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The'80(*D) +44CO, oxygen isotope exchange reaction has been studied using a crossed molecular
beam apparatus at a collision energy of 7.7 kcal/mol. Two different reaction channels are observed,
both proceeding via a relatively long-lived G@omplex. Electronic quenching of €m) is the

major channel, accounting for 68% of all isotope exchange, while 32% occurs without quenching.
These results are the first experimental evidence that isotope exchange can occur through a
long-lived CQ intermediate without subsequent crossing to the triplet surface, and could prove
important for atmospheric models of oxygen isotope exchange betwegra@DG,. © 2003
American Institute of Physics[DOI: 10.1063/1.1618737

Stratospheric C@is enriched in the stable heavy iso- This idea was based on earlier laboratory work demonstrat-
topes’O and*®O relative to tropospheric CQ' but a quan-  ing isotope exchange betweéfO-labeled CQ and O¢D)
titative, molecular-level understanding of the enrichment isn which O(D) was generated by photolysis of;(3°
lacking. The enrichments are anomalodsr “mass-  N,0,° NO,, or CO,.*? To date, however, models of iso-
independent) since the enrichment iA’O is greater than tope exchange between G@nd G, in the stratosphere and
that in 80, while standard equilibrium and kinetic isotope in bulk photochemical experiments have been unable to re-
effects result in changes 0 only half as large as those for produce the observed enrichmefits Thus, it is not known
180 when measured relative to the major isotdf®.? At- whether there is an additional anomalous isotope effect in the
mospheric ozone is also anomalously enrichied’’0 and  O('D)+CO, reaction or whether transfer of the isotope
180 due to unusual isotope effects in the 3-body recombinaanomaly from Q via (R2) and(R3) is sufficient. Resolving
tion reaction(R1),* these uncertainties is not only of interest from a chemical

O(P) + 0, + M— O + M— Oy + M*. (R1) physics perspective bqt also has environmen'tal applications.

For example, observations of the anomalous isotopic compo-
Gao and Marcus,using a semiempirical RRKM approach, sition of CO, may provide a unique tracer of stratospheric
suggested that the anomalous enrichment jrincthe atmo-  chemistry and transport on time scales of months to y&ars
sphere is primarily due to subtle, nonstandard differences iand a means to quantify gross carbon fluxes to and from the
the densities of states between symmetric and asymmetrliosphere on annudl to millenniaf® time scales if the
isotopologued(e.g., 1f0'%0%0 versus'®0'®0'%0). For the mechanisms for isotope exchange are understood.
case of CQ, it was suggestéd that the anomalous oxygen The kinetics of the quenching of &D) by CO, has
isotopic composition of @ could be transferred to GCby  received considerable attention, but little direct information
photolysis of Q to form O(D) (R2) followed by a quench- on the dynamics is known. The quenching reaction is un-
ing collision between G) and CQ in which isotopic ex- usual in that it is spin-forbidden but proceeds at a nearly gas
change can occuR?3): kinetic rate of 1. 10~ °cm®s~*,*” while reaction to form
CO+0,(*2, ,'Aq,%% ) proceeds at a rate of only 2.4

1
Os+hv—0(D)+ 0,  A<340 nm, (R2) x 10 Bcm®s ! when the reactant GD) is produced by
O(!D)+ CO,— CO% —O(3P) +CO, (R3  room temperature photolysis of,®.*® The bulk isotope ex-
change experiments of the 1980¥ are consistent with for-
AE=—46 kcal/mol. mation of a relatively long-lived collision complex, GQ in

which both isotope exchange and curve-crossing from the
@Author to whom correspondence should be addressed. Electronic mai_F.“pk':'t to the S'nglet_ surface can occur. DeMore and Béde
boering@cchem.berkeley.edu inferred a CQ lifetime of 1 to 10 ps from the pressure
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dependence of COformation at high pressures in the gas
phase. The isotope labeling results of Baulch and
Breckenridgé? suggest a near-statistical rate of isotope ex-
change for which the incoming @D) atom has an approxi-
mately 2/3 chance of being incorporated into the product%
CO, molecule. Such a statistical exchange is consistent withg

a Dgy, structure for the C@complex or a G, structure which IS
can access the §) structure during the CD lifetime. IR~ £
spectroscopy of CQformed in solid CQ and Ar matrices &
suggests that the ,C structure is more stable at low e
temperature®?° The most recenab initio calculations sug- 150]
gest that the &, geometry is more stable thangPby 4.0 100

