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This work investigates the unimolecular dissociation of the 2-buten-2-yl radical. This radical has three potentially
competing reaction pathways:—C fission to form CH + propyne, C-H fission to form H+ 1,2-butadiene,

and C-H fission to produce Ht 2-butyne. The experiments were designed to probe the branching to the
three unimolecular dissociation pathways of the radical and to test theoretical predictions of the relevant
dissociation barriers. Our crossed laser-molecular beam studies show that 193 nm photolysis of 2-chloro-2-
butene produces 2-buten-2-yl in the initial photolytic step. A minetGT bond fission channel forms
electronically excited 2-buten-2-yl radicals and the dominanrtCCbond fission channel produces ground-
state 2-buten-2-yl radicals with a range of internal energies that spans the barriers to dissociation of the
radical. Detection of the stable 2-buten-2-yl radicals allows a determination of the translational, and therefore
internal, energy that marks the onset of dissociation of the radical. The experimental determination of the
lowest-energy dissociation barrier gave B2 kcal/mol, in agreement with the 32482 kcal/mol barrier to

C—C fission at the G3//B3LYP level of theory. Our experiments detected products of all three dissociation
channels of unstable 2-buten-2-yl as well as a competing HCI elimination channel in the photolysis of 2-chloro-
2-butene. The results allow us to benchmark electronic structure calculations on the unimolecular dissociation
reactions of the 2-buten-2-yl radical as well as the;&Hpropyne and H- 1,2-butadiene bimolecular reactions.

They also allow us to critique prior experimental work on thetHL,2-butadiene reaction.

Introduction CH,C(CI)CHCH, — CH,C=CHCH, + Cl

This paper investigates the dissociation dynamics of the AHgg = 93.5 kecal/mol (1)
2-buten-2-yl radical, produced by the 193 nm photodissociation . .
of 2-chloro-2-butene. This radical serves as the intermediate  CiS-CHC=CHCH; — CH;C=CH + CH;,
along the reaction coordinate for the combination of the methyl AHy =22.7 kcal/mot (2)
radical with propyne and the reaction of the H atom with .
2-butyne. It is one of several radical intermediates in the  CiS-CH,C=CHCH; — CH,=C=CHCH; + H

bim.olec.ular H+ 1,2-butadieqe react.ion'. The 2-buten-2-yl AH, = 35.4 keal/mot (3a)
radical is one of several straight-chain isomers of thél.C ,
unsaturated hydrocarbon radical species. Several grotipesve trans-CHC=CHCH,; — CH,=C=CHCH; + H

sought to characterize the important dissociation and isomer- AH.. = 36.2 keal/mot (3b)
ization channels of the /£l radical isomers. Previous electronic oK '

structure G3//B3LYP calculations in our groupave character- trans-CI-})('3=CHCI-|3 — CH,C=CCH; + H

ized the relative energies and isomerization barriers of te C _

radical isomers, as well as the enthalpies and transition states AHg =32.3 keal/mot 4)
for the available dissociation reactions of the radicals (Figure CH,C(CIl)CHCH, — CH,=C=CHCH, + HClI

1). Listed below are the reactions that are energetically possible _
for 2-chloro-2-butene at 193 nm, with the dissociation pathways Ao = 37 kealimol (5)
open to the 2-buten-2-yl radicals and the Cfission pathways CH,~C=CHCH, — CH,=C=CH + CH,

open to the HCI elimination cofragments indented. Enthalpies
for reactions 1, 5, and 7 were not found in the literature, so we
used G2M(RCC, MP2) and G2M(RCC6) methbatsGaussian . _
98 for reaction 1 and QCISD(T)//6-31G(d) for 5 and 7. The CHC(CNCHCH, — CHC=CCH, + HC'_

uncertainties in these calculations are expected to be no greater AHg, = 34 keal/mol (7)

than 1.5 kcal/mol CH,C=CCH, — CHZZCZCH + CH,

AHg, = 77.8 kcal/mal (6)
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3bateni-yl Figure 3. Time-of-flight (TOF) spectrum ofiVe = 35 (CI*) from the
photodissociation of 2-chloro-2-butene at 193 nm. Open circles
represent experimental data taken at a source angl€ afnthionization
energy of 15.0 eV for 25,000 laser shots. The thin solid line is the
forward convolution fit to the data with th(Er) shown in Figure 4.
36.7 The dot-dashed line represents signal purported to be from clusters in
1-methylallyl the molecular beam, as reasoned from the fitting of Figures 5 and 15.
30 L The bold solid line is the total fit.
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Figure 1. Minima and transition states (corrected for ZPE) calculated . . .
at the G3/B3LYP level of theory for the important isomerization and ~ 1here is a scarcity of experimental data on the 2-buten-2-yl

dissociation channels of the straight-chainH¢ radical isomers. radical, perhaps because it is not the lowest-enekgls Somer.
Reproduced with permission frodh Phys. Chem. 2004 108 2268- Yet it is the key radical intermediate in the reaction of £H
2271. propyne and in the reaction of #H 2-butyne, as well as one of
110 - several possible intermediates in the reaction oft+HL1,2-
1021 butadiene. In one relevant study, Getty et al. measured rate
constants for the addition of methyl to propyne at +082°C
and found that the methyl radical added to the terminal carbon
with >90% efficiency to make the 2-buten-2-yl radial.
Measured Arrhenius parameters were bg= 11.7 c.c.mot?
st andE, = 8.8 kcal/mol. This agrees, within error, with the
G3//B3LYP value of 9.3 kcal/mol for the exit barrier of the
CHs + propyne channél.

