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Abstract

A beam of Co1(3F4) is formed at a sharp zero of time by resonant two-photon ionization with a ns dye laser pulse and
crossed with a beam of acetone gas under single collision conditions at collision energiesEt 5 0.01 eV and0.23 eV. The
ion-molecule reaction occurs in field-free space in the extraction region of a time-of-flight mass spectrometer. After a variable
time delaytext 5 0.8 2 8 ms, a fast high voltage pulse extracts product ions and residual reactant ions into a field-free flight
tube for mass analysis. Consistent with earlier work, we observe three product channels, formation of long-lived CoC3H6O

1

complexes and the two elimination products, CoCO1 (1 C2H6) and CoC2H6
1 (1 CO). The long-lived complexes decay to

elimination products and back to Co1 1 acetone reactants on a wide range of time scales, as revealed by retarding field
analysis of the metastable decay. Some complexes eliminate C2H6 on a 500 ns timescale, as revealed by tailing of the CoCO1

peak. Other complexes still have not decayed on a 25ms time scale. Deuteration of the acetone substantially decreases the
elimination rates. We discuss how angular momentum conservation can lead to nonexponential complex decay and
time-dependent product branching. (Int J Mass Spectrom 185/186/187 (1999) 837–846) © 1999 Elsevier Science B.V.
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1. Introduction

It is a pleasure to help celebrate Mike Bowers’
60th birthday. As he reaches this major milestone, we
congratulate him on his many accomplishments and
eagerly anticipate many more productive years to
come. One of the very important unifying themes in
Mike’s work over the years has been the role of
angular momentum conservation in ion-molecule re-
actions. By virtue of the strong long-range attractive
forces between an ion and a polarizable neutral,

ion-molecule reaction cross sections can of course be
very large, as most simply described by the Langevin
ion-induced dipole “capture cross section” [1,2] dat-
ing to 1905. For example, in Ni1 1 C3H8 at 0.21 eV
collision energy, the Langevin cross section is 90 Å2.
For neutrals that possess a permanent dipole moment,
the capture cross section becomes even larger. Su,
Chesnavich, and Bowers led early efforts to parame-
trize these effects with their “average dipole orienta-
tion” (ADO) models [3–5], developed in 1973. More
sophisticated models have followed [6,7], but these
early efforts brought the most important physical
effects into sharp focus.

Such capture cross sections imply that bimolecular
collisions with large impact parameters and thus large
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orbital angular momenta can reach distances at which
chemical bonding becomes important. In the same
Ni1 1 C3H8 example, collisions withl as large as
272 can penetrate the centrifugal barrier at 0.21 eV
collision energy. In the relatively recent past, both the
ion-molecule community and our friends in the neu-
tral–neutral reaction community [8] have come to
appreciate how important the effects of angular mo-
mentum conservation can be. Angular momentum can
strongly affect the overall reaction cross section or rate
constant as well as product branching and their depen-
dence on collision energy, temperature, and pressure.

A wide variety of bimolecular ion-molecule reac-
tants fall into deep potential wells without a barrier to
form long-lived collision complexes. Subsequent bar-
riers en route to products can then lead to many
intriguing angular momentum effects. For example,
the overall reaction efficiency may be much smaller

than unity even though the reaction is exothermic and
all barriers lie 5–10 kcal/molbelow the reactant
energy. The Bowers group has been active in unrav-
eling these effects in the reactions of transition metal
cations M1 with organic molecules [9–14].

Many groups have been deeply involved in studies
of transition metal cation reactions with alkanes and
alkenes over the past decade [15–19]. In recent
studies of M1 1 alkane reactions, we have developed
a new crossed-beam technique based on time-of-flight
mass spectrometry that can monitor the decay of
long-lived bimolecular complexesin real timefollow-
ing initiation of ion-molecule collisions at a sharp
zero of time using an ionizing laser pulse [19–21]. In
our most complete study to date, we recently reported
on the reaction of Ni1 with C3H8 [21], which pro-
duces both H2 and CH4 elimination products. By
comparing experimental data from our group and

from the Bowers and Armentrout groups with the
results of statistical rate modeling based on electronic
structure theory, we were able to construct a rather
comprehensive picture of the mechanism of the reac-
tion [22]. Angular momentum conservation and the
existence oftight transition statesslightly below the
energy of reactants plays a key role in the product
branching. This was first discussed by Bowers,
Beauchamp, and Armentrout [12]. Our model indi-
cates that at fixed kinetic energy, only low-J com-
plexes can eliminate H2 or CH4; high-J complexes
encounter large centrifugal barriers along elimination
paths and eventually return to Ni1 1 C3H8 reactants
after a long time delay [22].

