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Photodissociation of allyl- d 2 iodide excited at 193 nm:
Stability of highly rotationally excited H 2CDCH2 radicals to C–D fission
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The James Franck Institute and Department of Chemistry, The University of Chicago, Chicago,
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The photodissociation of allyl-d2 iodide (H2C5CDCH2I) and the dynamics of the nascent allyl-d2

radical (H2CCDCH2) were studied using photofragment translational spectroscopy. A previous
study found the allyl radical stable at internal energies up to 15 kcal/mol higher than the 60 kcal/mol
barrier to allene1H formation as the result of a centrifugal barrier. The deuterated allyl radical
should then also show a stability to secondary dissociation at internal energies well above the barrier
due to centrifugal effects. A comparison in this paper shows the allyl-d2 radical is stable to
allene1D formation at energies of 2–3 kcal/mol higher than that of the nondeuterated allyl radical
following photolysis of allyl iodide at 193 nm. This is most likely a result of a combination of the
slight raising of the barrier from the difference in zero-point levels and a reduction of the impact
parameter of the dissociative fragments due to the decrease in frequency of the C–D bending modes,
and therefore allene1D product orbital angular momentum,uLW u5muvWrelub. The integrated signal
taken atm/e540 ~allene! andm/e541 (allene-d1 and propyne-d3) shows a minor fraction of the
allyl-d2 radicals isomerize to the 2-propenyl radical, in qualitative support of earlier conclusions of
the domination of direct allene1H formation over isomerization. ©2003 American Institute of
Physics. @DOI: 10.1063/1.1596853#
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INTRODUCTION

The dissociation dynamics of the allyl radical has be
the topic of many studies in the past.1–7 The work presented
here uses a technique developed to study the unimolec
dissociation channels of isomerically selected radicals8 in
continuation of a previous study in which allyl iodide wa
used as a photolytic precursor of the allyl radical.7 Unlike the
other prior studies on allyl radicals, these studies exam
the dissociation dynamics of highly rotationally excited al
radicals. C–I bond fission producing iodine in its groun
I ( 2P3/2), and excited, I (2P1/2), spin–orbit state were found
to be the only major channels upon photolysis of allyl iodi
at 193 nm. The nascent allyl radicals were dispersed by t
translational energy, allowing the dynamics of the allyl ra
cal to be studied as a function of its internal energy. All
the I (2P3/2) formation channel allyl radicals were found
have enough internal energy to undergo C–H bond fiss
primarily forming allene (H2C5C5CH2)1H. No signifi-
cant isomerization to the 2-propenyl radical was detecte
the internal energies accessed in these experiments. O
fraction of the I (2P1/2) formation channel allyl radicals ha
sufficient energy to overcome the 60 kcal/mol barrier9 to
allene1H formation, leaving some stable allyl radicals to
detected atm/e541. It was found, however, that a conside
able fraction of the allyl radicals was stable to dissociation
energies up to 15 kcal/mol higher than expected. This sta

a!Electronic mail: l-butler@uchicago.edu
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ity was attributed to a centrifugal barrier produced by sign
cant partitioning of rotational energy to the allyl radical
the primary photolysis step. The conservation of angular m
mentum along with the small reduced mass,m, and near zero
impact parameter,b, characterizing the radical’s dissociatio
caused most of the allyl radical angular momentum to
partitioned to allene rotation because the orbital angular m
mentum of the scattered allene1H products,uLW u5muvWrelub, is
required to be small. This introduces a centrifugal barrier t
prohibits the dissociation of rotationally excited allyl radica
even though their internal energy is well in excess of the
kcal/mol barrier.

The results presented here are a continuation of
study. We used photofragment translational spectroscop
characterize the photodissociation of allyl-d2 iodide (H2C
5CDCH2I; see Fig. 1! excited at 193 nm and compare it t
newly obtained nondeuterated allyl iodide photolysis da
As mentioned earlier, the nascent allyl radical produc
through the 193 nm photolysis of allyl iodide has enou
internal energy to undergo C–H bond fission, producing
ther allene or propyne through two main pathways.7 The first
pathway~60 kcal/mol barrier height9! is direct allene forma-
tion, where the central H atom is lost in one step. The sec
produces either allene~57.5 kcal/mol barrier height9! or pro-
pyne~56.5 kcal/mol barrier height9! following isomerization
to the 2-propenyl radical~63.8 kcal/mol barrier height9!.
~The barrier heights quoted here are calculated in Ref. 9
the nondeuterated species.! The reactions of interest for th
allyl-d2 radical are shown in reactions~1!–~4!.
8 © 2003 American Institute of Physics