! 4 57, i The experiments described herein utilize 2-chloro-2-butene,
| cis-2-buten-2-yl trans.2-buten-2-yl ; CH3C(CI)CHCHs, as a photolytic precursor for the radical. The
! : experiments measure the velocity distributions of the nascent
3 : 2-buten-2-yl radical and its subsequent dissociation products.
T 374 1367 The goals of our experiments are to monitor product branching
cis-1-methylallyl trans-1-methylallyl . . . .. .

a0l in the unimolecular dissociation of the 2-buten-2-yl radical as
Figure 2. G3//B3LYP predictions of dissociation barriers and product a function of |t§ energy an'd also tq Pro"'de an experimental
energies for the ground-state dissociation of cis- and trans- 2-buten-test for the various theoretical predictions of the 2-buten-2-yl

2-yl radicals. Reproduced with permission frdorPhys. Chem. 2004 potential energy surface described above.
108 2268-2277.
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. . . . .. Experimental Method
There has been interest in the mechanisms of isomerization

of the GH- radicals! "8 especially with regard to ring opening. Photofragment translational spectroscopy was performed on
Matheu et al. mapped out an estimated potential energy surfacehe rotating-source crossed laser-molecular beam apparatus on
for the GH7 system in their study of the H cyclobutene the Chemical Dynamics Beamline at Lawrence Berkeley
reaction using group additivity rules for the purpose of calculat- National Laboratory’s Advanced Light Source (ALS). Details
ing rate constantsThey included the five straight-chain; of the experimental apparatus have been described previ-
isomers, as well as cyclic isomers and all possible dissociation ously1%11 A 9.4% 2-chloro-2-butene-He molecular beam was
products. For the Ht+ cyclobutene system, 3-buten-1-yl and created by bubbling He (650 Torr total backing pressure)
the cyclobutyl radical were predicted to be the only significant through 2-chloro-2-butene (cis and trans mixture, 97% purity,
isomers produced. The isomerization of 2-buten-2-yl to 1-meth- Narchem) cooled to 8C and expanding it through a piezo-
ylallyl has been predicted to have a higher barrier than the electric pulsed valve (0.5 mm orifice) operating at 100 Hz. The
dissociation channels-2 and a less entropically favored nozzle was heated to temperatures between 40 ani€ &the
transition state, so it should not contribute appreciably to the exact value varied from day to day) to reduce cluster formation.
product branching.In this study of 2-buten-2-yl, we consider The molecular beam of the parent molecule was characterized
only the calculated reaction enthalpies and barriers with zero- by directing the beam through a chopper wheel along the
point corrections, shown in Figure 2, on thgHz potential detector axis. The measured number-density speed distribution
energy surface. The results presented in Figure 3 of the paperof the 2-chloro-2-butene molecular beam for the data presented
by Matheu et al. appear similar, though the Cfission pathway here was typically peaked at 1:3 10° cm/s with a full-width

to methyl+ propyne is mislabeled as H propyne. at half-maximum of 7%.
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Photodissociation was accomplished with a GAM excimer
laser operating at the 193.3 nm ArF transition and a pulse energy
of 10 mJ/pulse. The laser ran at 50 Hz for shot-to-shot
(molecular beam on, laser off) background subtraction. The laser
beam was focused to an area of 2.4 mm.3 mm, intersecting
the molecular beam at a 9@ngle in the interaction region.
Photofragments recoiling in the direction of the detector traveled
15.1 cm to the ionizing region, where tunable VUV synchrotron
radiation ionized a portion of the fragments. Photoionization
energies were selected by tuning the gap of a U10 undulator,
which generated the radiation. The necessary undulator gap
(mm) was calculated from the desired photoionization energy,
x (eV), using the following polynomiai?

gap(mm)= 7.875(mm)+ 2.5054(mm/eVf} — 0.068545
(mm/e\VA)x¢ + 0.00082477(mm/e¥)x’

McCunn et al.
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Figure 4. Recoil kinetic energy distribution in €Cl bond fission.

The solid line shows the tot&(Er). The totalP(Er) is divided into
two subdistributions used in fitting subsequent spectra. The dotted line

corresponds to higher, low Ej,x C4H7 radicals that are stable to

For example, Cl data atm/e = 35 were collected using an
15.0 eV photoionization energy, requiring a 32.817 mm undu-
lator gap. Unwanted higher harmonics of VUV radiation were
removed by a rare gas filter, and at photon energies below 10.8
eV, by a Mgk, window. The VUV beam was defined by slits
that were varied from 10 mnx 10 mm to 5 mmx 5 mm.
lonized photofragments were mass-selected by an Extrel 2.1

MHz quadrupole mass spectrometer and then counted by a Daly

detector. A multichannel scaler was used to record the total time-
of-flight (TOF) of the photofragments from the interaction
region to the detector. Recoil translational energy distributions
were found by forward convolution fitting of the TOF spectra.
The forward convolution fitting of the data takes into account
the ion flight time, derived from the machine’s ion flight
constant of 5.7&s-amu V2 The experimental data and fits
shown in this paper have already subtracted theuS.8lelay
between the trigger of the multichannel scaler and the arrival
of the laser pulse at the interaction region.

Supplemental data were taken on the crossed laser-molecula
beam apparatus in the Chicago ghyhich is similar to the
ALS apparatus. Only the major differences between the Chicago
and ALS apparatuses are described here. A molecular beam wa
formed by expanding a mixture of He (300 Torr total backing
pressure) and 2-chloro-2-butene cooled-t0.5°C through a
CW nozzle (0.09 mm orifice). The nozzle was heated to
approximately 300C, which was found to prevent any cluster
formation in the molecular beam. The flight path length from
the laser interaction region to the detector was 44.21 cm, and
photofragments were ionized by a 200-eV electron bombardment
ionizer instead of VUV radiation. An ion flight constant of 4.5
us-amu Y2 was used for fitting data from this instrument. All
figures in this paper present data from the ALS, unless noted
as Chicago lab data (Figure 5).

Results and Analysis

The data showed that both—Cl bond fission and HCI
elimination occur in the photodissociation of 2-chloro-2-butene
at 193 nm. C-Cl fission was evidenced by Ckignal atm/e =
35 shown in Figure 3. The total recoil kinetic energy distribution
P(Ey) in C—Cl fission was determined by forward convolution
fitting of the data and is shown by the solid line in Figure 4.
The total P(Ey) is bimodal, with the low-energy component

dissociation. The dashed line shows high, unstable GH; radicals.
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Figure 5. TOF spectrum ofr/e = 35 (CI*), 10° source angle, obtained
from 500 000 laser shots on the Chicago apparatus with electron-
bombardment (EI) ionization. This spectrum exhibits no signal from
clusters. Open circles are experimental data, and the bold solid line is
the total fit. The thin solid line is the fit to the data using the total
P(Er) shown by the solid line in Figure 4. The broken line shows a
contribution from HCI that undergoes dissociative ionization and
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ﬁppears ain/e = 35, fit by theP(Ey) in Figure 8.