Here we present analogous time-resolved experi-
mental results for an another CC bond breaking
reaction, Co1 1 acetone. The three product channels
observed are [14]:

The new data complement earlier work on the same
reaction by the Freiser group [23] who explored the
dissociation of products induced by collisions or by
multiphoton infrared absorption; by Armentrout,
Beauchamp and co-workers [24], who used labeling
to infer mechanistic details, and by the ubiquitous
Bowers group [14], who studied product kinetic
energy release distributions (KERDs). The existence
of so much data makes Co1 1 acetone another nat-
ural testing ground for electronic structure treatments
of the energetics along the entire reaction path.

2. Experimental

2.1. Crossed-beam measurements

The crossed-beam apparatus and its usual operat-
ing parameters have been described previously

(1a)

(1b)

(1c)
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[21,25]. In the source chamber, gas-phase cobalt
atoms are produced in a laser ablation source [26,27]
and seeded into an argon beam, which is skimmed and
collimated. Electric fields strip ions from the beam. In
the interaction chamber, the Co atoms are ionized by
a pulsed dye laser, initiating bimolecular ion-mole-
cule collisions. The Co1 cations react in field-free
space with acetone molecules from a second pulsed
valve. After a suitable reaction delay, a high voltage
pulse extracts reactant and product ions into the
time-of-flight mass spectrometer (TOF-MS) for anal-
ysis. The experiment runs in the single-collision
regime.

A frequency-doubled dye laser (10 ns full width at
half maximum (FWHM), 312 nm,,250 mJ/pulse)
intersects the atomic beam and resonantly photoion-
izes Co via they4D87/ 24 a4F9/2 transition at 32 028
cm21 [28,29]. Absorption of two such photons creates
Co1 exclusively in the ground spin–orbit level (3F4).
The two-photon energy lies 491 cm21 above the
ionization energy of 63 565 cm21 [30]. The nearest
Co1 excited state is3F3 at 951 cm21 above the IE. A
log–log plot of Co1 ion yield vs laser pulse energy is
linear with slope of unity, consistent with a two-
photon process whose first step is saturated.

The metal ion velocity is that of the neutral beam,
(5.8 6 0.5) 3 104 cm/s [25]. The packet of Co1

(2000–7000 ions/shot) intersects the beam of acetone
in the extraction region of a Wiley-McLaren time-of-
flight mass spectrometer [31]. The vapor pressure of
acetone above the cooled liquid (60 Torr at22 °C)
[32] is expanded neatly from a second 0.5 mm pulsed
nozzle and pseudo-skimmed (i.e. not differentially
pumped) by a set of home-built rectangular knife
edges. The mean acetone beam velocity measured
with a fast ion gauge is (7.06 1.0) 3 104 cm/s. We
see no evidence of heavier products that might indi-
cate the presence of a significant fraction of dimers in
the acetone beam. In addition, plots of product yield
vs acetone backing pressure are linear from 20–120
Torr, indicating that single collision conditions are
obtained at 60 Torr and further suggesting that the
beam consists primarily of monomers. Based on
expansions of propane under similar conditions [33],

we estimate that the internal temperature of acetone is
roughly 50 K.

By changing the angle between the Co1 and
acetone beams, we can vary the collision energy in
coarse steps. We have conducted experiments at two
such geometries, 20° and 145°. The corresponding
collision energies are 0.016 0.01 eV (0.26 0.2
kcal/mol) and 0.236 0.09 eV (5.36 2.1 kcal/mol).
The estimated uncertainties reflect worst-case analy-
ses accounting for uncertainties in the metal and
acetone velocities, small additional velocity imparted
to the metal ions by space charge effects, and the
range of angles of intersection of the two velocity
vectors.

