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Crossed-beam and Imaging

Measuring differential cross sections:  the case of the Cl+propane reaction
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Ž .Fig. 12. P E at three cm angles, 108, 508, and 1208, for aT
collision energy of 11.5 kcalrmol.

lifetime comparable to or longer than its rotational
period. Our measured angular distributions do not
exhibit the forwardrbackward symmetry associated
with a long lived complex and there is a strong

Ž . Ž .dependence of P E on T Q . The large parti-T cm
tioning of energy into translation is also contradic-
tory to the statistical division of available energy
traditionally found in the decomposition of a long
lived reaction complex. All of our results are consis-
tent with a direct reaction mechanism in agreement
with the conclusions from previous investigations for

w xH-atom abstraction from saturated alkanes 3–8 .
The transition states have been calculated by Bottoni

Ž .et al. to be collinear C–H–Cl for abstraction of
both primary and secondary hydrogen atoms from

w xpropane by a chlorine atom 23 . A collinear transi-
tion state is further supported by the small amount of
rotational excitation in the HCl products measured

by Varley and Dagdigian, ca. 2% of the available
w xenergy 7 .

Our measurements show very broad scattering at
all measured collision energies with greater transla-
tional energy release for forward scattered products
than sidewaysrbackwards scattered products. At the
two higher collision energies the difference in trans-
lational energy of the products is most apparent and
suggests a separation of the scattering into two dis-
tinct reaction mechanisms. This separation is illus-
trated in Figs. 14 and 20.
Table 3 shows that the forward scattered products,

Q s108, demonstrate an increase in the fraction ofcm
available energy partitioned into translation with an
increase in collision energy. As the collision energy
is increased, the fraction of the available energy
provided by the reaction exothermicity is decreased.
In other words, the translational energy release in the
forward scattered products appears to scale with the
energy of collision and demonstrates very little sensi-
tivity to the energy released in the reaction. The

Fig. 13. CM flux map for a collision energy of 11.5 kcalrmol.
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Fig. 10. TOF spectra for C H at 10 laboratory angles for a3 7
collision energy of 11.5 kcalrmol. Circles are the data, solid line
is the forward convolution fit, dash–dot–dash line is the forward

Ž .convolution fit for the effusive component see text and the
dashed line is the total fit to the data.

Fig. 8 shows a photoionization onset of 7.5"0.3 eV
in excellent agreement with the reported value for

w xthe IP of 7.5 eV for i-C H 21 . From Table 3, the3 7
average translation energy release for forward scat-
tered products at E s8.0 kcalrmol is ca. 60% ofcoll
the 12.2 kcalrmol available energy or ca. 7.3
kcalrmol. This leaves ca. 4.9 kcalrmol on average
in internal energy of the two products. Varley et al.
have reported very little internal excitation of the
HCl products, ca. 2% of the available energy, at a
similar collision energy of 7.4 kcalrmol. Therefore,
the majority of the 4.9 kcalrmol of internal energy
must be partitioned into the C H products and the3 7
photoionization onset in Fig. 8 represents i-C H3 7

² :radicals with E f4.5 kcalrmol. Since it is pos-int
sible for internal energy to red shift the photoioniza-
tion onset, our measured PI onset of 7.5"0.3 eV
represents an upper limit to the true vertical ioniza-
tion energy of internally cold i-C H radicals. While3 7
the resolution of our measurement is not high, this
does represent a direct measurement of the photoion-
ization onset for an unstable free radical with a
known internal energy. We are able to identify the
presence of the i-C H isomer at u s108 based3 7 lab
on the photoionization onset and we have demon-
strated the ability of this newly constructed crossed
molecular beam instrument to measure the photoion-
ization onsets of reactive scattering products at given
laboratory scattering angles.

4. Discussion

Based on our measurements we can immediately
eliminate the formation of a reaction complex with a

Ž .Fig. 11. Average translational energy release top and total flux
Ž .bottom as a function of cm angle. Collision energy is 11.5
kcalrmol.
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Isobutane in the FW direction:
- Broad ET distribution
- Sharp angular distribution => HCl(v’=1) or steric hindrance effect?
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C4H8 + Cl C4H7  + HCl[C4H8Cl]*

C4H8 + Cl C4H7  + HCl
Direct abstraction

Addition/Elimination

Cl + butane isomers
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- Selective measurements of secondary and 
tertiary abstractions

- C3/C4 hydrocarbons = the last step 
before convergence to large system energy 
recoil

- the role of vibrational density-of-state

Cl + propane/butane Cl + butene isomers

- Distinct dynamical behaviors reflecting 
the competition between direct 
abstraction and addition/elimination