The low kinetic energy portion of the(Er) fits only a portion

of the low velocity Ct signal. The remaining low velocity signal

is attributed to cluster fragments, shown by the-¢ltdshed line

in Figure 3. To verify that the signal is due to clusters, we used
the P(Er) in Figure 4 to fit CI" data collected on the Chicago
apparatus. These data were taken using a nozzle temperature
of 300 °C, and it was determined that no appreciable signal
from clusters was present. The data and the fit are shown in
Figure 5.

Stable 2-buten-2-yl radicals were observed im@ = 55
TOF spectrum. (Figure 6) The data were fit by using a high
kinetic energy portion of the €CI bond fissionP(Er), shown
by the dotted line in Figure 4. Only the higher kinetic energy
part of the total G-Cl bond fissionP(Ey) is used, as the ClI
atoms with low recoil kinetic energy correspond tgHzradicals
with internal energies sufficient to overcome the barrier to
dissociation, meaning they would not be detecteavat= 55.

The unstable radicals were formed from-Cl bond fission
imparting lower recoil kinetic energies to the two fragments as

peaking below 1 kcal/mol. Our results presented here suggestshown by the portion of thé&r distribution marked by the

that the low kinetic energy €CI bond fission channel produces
2-buten-2-yl radicals in an excited electronic state, while the
dominant, high kinetic energy, €Cl bond fission channel
produces 2-buten-2-yl radicals in the ground electronic state.

dashed line in Figure 4. (Note that this portion of th¢er)
represents unstable radicals assigned to both the ground and
excited states.) ThEr marking the onset of dissociation of the
unstable 2-buten-2-yl radicals, 26 1 kcal/mol, provides an
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Figure 6. TOF spectrum ofre = 55 (GH;") taken at a 20source Figure 8. Distribution of recoil translational energy imparted in HCI
angle and 10.0 eV ionization energy for 50 000 shots. Open circles are €limination. The bold solid line shows tiREr) used to fit the data in
experimental data points and the solid line is the fit to the data obtained Figure 7. The thin dotted line shows the portion of tR¢Er)

from the subdistribution of the €CI bond fissionP(Er) shown by the corresponding to HCI elimination that producegigcofragments that
dotted line in Figure 4. This portion of the totB(Er) corresponds to are predicted to have internal energy below the barrier to unimolecular
C4H- radicals with highEr, and hence oV, that cannot overcome dlssomat_lon. The thln_solld _||ne corresponds to-lgicofrggments that

the dissociation barrier and are detectedn& = 55. are predicted to be higher in energy than the dissociation barrier.
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Figure 7. TOF spectrum ofve = 36 (HCI") obtained from 150 000

laser shots at a 2Gource angle and 14.7 eV ionization energy. Open Figure 9. TOF spectrum ofife = 39 (GHs") obtained at a 20source

circles are experimental data and the solid line is the forward angle and 10.8 eV ionization energy after 300 000 laser shots. Open

convolution fit to the data, withP(Er) shown in Figure 8. circles represent experimental data, and the solid line is the forward
convolution fit to the data. §13* signal is due to propargyl radicals

experimental determination of the lowest-energy barrier to produced from dissociation of energetigHg molecules originating

dissociation of these radicals. as described in the Discussion.from HCI elimination. The data were fit using the thin solid line in
X Figure 8, accounting for the translational energy of unstabjdsC

A substantially worse fit is obtained by extending the onset to IO e
L cofragments to HCI elimination, and also the recoil imparted to the

Er = 27 kcal/mol or truncating it at 25 kcal/ mol. recoiling propargyl and methyl fragments, as demonstrated Hy(&Q

A TOF spectrum taken a/e = 36 (H?>CI*) and a 10 source in Figure 10.

angle (Figure 7) indicated the presence of an HCI elimination

channel. The data were fit by a sing¥Er), shown by the bold  are similar to those of 2-chloropropene, we &gHCI) = 18

solid line in Figure 8. Thig>(Ey) is divided approximately into  kcal/mol and a G2M(CC,MP2) predicted dissociation barrier

two distributions to show HCI products that haveHs of Eiy = 77.8 kcal/mdl to posit that GHg from elimination

cofragments predicted to be stable (thin dotted line) aitdsC  events of E > 20 kcal/mol do not dissociate appreciably. This

with internal energy sufficient for secondary dissociation (thin gives a satisfactory fit to our/e = 39 and 54 data, as described

solid line). The division of thé(Er) is only an estimate, aswe  pelow.

are unable to measure the internal energy of HCI molecules A TOF spectrum taken a/e = 39 was assigned to propargyl

following elimination to deduce the exact internal energy yadicals produced from the dissociation ofHg cofragments

distribution of the GHs cofragments. The internal energies of 4 Hcl elimination as shown in reaction 6 or 8. Note that

CaHs products can be found by conservation of energy: 2-butyne can isomerize to 1,2-butadiene at energies lower than
_ Lo the barrier for 1,2-butadiene to dissociate tosCHpropargy!®
Eparent™ I = AHq (HCI elimination)+ Ey(C,He) + Figure 9 shows the experimental data and a forward convolution