The 10 ns laser pulse initiates ion-molecule colli-
sions at a sharply defined starting time. After a
variable delay time that allows collisions to occur,
reactant and product ions are extracted at timetext

after the laser pulse into the TOF-MS for analysis. We
can obtain useful signals for extraction times in the
range 0.5ms# text # 8 ms. At text, high voltage pulses
(1–1.5 kV) are applied to the ion extraction plates,
accelerating reactant and product ions toward the
detector. The voltage pulses rise to 90% of their
plateau values in 20 ns; the analogous rise time of the
electric field in the first extraction region is about 13
ns. The mass resolution (m/Dm) is .250 for products
near 100 u. Ions are detected with a microchannel
plate detector (Galileo FTD-2003) operated at 23
107 gain. Detector output current drops over the 50-V
load on a LeCroy 9400 digital oscilloscope without
further amplification. We estimate detector mass-
discrimination effects at less than 10% [34]. Because
the detector dynamic range cannot simultaneously
accommodate Co1 and the much smaller product ion
signals, a small set of electrodes mounted in the drift
region is pulsed at the appropriate time to deflect Co1

ions away from the detector [25].
Under single collision conditions, total product

signal should rise linearly with Co1 number density,
hydrocarbon number density, andtext, which we have
experimentally verified. Moreover, the reaction
should be insensitive to argon backing pressure. We
have run the experiment at twice and half the normal
argon backing pressure of 1.7 atm withtext 5 8 ms
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and observe no changes in branching fractions or
product yield relative to Co1 ions.

It is important to distinguish clearly two different
time scales. The first is the experimental time window
during which the Co1 and acetone reactant beams are
“in contact” and collisions at a well defined energy
may occur. This is the time between the ionizing laser
pulse and the ion extraction pulse attext. The second,
which we simply callt, refers to the time since a
long-lived complex was formed in a bimolecular
collision. Because our experiment is firmly in the
single-collision limit, to a good approximation we
create collision complexes with a uniform distribution
of initiation times over a time window of widthtext.
When we sample the fate of this collection of com-
plexes at a particular real experimental time after the
ionizing laser pulse, as in a TOF mass spectrum, we
sample complexes that have evolved over a corre-
sponding distribution of timest after initiation of the
collision. This is range of times referred to in subse-
quent tables of time-dependent product branching
fractions.

2.2. Analysis of metastable decay by retarding
potential method

Under our controlled reaction conditions, the prod-
uct mass spectra reveal long-lived CoC3H6O

1 colli-
sion complexes [Eq. (1a)]. Such complexes have
survived extraction intact, because they arrive at the
detector at appropriate times for the adduct ion. For
the typical ion extraction energy of 1380 eV, the time
during which CoC3H6O

1 is accelerated by the extrac-
tion fields is about 2ms. These complexes are meta-
stable. They have sufficient energy to fragment either
to Co1 1 C3H6O reactants or to exothermic
CoC2H6

1 1 CO [Eq. (1b)] or CoCO1 1 C2H6 [Eq.
(1c)] elimination products. Fortext 5 8 ms, com-
plexes that survivet 5 2 2 25 ms after they are
formed may fragment in the field-free drift region of
the mass spectrometer. Even longer-lived complexes
will reach the detector intact.

Such metastable decay can be analyzed by apply-
ing a retarding potential in the flight tube between the
reaction zone and the detector, as described previ-

ously (Fig. 2 of [21]). The retarding potential device
alters arrival times in a mass-dependent fashion by
first decelerating and then accelerating the ions back
to their original drift velocity. In the examples pre-
sented later, we are able to distinguish long-lived
CoC3H6O

1 complexes that survive the entire flight
path intact, complexes that fragment in the first
field-free region F1 before entering the retarding field,
and complexes that fragment in the retarding potential
device, regionR. Neutral fragments formed in F1 also
create a distinguishable peak whose arrival time is
insensitive to retarding field voltageVr.