kcal/mol and that the barrier between them is relatively 01 B
small?! If this is correct, the longer the CQlifetime, the
more chance the complex has to sample the symmetjic D
geometry. In addition, the longer the lifetime, the more com- Time of Flight / ps
plete intramolecular vibrational energy re(_:ilstnbutldldR) FIG. 1. Mass 46 time-of-flight data. The angles displayed are in the labo-
will be. Both these effects would serve to increase the probyatory frame. Raw data are represented by open circles, and the simulations
ability that all oxygen atoms are equivalent on the time scalere shown as lines.
of the collision complex lifetime and possess an equal
chance of becoming the product oxygen atoms. No studies
have been performed to date, however, under single collisiogpherical-cylindrical Mgk lens to a spot size of*34 mm. At
conditions in which the dynamics of the isotope exchangenhis power, the @ transition is saturated. The laser crossed
and quenching ifR3) can be studied. Single collision con- the O, beam just after the skimmer, and the 'O} was
ditions are particularly important in this case since the for-skimmed by another 4 mm skimmer. In this setup, the mean
mation of ozone in bulk photochemical experiments mayvelocity of *O(*D) is 2155+10 m/s with a speed ratio of 27
complicate isotopic results due to the large and anomalouand an angular divergence &f4°.
isotope effects ifR1). To form a molecular beam of GO a mixture of
To investigate the dynamics of the GOO('D) reac- 33% CQ, (99.99%) in Ar(99.999% was used at low pres-
tion, we have used an improved universal crossed moleculaures(6 psig to reduce the formation of clusters. The Ar also
beam apparatu.In this experiment, a beam ¢fO(*D) is  served to increase the speed ratio of the beam. The gas mix-
crossed with a beam dfCO,, and the time-of-flight of the ture was run through a tuned pulsed val@eneral Valve
resulting isotope exchange produticO,, is detected. Two similar to the Q source and skimmed with a 1.5 mm diam-
product channels for isotope exchange are observed: one @ter skimmer. The average G®eam speed was 62G m/s
which the products have considerably more translational enwith a speed ratio of 11 and angular divergence=8f. With
ergy than the collision energy and one in which the maxi-these speeds, the collision energy is 7651 kcal/mol.
mum translational energy of the products is equal to the col-  After the beams cross, the neutral products travel a dis-
lision energy. We, therefore, attribute these two channels ttance of 247 mm to the detector, where they are ionized by
isotope exchange in quenching and nonquenching collisionglectron impact. The product ions which have undergone iso-
respectively. tope exchange*fCO,) are mass selected by a quadrupole
The atomic beam of 50960(*D) and 50%'%0(°P) was mass filter and directed to a Daly detector. Time-of-flight
generated by 157.6 nm photolysis of doubly labeté@, spectra are then acquired by a multichannel scaler with a 1
with an isotopic purity greater than 95% as verified by massus bin size. The detector is attached to the top flange of the
spectrometry. The®®O reactant was used to avoid back- main chamber which can be rotated about the beam crossing
ground from the reactaifCO, beam and to ensure all prod- point from —35° to 125°, with the O{D) beam defined as
ucts detected had undergone reaction and not inelastic sc&t?. However, the full range of the detector was not used in
tering with the oxygen atom beam. In addition, a copper coldhis experiment due to the higher background generated
plate cooled by a closed cycle He-cryocooler is located in thelose to the beam directions. The angles studied range from
main chamber where the beams emerge from the sourcH)° to 70° with an additional measurement at 117°. As the
chambers. This cold plate was maintained at approximatelgetector was rotated closer to 0°, t#€0, background rose
20 K and dramatically reduces the ambient Qfackground sharply due to O-atom exchange on the surface of the cold
in the chamber. plate. At angles near 90°, the normal isotopic abundance of
The O, beam was produced from a tuned pulsed valve’®CO, in the beam gives rise to a high background. Despite
(General Valve with an approximate rise time of 5@0s and  these limitations, the laboratory angles measured cover al-
a backing pressure between 60 and 80 psig. The pulsed valvgost the entire range of center-of-mass angles relevant for
was rotated approximately 90° to the reaction plane to reducthis study.
background @ gas in the main chamber. The photolysis la- The raw time-of-flight data for mass 46 products are
ser(Lambda Physik LPX 210 Flase)p, with a power of 60 shown in Fig. 1. There are two distinct peaks, a fast peak
mJ per pulse at a 50 Hz repetition rate, was focused with avith an average flight time of 13@s at a laboratory angle of
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TABLE I. Branching ratios and product translational energies.