E(HCI) + E; fit. The fit accounts for the velocity imparted to theHG
molecule in the initial HCI elimination, as described by the low
Our QCISD(T)//6-31G(d) calculations predict that the initial HCI  kinetic-energy portion (thin solid line) of Figure 8, as well as
elimination is endothermic by 34 kcal/mol. Study of four-center the velocity imparted during the recoil of the propargyl radical
HCI elimination in 2-chloropropene suggested that HCI carries from the methyl radical in the dissociation oftds. The energy
away on average 18 kcal/mol in internal enetassuming imparted in the second step can be described by the distribution
that the four-center elimination processes of 2-chloro-2-butene shown in Figure 10. ThB(Er) peaks at 3 kcal/mol, but a nearly
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Figure 10. Recoil translational energy distribution foplds — C3Hs
+ CHjs from the higher internal energy coproduct of HCI elimination
step. ThisP(Er) is used to fit the data in Figure 9.
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Figure 11. TOF spectrum ofn/e = 40 (GH4") at a 20 source angle

and 12.4 eV ionization energy after 300 000 laser shots. Open circles

are experimental data, and the solid line is the overall fit to the data.
The signal shown by the dashed and-édéshed lines is attributed to
propyne produced in the dissociation of unstableladicals and is

fit by the P(Er) distributions in Figures 1214 as described in the
Results and Analysis.

identical fit to the data could also be obtained with (&)
shifted to peak at 4 kcal/mol. R(Et) peaking at 2 kcal/mol,
however, underfit the data on both the rising and falling edges
of the TOF spectrum.

Propyne products from the dissociation of 2-buten-2-yl
radicals were evidenced in th@e = 40 TOF spectrum. (Figure
11) The forward convolution fit accounts for the recoil of the
C4H7 radical and Cl atom in the initial photolytic step, as well
as the recoil of the methyl and propyne fragments in the
dissociation of the radical. The low-energy portion (dashed line)
of the C-ClI bond fissionP(Ey) in Figure 4 was used in fitting
the data. Notably, the best fit to the data required thatR{ts),
corresponding to €CI bond fission producing unstable 2-buten-
2-yl radicals, be divided into two distributions (Figure 12) with
a differentP(Er) constructed to describe the translational energy

imparted in the subsequent dissociation of the radicals in each

of the distributions shown in Figure 12. The dashed line in
Figure 12 is assigned to 2-buten-2-yl radicals formed in the
excited state, while the detlashed line is assigned to ground-
state radicals. The tw®(Er) distributions corresponding to

reaction 2 are found in Figures 13 and 14. Referring back to

McCunn et al.
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Figure 12. P(Er) in C—Cl bond fission corresponding to 2-buten-2-

yl radicals that have sufficient energy to overcome the barrier to
dissociation. The bold solid line shows the distribution for all unstable
C4H; radicals and can also be seen in Figure 4. To properly fit the data
in Figure 11, thisP(Er) was divided into two distributions, one
representing excited-state radicals (dashed line) and another representing
ground-state radicals (detlashed line), which were then combined
with the distributions in Figures 13 and 14, respectively, that describe
the velocity imparted to methyl and propyne during the dissociation of
the radicals.

1.2
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Figure 13. P(Er) describing the translational energy distribution
imparted during the recoil of methyl and propyne in the dissociation
of excited-state ¢H; radicals with the energy distribution shown by
the dashed line in Figure 12. The resultant fit is shown by the dashed
line in Figure 11.
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Figure 14. P(Er) describing the translational energy distribution
imparted during the recoil of methyl and propyne in the dissociation
of unstable ground-state,8; radicals with the energy distribution

Figure 11, the signal contribution outlined by the dashed line shown by the dotdashed line in Figure 12. The resultant fit is shown
shows propyne that came from excited-state 2-buten-2-yl by the dot-dashed line in Figure 11.

radicals from initial photolysis events with ® Er < 8 kcal/

mol, as shown by the dashed line in Figure 12, and with a dot—dashed line in Figure 11 shows the signal from propyne
distribution of recoil energy imparted in the dissociation of the produced from reactions 1 and 2, via ground-state radicals, with
radical as described by tH(Er) in Figure 13. Similarly, the translational recoil energy distributions described by the-dot
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Figure 15. Experimentahwe = 54 (GH¢") TOF taken at a 15source . . _ N

angle and 10.8 eV ionization energy for 300 000 laser shots. Open Figure 16. Experimental TOF ofe = 15 (Ch") at a 20 source
circles are experimental data points and the bold solid line is the total 219le and 10.8 eV ionization energy after 500 000 laser shots. Open
fit to the data. The thin solid line shows the contribution frogHE circles are experimental data points and the bold solid line is the total

cofragments to HCI elimination with predicted internal energy below it t0 the data. All contributions to the fit are derived from momentum-
the barrier to dissociation. The thin dotted line in Figure 8 shows the Matching to experimental data ofe = 40 and 39. The long-dashed

P(E-) for these fragments. The detlashed line shows &ls products and dot-dashed lines correspond to those of Figure 11. The thin solid
from the H-loss channels of unstablg-G radicals formed in the ground ~ liné shows methyl radicals formed in conjunction with propargy!
state. The long-dashed line corresponds tldproducts from the radicals as shown in Figure 9.

H-loss channels of excited-statgHG radicals. The €&H bond fission corresponds to 2-buten-2-yl radicals that could possibly dis-

channels of the £ radicals were fit byP(Er) distributions for ground- . .
state radicals, shown by the eatashed line in Figure 12, and excited- sociate to GHe. The dot-dashed line corresponds ta

state radicals, shown by the long-dashed line in Figure 12. The Produced by €H fission of ground-state 2-buten-2-yl radicals.
remaining signal is attributed to clusters, shown by the dotted line. C4Hs products originating from excited-state 2-buten-2-yl
radicals are shown by the long-dashed line. Pfigr) distribu-
dashed lines in Figures 12 and 14, respectively. Comparing thetions in Figure 12 were used in fitting the data, although the
areas of the distributions shown in Figure 12 shows that the underdetermined nature of thee = 54 data prohibits us from
ground-state 2-buten-2-yl radicals are formed in a 3:1 ratio to determining the ratio of gHg products from the ground and
the excited-state radicals, however, assuming the same ratio inexcited states of 2-buten-2-yl. Although our experimentally
C—C fission of these radicals does not give a good fit. These determined lowest barrier to dissociation of the 2-buten-2-yl
two componentP(Er)’'s may be used in a calculation of the radical most likely corresponds to reaction 2, which does not
propyne signal in Figure 11, correcting for the appropriate produce GHs, the barriers to reactions 3a,3b and 4 are predicted
kinematic factors and Jacobians to go from the 3:1 ratio of to be only 2-4 kcal/mol higher. Truncating the lo& portion
reactant ground- to excited-state radicals to the final relative of the C-Cl fission P(Et) by 4 kcal/mol would not drastically
signal levels in Figure 11. If we assume both the ground and alter the fit in Figure 15. The thin solid line in Figure 15 shows
excited state radicals are equally likely to produce propyne the distribution of GHg cofragments to HCI elimination with
CHs, we underfit the fast (detdashed) signal in Figure 11. The insufficient internal energy to overcome the barriers to dis-
good fit shown is obtained by assuming that the propyne sociation in reaction 6 or 8. In the TOF spectrum of Figure 15,
products originate from 2-buten-2-yl radicals in the ground- there is very high signal in the range of £2500us that cannot
state/excited-state ratio of 5:1; this shows there is an enhancede accounted for by any photodissociation events. We attribute