3. Results

3.1. Co1 1 acetone at Et 5 0.01 eV and 0.23 eV

As shown in Fig. 1, at collision energyEt 5 0.01
eV with text 5 8 ms the dominant product 816 2% is
the long-lived complex CoC3H6O

1. We also see
16 6 1% of the C2H6 elimination product CoCO1,
and 4.06 0.5% of the CO elimination product
CoC2H6

1. At Et 5 0.23 eV and text 5 8 ms, we
observe the same product ions but with elimination
products in higher proportion. The branching frac-
tions are 666 2% CoC3H6O

1, 28 6 2% CoCO1 1
C2H6, and 6.06 0.5% CoC2H6

1 1 CO. The ratio of
CoCO1 to CoC2H6

1 intensity remains relatively con-
stant with collision energy. However, notice that the
CoC3H6O

1 adduct ion peak is broadened at the higher
energy. This is because of the metastable decay of the
adduct in the drift region of the mass spectrometer
prior to striking the detector and slight separation of
the parents and fragments in time because of the
strong electric field at the detector. The retarding field
will separate these fragment and parent ions cleanly in
time, as described later.

The simple TOF-MS withtext 5 8 ms (Fig. 1) in
effect samples the decay kinetics of collision com-
plexes over a uniform distribution of times in the
window t 5 2 2 10 ms because of initiation of a
collision, as explained in detail earlier [21]. The
resulting “prompt” product branching fractions in-
cluding adducts are summarized in Tables 1 and 2. In
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Tables 3 and 4, we compare the branching between
the two elimination products under our conditions
with that observed in earlier work [9,23,24]. The
branching between C2H6 and CO elimination is fairly
insensitive to differences in collision energy and

perhaps in electronic state distribution of Co1 among
the different experiments.

The ratio of CoCO1 to CoC2H6
1 intensity is

constant, 4.56 0.5, fortext in the range 2–12ms. This
indicates that C2H6 and CO elimination occur on quite
similar time scales, as if both channels share a
common rate-limiting step. The peaks from the two
elimination products are comparably narrow for large
extraction times. However, at 0.23 eV withtext 5 0.8
ms, the CoCO1 peak clearly exhibits a tail toward
longer times (Fig. 2), the characteristic signature of
metastable complex decay in the extraction region of
the mass spectrometer. The ions in the tail accelerate
initially as adduct ions CoC3H6O

1, fragment during
extraction, and complete their acceleration as lighter
CoCO1 elimination products. A single exponential
decay with 5506 100 ns lifetime provides a sensible
simultaneous fit of both the narrow component and
the tail of the CoCO1 peak. Near 21.6ms, the tail
shows some deviation from that predicted by single
exponential decay, as rationalized below. At 0.01 eV,

Fig. 1. Time-of-flight mass spectra of product region following
collisions of Co1 1 C3H6O with ion extraction timetext 5 8 ms
and collision energyEt 5 0.01 eV (top panel) and 0.23 eV
(bottom panel).

Table 1
Branching fractions for Co1 1 acetone including complexes,t 5
2 2 10 ms after collisiona

Et(eV)b CoCO1 CoC2H6
1 CoC3H6O

1

0.01 166 1 4.06 0.5 816 2
0.23 286 2 6.06 0.5 666 2

a Data fortext 5 8 ms and ion extraction energy 1380 eV, which
places the time since initiation of Co1 1 acetone in the range 2–10
ms.

b Collision energy.

Table 2
Branching fractions for Co1 1 acetoned6 including complexes,
t 5 2 2 10 ms after collisiona

Et(eV)b CoCO1 CoC2D6
1 CoC3D6O

1

0.01 5.56 0.5 0.56 0.2 946 2
0.23 10.46 0.6 1.46 0.3 886 2

a Data fortext 5 8 ms and ion extraction energy 1380 eV, which
places the time since initiation of Co1 1 acetoned6 in the range
2–10ms.

b Collision energy.

Table 3
Comparison of elimination product branching fractions for
Co1 1 acetone

Et(eV) Techniquea
CoCO1 1
C2H6

CoC2H6
1 1

CO Ref.

