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The18O(1D)144CO2 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 CO3 complex. Electronic quenching of O(1D) 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 CO3 intermediate without subsequent crossing to the triplet surface, and could prove
important for atmospheric models of oxygen isotope exchange between CO2 and O3. © 2003
American Institute of Physics.@DOI: 10.1063/1.1618737#
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Stratospheric CO2 is enriched in the stable heavy iso
topes17O and18O relative to tropospheric CO2,1 but a quan-
titative, molecular-level understanding of the enrichmen
lacking. The enrichments are anomalous~or ‘‘mass-
independent’’! since the enrichment in17O is greater than
that in 18O, while standard equilibrium and kinetic isotop
effects result in changes in17O only half as large as those fo
18O when measured relative to the major isotope16O.2 At-
mospheric ozone is also anomalously enriched3 in 17O and
18O due to unusual isotope effects in the 3-body recomb
tion reaction~R1!,4

O~3P!1O21M→O3* 1M→O31M* . ~R1!

Gao and Marcus,5 using a semiempirical RRKM approach
suggested that the anomalous enrichment in O3 in the atmo-
sphere is primarily due to subtle, nonstandard difference
the densities of states between symmetric and asymm
isotopologues~e.g., 16O16O16O versus18O16O16O). For the
case of CO2, it was suggested6,7 that the anomalous oxyge
isotopic composition of O3 could be transferred to CO2 by
photolysis of O3 to form O(1D) ~R2! followed by a quench-
ing collision between O(1D) and CO2 in which isotopic ex-
change can occur~R3!:

O31hn→O~1D!1O2 l,340 nm, ~R2!

O~1D!1CO2→CO3* →O~3P!1CO2 ~R3!

DE5246 kcal/mol.

a!Author to whom correspondence should be addressed. Electronic
boering@cchem.berkeley.edu
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This idea was based on earlier laboratory work demonst
ing isotope exchange between18O-labeled CO2 and O(1D)
in which O(1D) was generated by photolysis of O3 ,8,9

N2O,10 NO2,11 or CO2.12 To date, however, models of iso
tope exchange between CO2 and O3 in the stratosphere an
in bulk photochemical experiments have been unable to
produce the observed enrichments.6,13 Thus, it is not known
whether there is an additional anomalous isotope effect in
O(1D)1CO2 reaction or whether transfer of the isotop
anomaly from O3 via ~R2! and ~R3! is sufficient. Resolving
these uncertainties is not only of interest from a chemi
physics perspective but also has environmental applicati
For example, observations of the anomalous isotopic com
sition of CO2 may provide a unique tracer of stratosphe
chemistry and transport on time scales of months to yea14

and a means to quantify gross carbon fluxes to and from
biosphere on annual15 to millennial16 time scales if the
mechanisms for isotope exchange are understood.

The kinetics of the quenching of O(1D) by CO2 has
received considerable attention, but little direct informati
on the dynamics is known. The quenching reaction is
usual in that it is spin-forbidden but proceeds at a nearly
kinetic rate of 1.1310210cm3 s21,17 while reaction to form
CO1O2 (1Sg

1 ,1Dg ,3Sg
2) proceeds at a rate of only 2.

310213cm3 s21 when the reactant O(1D) is produced by
room temperature photolysis of N2O.18 The bulk isotope ex-
change experiments of the 1960s8–12 are consistent with for-
mation of a relatively long-lived collision complex, CO3* , in
which both isotope exchange and curve-crossing from
triplet to the singlet surface can occur. DeMore and Ded19

inferred a CO3* lifetime of 1 to 10 ps from the pressur
il:
3 © 2003 American Institute of Physics
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dependence of CO3 formation at high pressures in the g
phase. The isotope labeling results of Baulch a
Breckenridge12 suggest a near-statistical rate of isotope
change for which the incoming O(1D) atom has an approxi
mately 2/3 chance of being incorporated into the prod
CO2 molecule. Such a statistical exchange is consistent w
a D3h structure for the CO3 complex or a C2v structure which
can access the D3h structure during the CO3* lifetime. IR
spectroscopy of CO3 formed in solid CO2 and Ar matrices
suggests that the C2v structure is more stable at low
temperatures.9,20 The most recentab initio calculations sug-
gest that the C2v geometry is more stable than D3h by 4.0
kcal/mol and that the barrier between them is relativ
small.21 If this is correct, the longer the CO3* lifetime, the
more chance the complex has to sample the symmetric3h

geometry. In addition, the longer the lifetime, the more co
plete intramolecular vibrational energy redistribution~IVR!
will be. Both these effects would serve to increase the pr
ability that all oxygen atoms are equivalent on the time sc
of the collision complex lifetime and possess an eq
chance of becoming the product oxygen atoms. No stu
have been performed to date, however, under single colli
conditions in which the dynamics of the isotope exchan
and quenching in~R3! can be studied. Single collision con
ditions are particularly important in this case since the f
mation of ozone in bulk photochemical experiments m
complicate isotopic results due to the large and anoma
isotope effects in~R1!.