probability of C-C fission for ground-state 2-buten-2-yl. this signal to clusters and show the possible contribution with
Both C—ClI bond fission and HCI elimination channels in a dotted line.

2-chloro-2-butene contribute to the/e = 54 (GHs") TOF Thus far, we have postulated the appearance of signal from

spectrum. Some of the unstablgHG radicals, found in €&CI molecular clusters in bott/e = 54 and 35 TOF spectra. It is

photodissociation events with the portion of tRér) repre- reasonable to expect that the only difference in the two cluster

sented by the dashed line in Figure 4, may access one of thesignal distributions should be in their ion flight times. To test
available H-loss channels, reactions 3a,b and 4, to producethe validity of our claim regarding the existence of clusters in
2-butyne or 1,2-butadiene. Loss of a hydrogen will not our data, we took the cluster signal peak constructed for Figure
significantly change the velocity of the radical, so the TOF 15 and used the ion flight constant to predict where the same
distribution of the GHg products can be predicted by using the cluster signal would appear inrede = 35 TOF spectrum taken
P(Er) for their parent GH; radicals. HCI elimination from at the same angle for the rotating source. The time-shifted and
2-chloro-2-butene directly produceghd; by reactions 5and 7.  appropriately scaled cluster signal could account for the
A fraction of both the resultant 2-butyne and the 1,2-butadiene suspected cluster signal mfe = 35. The dot-dashed line in
products dissociate predominantly to propargylCHs at the them/e = 35 TOF spectrum of Figure 3 shows the fit using the
energies available in this experiment. It also happens thtdg'C cluster signal from Figure 15.
is a dominant daughter ion fragment of 2-chloro-2-butene, so  Figure 16 shows data collectedrate = 15 and includes the
it is possible for cluster fragments and stablgdi¢radicals to momentum-matched partner to propyne in reaction 2. The
dissociatively ionize and appearmate = 54. We were unable  dashed line and detdashed line are momentum-matched to the
to collect data at parent masg/é = 90) to confirm the presence  corresponding lines in Figure 11, fit in the same manner as
of clusters. Taking all of these facts into consideration, the fitting described above for the/e = 40 TOF spectrum with thB(Er)
of the m/e = 54 spectrum is not uniquely determined. distributions shown in Figures 12, 13 and 14. The solid line
Figure 15 shows a fit ofVe = 54 data using the low recoil ~ marks the distribution of Ckradicals produced in conjunction
kinetic energy portion of the €CI bond fissionP(Er) which with propargyl radicals in reaction 6 or 8. This signal is
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TABLE 1: RRKM Predictions of 2-Buten-2-yl — CH; +
1000 f= ml/e=15 (CH_*) 20° Propyne Product Branching?? at 300 K
3
. 1080V radical internal ko(E)/[k(E) +
2 s00 | ©e energyE ks E) + kan(E) + Ko(E)/[ko(E) +
5 ® 164V (kcal/mol) ka(E)] ka(E)]
'é [0 19.5eV 32.1 1 1
& %0 33.1 1 1
e 34.1 1 1
Z 400 35.1 0.999 0.999
3 36.1 0.997 0.997
© 37.1 0.995 0.996
@ 200 38.1 0.992 0.994
39.1 0.990 0.993
40.1 0.987 0.992
op 41.1 0.985 0.990
50 100 150 200 250 42.1 0.982 0.989
TOF, t (usec) 43.1 0.979 0.988
. . 44.1 0.977 0.986
Figure 17. Overlaidm/e = 15 (CH;*), 20° source angle, TOF spectra 451 0.974 0.985
taken at ionization energies of 10.8, 16.4, and 19.5 eV for 500 000, 46:1 0:972 0:984
300 000, and 200 000 laser shots, respectively. The data have been 471 0.969 0.983
scaled to the same height for purpose of comparison. No difference 48.1 0.967 0.982
can be seen in the shape of the three TOF distributions, making it 49.1 0.965 0.981
impossible to calculate a branching ratio among reactions 2, 3a,b and 50.1 0.962 0.979
4. 51.1 0.960 0.978
52.1 0.957 0.977
momentum-matched to that of ti@e = 39 TOF spectrum in 53.1 0.955 0.977
Figure 9, using thé(Eq)s in Figures 8 and 10. 541 0.953 0.976
Though the dotdashed line contribution to theve = 54 aThe labeln in k, label corresponds to reaction from the
TOF spectrum in Figure 15 clearly evidencegHg products Introduction.” Because cis/trans isomerization is fast, each of the

from dissociation of radicals by reactions 3a,3b and 4, the absolute rate constants should be roughly doubled, but the ratios are
photoionization energies of 2-butyne and 1,2-butadiene are tooUnchanged.

close to distinguish these isomers with the moderate resolution .

afforded in these experiments. We did, however, attempt to H + 2-butyne and the Cgt propyne transition states as free
distinguish them by their daughter crackingriée = 15. The  'otors, branching to Ht 2-butyne would increase by an

ionization energy of CHlis 9.84 eV, while the appearance approximate factor of 4, but the GH- propyne channel would
energy of CH* from 1,2-butadiene is 14.4 eV and from still comprise>90% of the products. The RRKM results are