0.01 CB 82 18 this work
0.23 CB 82 18 this work
TEb ICR 94 6 [23]
;0.5 IB 1 G 90 10 [24]

a CB: crossed beams; ICR: ion cyclotron resonance; IB1 G: ion
beam plus gas cell.

b Thermal energy distributions near 300 K.
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the intensity of the CoCO1 peak was too small to
observe a clear tail at shortertext.

The long-lived CoC3H6O
1 complexes form the

bulk of the products observed in this work. The
fraction of these adducts attext 5 8 ms is 666 2% at
0.23 eV and 816 2% at 0.01 eV. This result does not
change when the Ar backing pressure is doubled or
halved or when the acetone backing pressure varies

over the range 20–120 Torr. Formation of Co(ac-
etone)2

1 was not observed. Thus we believe these are
bimolecular collision complexes that havenot been
stabilized by a third-body collision.

The metastable decay of these long-lived
CoC3H6O

1 complexes was probed with the retarding
potential method. Fortext 5 8 ms, mass spectra such
as those in Fig. 3 in effect sample the decay kinetics
of collision complexes over a uniform distribution of
times in the windowt 5 6 2 24 ms since initiation
of a collision, as explained in detail earlier [21]. For
an ion extraction energy of 1380 eV, retarding poten-
tials Vr up to 500 V can separate the CoC3H6O

1 peak
into very long-lived adducts (lifetime. 25 ms) and
metastable fragmentation channels, including Co1 1
C3H6O and CoCO1 1 C2H6. At 0.23 eV, 63% of the
long-lived complexes fragment after extraction and
before exiting the retarding potential device. Of those
fragmentation products, 74% are Co1 1 C3H6O,
24% are CoCO1 1 C2H6, and less than 2% are

Table 4
Comparison of elimination product branching fractions for
Co1 1 acetoned6

Et(eV) Techniquea
CoCO1 1
C2D6

CoC2D6
1 1

CO Ref.

0.01 CB 92 8 this work
0.23 CB 88 12 this work
TEb TMS 80 20 9
;0.5 IB 1 G 90 10 24

a CB: crossed beams; IB1 G: ion beam plus gas cell; TMS:
tandem mass spectrometry.

b Thermal energy distributions near 300 K.

Fig. 2. Expanded view of CoCO1 (1 C2H6) peak forEt 5 0.23 eVwith text 5 8 ms (dotted line) and 0.8ms (solid dots). For the 0.8ms data,
both the sharp peak and the tail toward longer times can be reasonably fit by a single exponential model of the CoC3H6O

1 complex decay
with 1/e time constant of 550 ns, as shown by the solid trace.
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CoC2H6
1 1 CO. In contrast, at the lower collision

energy of 0.01 eV (data not shown), only 18% of the
long-lived complexes that survive extraction fragment
between the extraction and retarding field regions.
Interestingly, at 0.01 eV CoCO1 1 C2H6 dominates
the delayed fragmentation instead of Co1 1 C3H6O,
indicating that the return to reactants has been shut off
relative to elimination. These branching fractions
from such “delayed” fragmentation are summarized in
Tables 5 and 6.

With Vr $ 500 V, all fragments are sufficiently
retarded that the CoC3H6O

1 peak becomes narrow,
indicating that a substantial fraction of adduct ions
have not yet fragmented when they reach the detector.
We measure this quantity most accurately as the ratio
of the sharp CoC3H6O

1 peak to the prompt CoCO1

elimination peak, because both of these peaks should
suffer comparably small losses with higher retarding
voltages. This ratio is 4.16 0.1 at 0.01 eV and 0.76
0.1 at 0.23 eV.

3.2. Co1 1 acetone d6 at Et 5 0.01 eV and 0.23
eV

For fixedEt, the average lifetime of Co(acetone)1

adducts increases substantially upon deuteration (Fig.
4). The fraction of adducts in the simple TOF-MS
increases to 94% at 0.01 eV and to 88% at 0.23 eV.
The prompt product branching fractions (t 5 2 2 10
ms) for deuterated acetone withtext 5 8 ms are
collected in Table 2. For both acetone and acetoned6,
C2H6 elimination is favored over CO elimination by
about a factor of 5.

