain Eomparaible_z k, and k,, the pre-expohential
fac.tor A, should be much larger than A, However-,' it was difficult to confirm
this condition. If the reaction intermediate was likg élﬂoriﬁe nitrite ClON O, it was

~ unclear how the pre-exponential factors for the CIO + NO and-‘ Cl + NO, channels
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could be very different.

Menon and Sathyamurthy* deconvoluted the rate conslvtant data for fhe ClO
+ NO - Cl + NG, .and BrO + NO — Br + NO, reactions using a new generalized
- Lloyd’s secant method to find ’.the excitation fimction, i.e.,>the energy dependence
of the rgaction cross section o(E). .They found that, essentially, a model of ah
almost zerb threshold energy and a sharply'decéying exci‘tation function (¢ =
AE® b > 0.5) seemed to provide an adequate explanation of the negativé
activation energies for the CIO + NO — Cl + NO, and BrO + NO — Br + NO,
| reactions. However, this explanation fitted into th'e mecl‘lam'sm suggested by Leu
and DeMore.” If indeed an intermediate complek of certain stability and lifetime
was involved in the reaction, a decaying excitation function for the exoergic
reaction CIQ + NO - Cl + NO, was quite straightforward according to the RRKM

- theory. |
: Phillips”.vz6 carried out approximate, quasi-classical trajectory calculations
4of the rate constants for a number of b_imolécular radicél-radical reactions,
inc_luciing the ClIO + NO reaction, oirer the temperature range 10-600 K. The
potential energy surface was chosen such that the reaction proceeded through a
configuration corresponding to a bound complex, which was typical for gas-phése
radical-radical reactions. The intermediate complex was expected td have a life-
time comparable to of lénger than the rotational peﬁod. The calculated rate
constants had relatively good agreement w1th the experimenfal data.  This model

was also consistent with the mechanism proposed by Leu and DeMore.®®
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There is some information about the UV-photodissociation of the stable
m‘trylv chloride CINO, molecule.”* The transitions at 248 nm and 308 nm of the”
CINO, molecule-are l'o—‘cated on the NO, moiety. The major products of the CINO,

’_photodissociation at the two laser waveléngths were Cl atom plus grourid and
_electronically excited NO, molecules, while very minor NOCI + O channel waé_ :
 observed Z® In the photofragment translaﬁonal spectféscdpy study by Covinsky
“and Lee,” no ClO product was detected. Thé Cl + NO, pfoducts were likely
coming from the repulsive excited electronic states, because the angular
distribution of the products was polaﬁzed and the product transllatiovnal energy
| release was qﬁite large.»30 Thermal dissociation of the CINO, molecule from the
ground electronic state into Cl + NO, was also extensively stt_lldie‘d.g’l'34 The CIO
+ NO 'channel is ﬁot_open at thermal energy, besides, the_Cl + NO2 channel is
strongly ‘statistically favored. For the chlorine nitrite CIONO molecule, however,
no information for the thermal é/lissociation is available. The UV-abso_rption
spectrum of ClQNO was measm_'ed, and two likely diésoc:iation processes, Cl1O +
.NO chamél and Cl + NOZ channel, were also poihted out;® however, no WOrk

- was done to find the exact product yields. Overéll, according to the statistical
thebry, with high enough vibrational energy at which both CIO + NO channel .
and Cl + NO, channel are open, the dissociation of the less stable CIONO into
the ClO + NO product channel should be more likely than that of the more stable
- CINQ, into the CIO + NO product channel. |

The reaction Cl + NO, — ClO + NO is endoergic (AH,® = 8.6 kcal/mole).
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The decay of the reaction intermediate complex into Products ClO and NO is less
statistically favored than the decay of the intermediate into the reactants Cl and
NO,. The cross section for an endoergic reaction typically displays a positive
dependence on the collision energy, i.e., the excitation function increases with the
collision energy. By studying the translaﬁonal energy dependence of the reaction
cross section, i.e. the exeitation function, as well as the pr_oduct angular
distribution and translational energy distribution for the endoergic reaction
channel, we nope to gain some more insight into the dynamics of this endoergic
reaction. The powerful crossed molecular beams technique allows us to study the

chemical reactions under single collision conditions and allows us to adjust the -

- collision energy to probe the translational energy dependence of the reaction cross - -

section. We have carried out the chssed molecular beam study of the reaction
Cl+NO, » CIO + NOtat three collision energies 10.6 kcal/mole, 16.0 kcal/mole
~ and 22.4 kcal/mole, which are Z.d kcal/mole, 7.4 kcal/mole and 13.8 kcal/mole,
‘respectively, above fhe reaction endoergicity or the reaction threshold (The
| feacﬁon barrier for the reverse reaction CIO+NO—-»Cl + NQZWas expectedv to
.be zero.? In general, the reaction barriers for the radical-radical reactions are very
sma1136"37);. The product angular distribution and translational energy distribution
in .the center-of-mass system are derived from the- experimental data for each
collision energy. With all the information from the crossed molecular beam study
of the Cl + NO, — CIO + NO reaction, we hope to undenstand more about the

reaction mechanism of this important atmospheric chemical reaction and the
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mechanism of its reverse reaction CIO + NO — CI + NO,.

' IL EXPERIMENTAL

The un_ivérsal crossed molecular beam apparétus used for fhe present study
has been déscribed in detail previously.®% The two-étaige differentially pumped
“ supersonic chlorine étomic and nitrogen dioxide molecular beams were crossed
at-90° in the ‘main collision chamber held at a vacuum of about 107 torr. The
scattered products were detected By a triply differentially pumped mass{
spectrometric detector which rotated in the plane of the two beams with respect
to the center of collision. The mass spectrometric: detectér is composed of a
~ Brink’s® type electron impact ionizer, an Extrel quadrupole mass spectrometer,
and a scintiﬂaﬁbn-based Daly ion detector*! The typical éle‘ctroﬁ enefgy was 180
- €V,.and the typical ion enefgy was 90 eV. The size ofi_t.he collision zone was

typically 3 x 3 x 3 mm?®, and ﬁnder_nérmal conditioné the whole collision zone
‘was viewed by the detector.