2-butyne is 17.6 eVs Therefore, by simply tuning the ALS ~ Presented with the caveat that our experimental results showed

undulator gap to produce different ionization energies and taking that & significant portion of the 2-buten-2-yl radicals survive
m/e = 15 TOF spectra at each energy, it is theoretically possible @lthough they are higher in energy than theCH propyne
to distinguish the three unimolecular dissociation channels of Parrier. Figure 4 shows that some of the radicals with internal
2-buten-2-yl shown in reactions 2, 3a,3b and 4. We collected €N€rgy up to 14 kcal/mol over our experimentally determined
consecutivem/e = 15 spectra with a molecular beam source lowest dissociation _barrler can survive and be detected as stable
angle of 20 at 10.8, 16.4, and 19.5 eV. The three spectra are C4H7 fragments. This cannot be explained by energy partitioned
shown scaled and overlaid in Figure 17. There is no difference INto rotation during the initial €Cl bond fission or by the 2.5
in the shapes of the spectra. This indicates that there was nd<cal/mol carried away in CiPy2). Also, we have postulated
significant contribution from Cif from 1,2-butadiene or that our higher internal energy radicals areina low-lying excited
2-butyne as the ionization energy increased. This is not state of_2-but_er)-2-yl; the RRI_(M calculatlo_ns are not relevant
unexpected, since the GH- propyne channel is expected to to the dissociation of the excited-state radicals.
be heavily favored over reactions 3a,3b and 4, so it comprises We have explicitly tested the predictions of such RRKM
the majority of the signal in Figure 16. calculations against our experimental results for a related system,
We used RRKM theorf to calculate rate constants for the the 1-buten-2-yl radical to determine the change in product
three dissociation channels of 2-buten-2-yl for energies betweenbranching with internal energy in the radical. Both the experi-
32 and 54 kcal/mol, which correspond to the internal energy mental data and RRKM results indicate that the methypllene
range of unstable, ground-state radicals. The calculations usedrhannel is dominant for dissociation of 1-buten-2-yl. The energy
vibrational frequencies and rotational constants for the radical barrier for this channel is predicted to be 5 kcal/mol lower than
and transition states taken from the Supporting Information of the barriers of the H- 1,2-butadiene andH 1-butyne channels.
ref 3. Table 1 reports the results of RRKM calculations when Branching to C-H fission begins to dominate at radical internal
the external moments of inertia are treated as adiabatic and theenergies above 50 kcal/mol. Overall, the change in relative
torsional modes associated with rotation of the methyl groups branching to the €C versus G-H fission channel of the
are not treated as free internal rotors. At radical internal energies1-buten-2-yl radical observed experimentally was in very good
near the H atom channel barrier, the £Hpropyne channelis ~ agreement with the RRKM predictions for the ground-state
expected to dominate. At higher internal energied@ kcal/ radicals.
mol above the H atom channel barrier andl3 kcal/mol above The problem remains that we cannot compare RRKM
the C-C bond fission barrier), the RRKM calculations predict predictions to our experimental data in the dissociation of the
that the contribution of the H atom channel grows in signifi- 2-buten-2-yl radical. The absolute photoionization cross sections
cance, but the Ci+ propyne channel still dominates. If one of 2-butyne and 1,2-butadiene are not currently known. Relative
treated the two lowest orthogonal vibrational frequencies at the photoionization cross sections could be determined by compar-
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ing the signal from photoionization of molecular beams of energy into rotation of the 2-buten-2-yl radical. Using structural
2-butyne, 1,2-butadiene and propyne. Due to time restrictions parameters of 2-chloro-2-butene determined at the B3LYP/6-
on the apparatus, we did not take high-resolutidea= 54 and 31G(d) level of theory, we estimated the rotational energy to
40 TOF data on the same day in order to get an estimate of thebe 1.2 kcal/mol for the trans- isomer and 0.2 kcal/mol for the

C4Hg/propyne branching ratios under identical beam conditions.

Discussion

Photolysis of 2-chloro-2-butene at 193 nm resulted in both
C—Cl bond fission and HCI elimination. €CI bond fission
produced 2-buten-2-yl radicals, some of which had sufficient
internal energy to overcome the barriers to dissociation of the
radical via C-C bond fission and €H bond fission. Methyl

cis- isomer at arer of 11 kcal/mol, the lowesEr possible for
surviving 2-buten-2-yl radicals.

B. Excited- and Ground-State Dynamics of C-C Bond
Fission in 2-Buten-2-yl Radicals.The dissociation of 2-buten-
2-yl — CHz + propyne, reaction 2, is peculiar in that it could
not be fit simply by theP(Er) for unstable 2-buten-2-yl radicals
coupled with a single secondaB(Er) for the kinetic recoil of
methyl + propyne. The data required®{Er) that peaked at 1

and propyne fragments were detected as products of thiskcal/mol to describe the recoil of GHt- propyne from the

dissociation, as well ass8g that could be attributed to the-€H
bond fission of 2-buten-2-yl. HCI elimination from 2-chloro-
2-butene produced8s cofragments, some of which dissociated
to produce methy# propargyl radicals.