Fig. 3. Retarding field measurements for Co1 1 C3H6O at Et 5
0.23 eV andtext 5 8 ms. The broad CoC3H6O

1 peak in the top
trace (retarding voltageVr 5 0) is separated forVr 5 400 V and
500 V into a sharp peak plus fragment peaks as indicated. See text
for details.

Table 5
CoC3H6O

1 fragmentation patterns,t 5 6 2 24 ms after
collisiona

Et(eV)
Fraction
dissoc.b

Fragment branching

Co1 CoCO1 CoC2H6
1

0.01 0.186 0.02 336 8 676 8 # 2c

0.23 0.636 0.13 746 20 246 7 # 2c

a Data for text 5 8 ms and ion extraction energy 1380 eV.
Fragmentation of those ions that survive extraction as adducts but
fragment before the retarding field, which places the time since
initiation of collision in the range 6–24ms.

b Fraction of complexes that survive extraction region and do not
fragment prior to reaching detector.

c Upper bound only.

Table 6
CoC3D6O

1 fragmentation patterns,t 5 6 2 24 ms after
collisiona

Et(eV)
Fraction
dissoc.b

Fragment branching

Co1 CoCO1 CoC2D6
1

0.01 0.116 0.02 276 15 736 22 # 1c

0.23 0.416 0.07 806 18 206 6 # 1c

a Data for text 5 8 ms and ion extraction energy 1380 eV.
Fragmentation of those ions that survive extraction as adducts but
fragment before the retarding field, which places the time since
initiation of collision in the range 6–24ms.

b Fraction of complexes that survive extraction region and do not
fragment prior to reaching detector.

c Upper bound only.
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For the reaction of Co1 with acetoned6, the
intensity of the CoCO1 peak was too small to observe
a clear tail at shortertext. We have recorded retarding-
field mass spectra. They are qualitatively similar to
the acetone spectra but of lower intensity since far
fewer Co(acetoned6)1 adducts fragment. The result-
ing branching fractions from delayed fragmentation
(t 5 6 2 24 ms) appear in Table 6. Most of the
Co(acetoned6)1 adduct ions reach the detector with-
out fragmentation, i.e. they survive at least 25ms. The
ratio of the remaining narrow CoC3D6O

1 peak to the
prompt CoCO1 elimination peak forVr $ 500 V is
13.46 0.4 at 0.01 eV and 3.96 0.1 at 0.23 eV.

4. Discussion

Bowers and co-workers earlier measured kinetic
energy release distributions (KERDs) for loss of CO
and of C2D6 from long-lived CoC3D6O

1 complexes
formed in Co1 1 acetoned6 bimolecular collisions
[14]. They interpreted their results in terms of the
mechanism:

In particular, both the CO and C2D6 KERDs are
substantiallycolder than the predictions of phase
space theory assuming no substantial barriers along
the reaction path. They were able to fit both distribu-
tions essentially quantitatively by assuming a com-
mon, tight, rate-limiting transition state whose energy
lies 9.2 kcal/mol below reactants. The idea is that the
centrifugal barrier atop this transition state cuts off
reactants with very high angular momentumJ. Such
high-J collision complexes result from the large range
of impact parameters lying within the Langevin cap-

ture cross section. In an unrestricted phase space
theory, these high-J complexes produce the largest
fragment recoil energies, because phase space theory
assumes that all centrifugal energy at the exit-channel
transition state becomes product translational energy.
The same idea can explain why the total reaction cross
section, measured earlier by Halle et al. [24], is only
29% of the estimated capture cross section, even
though the reaction is highly exothermic [Eqs. (1b)
and (1c)]. Based on semiquantitative arguments in-
volving bond energies, Bowers and co-workers sug-
gest that the rate-limiting transition state involves
insertion of Co1 into a CC bond of acetone. The two
branches of the reaction scheme of Eq. (2) differ in
whether subsequent migration of the second methyl
onto the metal center and formation of the
Co1(C2H6)(CO) exit-channel complex occurs in two
steps or one concerted step.