 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



d
th
-

a

an

ic

o
n

n-

r
a
p
d
b

r
t

na

ch
50
ur
a
a

m

e
e-

ion
ro-
g a

-

is
ore
-

g-
an

t

in
nd

a
llyl

5079J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Photodissociation of allyl-d2 iodide
CH2CDCH2→D1CH25C5CH2 ~allene, mass540! ~1!

CH2CDCH2→H2DCC5CH2 ~2-propenyl radical!

→H1H2DCC[CH

~propyne-d3 , mass541) ~2!

→D1CH25C5CH2

~allene, mass540! ~3!

→H1CHD5C5CH2

~allene-d1 , mass541!. ~4!

The major nondeuterated allyl radical dissociation pro
uct was identified in the prior work as allene based on
appearance of signal~at 9.6 eV compared to an allene ion
ization energy10 of 9.7 eV and propyne ionization energy10 of
10.36 eV! and slope of a photoionization efficiency~PIE!
curve.7 In this work, replacing the central hydrogen with
deuterium atom~Fig. 1! can facilitate allyl radical H-loss
channel identification without relying on PIE curves. As c
be seen, direct allene formation@reaction~1!# will result only
in mass 40 products. Isomerization to the 2-propenyl rad
can give either mass 40 or mass 41 allene products@reactions
~3!, ~4!# while propyne formation following isomerization t
the 2-propenyl radical results only in deuterated propy
@mass 41, reaction~2!#.

Changing the central hydrogen to deuterium will i
crease the orbital angular momentum of the allene1H prod-
ucts,uLW u5muvWrelub, due to the increase in reduced mass fo
deuterium loss reaction. However, the impact parameter
zero-point-corrected barrier height can also be changed u
the replacement of hydrogen with deuterium. In this stu
we probe the effect of these competing factors on the sta
ity of rotationally excited allyl radicals.

EXPERIMENT

The results presented were taken on the rotatable-sou
fixed-detector, crossed-laser molecular beam apparatus a
Advanced Light Source at the Lawrence Berkeley Natio
Laboratory.11 Briefly, either allyl-d2 iodide, or nondeuterated
allyl iodide, was placed in a bubbler at 0 °C through whi
He gas was bubbled to give a total backing pressure of
Torr. A 0.5 mm piezo-valve nozzle was kept at a temperat
of 80–95 °C to reduce clustering. The molecular beam w
crossed with the pulsed light from an ArF filled Lambd
Physik COMPex 110 excimer laser operating near 3

FIG. 1. Allyl-d2 iodide.
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pulse and focused to a 235 mm cross sectional area in th
interaction region. The resulting photofragments with lab v
locities along the detector axis flew 15.2 cm to the ionizat
region where they were photoionized using tunable synch
tron radiation. The ions were then mass selected usin
quadrupole mass filter and detected with a Daly detector.12 A
synchrotron aperture of 10310 mm was used, and the radia
tion passed through a 1 mmthick MgF2 filter ~as opposed to
the 2 mm filter used previously7! for all data shown. The
synchrotron radiation has been recently recalibrated13 so the
photoionization energy in each spectrum in this paper
more accurate than in papers from this beamline bef
2003. The undulator gap~mm! was calculated from the re
quired photoionization energy,x (eV), using the following
polynomial:

gap~mm)57.875~mm!12.5054~mm/eV!x

20.068 545~mm/eV2!x2

10.000 824 77~mm/eV3!x3.

The background-subtracted time-of-flights shown in the fi
ures include ion flight time, with the fits corrected using
ion flight constant of 6.5ms~amu!21/2 determined through
SF6 time-of-flights in the week that the data were taken.