A. Experimental Determination of the Lowest-Energy
Dissociation Barrier. The data presented here allow for a
determination of the lowest barrier to 2-buten-2-yl dissociation
as the Cl atom TOF (Figure 3) determines the internal energy
of all nascent 2-buten-2-yl radicals and the signal fit in Figure
6 indicates which of the radicals survive secondary dissociation.
The internal energyE;in, of the 2-buten-2-yl radical is obtained
by energy conservation:

E ont v = Do(C—Cl) + E, + E¢, + E;

parent
hv, the energy of a 193.3 nm photon, is equal to 147.8 kcal/
mol, including the air-to-vacuum correction. To fifdh(C—

Cl), we performed ab initio G2ZM(RCC, MP2) calculations on
2-chloro-2-butene and the CI atom; and G2M(RCCB6) on the
2-buten-2-yl radical. These methddsave a result oDy(C—

Cl) = 93.5 kcal/mol. Baentis the energy of the 2-chloro-2-
butene molecule; we estimated it by assuming that vibrational

modes are not cooled by the nozzle expansion and have

equilibrated to the nozzle temperature. Using vibrational modes
calculated at the B3LYP/6-31G(d) level of theory, the average
vibrational energy of the 2-chloro-2-butene molecule was
determined to be 2.5 kcal/mol at the 427 nozzle temperature
for these particular datd&c, refers to the energy of the spin
orbit state of the chlorine atom&c is 0 kcal/mol if Cl is
produced in théPs, state and 2.5 kcal/mol in th®y, statel®

Our experiments cannot distinguish between the two-spibit
states, but 235 nm photolysis of 2-chloro-2-butene with REMPI
detection in separate experiments revealed that botP4)(
and CI@P;/,) are produced? According to Figure 4Er = 26

+ 1 kcal/mol marks the onset of dissociation of the radicals.
Assuming Ec; = 0 kcal/mol, the barrier to 2-buten-2-yl
dissociation is experimentally determined tofg = 31 + 2
kcal/mol. This is in agreement with the G3//B3LYP predicted
barrier to reaction 2 of 32.& 2 kcal/ mol? as shown in Figure

lowest Er, higher internal energy 2-buten-2-yl radicals, and a
secondP(Er) peaked at 6 kcal/mol to describe the dissociation
of the higher E, lower internal energy unstable 2-buten-2-yl
radicals. This suggests that the two different distributions of
2-buten-2-yl radicals are dissociating by different mechanisms.
Recent EOM-CCSD/6-3tG* calculations by Levchenko and
Krylov on the excited states of thens-2-buten-2-yl conformer
found a verticaP(;z—n) transition of 3.6 eV, WitlAE = 2.5+

0.2 eV (57.6+ 5 kcal/mol) energy difference at the equilibrium
geometry of the lowest excited state without zero-point correc-
tions20 In our experiment, the unstable 2-buten-2-yl radicals
from C—Cl fission imparting 6-7 kcal/mol in product transla-
tion were the ones that evidenced the very distinetCCbond
fission exit channel dynamics, imparting little energy to recoil
kinetic energy between the methyl and propyne products. These
radicals have internal energies ranging from 50 to 57 kcal/mol.
We conclude that unlike the lower internal energy radicals,
which evidence €C bond fission dynamics consistent with
the 9.3 kcal/mol predicted exit barrier on the ground-state
potential energy surface, these higher internal energy radicals
are likely found in the excited state. Within the error of our
calculation ofE, for the 2-buten-2-yl radicals (which relies on

a C—ClI bond energy calculation for the precursor), our result
is in rough agreement with the lowest excited-state having
energy equal to or lower than the result of Levchenko and
Krylov. Low Er, high internal-energy unstable 2-buten-2-yl
radicals are formed in thzr—n) excited state, while the higher
Er radicals are formed in the ground electronic state, resulting
in two different distributions for energy release in the recoil of
CH;z + propyne. More recent 3rd order’'dalculationd! with

a DZP+ Diffuse basis s@t found a vertical excitation energy
of 1.75 eV and an oscillator strength of 0.00062 for the lowest
excited state ofrans-2-buten-2-yl. The computational method
has been described previoudiThe excited state was assigned
to a?(z—n) transition.

C. Benchmarking Electronic Structure Calculations on
Radicals. One value of the experiments presented here is to
benchmark emerging electronic structure calculations of the
energetics of the barriers predicted for reactions involving radical

2. Note that the experimentally determined barrier is dependentspecies. Referring back to Figure 1, we note that these

on a good bond energfo; indeed, errors in the two may
fortuitously cancel each other.

There is a notable overlap between the IBwand highEr
distributions in Figure 4. We attempted to fit th#e = 55 data
in Figure 6 with a sharp cutoff between the distributions for

experiments on the 2-buten-2-yl radical have determined that
the zero-point corrected barrier of dissociation to mettiyl
propyne is 31+ 2 kcal/mol. This is in very good agreement
with the G3//B3LYP predicted barrier of 328 2 kcal/mol.

The good agreement between experiment and theory relies on

the stable and unstable 2-buten-2-yl radicals, but could not obtainthe G3 correction to the energy; without the G3 correction, the

a satisfactory fit. Although one might try to explain the stability
of the 2-buten-2-yl radicals from the lowé&r event by the
partitioning of energy to rotation in the-&Cl bond fission, our
calculations show that an impulsive-Cl bond fission from
the equilibrium geometry is not expected to partition much

B3LYP predicted barrier is 36.0 kcal/mol using a®&L(d) basis.
(All barriers include a zero-point correction.)

The same conclusions were reached in two other experimental
studies from this laborator#:24 These studies examined the
barriers to the two competing €H fission channels of
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2-propenyl radicals and showed conclusively that the zero-point reaction are dramatically in error. Figure 1 shows that three
corrected barrier to the H propyne dissociation products is  radical intermediates are possible when the H atom adds to 1,2-
lower than that for the Ht- allene product channel by-12 butadiene: methylallyl, 1-buten-2-yl and 2-buten-2-yl. Figure
kcal/mol, in agreement with G2//B3LYP. Without the G2 1 also suggests that the addition reaction to form the 2-buten-
correction, the predicted barrier for the-Hallene channel is  2-yl radical has the lowest of the three barriers and would
lower than that for the H- propyne channel, inconsistent with dominate at low collision energies. (G2//B3LYP calculations
the experimental results, and even the relative heats of formationby Laskin, Wang and Law in 2000 mapped out two of these
of allene and propyne are not well predic&dThough the pathways but missed the third, and did not report the differing
overlapping signal from HCI elimination products did not allow entrance channel barrier heigBisThe difference in the three
us to experimentally determine the lowestB bond fission barriers for the addition reaction does not result from tightened
barrier, in our recent wofK on the unimolecular dissociation modes at the transition states, as there is no significant difference
of another GH; radical, 1-buten-2-yl, the experiments estab- in the zero-point energy at the three transition states. It is clear
lished that the barrier to €H fission to form H+ 1-butyne that the dominant products of the reaction of+HL,2-butadiene
was higher than the €C fission barrier to form Ckl+ allene at low temperature should be @Ht propyne, the lowest barrier
by 5 + 2 kcal/mol, also in agreement with the theoretical decomposition products of the radical detected in the experi-
prediction from the G3//B3LYP calculations. ments presented in this paper, not vinylethylene or H +