The chlorine atom bearh was prdduced by thérmal dissociation of Cl, in
‘rare gas mixtures in a resistively heated high-density graphiten nozzle source
designed in this laboratory by Valeﬁtini, Coggiola and Lee.*® Mixtures of 10% Cl,

in argon, 10% Cl,in 8% argon and 82% helium, 5% Cl, in helium were used as

seeded gas mixtures for this experiment. The high-temperature graphite source
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had a nozzle of 0.12 mm diameter and was heated to approximately 1400 °C. A
conical graphite skimmer w1th an orifice diaméter of 1.0 mm was positioned 7.6
mm away in the downstream o‘f the nozzle. A set of collimating slits on the
differential wall further defined the beam to a 3° full width and 3 mm x 3 mm |
siée in the co}lision. region. The total stagnation pressure of the beém’ was
typically: 800-1100 torr measured outside of thé machine right before the gas
 mixture entered the molecular bearh source. A reasénable fraction of Cl, thermaly
dissdciation had been observed by a direct meaSuremen; of [C1}/[CL,] ratio in the
beam with the CI* signal corrected by subtracting the contribution from the
| undissociatéd CL. The f;action of Clé dissociation was smaller than in our
previoué eXperiment“l because a different graphité tube was used and the sburcé
was operated at a lower temperature.‘ The residual Cl, species was not a probiem
in this experiment, which we will discuss in detaﬂ later. Heating power for the
high-temperature graphite source had been carefully maintained constant through'
.out the period of the experiment to ensure a stable Cl atom beam w1th stablé
beam vélocity. : | | |

Thé NO, atom beam was p&oducéd by passing 400 torr of helium through
solid nitrogen dioxide (NO,/N,O, in a glass bubbler held at a constant
temperature bath (-20°C to -35°C, FTS Multicool System, model numbér MC-4-
60A-1). The seeded NO, molecular beams were typicallyhomposed of 10-20%
_ NOV2 in He. NOZ/NZIO4 used in the experiment was from Mathéson; it was

transferred into the glass bubbler without any further purification in the open air
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inside a ventilation hood. Any NO impurity in the reagent was qi;ickly 6xidized
to NO, during the transferring process. Furthermpre, NO, reagent in the bubblc;r
was purged by the carrier gas fbr at least ﬁalf hour, so the volatile impurity such .
és NO, if thére wefe' still any, would ‘be minimized for the félloWing reacti.ve
- scattering experiment. The NO,/He gas ﬁﬁxture was expanded thfough' a 0.12>
mm diameter ﬁoz'zle into the source region. The nozzle tip was heated to around
: 206°C to minixhize the fofmaﬁon of N,O, and iarger clusters.® No N,O, and
l_arggr clﬁsters were detected in the molecular beam with the mass specﬁ'ometric
detectér lool;ing'directly into the beam. The NO, molecular beam was skimmed
| by a stahtiesé steél skimmer of 0.5 mm orifice witha nozZle-skimmer -distaﬁce of
7..6' mm. Tﬁe beam was further defined by the collimating slits on the differential
Wall before entering the main chamber, this gave 3° beam full width and 3 mm
x 3 mm beam size in the collision region.

- The velocity distributions of Ci aﬁd NO, beams were measured with the
time-of-flight (TOF) technjqﬁe. A178cm diameter stainless steel wheel with four
- 078 mm sloté equally'spaced around its circumference was installed in front of

the de_téctor. The wheel was spun'at 300 Hz speed and the modulated beam was
~sampled sfraight into the detector through a 0.18 mm aperture. A home-made
4096-channel multichannel scaler (M.CS')44 interfaced with 5 computer accumulated
the dafa. The fligilt path from the wheel to the effective center of the ionizef was
experimentally determined to be 29.8 cm. After the correctil'o'n of the experimental

time-of-flight spectra using. the appropriate offset time (ion flight time, wheel
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trigger time offset etc.), the Cl atoxh and NO, molecular beam velocity
distributions were obtained from fitting the experimental time-of-flight spectra
~ using program KELVIN*# which convoluted over the known apparatus functions
to determine the beam speed (v) and speed ratio (v/Av). The typical beam
parameters are listed in Table 1.

i’rodutt TOF spectra from the reactive. scatterihg were measured usihg the
cross-correlation method.¥ A 17.8 cm diameter cross-correlation wheel was
mountevd\in front of the detector to replace the four-slot single-shot wheel and
was spun at 392 Hz. The wheel has two identical 255-bit pseudorandom
sequences of open and closed slots and was photoetched by PCM Products based
on Lee group speciﬁcations. When spun at 392 Hz, the wheel gives nominal 5
| ﬁs /channel time. resolution in the TOF speétra and 50% transmission. The
detector was stationed at a particular 1ab§rator_y angle to measure the product
velocity distribution. Product ClIO was monitored. The mass spectrometer was
set at m/e = 51 with low resolution to detect more abundant CI*®O isotope species
while a small amount of CI7O might. have been collected as well. Total counting
times for the timé-of—ﬂight spéctra ranged from 2 to 8 hours per angle. Finally,
we have to point out, when measuring Cld time-of-flight spectra near the Cl
- beam (w1t1un ~10° of the Cl_beam)_, small amoi'm_t of slow effusive 'backgfound
from the Cl beain source showed up in the spectra. To correct this background,
ClO time-of-flight spectra near the Cl beam with the NO, beam on and with the

NO, beam off were measured, and the corrected CIO product time-of-flight
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spectra were obtained by simply subtracting the NO, Beam-off spectra away from
- the NO, beam-on spectra at the same laboratory angle. However, thére was only
one time-of-flight spectrum (for laboratory angle 10°, at E_; = 22.4 kcal /mole) thaf
needed to be cor're_cted for this background in the whole experiment. |
.Cl(.) product angular distributions were meaéured by modulating the 'NOZ |
beam using a 150 Hz tun_ing folk chopper (Bulova) with the time-of-flight wheel
| removed. | At a particular énglé, tile signal with NO, beam on and the signal
with ‘NOz'beam off were recorded in two separate chahnels. in a dual-channel
 scaler (Joerger, model VS) with a appr_opriate gating originated from the tuning
folk chopper. Subtracting beém-bff signal from beam-on signal at a particular
laboratory angle simpiy gave the nét reactive signal at that angle. To correct for
long-term drifts of the experimental conditions, a reference angle (typically the
one with near m;xin1um intensity) was chosen.  After a sequence of
' mmeasurements at every 6-10 angles, daté was taken at this reference angle twice.
The set of data was then nonﬁahzed by taking avl»inear interpolatién’ based on the
time at which a given angle Was meésured and fhe time betWeen normalization
measurements. 'Cvounting time at each angle in each normalization sequence
ranged from 1 min to 4 mins, while the total counting times per angle summed
from all the normalization sequences ranged 8-40 mins. |
- To reduce the béckgfound épeéies entering into the detector, a cryogenic
copper cold f)anel was placed .agai'nst‘ the différential wall inside the main

“scattering chamber and facing the détector.. It was cooled by beihg tightly
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clamped to the liquid-nitrogen cooled cold shield in the scattering chamber. Its

temperature was typically about 90 K, which was monitor_ed. | by a low
temperature sensor (LakeShore). It was effective in reducing the ClO background
for both time-of-flight and anguiar ineasurements. ' |

*In order to obtain relative cross section for the reaction at different collision
energies, we need to scale the product number densities at different energies and

as well. To account

rel

normalize them with the relative reactant flux factor ngnyo,v |
for changes of the experimental conditions such as feactant flux, all these s¢aling
and normalization factors were measured in one day’s experiment, which we will
discuss in detail later.