The synthesis of allyl-d2 iodide was adapted from tha
of Minsek and Chen.14 First, 6.484 g~0.1545 mol! lithium
aluminum deuteride and 240 ml of ethyl ether were placed
a 500 ml three neck flask, stirred under dry nitrogen, a

FIG. 2. Time-of-flight taken atm/e5127 (I1), a source angle of 15° and
photoionization energy of 9.5 eV. The top panel is from nondeuterated a
iodide photolysis and the bottom panel is from allyl-d2 iodide photolysis. As
the I (2P3/2) ionization energy is 10.45 eV, this signal is due to the I (2P1/2)
formation channel only.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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5080 J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Szpunar et al.
then cooled in an ice bath for 30 minutes. Over four hou
8.44 ml ~0.144 mol! of propargyl alcohol were added. Th
reaction was allowed to stir overnight at room temperat
and then refluxed for 2.5 hours~at 45 °C!. The reaction was
cooled in an ice bath, quenched by the addition of 8.43
~0.468 mol! of deionized water and then the mixture w
filtered through celite, removing the white precipitate. Bo
the flask and the celite were washed with ether, the rem
ing clear liquid was distilled at room temperature und
house vacuum to remove most of the ether and then dist
at atmospheric pressure to yield 1.965 g~0.033 mol, 23%
yield! of allyl-d2 alcohol. The product distilled over at 97 °
as a clear liquid.1H NMR ~400 MHz, CDCl3) d 4.16 ~m!,
5.15 ~m!, 5.28 ~m!.

The 1.508 g of allyl-d2 alcohol was placed in a thre
neck 500 ml round bottomed flask, put under dry nitrog
and 10.2 g~8.65 ml, 0.033 mol! of triphenylphosphite was
added via syringe. 7.12 g~3.12 ml, 0.050 mol! of methyl
iodide was then added dropwise through a syringe over
minutes. The solution was then heated at reflux~at 80 °C! for
24 hrs. After reflux, the solution was distilled at reduc
pressure~house vacuum! into a dry ice and ethanol coole
receiver. This yielded a solution of allyl-d2 iodide and me-
thyl iodide. The majority of the methyl iodide was then r
moved by distillation at room temperature under low pr
sure ~house vacuum! for 10 seconds yielding 1.60 g o
allyl-d2 iodide.1H NMR ~400 MHz, CDCl3) d 3.86~d!, 4.97
~d!, 5.24 ~m!. Because the sameP(ET) was used to fit the
I ( 2P1/2) spectra from both nondeuterated and allyl-d2 iodide
photolysis, as will be shown in the next section, it is n
believed that the methyl iodide impurity posed any proble
in the experiments.

RESULTS AND ANALYSIS

Figure 2 shows them/e5127 spectrum (I1) from the
photodissociation of nondeuterated allyl iodide~top panel!
and from allyl-d2 iodide photolysis~bottom panel! taken at a
source angle of 15° and a photoionization energy of 9.5

FIG. 3. Translational energy distribution@P(ET)# derived from the forward
convolution fit of the I (2P1/2)m/e5127 spectra shown in Fig. 2. It range
from 1.2–38.4 kcal/mol, corresponding to an internal energy range,Eint , of
45.2,Eint,83.6 kcal/mol in the nascent allyl radical.
Downloaded 23 Feb 2004 to 128.135.85.50. Redistribution subject to AIP
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As this is taken at an ionization energy below the 10.45
ionization energy10 of I ( 2P3/2), the signal seen is due to th
ionization of I (2P1/2) from the minor I (2P1/2)1allyl radical
primary product channel. The same translational energy
tribution, P(ET), was used to fit both spectra, as no diffe
ence was apparent within the allyl-d2 iodidem/e5127 spec-
trum’s poor signal-to-noise. TheP(ET) derived from the
forward convolution fit to Fig. 2 is shown in Fig. 3. Note th
although it spans roughly the same translational ene
range, it is quantitatively quite different from the previous
obtained I (2P1/2) formation channelP(ET).7 This might be
due to clusters in the previous data, as were thought to
present. Through the conservation of energy, it is noted
the I (2P1/2) formation P(ET) leaves nascent allyl radical
with an internal energy,Eint , of 45.2,Eint,83.6 kcal/mol.