D. Relevance to Bimolecular Reaction Kinetics.The 1,2-butadienyl radical as suggested by Kern. At higher temper-
experimental results presented here and the theoretical predicatures, one would expect contributions fromtHL,3 butadiene
tions summarized in Figure 1 also offer insight into bimolecular to contribute to the product branching (from the H atom addition
addition reactions that proceed through radical intermediates.to form the methylallyl radical intermediate) and mettyallene
Of particular relevance are the GH- propyne reaction and products from the addition proceeding through the 1-buten-2-
the H+ 1,2-butadiene reaction. For the € propyne reaction, Yl radical intermediate, with a small contribution from 1-butyne
our results are consistent with the entrance channel barrier+ H products at higher energies. The only route to form Kern’s
deduced from early kinetic measurements of Getty effaleir deduced products of vinyt- ethylene is through the 3-buten-
kinetic data were fit to an Arrhenius expression and yielded an 1-yl radical, which is not formed in the addition of an H atom
activation energy of 8.8 kcal/mol. Our previous G3//B3LYP to 1,2 butadiene (it is formed in the addition of an H atom to
calculations predicted a zero-point corrected entrance channell,3-butadiene). Only one of the three possible radical intermedi-
barrier of 9.3+ 2 kcal/mol, while our experimentally measured ates formed from the addition of H atoms to 1,2-butadiene, the
onset of that channel corresponds to an entrance channel barriet-methylallyl radical, might isomerize with any substantial
for that reaction of 7.5+ 2 kcal/mol. Simple reactive hard-  efficiency to the 3-buten-1-yl radical intermediate that does give
sphere mode?§ suggest that thé&, determined from kinetic Kern'’s proposed vinylt ethylene product channel, but the rate
data is 1/2 KT larger than the zero-point corrected barrier height, of isomerization of the 1-methylallyl radical to the 3-buten-1-
so the experimentally determined activation energy of 8.8 kcal/ yl radical is much slower than the rate for it simply to dissociate
mol deduced by Getty suggests a zero-point corrected barrierto H + 1,3-butadiene. Studying Kern’s analysis further reveals
of 8.4 kcal/mol. This is very close to our experimentally that he had little reason to infer the two product channels he
determined barrier, lower by only 1 kcal/mol than the G3// includes for H+ 1,2-butadiene; indeed the paper states that
B3LYP prediction and well within the error bars of both the rate parameters assigned for these inferred reactions are
determinations. In contrast, recent electronic structure calcula- “comparable to those of similar 1,3-butadiene reactions” reported
tions at the W1h//QCISD/6-31G(d) level of theory by Radom by Keifer2® Our analysis shows, however, that while the vinyl
and co-worker¥ suggest the Cil+ propyne reaction has a  + ethylene product channel would occur in the reaction of H
zero-point corrected barrier of 11 kcal/mol, somewhat higher + 1,3 butadiene as proposed by Keifer, it would not contribute
than both our experimental estimate and that of Getty, although to any significant extent in the reaction of H with 1,2-butadiene.
within the error bars of the G3/B3LYP estimate. (Radom’swork  |ndeed, later kinetics studies on 1,2-butadiene, 2-butyne and
also reported a reanalysis of Getty’s kinetic data, modeling the 1,3 butadiene pyrolysis in shock tubes also made a dramatically
preexponential factor differently, that suggested that Getty's data different assumption than Kern did on the product branching
were better fit by an activation energy of 9.46 kcal/mol.) in the H+ 1,2-butadiene elementary reactions involved in the

Armed with the now experimentally validated transition state mechanisms. In particular, these later studies no longer assumed
energetics for addition reactions proceeding through the 2-buten-that vinyl + ethylene was the dominant product in the
2-yl and 1-buten-2-yl radical intermediates, one can make a elementary reaction of H 1,2-butadiene. In analogy with H
number of predictions for the mechanism and product branching + allene, they assumed that the reaction of-H.,2-butadiene
of the H+ 1,2-butadiene reaction and critique early assumptions yields primarily CH + allené® and latef'-*?added the Chl+
about this reaction. The only experimental study of the kinetics propyne product channel, assuming its rate was identical to that
of this reaction reported on the NIST Chemical Kinetics producing CH + allene. These guesses are in much better
Database is the one by Kern and co-workéiBhose researchers  accord with the present study, with the exception that they
were studying the pyrolysis of 1,2-butadiene, so their kinetic assumed the activation energy and Arrhenius preexponential
model included rate parameters for some elementary reactiongactor for the reaction producing GH- propyne are identical
to which their data were not particularly sensitive, in retrospect. to those for producing Cit allene. The very recent theoretical
The Kern et al. paper suggests the two dominant reaction work of Miller discussed in our present experimental study
products of the reaction of H 1,2-butadiene are an H-atom suggests the reaction producing £H allene, via the 1-buten-
abstraction reaction to formHt+ 1,2-butadienyl radical and a  2-yl radical intermediate, has a considerably larger entrance
reaction channel forming vinyt- ethylene. The experimental channel barrier from the H 1,2-butadiene reactant than does
results presented in this paper, combined with the theoreticalthe CH; + propyne product channel, which proceeds through
predictions summarized in Figure 1 and the experimental work the 2-buten-2-yl radical studied here. Note that the isomerization
in ref 17, suggest that Kern's conclusions about this elementarybarrier between these two radical isomers is higher than the
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exit channel barriers leading to the @H C3H4 products, so (3) Miller, J. L. J. Phys. Chem. 2004 108 2268.
we expect the Ckl+ propyne product channel to dominate if 103(‘;)41\2'1%9" A. M.; Morokuma, K.; Lin, M. CJ. Chem. Phys1995
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