Because an intermediate complex is likely involved in this endoergic
reaction Cl + NO, — CIO + NO, and because statistically the dissociation rate
constant of the intermediate complex back into the reactants is larger than that
into the producté, the time-of-flight spectfa and laboratory angular distribution
of the Cl atom, esp_eciélly at wide scattering angles due to the so-called “failed
reaction”, would give rich information about the intermediate complex. We
therefofe have made the measurement of ﬁmé—of-ﬂight spectra of Cl atom.
Because of the significant amount bf undissociated Cl, in the ‘Cl beam, the
elastically and in-elastically scattered Cl, molecule by NO, also gave rise to m/e
35 signal; however, the éontribution of m/e 35 signal from the small amouht of
CIO product was negligible. Because of the contribution from the undissociatedr

Cl, molecule, it was virtually impossible' to measure the Cl angular distribution
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nsing a tuning fork. Timé-of-ﬂight spectra of both the Cl atom (m/e = 35) and
Cl, molecule (m/e = 70) were measured at the same laboratory angle. The TOF
peaks of Cl and Cl, were fairly well separated, especially in the wide scattering
,engles. The TOF peak in the m/e 70 spectra from the Cl, in/ elastic scattering
was carefully scaled to that in the m/e 35 spectra corresponding, to the
contribution from Cl, at the same laboratory scattering angle, it was then
subtracted from the m/e 35 spectrav to give rhe corrected time-of-flight spectra of
the Cl atom from in/ elastlc scattering off the NO2 molecule. The Cl angular
dlstrlbutmn was obtamed by the integration over the areas of the corrected Cl
time-of-flight peaks in the spectra from different laboratory angles. We could
- double check this procedure by taking the _time-of-ﬂi‘ght. spectra of Ar in the
: rnixture of 10% Cl,, 8% Ar and 82% He. Because Ar and Cl have similar mass,
their 1n/ elastic scattenng spectra with NO, were expected to be almost 1dent1cal
Indeed the measured Ar ume—of-ﬂrght spectra were very similar to the corrected

time-of-flight spe_ctra of Cl atom at the same laboratory angle.
IIL. RESULTS AND ANALYSIS
The product angular distributions and time-of-flight spectra were fitted

using a forwardfconvolution method. The FORTRAN program_Was an improved

version based on the previous program.®4° The goal of the analysis is to find the
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produﬁt angular and translational energy distributions in the center-of-mass
frame. It starts with a trial form for the center-of-mass product flux-energy
distribution, i.e. the center-of-maés double differential cross section (DDC). In this
case, the ‘center-of-ma‘ss product flux-energy distribution 1,6, E;, E) (where 6
~ is the center-of-mass angle, Ep is the product translational energy and E, is the
collision energy) is assumed to have an energy-angle separable form and
expressed as a product of T(8), the center-of-mass product angular distribution;
and P(ET,‘EC), the center-of-mass product relative translational energy distributién, |
and S(E), the collision energy dependence of the relative reaction cross section,

i.e., the excitation function:

Tou (6, Ex, E)) = T(0)-P(Ey, E)'S,(E,) N

The program transforms. this trial céntér-of-mass flux distribution into the
laboratory frame flux diétributign uéing the transfofmation Jacobian: I;,(©,v) =
ICM(O,uj-vz/ u* and generates the laboratory frame angular distribution and tiI;‘le-
df-ﬂight spectra for each experimental laboratory angle after convoluting over the
measured beam velocity distributions and the known apparatus functions such
as the spread of collision angles, the detector acceptance angle and the length of
the ionizer. The program'vscales the calculated spectra to the experimental data
and makes the comparison. This is repeated so és to optimize the T(8), P(ET, E)

and S(E,) iteratively until a best fit for the 'experimental data is found.
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A RRK functional form was chosen for P(E;, E) for the convenience of
parameter adjustment. In this functional form, P(E;, E) is expressed in the

following;:
* P(Ep,E) = (Ep-BY (Byy -Ep)t - @

where E, ), E. - E,, is the total energy available to the products.__ The threshold
energy E, is taken td be the reaction endoetgicity (AHy® = 8.6 kcal/mole) because
the energy barrier for the reverse reaction is expected to be negligible 243637 T(O)
- was chosen in a point form. The parameters p, q and B in the P(Ey, E) form as
“well as T(0) are optimized to give the best fit to the expenmental data

In the crossed molecular beam experiment, the spread in beam velocities
and intersection angles gives vri'se to a spread in relative velocities and hence in
collision‘ energies. ~ Each beam Velocity. and intersection angle combination
corresponds to a different kinematic configuration (N ewton diagram) over which
the calculated time-of-flight spectra and the angular distribution must be
averaged. Since the teactien cross section of an endoergic reaction is typically
strongly dependent on the collision- ‘energy, each Newton dlagram is also
- weighted accordmg to its colhs1on energy E_ using the excitation function S(E,)) -

(see Eqn. 3). The most probable energies, correspondmg to the most probable

kinematic conflguratlons are listed in Table 1. The values of the relat1ve colhslon ‘
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energy spread AE_/E_for different coﬂision energies are aiso listed in Table 1. For
an endoergic reacﬁon, the maﬁmm translational energy of the products depends
strongly on the collision energy E. Therefore, a P(E;, E) with a unique value of
E,.1 is used for each kinematic configuration in the analysis. Each unique P(ET,
E,) is normalized to its own area so that [P(E;, EC)_clIAET =1

We dbtain the exdtaﬁon function S(E) in the following way; Initially, we
use a conétant as thé trial functional form fdr excitation function S (E) and make
reasonable fits to the experimental data for the three nominal collision energies.
The relative cehter-df—mass reaction cross sections S, for the most probable
collision energies are then obtained by integrating the CM frame product flux at

the most probable energies:

S, (E,) = 2x [ [*P (B, E,) T(0) sind dE,.d8 (E,) G)

The calculated S,(E;) values are used as the initial muiﬁple-p.oiht excitation
function. Thé Newton diagrams are weighted with this trial excitation function
S/(EJ). Iteratively this trial excitation function S(E ) is modified to fit the relative
ratios of the laboratory angular distributions at the different nominal collision
energies. |

The experimental laboratory angular distribution N,,(©) is scaled and

normalized before being used for the fitting of the excitation function. Because

»
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the product labOratofy angular distributions at different collision energies were
measured in a period of several Weeks, there might _havé been certain fluctuations
in both the Cl beam intensity and the NO, beambintensity. In order to compare
the integrated product flux at different collision energies, one day was spent on
measuring the intensities of both beams and the CIO product signals af two
laboratary angles at each collision energy for which a complete product laboratory
angular distribution was already measured. The signals at the two angles were
divided by vthe corresponding signals-from the complete angular distributions,
which gave two scaling factors. The experimental laboratory angular distribution
Ng;p(e) at each collision enérgy was then scaled by the average of the two
corresponding scaling factors and furthef ‘normalized by fhe ;iafa counting time.
Finally, to accaunt for changes in the reactant flux in the different beam
conditions for the different collision energies, the experimental | angular
distribntions were further nor_malized by relative reactant flux factors nc;nNo,v,e,, :
where n, is the nunlber density of the Cl beam, 1,,, is the number dénsity nf the
NOé beam; and v, is. thé reiative velocity. RelatiVé reactant number denSities .
were obtained by directly measuring the reactant count rates with the detector
directly looking into each beam, respec“tively. This was straightforward for the
number dénsity of the NO, beam; however, e*tra measurement was needed for
determining the nmber density of tne Cl beam. Because of the undissociated Cl,
-in the Cl beam, some of the measured CI* (m/e = 35) signal was from the cl

molecule at the high operational nozzle temperature. The ratio of CI*/Cl,* was

+
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measured at low nozzle temperature (~200;’C, for eliminating Cl, dimer and other
larger clusters) where the Cl* signal could only come from the dissociative
ionization of the Clzl molecule. This measurement was taken at the same mass
- spectrometer resolution as for the high temperature measurement. It was then
assumed the similar dissociative ionization pattern for the Cl, molecule at high
temperéture. The corrected Cl atom number density was then obtained by
subtracting the calculated Cl* contribution from the Cl, molecule away frb’m the
total original CI* count rate.