Reaction Branching (Ey f2
BO(*D) +*4C0, — ¥O(*P)+*CO, 68% 27.1 kcal/mol  50% 0.6
180(*D) +*4CO, — %0(*D) +*6C0O, 32% 3.1 kcal/mol  60% O
& =Ejn/(E-+ Einp) 0.4

K]

45° and a slower, broader peak centered at approximately
280 us at 45°. Note that the extra background mentioned

above is apparent at 10° and 15° as a rise in signal around 0.
400 us, while at 117° it appears as an extra peak centered at
450 us due to the physical geometry of the main chamber.

The backing pressure dependence of the Béam has been

checked to ensure that both the fast and slow peaks are from arR)
collisions of CQ monomers with oxygen atoms. Because @
only mass 46 is detected, both the fast and slow channels
observed must correspond to isotope exchange. Moreover,
since the barrier for any possible isotope exchange between
OCP) and CQ is predicted to be approximately 34 06
kcal/mol?! and earlier bulk isotope exchange studies showed 05
no exchange between &X) and CQ,%° both peaks ob- -
served presumably correspond to two different @) & 03
+CO, channels. o
In order to extract center-of-mass product speed and an- e
gular information from the raw data, computer simulations 0.1
were performed. Initial guesses for the center-of-mass prod- 0
uct kinetic energy distribution, (E), and the center-of-mass 2000 B
product angular distribution, (B), were input into an itera- 0 )
tive forward-convolution computer program, along with the / -1000 o™ 000
beam and machine parameters. Laboratory-frame time-of- o(py ™ s

flight spectra were generated from these inputs and compared (o)

with the experimental data, which were rebinned tp3to FG. 2. The 3D centerof St velocity flux di btained

H H H H . 2. nter-or-m r Vi I X dliagram n rom
improve the S|gnal-to-n0|§e rat.lo' Values dBpand Ro) for. the simulateed EEC)eaned oF(o) ?Iissfripl):n?ti::s fng();) ilheu“ecoazgp?odgcte}n ?he °
each channel were then iteratively adjusted to get a satisfagenching isotope exchange chanttae fast peak in Fig. jland (b) the
tory fit to the raw data, yleldlng the solid curves in Flg 1. 46CO, product in the nonquenching isotope exchange chafthel slow
The only lab angle which was not fit well is 70°, which peak in Fig. 1. The probabilities have been normalized by the branching
contains a third peak at 215s due to scattering offcO, ~ ratio of each channel.

present at natural abundance in the 90° beam. This effect will

be corrected for in a Iater paper which Wi'll'also describe a 180(1D) +*CO,— CO% — 10(1D) +46C O, (R4)
redesigned source to achieve a lower collision energy.

The product translational energies for both channels ar@his result is the first observation of isotope exchange on the
summarized in Table I. For the fast peak, a brogd)Rvas  singlet surface leading to singlet products, as no previous
used with a maximum energy of 53.7 kcal/mol. Since theexperiment that monitored isotope exchange could also de-
average product translational energy for this fast channel isermine the electronic state of the product oxygen atom. This
27.1 kcal/mol, which is much greater than the collision en-channel is significant, accounting for 32% of all isotope ex-
ergy, it was assigned to the quenching reactig@B). Out of  change. Similar to the quenching channel, 60% of the avail-
the available energy of 53.7 kcal/mol, this leaves 50% forable energy was deposited into the product,CO
internal excitation of the produéfCO,. This value is con- Together with the FE) values described above, the de-
sistent with a previous flow tube study which used a higherived values for P9) in (R3) and(R4) are graphed as product
collision energy of 13.0 kcal/mol; by measuring the productvelocity flux diagrams do/dusinddd) in Fig. 2. Both
O(®P,) Doppler profile at 130.2 nm, it was found that channels clearly show forward-backward symmetry which
49+3% of the available energy was deposited into the prodindicates that both involve an intermediate with a lifetime
uct CG,.% greater than its rotational period. No evidence for a direct

The slow peak, with(E;)=3.1kcal/mol, was also fit isotope exchange mechanism is observed for either channel.
with a broad PE). The maximum translational energy of this We note that since the nonquenching peak at the laboratory
channel is 7.7 kcal/mol, equal to the collision energy. Thisangle of 70°(180° in the center-of-mass frapneould not be
peak therefore corresponds to isotope exchange withodit by simulation, the P9) for the nonquenching channel is
quenching(R4), not as accurate in the backward scattered region. However,
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