- ROAMING in addition/elimination

Conclusion/Perspectives

What about Kinetic Isotope Effect?

addition step = an inverse KIE

roaming-abstraction step = normal KIE

Food for thought:
Dynamics of OH + Alkene Reactions

added to designate the type of CeH bond being broken, primary,
secondary, or tertiary. The barrier heights for these isomerizations
depend on the size of the ring and on the strength of the CeH bond
broken in the isomerization. Table 2 shows some literature
recommendations for the activation energies of ROO/QOOH
isomerization; those recommended by Walker [6,143] based on
analysis of his group’s experiments, anchored to Hughes et al.’s
[106,107] derivation of a rate coefficient for the neo-
pentylperoxy/ hydroperoxyneopentyl isomerization (see Section
2.1.2), and the estimates used by Curran et al. [144,145] in gener-
ating the Lawrence Livermore comprehensive mechanisms. These
values are compared with available computed barrier heights.

The activation energy for the reverse isomerization is equally
important and is of course related to both the ROO4QOOH
transition state energy and the thermochemistry of the QOOH
relative to ROO. Because the QOOH has eluded direct detection,
quantum chemical calculations of its thermochemistry are not
merely the most reliable but the only determinations available.
These computed values can differ substantially from estimates
made in comprehensive mechanism construction [146]; the fate of
QOOH, including reverse isomerization, is discussed in Section 2.3,
and details of specific systems are treated in Section 5.6.

2.2.2. “Formally direct” pathways
One important feature of the RþO2 reactions that has been

highlighted by pulsed-photolysis experiments over the last ten
years is the substantial participation of reactive pathways that
traverse more than one transition state in a single elementary
step. Some of these pathways are depicted as the dashed arrows
in Fig. 3. For example, HO2þ an alkene can be formed directly
from the RþO2 reactants without stabilization in the ROO or
QOOH well, or RþO2 can be stabilized directly into the QOOH
well without intervening ROO formation. These pathways have
been termed “formally direct” by our group [25,103,105,147],
a term that deserves some clarification. The term “formally
direct” should not be confused with mechanistically direct
pathways, such as the direct HO2 elimination from ROO, which
traverses one transition state only. Formally direct pathways are
single elementary steps, and hence appear as direct reactions in
a rate equation model, but they are mechanistically “indirect,”
proceeding over multiple transition states. Chemical activation
systems are one case where formally direct reactions play a role,
but “formally direct” is not equivalent to “chemical activation,” as
other processes like thermal dissociation or isomerization can
also take place across multiple transition states in a single
elementary kinetic step. Rate coefficients for the formally direct
pathways are elementary rate coefficients that can be defined
rigorously from eigenvector-eigenvalue pairs in the solution to
the master equation [148e150]. They are not the same as effec-
tive rate coefficients derived from the conventional approximate
quasi-steady-state elimination of a short-lived intermediate in
a multiple-step kinetics scheme. The formally direct pathways
can impart a complicated pressure dependence to the branching
fractions of a complex-mediated reaction, and the pressure
dependence of the formally direct pathways is not captured by
a quasi-steady-state approximation [148].

2.2.3. Other hydrocarbon radical reactions with O2
Reactions of substituted and unsaturated hydrocarbon radicals

with O2 have received less investigation, but may become more
important as advanced engine designs require more detailed
knowledge of autoignition chemistry for predictive modeling.
Furthermore, the development of biofuels necessitates modeling of
the ignition chemistry of an increasing range of substituted
hydrocarbons; the biofuel field is not limited to production of
alcohols or fatty-acid esters, but is increasingly aimed at designing
biochemical pathways for the efficient conversion of biomass to
awide array of combustible organicmolecules [151,152], manywith
nearly unexplored ignition or combustion chemistry.

Fig. 3. Schematic potential energy surface for the reaction of n-butyl radical with O2

[26], showing the various isomerization pathways to hydroperoxybutyl radicals and
the direct elimination of HO2 from n-butylperoxy. The dashed arrows are examples of
formally direct pathways, traversing more than one transition state. Despite following
an indirect multiple-transition-state path, they are correctly represented as a single
kinetic step. The elimination of HO2, depicted by the bold contour, is not “formally
direct,” as it traverses only one transition state. It is mechanistically direct, i.e. simply
“direct.”

Fig. 2. Schematic partial potential energy surface for the reaction of OH radical with propene (depicting only pathways initiated by addition of OH at the terminal carbon), taken
from Zádor et al. [119], reproduced by permission of the PCCP owner societies.
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propenyl + H2O

ROAMING?
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