After the above scaling and normalization procedures, the experimental
laboratory angular distributions N,,,(0) for (IiifferentAcollision energies, with the
_ same relative product signal scale and data céunting time, as well as with the
normalized relative reactant ﬂux, were finally obtained and used for the excitation
'fux}ction calculation. At each most probable collision energy, the laboratory
angular distribution N,(®), which is calculated from the laboratory frame flux
distribution 1,,,(©, E;, E_) transformed from the center-of-mass flux distribut'fon-

ICM((?), E;, E), is scaled to the normalized experimental laboratory angular

distribution N,,(0), using the least-squares fit expressed in the following: _

N\

%E[Nm(ei%sz(ei)]“O | - ©

The input S(E)) is then modified so that the least-squares scaling parameters z
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agree to within 2-3% with the values in the excitation S,(E,) for the corresponding
collision enetgies, which indicates that the derived excitatiou function S/(E,) fits
the experimental data. Because the experintental angular distribut_ions. N(©)
- were normalized the scaling parameters z, therefore S (E. ) | are accordingly
normahzed for the relatwe reactant flux and for the same product 51gnal scale.
Flnally, we would like to pomt out, in order to fit the ume-of-ﬂlght spectra and
angular distribution for E_ = 22.4 kcal/ mole the highest collision energy, we have
to extrapolate the excitation functlon beyond the highest collision energy in our
experiment to around E, = 30 keal/mole. |
- After optimizing this trial I,((6, E1, E)) function, satisfactory fitt_ings to the
experimental data were finally achieved. The timé—of-ﬂight s_pectrat and laboratory
angular distribution for each col]isit)n energy are fitted with the optimized
functions P(E;, Ec)‘-and T(8) as well as S(E). Furthermore, the final calculated -
Arelative croés sections for each most-probable collision en‘ergy using the optimized
fitting functions agfee well with the optimized excitation function S(EJ). The
calculated and experimentalvlébo}ratory angular distributions aré shown in Figs.
2,8,and 14. The fitted and expérimental _labofatory time-of-flight épectra are in
Figs. 3,9, and 15. The centerv-'o.f-m;ass. translational én’ergy distributions P(Ef) for
the most—prob‘éble collision energies and the center-of-mass angular distributions
are plotted Figs. 4, 10, and 16. Using the_optimizéd center-of-mass'ﬂux-energy
- . distribution ICM(O,v Er, E), we plot out, for the three mo‘st—pro‘bable éollisioh

energies, the center-of-mass flux distributions in velocity space 1,8, u) (I(6, u)
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e u-I(8, Ep)) both in contour maps .(Figs.v 5, 11, and ‘17) and in 3-di1nensic;nal
~surface curves (Figs. 6, 12, and 18).
» For all the three collision energies, the product translational energy release
: probabllmes P(ET, E ) are quite a large fraction of the total avallable energy. This
is clearly shown in the time-of-flight spectra near the center-of-mass angles Oy,
For example, for collision energy 16.0 kcal/mole, the time-of-flight spectra 'at
labdrato;y angles 40° and 50° show two separated peaks. As shown in the
“translational energy distribuﬁoﬁs, both the average kinetic energy ahd the peak
‘kinetic energy are larger than 50% of the fotal available énergy in the experiment
for all the three vcol]isioh energies. For lower collision energy such as 10.6
i<ca_l/ mole and 16.0 kéal/ mole, the peak translational energy is close to the limit
of the total available energy. The translational enérgy' release probabilities for
these Mo collision energié‘s are interestingly shifted toward larger energy; there
is small p?obabﬂity for low translational energy release. At the highest collision
energy in our experimeﬁt, 22.4 kcal/mole, the peak in the P(E;, E) curve is
" moved toward lower energy slightly, but the overall translational energy release
is still quite large.
The prodﬁct CIO is scattered in a large range of laboratory angles for the
“higher collision energies shown in the laborétory angular distributions,_ despite 8.6
kcal/‘mole endoergicity. There are two peaks in all the three 1.aboratory angulaf
distributions. This is quite reasonable bécause of the large translational energy

release. It is also noticed that, with the increase of the collision enefgy, the
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difference of the intensities of the. two peaks becomes largér and the two peaks
are séparatedvfu:ther apért. The forward pe.ak in small ahgles ciose‘to the Cl
beam becomes mofe predominant with the increase of the collision energy. The
optimized center-of-mass angular distributions show certain forward-backward
symmetry in the center-of-mass frame with large inténsitieé located around 0° and
180° in the center-of-mass frame.. However, . the center-of?maSS' angular
distrjbutions are not completely symmetric with respect to 90° in the center-of-
mass. éystem, sihce there are oBviously larger intehsities in the forward direction
with réspect to the Cl atom th'anl in the backward direction.b ‘With the increase of
the collision energy, the forWar_d part in the angular diétribution incréaseé as well. " -
This is clearly manifested in the change of T(0°)/T(180°), the ratio between the
center-df—mass intensity at 0° and that at 180°. It increases from 11 fof E. =106
k¢él /mole to 2.2 for E. =160 kcal / mole and finally to 2.7 for E. = 22.4 kcal/mole.
The ratio T(0°)/T(90°) increases with the collision en'ergy. too. It changes from 2.8
t0 9.0 and 9.3 with the increase of the collision -enérgy frcknm‘10.6 kc_étl/ mole to 16.0
keal /mole and 22.4 keal/ mole. | |

.Laboratc)ry angular dis_tributibns for Wide angle in/elastic Scatt_eriﬂg of the
- Cl atom are measured and shobwn iﬁ Figs. 7; 13, and 19. The intensities of the
in/ éiastic scattering of the Cl atom decrease normally in small laboratory angles
near fhe Cl beam (see Fig_; 7) however, the intensities in the angular distributions
near the NOv2 beam, _frbm laboratory angles 60° to 80°, increase again. Pdiyr}l'omiél’

fitted curves shown in these figufes"are used only for the guideline of the data
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points; no forward convolution fittings are cafried out. However, we can still see
that the center-of-mass angular distributions of the elastic and inelastic scattering
of the Cl atom would be similar vfo those for the ClO reactive produﬁt. There
should be large intensities around 180° in the center-of-mass frame in the CM
angular distributions of the Cl atom in/elastic scattering.