The most striking feature of our new data is that
the elimination reactions occur over awide range of
time scales, in spite of good control of reactant
electronic, vibrational, and collision energy. In Fig. 2,

we see a substantial component of CoCO1 formation
on a time scale of about 550 ns (roughly 1/e decay
time of the complex). In Fig. 3, we see a substantial
component of CoCO1 production occuring on a much
longer scale of 6–24ms. In addition, a substantial
fraction of the long-lived complexes that survive
extraction do not decay at all prior to reaching the
detector att 5 25 ms. Clearly the decay of even these
energetically selected collision complexes is nonex-
ponential.

Metastable decay of long-lived complexes was

(2)
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also observed in the Ni1 1 C3H8 and Ni1 1 n 2
C4H10 reactions. The fastest decay component of the
long-lived complexes occurs on a sub-200 ns time
scale for Ni(C3H8)

1 formed withEt 5 0.21 eV, on a
330 ns time scale for Ni(C4H10)

1 with Et 5 0.21 eV,
and on a 550 ns time scale for Co(C3H6O)1 from
Co1 1 acetone withEt 5 0.23 eV. Thedecay of the
Co(C3H6O)1 complexes is slower than either of the
Ni(alkane)1 complexes, presumably because the
Co1-acetone potential well is substantially deeper
than either Ni1-alkane well.

We have modeled the Ni1 1 C3H8 reaction in
detail using RRKM statistical rate theory with geom-
etries and vibrational frequencies of stationary points
from density functional theory calculations [22]. The-
ory finds the CC insertion path to be significantly
lower in energy than either CH insertion path. The

rate modeling indicates that the observed dispersion in
complex decay time scales arises from the broad
distribution of angular momenta of the complexes,
which in turn results from the range of orbital angular
momenta contributing to the Langevin cross section.
Significantly nonexponential decay occurs when a
substantial potential energy barrier restricts the ability
of high-J complexes to cross. It is also important that
the complex becomemore compact in spaceon
moving from the long-range initial complex
Ni(C3H8)

1 to the rate-limiting transition state. In that
case, moments of inertia decrease and the centrifugal
effects go in the direction ofk( J) decreasing asJ
increases.

Qualitatively similar effects probably occur for the
Co1 1 acetone reaction. Our time-dependent data
thus corroborates the “tight transition state” postu-
lated by Bowers and co-workers to explain the statis-
tical KERDs. The suggestion that Co1 insertion into a
CC bond is the rate-limiting step remains sensible.
The fact that we observe both CO and C2H6 elimina-
tion products in constant proportion on all time scales
suggests a common “rate limiting step” which may
well be CC insertion from the deep complex well. It is
perhaps satisfying to suggest that insertion into a CC
bond is facile for both acetone and small alkanes,
because these are generally the weakest bonds.

However, it is now the task of electronic structure
theory to identify the nature of the rate-limiting tight
transition state in the Co1 1 acetone reaction. Sur-
prises have occurred in M1 1 alkane reactions, for
which density functional theory consistently finds
lowest-energy reaction paths involving initial CC
insertion and rate-limitingmulticenter transition
states. These transition states are evidently stabilized by
strong agostic interactions between CH bonds and the
metal cation center. They are not found in calculations of
analogousneutralM 1 alkane reaction paths. Surprises
could occur in Co1 1 acetone as well.

5. Conclusion

We have reexamined the Co1 1 acetone reaction
by preparing reactants in the ground electronic state

Fig. 4. Time-of-flight mass spectra of product region following
collisions of Co1 1 C3D6O with ion extraction timetext 5 8 ms
and collision energyEt 5 0.01 eV (top panel) and 0.23 eV
(bottom panel).
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with controlled vibrational and translational energy.
The time evolution of such carefully prepared long-
lived Co1(acetone) complexes is nonexponential,
probably because of the broad range of angular
momenta inevitably present in ion-molecule com-
plexes. Our measurements of time-resolved branching
fractions stand as an additional critical test of future
statistical models. We hope that electronic structure
theory will soon be brought to bear on the intriguing
question of the nature of the rate-limiting transition
state in this reaction.
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