To investigate the dynamics of the CO21O(1D) reac-
tion, we have used an improved universal crossed molec
beam apparatus.22 In this experiment, a beam of18O(1D) is
crossed with a beam of44CO2, and the time-of-flight of the
resulting isotope exchange product,46CO2, is detected. Two
product channels for isotope exchange are observed: on
which the products have considerably more translational
ergy than the collision energy and one in which the ma
mum translational energy of the products is equal to the
lision energy. We, therefore, attribute these two channel
isotope exchange in quenching and nonquenching collisi
respectively.

The atomic beam of 50%18O(1D) and 50%18O(3P) was
generated by 157.6 nm photolysis of doubly labeled36O2

with an isotopic purity greater than 95% as verified by m
spectrometry. The18O reactant was used to avoid bac
ground from the reactant44CO2 beam and to ensure all prod
ucts detected had undergone reaction and not inelastic
tering with the oxygen atom beam. In addition, a copper c
plate cooled by a closed cycle He-cryocooler is located in
main chamber where the beams emerge from the so
chambers. This cold plate was maintained at approxima
20 K and dramatically reduces the ambient CO2 background
in the chamber.

The O2 beam was produced from a tuned pulsed va
~General Valve! with an approximate rise time of 50ms and
a backing pressure between 60 and 80 psig. The pulsed v
was rotated approximately 90° to the reaction plane to red
background O2 gas in the main chamber. The photolysis
ser ~Lambda Physik LPX 210 F2 laser!, with a power of 60
mJ per pulse at a 50 Hz repetition rate, was focused wi
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spherical-cylindrical MgF2 lens to a spot size of 334 mm. At
this power, the O2 transition is saturated. The laser cross
the O2 beam just after the skimmer, and the O(1D) was
skimmed by another 4 mm skimmer. In this setup, the m
velocity of 18O(1D) is 2155610 m/s with a speed ratio of 27
and an angular divergence of64°.

To form a molecular beam of CO2, a mixture of
33% CO2 (99.99%) in Ar ~99.999%! was used at low pres
sures~6 psig! to reduce the formation of clusters. The Ar als
served to increase the speed ratio of the beam. The gas
ture was run through a tuned pulsed valve~General Valve!
similar to the O2 source and skimmed with a 1.5 mm diam
eter skimmer. The average CO2 beam speed was 62065 m/s
with a speed ratio of 11 and angular divergence of63°. With
these speeds, the collision energy is 7.6560.1 kcal/mol.

After the beams cross, the neutral products travel a
tance of 247 mm to the detector, where they are ionized
electron impact. The product ions which have undergone
tope exchange (46CO2) are mass selected by a quadrupo
mass filter and directed to a Daly detector. Time-of-flig
spectra are then acquired by a multichannel scaler with
ms bin size. The detector is attached to the top flange of
main chamber which can be rotated about the beam cros
point from 235° to 125°, with the O(1D) beam defined as
0°. However, the full range of the detector was not used
this experiment due to the higher background genera
close to the beam directions. The angles studied range f
10° to 70° with an additional measurement at 117°. As
detector was rotated closer to 0°, the46CO2 background rose
sharply due to O-atom exchange on the surface of the c
plate. At angles near 90°, the normal isotopic abundance
46CO2 in the beam gives rise to a high background. Desp
these limitations, the laboratory angles measured cover
most the entire range of center-of-mass angles relevan
this study.

The raw time-of-flight data for mass 46 products a
shown in Fig. 1. There are two distinct peaks, a fast pe
with an average flight time of 130ms at a laboratory angle o

FIG. 1. Mass 46 time-of-flight data. The angles displayed are in the la
ratory frame. Raw data are represented by open circles, and the simula
are shown as lines.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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45° and a slower, broader peak centered at approxima
280 ms at 45°. Note that the extra background mention
above is apparent at 10° and 15° as a rise in signal aro
400ms, while at 117° it appears as an extra peak centere
450 ms due to the physical geometry of the main chamb
The backing pressure dependence of the CO2 beam has been
checked to ensure that both the fast and slow peaks are
collisions of CO2 monomers with oxygen atoms. Becau
only mass 46 is detected, both the fast and slow chan
observed must correspond to isotope exchange. Moreo
since the barrier for any possible isotope exchange betw
O(3P) and CO2 is predicted to be approximately 3
kcal/mol,21 and earlier bulk isotope exchange studies show
no exchange between O(3P) and CO2,8,10 both peaks ob-
served presumably correspond to two different O(1D)
1CO2 channels.

In order to extract center-of-mass product speed and
gular information from the raw data, computer simulatio
were performed. Initial guesses for the center-of-mass p
uct kinetic energy distribution, P~E!, and the center-of-mas
product angular distribution, P~u!, were input into an itera-
tive forward-convolution computer program, along with t
beam and machine parameters. Laboratory-frame time
flight spectra were generated from these inputs and comp
with the experimental data, which were rebinned to 3ms to
improve the signal-to-noise ratio. Values of P~E! and P~u! for
each channel were then iteratively adjusted to get a satis
tory fit to the raw data, yielding the solid curves in Fig.
The only lab angle which was not fit well is 70°, whic
contains a third peak at 215ms due to scattering of46CO2

present at natural abundance in the 90° beam. This effect
be corrected for in a later paper which will also describe
redesigned source to achieve a lower collision energy.