| Beéause of the significant amount of Cl, present in the Cl beam, we
investigafe whether Cl, would react with NO, as Weil. The possibie reaction
channel is Cl, + NO; — Cl + CINO, (AH® ~ 24 kcal/mole), which is readily open
at E, = 31 kcal/mole, the highest collision energy for Cl, and NO, scattering in |
our éxpefiment. The reaction channel Cl, + NO, — CL + CIONO (AH,® ~ 40
kcal/mole) is too endoergic to be observed in our experiment. We try to detéct
- CINO, product af m/e = 81; however, we could not find any meaningful signal.
The molecule-molecule reaction Cl, + NO, — Cl + CINO, certainly is slow.l If
there is a reaction barrier besides the reaction endoergicity, which is likely for a
- molecule-molecule reaction, it is not very surprising that we could not detect any
evidence of this reaction at the collision énergy of 31 kcal/mole.
To complete the picture of the reactive scattering of the reaction Cl + NO,
- CIO + NO, besides detecting one product CIO, we would also like to take data
| fof the other product NO. However, the elastically and inelastically scattered '
parent NO, molecules"generate a large aﬁount of m/e = 30 signals. This makes
the detectioh of the small amount of reactive scattered NO signals imbedded in

the large background signals virtually impossible.
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IV. DISCUSSION

'The center-of-mass angular distributions of the reaction Cl + N‘O2 - ClO+
NO suggest that the r_eéction préceeds through a short-lived c:omp1e>‘<.5‘551 The
angular di:svtributions_ héve some forward-backward 'éymmetry in the center;of-
mass fra‘me;.however, a more forward distribution is also quite e‘videﬁt. For a
reacﬁon which procéeds through a persistent iong-lived cémplex that li\;es for
more than one rotational period of the complex, thé angular diSfributio_n is
symmétric in the 'cenfer-of-ma_ss frame, and the intensities th both 0° and 1.80°:are
. the s‘émeS‘. Ih the{c‘alse of“.the reaction Cl + NO, — CIO + NO, however, ;V_the :
asymmetry is quite obvious. With the increase of the collision energy, the
asymmétry is fu;ther increased. It seems that, at the lowest collision enér_gy 10.6
kcal/ molé, the life.time.of the complex is close to and slightly smaller than:a
rotational period of the cdmplex, since it is the‘.most symmetric in all the three
collisioh energies. With the increase of the collision energy, the lifetime _of the
- complex is furthér shortened, which_ is defrﬂonstrated‘ by' the increase of the
'asymm’ehy. However, the significant intensities around 180°in all three collision
energies manifest Certain_lifeﬁme of the complex. The reaction Cl + NO, - ClO ‘
~+NO cannotbe a directreaétiqn. The reaction intermediate stays on for a short -
period of time less than a rotational period, but the time is otherwise lohg enoﬁgh

for the intermediate complex to rotate to some extent so that the product decayed
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from the complex into the wide angles is observed. Because of the nature of the
short lifetime, a large fraction of the intermediate complex would decay before the
complex has the time to finish one rotation, especially for. the higher collision
enérgy at which the lifetime is further shortened. Overall, it seems ﬂlat the
intermediate complex lives a time shorter than its rotational period. It decays fast
lwhile it is rotating. A large fraction of the products are spread in the forward
direction; however, a small fraction of products are also generated in the
backward direction when the ihtérmediéte complex rotates to certain extent.

If the reaction proceeds through the CIONO configuration, in which the Cl
atom adds oﬁto an oxygen atom of the NO, molec_ule,. the potential well along the
reaction coordinate is about 17 kcal/mole deep (Fig. 1), which may not be of
enough depth to susfain a long-lived reéction 'complex. However, this potential
well is still deép enough for the reaction to .procee'd through a: short-lived.
complex. The reaction Iﬁay proceeds through the CINO, configuraﬁoﬂ: as vwell..
In this approach, the CI atbm adds onto the nitrogen atom of the NO, molecﬁle..
| The potential well depth is about 33 kcal/mole (Fig. 1). Itis deepef than that in
the CIONO configuration; the reaction intermediate complex is expected to have
a longer lifetime. However, the CINO, configuration is considered unlikely as the
intermediate for the reacﬁon Cl + NO, - CIO + NO. Ffom the experimental
angular distributions, we know that the lifetime of the intenﬁediaté of the reaction
is quite short, less than a rotational périod; however, for the CINO, intermediate

to produce the ClO + NO products, a rearrangement of this reaction complex to
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a cbnfiguration similar tp that of CIONO is required. This process is unfavorable
in fhe_ time scale shorter than a rotational period. It is also less favorable
 statistically since the more statistically favored dissociation éhannél of the CINO,
configuration, the Cl + NO, channel, requires no rearrangemént of the
~ intermediate complex. Associated with the experimental results from Niki et al.*
and Leu’, which showed that CIONO product was fouhd to be the major product
' of the Cl + NO, association reaction, it is reasonabl'e’ to consider the reaction Cl
+ NO, — CIO + NO mainly proceeds through the intermediate complex of the
CIONO configuration. |

Itis uniikely for the backward scattering of the CIO product in the center-
of-mass frame to cpme from a vdirect reé.cﬁon channel. The attack of the ClI atom
on either one of the two oxygen atoms on NO, molecule has large range of |
acceptance angles; it is impossible for the ClO product to be solely scattered in the
- backward direction.- If Cl attacks the nitrogen atom on NO2 moiec:ule, a
rearrangemént of the collision complex is required tp _forrh the CIO and NO -
products. The collision cbinplex rotates while the re_arrangemént takes place, the
backward ClO product again‘c:a'n-. not come from a direct reaction mechanism.
Furthermore, the laborafdljy angular distributions of in/elastic scattering of Cl
‘atom supports a Short-lived'cqmplex mechanism as Well. If a dirgét reaction
mechanism took place in the reaction Cl + NO, — CIO + NOv, the angﬁlar
distribution of in/ elasﬁc scattering of the reactant Cl atom would bé éxpected fo ]

decreases more or less monotonically with the increase of the laboratory angles
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away from the primary Cl beam. In this direct reaction mechanism, the
' intensiﬁeé of in/elastic scattering of Cl atom in the backward direction should be
extremely low and quenﬁhed because the reactive scattering 6ccufs mainly at
small impact parameters. However, our experimental results show the increase
of the backward scattering in the laboratory angular distributions (Figs. 7, 13, and
‘ 19).. This could only be explained by a'non-diréct reaction mecharti’sﬁ. The
collision complex lives for a short period of time, the reactant Cl atom decayed
from the decomposition of ti\e complex in the non-reactive channel, from thé SO-
call "failed rea.ction",52 is spread into a wide range of angles while the complex
rotates. Because of the effect of the solid angle the detector sustains, very large
intensities show up around 0° ‘and 180° 'Iin the ceﬁter-of;mass system;
correspondingly, there afe large intensities of in/ elastic scatfering of Cl atom in
the backward direction in the laboratory angular distributions. Overall, the
laboratory angular dgstributions of in/elastic scattering of Cl support a
méchanisrﬁ involved with a short-lived collision compiex.- | |
 The asymmetric center-of-mass angular distributions that we obtained
indicate that the majority of fhe collision complexes decompose m a time less than
one rotational period.® At lower.collision energy, the angular distributions show
more forward-backward symmetry, which indicates that the lifetime of tﬁe
collisioﬁ complex increases relative to itsvrotational period as the collision energy

decreased. We can make some estimation on the rotational period at different

collision energies by using CIONO configuration as that of the collision complex.
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Using the structure ihformation of NVO2 molecule® and CIONO molecule,* and
for the sake of simplicity, t;aking,the-case in which the Cl atom attacks the NO,
molecule in a plane in the trans-CIONO configuration, We assume an impact
parameter of 1.1 A. Because of the supersonic coolihg in the molecular beam, the
rotational én’gular momentum of NO, molecule is assumed to Be négligible so that
thé total angular momentum J is almost eqﬁal to initial orbital angular
momentum L. At the collision energy E_ = 22.4 kcal/ mole, initial orbitai angular
momentum |L| = ubv,;, =110 h, where P is the reduced mass of the reacténts, b

is the impact parameter of the entrance channel, and v, is the relative velocity

£

of the r‘eactanfs.' The moment of inertia .about the rotation axis of the‘ collision .
compleg, 1, is about 180 amu.-A?, assuming the CIONO configuration f_dr tﬁe'
c:o'mplex.- The rotational period of the complex, ‘C{m = 21th /L, 1is .about 1.5 ps in‘thg
present model. At thé collision energy E, = 16.0 kcal/mole, 7, = 2.0 ps; while at.
the collision energy E“ = 10.6 keal/ ﬁlole, T, 1S estimated to be = 2.5 ps.

The product transiational energy releése{in the cventer.-of-mass frame is
' much larger compared with that in a usual reaction via a persistent long-lived
complex in which the enefgy is completely randomized.” Althbugh some initial
‘translational eﬂergy is expected to be tied up in the rotation energy of the reaction
coinplex and is eventually released és the product translational energy, the -
aﬁomt of tlus type of .energy is not very large corripared to the total energy
release. The .maximum amount of rotation energy of the collisioﬁ comp_lex)‘that '

can be released into product t_x'anslatiOnal energy is reached if the orbital angular -
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momentum of the products, L, is equal to the total angular momentum J. For E,
= 22.4 kcal/mole, uéing the same parameteré for estimating the lifetime of the
complex, the maximum amount of ‘énergy that could be tied up in rotation of the
complex is estimated to be ~ 3 kcal/mole, and it is quite small coﬁpared to the
- average and peak translational énergy release at this collision energy. For E, =
16.0 kcal/mole, this amount of energy is estimated /to be ~ 2 kcal/mole, which is
still not a significant fraction of the obsefved h‘anslational enérgy release.
Conservation of angular momentum seems to play a bigger role for the reaction
near the threshold energy; for E. = 10.6 kcal/mole, the amount of energy tied up
in rotation of .the éomplex is aboﬁt 1 kcal/mole, a significant amount of the
translational energy release. However, because the complex céuld decompose
leaving a fair amount of rotational excitation in the products .(i.é., the finai
rotational angulgr momentum, j’, is not small), the ﬁnal orbital angular
momentum |L’| might be smaller than the total angular momentum, and the
ven_efgy release into the tfranslation-of the products from the energy of the complex
rotation may become smaller. If we use the peak translationai energy release
from the experiment results to calculate the relative velocity of the products and
‘assume the impact parameter for exit channel fo be similar to that for the entrance
channel, we can estimate the final orbital angular momentum L’ = wWh'v' g aﬁd the
rotational energy associated with it. All the rotational energies éssociated with
the final orbital _angular momentum are small, in a fraction of one kcal/mole.

Therefore, the amount of energy that is tied up in rotation of the complex could
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not account for the large translational energy rele.a_se‘in the products, at least not
- for the high collision energies. The large product translational energy release
might be associated with the short lifetime of the intermediate complex. During
* the short lifetime of the intermediate ,complex,‘ vthe‘ chemically excited vin_termediate
complex does not have enough time to randomize all its internal energy; only few
internal modes (vibration and internal rotét:ion) are excited by the rédistribution
of the excess iﬁternal energy. The process of the randomization of the internal .
| energy, intramolecular vibrational relaxation (IVR), is competing with the lifetime
of the intermediate complex. v'rl‘he reaction complex does not have Sufficient
alhount of time to redistribute'éfféctively its excess internal energy, so there still
leaves a large amount of energy coupled 'wi.th the translétio_nal mode. The large
product translational energy release in the center-of-mass system is therefore
conéistent with the short lifetime of the intermediate complex.

The incompleteness of the internal ene;gy rando;hization can be further
checked by looking at the time-of-flight spectra of the Cl atom from the décay
channel of thg collision complex back to the reactants Cl and NO,. If energy
redistribution 1n the CIONO intermediate complex were complete before the(
unimolecular dec?ay, the reaéta;tté formed from this reverse chaﬁn_el would have
- very small center-of-mass frame recoil velocities and correspondingly very sméll
“translational energy r}eleavse. However, for all three collision energies, the
}t/ranslational energy probaib_ilitié_s 'vdf in/ élastically scattered Cl atom, Wthh .are.

obtained from satisfactory forwafd-cohvoiution fittings to the time-‘of-ﬂi'gh‘t.



186

spectra of in/elastically scattered Cl atom, show peaks near ‘the respective
collision energy limit, i.e., the translational energies of the in/elastically scattered
Cl atom are very large and close to the elastic scattering limit.. Cl atom does not
lose too inuch enérgy after colliding with NO, molecule to form the collision
complex and then decaying from the collision complex. This certainly implies
that the e’nergy redistribution in the reaction intermediate is not complete. There-
is‘another check of the conclusion.. For the reacﬁon at E, = 16.0 kcal/mole, a
mixture of Cl,, Ar and He was used for generating the Cl beam. B'ecaﬁse of the
similar mass of both Cl and Ar, Ar in the Cl beam sérves as a interﬁal referencé
for the in/elastic scattering. The time-of-flight spectra of in/elastic scattering of
Ar were also measured along with those of Cl in/elastic scattering. The time-of-
flight spectra of the in/elastically scattered‘ Ar are very similar to that of the
in/elastically scattered Cl afom (see Sec. IT). This again suggésts that a collisionv
complex with completely statisticaily randomized internal energy doés not form.
This also suggests that the Cl addition cross section is substantiaily smaller than
the in/elastic scattering cross section. | |

Itis véry interesting to look at the excitation function of this reaction; As
sﬁown in Fig. 20 (the filled circles are for the excitation function derived frofn the
experiment), there is a rapid increase of the relative reactive cross section shortly
above the reattiqn threshold} however, the increase of the cross section slows
down, and the energy dependence of the cross section becomes flattened out

above about 10 kcal/mole excess energy over the reaction threshold. The relative
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reactive cross sections can be expressed as the following:

S, = 0yalMao/ (Mo * 1)1 - o

where caddv is the &oss section for forming the collision adduct, Ngy is the rate
constant for the unimolecular decay of the collision complex into the products
CIO and NO and 1 is the rate ‘constant for the ,imimol_ecular decay of the
collision complex back to the reactants Cl and NO,. The iralue Nao/ (nc10+ Ny
s ﬂlérefore the relative probability of decorﬁposiﬁon of the collision complex into - .
the products, i.e., the branching ratio for the collision complex to decay to the
products. For an endoergic reaction, the branching ratio for the product channel
increases rapidly with the incréaée of the excess energy. Th1s qould be
understood by the energy dependence of the rate constants for both CIO and Cl -
channels using RRKM iheory. Each rate constant 7, reflects the density'of states
Vat thé transition state fbr a given pathway. For an endoergic reaction, the density
of states at the product transition state increases faster with energy in the
threshold region than the density of states at the feactant transition state;
therefore the branching ratio of the product channel increases more rapidly with
energy. | The density of stafés dependsy strongly on the number of active
vibra'tionai modes in the transition state as well as the frequencies. of those

vibrational modes. With a smaller number of active vibrational modes, the
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difference between the densities of states for the endoergic product chanﬁel and
the exoergic reactant channel becomes smaller; the branching ratio for the product
channel does not increase very rapidly either. This is easily shown by using the
classical.formulé for the rate constant in the RRK theory: 1 = A(e'/E’)*?, where
g* is the excess energy, E-E,, at the transition state and s is the number of active
vibrational modes.>"

| If we assume that the cross section for forming the collision adduct C.4d
does not. depend strongly on collision energy, the: calculated branchiﬂg ratio
would well represent the relative reactive cross section using Eqn. 7. Noticing
that the expériment‘al excitation function does not increases rapidly with the
excess energy, a re.duéed number of active vibrational modes rhight be invélved ,
in the energy redistribution in fhe collision complex. We carried out RRKM
calculations™*” for the branching ratio of the product channel. The vibrational
frequencies used in our calculation are taken from references 58 and 59 as well
as from references 12 and 13. The branching ratios caléulat\ed with more than two
active vibrational modes in the transition state do not flatten out around the
ex;:ess energy from 10 kcal/mole to 20 kcal/mole; they still rapidly increase
beyond 20 kcal/mole of excess energy, and they do not quite reproduce the
experimental excitation function. Only the branching ratio calculated using two
active low frequency vibrational mode in the transition state fits the experimental
data very Well (Fig. 20, the two sets of data_are scaled at both excess energy E =

0 kcal/mole (relative cross section S, = 0) and excess energy E = 21.4 kcal/mole
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(relaitive Cross sécti'on S, = 1.)). The fact that reduced-mode RRKM calculation
reproduces the expérimental excitation function quite well does not necéssarﬂy o
mean that the sméll, number of vib;ational modes aré in microcanonical

- equilibrium prior to the unimoleculai decomposition. As the aﬁalysis ‘for the |
| ~ center-of-mass angulaf distributions and translational energy distributions shows,
thel redistﬁbuﬁoh of the intefnal energy, i.e., intramolecular vibrational relaxation,
in the collision corhplex, is qompeting with decofnpositioh o} the compléx in this
reaction. In principle, RRKM theory can not apply in this case. Therefore, the
number of active modes used in the RRKM calcﬁlation is just a relativé measure
of thé_ extent of in&amolecdar energy redistribution prior to the decay of the -
coﬂision .con.ll.:Slex to the CIO and NO products. There are five possible vibrationai -
modes in the transition state; however, there are only two used in the RRKM
calculation to well reproduce the experimental excitation function. This is the
indication that the energy redistribution in the collision complex 1s not éompleted
X before the ‘complex undergoes decomposition. The experimental excitation
function, which is well reiarbduced by the reduced-mode RRKM calculation, along
with the product center-of-mass ahgular a_hd translational energy distr'(i.butions}
| derived from the experimentai data, confifms-that the reactibn Cl + NO, —» CIO
-+ NO pro;eeds through a short-lived complex. vThe experimentally derived
._'excitation function, with the éxplanation from the reduced-mode RRKM
calculation, and the product angular and translational energy distributions are

‘quite consistent under the same model.
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In reaching to a reduced-mode mechanism for this reaction, we have
assumed that the cross section for Cl addition on to NO,, G,44, does not depend
. strongly on the collision energy. Because there is no energy barrier for the
| assodation reaction of Cl + NO,? and the collision energy is very large (at least

10 kcal/mole) for the_entrance channel of the association reaction, we do not think
the cross section C,qa for Cl addiﬁon would strongly depend'on the collision
energy; at least, it would not increase very rapidly with the colﬁsion energy.
In a "line-of-centers" model for an endoergic reaction,® the reaction occurs
_if the kinetic energy along the line-of-centers exceeds the threshold energy E,.
The kinetic energy off the line-of-centers is used to overcorrle the centrifugal
b'arrier, i.e., some amounr of kinetic energy is taken as the rotational energy of the
- collision intermediate. vThe reaction cross section does not increase steeply as a
step functlon above the reactron threshold E, because some kinetic energy is tied
_vup in the rotatronal energy during the collision process The energy dependence
| in this simple model can be expresses as: 6,(E) = 6(1 - E,/E,), when E, > E(, and
C, = O when E_ < E0 This functlon could be 1nterpreted as the relative probability
for the reactants to reach the critic configuration which leads to the products i in
a unit probability. It may also be ‘considered as the relative probability of forming
the collision adduct which decays to the products with unir probability. We
calculate the reiative cross section using this simple model (with E, = 8.6
kcal/mole), to compare with the experirnent excitation function, this curve o;(E-c)

is further scaled so that 6, =0, at E, = E;; 6, = 1, at E-E, = 21.4 kcal/mole. These
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results are shown in Figure 21. Surprisingly, the experimental excitation function
~agrees with calculated reactive cross section dgpéndence of energy usiné the line-
of-centers model. ’Howevér, this result may still be éonsistent with the result from
the reduced-mode RRKM calculation, All the calculations suggest that the energy |
redistribution is incomplete, and the decomposition of the short—lived collision
complex is very faét.

Finally we would like to inspect the effects of the electronic structures of
both NO, and ClI on the reaction'mechanism. The highest occupied molecular
orbital (HOMO) on NO, molec;ule is 6a,.1% It is half-filled with the unpaired
electron mainly residing on the nitrogen atom. If the Cl atom attacks on the .
* nitrogen site, bécguse of the nop-bonding nature of this orbital on the nitrogen
atom, it may not quickly lead to the reaction channel CIO + NO; however, we can
see that this approach is effective to form c;.ollision' compl_ex. It seems that the Cl
atom needs to attack on the oxygen atom to cleave the N-O bond and tb form
ClIO + NO products; The center-of-mass angular distributions from‘ the
experimental results support the meéhanism that the Cl atom mainly attacks the
oxygén atorﬁ of the NO, molecule. As we have seen, with the increése of the
collision energy, the forward ‘distributionv in i;he CM ‘anguiar distrif)uﬁon
iﬁcrease_s. This behavior.can not come from the reaction approach in which the
Cl atom collides with the nitrogen atom of the NO, mdleéule. The .app.rc.)achv of
the Cl atomvtowards th.e.niEro‘gen atom has small impact parameter; it would-

mainly lead to backward scattered products in a direct reaction mechanism.
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Furthermore, since the lifetime of the complex decreases with the increase of the
collision energy; the adduct of the Cl on the nitrogen atom of the NO, molecule
- is less likely to finish one rotation before it decomposes, and the reaction
mechanism is shifted to be close to a direct reaction. Following these arguments,
if the Cl atom mainly attacks the nitrogen atom, with the increase of the collision
energy, the backward scattering should be increased instead of the forward
scattering. Therefore, the experimental angular distributions strongly indicaté that
the Cl atom attacks the oxygen atom of the NO, molecule. With the increase of
the collision energy, the lifeﬁme of the collision complex decreases; the forward
stripping component in the center-of-mass angular distribution increases, and the

reaction mechanism is shifted towards a direct reaction.