The product translational energies for both channels
summarized in Table I. For the fast peak, a broad P~E! was
used with a maximum energy of 53.7 kcal/mol. Since
average product translational energy for this fast channe
27.1 kcal/mol, which is much greater than the collision e
ergy, it was assigned to the quenching reaction~R3!. Out of
the available energy of 53.7 kcal/mol, this leaves 50%
internal excitation of the product46CO2. This value is con-
sistent with a previous flow tube study which used a hig
collision energy of 13.0 kcal/mol; by measuring the produ
O(3P2) Doppler profile at 130.2 nm, it was found th
4963% of the available energy was deposited into the pr
uct CO2.23

The slow peak, with^Et&53.1 kcal/mol, was also fit
with a broad P~E!. The maximum translational energy of th
channel is 7.7 kcal/mol, equal to the collision energy. T
peak therefore corresponds to isotope exchange with
quenching~R4!,

TABLE I. Branching ratios and product translational energies.

Reaction Branching ^Et& fa

18O(1D)144CO2 → 16O(3P)146CO2 68% 27.1 kcal/mol 50%
18O(1D)144CO2 → 16O(1D)146CO2 32% 3.1 kcal/mol 60%

af5Eint /~Et1Eint)
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18O~1D!144CO2→CO3* →16O~1D!146CO2. ~R4!

This result is the first observation of isotope exchange on
singlet surface leading to singlet products, as no previ
experiment that monitored isotope exchange could also
termine the electronic state of the product oxygen atom. T
channel is significant, accounting for 32% of all isotope e
change. Similar to the quenching channel, 60% of the av
able energy was deposited into the product CO2.

Together with the P~E! values described above, the d
rived values for P~u! in ~R3! and~R4! are graphed as produc
velocity flux diagrams (ds/du sinqdq) in Fig. 2. Both
channels clearly show forward-backward symmetry wh
indicates that both involve an intermediate with a lifetim
greater than its rotational period. No evidence for a dir
isotope exchange mechanism is observed for either chan
We note that since the nonquenching peak at the labora
angle of 70°~180° in the center-of-mass frame! could not be
fit by simulation, the P~u! for the nonquenching channel i
not as accurate in the backward scattered region. Howe

FIG. 2. The 3D center-of-mass product velocity flux diagram obtained fr
the simulated P~E! and P~u! distributions for~a! the 46CO2 product in the
quenching isotope exchange channel~the fast peak in Fig. 1! and ~b! the
46CO2 product in the nonquenching isotope exchange channel~the slow
peak in Fig. 1!. The probabilities have been normalized by the branch
ratio of each channel.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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because the 180° center-of-mass angle is covered by o
laboratory angles, the inaccuracy in P~u! for the non-
quenching peak should be small. Additionally, the most i
portant angles for the branching ratio determination are fr
45° to 135° in the center-of-mass frame, which covers 7
of the full solid angle~4p!.

Although this experimental technique confirms the ro
of a relatively long-lived intermediate in both the quenchi
and nonquenching channels, it can only give a lower bo
for the CO3 complex lifetime of approximately a few rota
tional periods. Theoretical studies are needed to determ
the effect of lifetime on energy partitioning, which cou
lead to additional isotope effects for this reaction. If IVR
fast such that energy randomization takes place within
complex lifetime, and if a symmetric CO3 structure is ac-
cessed, then each oxygen atom may have an equal prob
ity ~ignoring any zero point energy effects! of being ejected
and becoming the product oxygen atom. If IVR is slow a
energy redistribution does not occur during the CO3 complex
lifetime, then there may be a preference for the incom
oxygen atom to also be the product oxygen atom.

In summary, two reaction channels for isotope excha
from collisions of O(1D) and CO2 have been observed usin
a crossed molecular beam technique. The fast channel i
tributed to the expected O(1D) to O(3P) quenching reaction
The observation of a slow channel provides the first exp
mental evidence that isotope exchange can occur throu
relatively long-lived CO3 intermediate without crossing t
the triplet surface. For atmospheric applications, the bran
ing ratios of the two channels should be investigated at
lision energies corresponding to reactions in the stratosph
approximately 1 to 1.5 kcal/mol.24 A future paper will report
on results using a redesigned O2 source which can achiev
much slower O(1D) speeds. It is expected that the branchi
ratio of the nonquenching channel will decrease as the c
sion energy is lowered, since the CO3* lifetime should in-
crease. A longer lifetime will allow more opportunities fo
intersystem crossing to occur, thereby increasing the p
ability of quenching. If the previously ignored nonquenchi
channel is still significant at lower collision energies, th
models of the oxygen isotope anomaly may need to take
isotope exchange mechanism into account. The potential
pacts of this nonquenching channel on model prediction
the CO2 isotopic composition in the stratosphere and on
terpretations of previous laboratory experiments are c
rently under investigation.
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