V. CONCLUSION

The reéction Cl + NO, — ClO + NO has been studied at three different
collision energies. The product center-of-mass angular distributions and
translational energy-distributions as well _aé the excitation function have been
derived. The center-of-mass angular distributions have some forward-backward
symmetry; however, as the collision energy increases, the asyrhmeh‘y in the
angular distributions increases. - Thé product translational energy release is

generally large, with the average translational energy over 50% of the total



193

available energy. As the-collision energy increases, the fraction of the total energ{y v
released ihto translation slightly _decréases. The excitation function is fouhd to
havé a positive_dep_endente on the energy; however, it does not increase rapidly
with the energy. The reaction proceeds through a short-lii(ed_complex whose
lifetime is less than a rotational period. The energy redis&ibuﬁoh in the collision
complex is probably not complete before it décompbses. As the collision energy
increases, .the lifetime of the complex is shortened with respect .to its rotational
period; the forward distribution in the centér—of—mass angular distribution
vihcreasesv; ‘the reécﬁon m;chanism vseems to be on the transiﬁon to a diréct
reavction; The feaétién path in which the Cl atom méinly ‘at.ta.cks the oxygeﬁ Fat.om
instead of -}the nitrogen atom of the NO, molecule seems to be.more consistent

with the experimental results.
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VII. TABLES

TABLE 1. Experimental conditions.

a. Peak velocity.

Qv Cl Beam NO,v, | NO,Beam |  E
' . AE<:oll/Ecoll
(x10* cm/s) | Speed Ratio | (x10* cm/s) | Speed Ratio | (kcal/mole)
264 64 15.7 12.5 224 24%
211 7.0 15.2 11.6 16.0 20%
9.8 16.7 119 10.6 13%

- 861



TABLE II. Relevant quantities of the reaction.

a. Relative reactant flux (arbitrary units).

b. Relative reactive cross section scaled to 1.0 for-E_; = 22.4 kcal/mole (Excess energy E = E_;, - E, =

kcal/mole) in this table.

Ee (kcal/mole) <E./E, ;> Neifiyo Ut S, (arb. units)
10.6 - 57 34 39
160 57 84 82
24 54

1.0 1.0 |I

13.8

661
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VIII. FIGURE CAPTIONS

Figure 1.

Figure 2.

Figure 3.

Energy level diagram of the reaction C1 + NO, — CIO + NO. Two

type of collision intermediate, CIONO and CINO,, are shown. Three

collision energies in our experiment are also shown in the diagram.

Upper: Laboratory angular distribution of the reaction Cl + N02 at

Ecoli = 22.4 kcal/mole. The filled circles are from the experimental
data. Error bars stand for 95% confidence limits. Solid line is the
celculated laboratory angular distribution from the optimized center-
of-mass differentiai cross section funcﬁonal forms. The “laboretory
angular _distri"tiution is scaled to unit relative reactant ﬂiix, and the
maximum in this angﬁiar distribution is further scaled to 1.0.

Lower: The Newton diagram for the reaction Cl + NO, at the most

probable collision energy E_; = 22.4 kcal/mole. The circle stands for

' the maximum center-of-mass recoil velocity of the ClO product at -

the most probable collision energy. The Cl beam direction is deﬁned ‘
as 0° in the laboratory frame, and correspondingly the NO, beam
direction is at 90°.

Labdratory time-of-flight spectra of the ClO product at indicated |
leboratory angles for the reaction Cl + NO, - ClIO + NO at Ey =
22.4 keal/mole.. The circles are the experimental data points, while

the solid lines are for the calculated spectra.



Figui'e 4.

Figure 5.
Figure 6.

Figure 7.

Figure 8.
Figure 9.

| Figure 10.

Figure 11.
Figure 12.

Figure 13.
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Best fit translational energy distribution P(E;) and centér-of-mass

“angular distribution T(6) for the reaction Cl + NO, — CIO + NO at

E'co,, = 22.4 kcal/mole. The nomihalvtotal available energy is 13.8

kcal/mole.

»Contouf map for the ClO product center-of-mass flux-velocity

distribution; superimposed on the nominai Newton diagram for the
most probable collisioh energy E .1 = 22.4 kcal/mole. o
3-D surface plot for the ClO product cgnter-of-mass flux distribution
at B - 22.4 kcal/mole. |
Laboratéry angular distribution of in/ _elasticallyrscattered Cl. The-
distribution is in arbitrary units. The filled circies afe data points
from the> integrated Cl time-of-flight spéctra. The solid line is a

polynomial fit which is only for the purpose of guideline.

-Same as in Figure 2 but at E. = 16.0 kcal /mole.

ClO time-of-ﬂighf spectra at indicated laboratofy angles for reacﬁon‘
Cl + NO, — CIO + NO at E._, = 16.0 keal /mole.

Same as .in Figure 4 bﬁt.at E= 16.0 kcal/ mo_le.. The nominal total
available energy is 7.4 kcal/ mble.l

Same as in Figure 5 but atvEco“ = 16.0 kcal/mole.

Same as in Figure 6 but at E; = 16.0 keal/ mole.

Same as in Figure 7 but at E_,; = 16.0 kcal/mole. Notice also that

the intensity is normalized to a different scale.



Figure 14.

Figure 15.

Figure 16.
Figure 17.

Figure 18.

~ Figure 19.

Figure 20.

Figure. 21.

il
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Same as in Figure 2 but at E.; = 10.6 kcal/mole.

Same as in Figure. 3 but at E; = 10.6 kcal/mole. Becauée the |
collision energy is very close to the reaction threshold, the reaction
cross section is small and the center-of-mass recoil velocity is also
sniall, therefore, only three time-of-flight spectra of the ClO product
were measured. |

Same a-s in Figure 4 but at E_;, = 10.6 kcal/mole. The nominal total
available enéfgy is 2 kcal/mole.

Same as in Figure» 5 but at E_; = 10.6 kcal/mole.

Same as in Figure 6 but at E,, = 10.6 kcal/mole.

Laboratory angular distribution of in/elastically scattered Cl at E_;
= 10.6 kcal/mole. The intensity at laboratory angle 70° is scaled to
1. ‘

Excitation function S (E) of the reaction Cl + NO, - ClO + NO. The
filled circles are the experimentally derived values. The solid curve
is from reduced—mdde RRKM calcula‘tions. The threshold energy E,
is 8.6 k;al/ mole. The total available energy E= Eco“ - E,. Both sets
of data are scaled at E = 0 kcal/mole with S, =0 and af E =214
keal/mole with S, = 1. |

Same as in Figure 20, except that the solid curve is from calculations

‘using line-of-centers model.
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Cl + NO,—CIO + NO E_ = 22.4 kcal/mole
_ - coll | h
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