As previously noted, this energy range should leave
fraction of the nascent allyl radicals stable to allene1H/D
formation. Calculations were performed at the G3~B3LYP!
level of theory to determine the magnitude of the barr
introduced by the zero-point-energy differences of the n
deuterated and deuterated allyl radicals. An additional bar
of 1.5 kcal/mol was found due to this isotope effect.@The
barrier to dissociation of the nondeuterated allyl radical w
found to be 59.8 kcal/mol at the G3~B3LYP! level of theory,
in agreement with the 60 kcal/mol barrier of Daviset al.
calculated at the G2~B3LYP! level of theory.9# Data were

FIG. 4. Allyl radical time-of-flights taken at a source angle of 30° and
photoionization energy of 9.5 eV. The top panel is the time-of-flight
nondeuterated allyl radicals (m/e541) from allyl iodide photodissociation
and the solid line is the fit predicted when the I (2P1/2)P(ET) ~Fig. 3! is
truncated at the 60 kcal/mol barrier to allene1H formation. The bottom
panel is the time-of-flight of allyl-d2 radicals (m/e542) and the solid line is
the fit predicted from the 61.5 kcal/mol barrier to allene1D formation.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



-

t
at
Th

re

h

d
th

en
b
t

ca
op

th
th

l

in

ls

cia-
-

he

-

n.

re

0.8

V

ide

ner-
er-
s

a
nd

of
and

, is

V

a
o

l
ted

line
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taken atm/e541 ~allyl radical from nondeuterated allyl io
dide photolysis! andm/e542 (allyl-d2 radical! to determine
the energy range at which the allyl radicals are stable
dissociation. Figure 4 displays allyl radical spectra taken
30° source angle and a photoionization energy of 9.5 eV.
top panel shows them/e541 allyl radical spectrum from
nondeuterated allyl iodide photolysis along with a fit cor
sponding to the I (2P1/2) formation channelP(ET) ~Fig. 3!
truncated at the zero-point-corrected 60 kcal/mol barrier. T
bottom panel shows them/e542 allyl radical from allyl-d2

iodide photolysis along with a fit predicted by its correspon
ing zero-point-corrected 61.5 kcal/mol barrier. Clearly, bo
nondeuterated as well as deuterated allyl radical fragm
are stable at energies much higher than their respective
riers. As in the previous study, we note that this is due
centrifugal effects. Figure 5 again displays the allyl radi
spectra shown in Fig. 4, this time with proper fits. The t
panel shows them/e541 allyl radical spectrum along with
its forward convolution fit and the bottom them/e542
allyl-d2 radical spectrum with its corresponding fit. In bo
cases, the translational energy distributions derived in
forward convolution fits are obtained from theP(ET) for
I ( 2P1/2) formation ~Fig. 3! but with the low translationa
energy side of theP(ET) lowered until the remainder fit the
surviving radical data shown in Fig. 5. The resultingP(ET)’s
which fit the surviving momentum-matched allyl radicals
Fig. 5 are shown in Fig. 6, and represent all the I (2P1/2)
1allyl radical channel products which produce allyl radica

FIG. 5. Allyl radical time-of-flights taken at a source angle of 30° and
photoionization energy of 9.5 eV. The top panel is the time-of-flight
nondeuterated allyl radicals (m/e541) from allyl iodide photodissociation
and the bottom of allyl-d2 radicals (m/e542). The modified
I ( 2P1/2)P(ET)’s used to fit the time-of-flights are shown in Fig. 6.
Downloaded 23 Feb 2004 to 128.135.85.50. Redistribution subject to AIP
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stable to secondary dissociation. The topx-axis in Fig. 6 is
the measured translational energy imparted in the disso
tion, while the lowerx-axis is the corresponding internal en
ergy of the allyl radical. The black/gray dotted line marks t
60/61.5 kcal/mol barrier to allene1H/D formation. As can be
seen, them/e542 ~gray! distribution survives at internal en
ergies around 2–3 kcal/mol higher than them/e541 ~black!
distribution. We will return to this in the Discussion sectio

To help determine if the C–H~D! fission occurs directly
or after isomerization to the 2-propenyl radical, data we
taken atm/e540 andm/e541 from allyl-d2 iodide photo-
dissociation. Figure 7 shows data taken atm/e540 ~allene!
at a source angle of 30° and photoionization energy of 1
eV. The fit shown is calculated using theP(ET) derived from
the forward convolution fit to I1 (m/e5127) data from non-
deuterated allyl iodide photolysis taken with 200 e
electron-impact ionization~Fig. 2 of Ref. 7!, as there are no
electron-impact data available from deuterated allyl iod
photolysis. Our previous work showed thatm/e540 data
would not momentum match with I1 spectra taken at the
photoionization energies~10.8, 12.0 eV! attempted at the
synchrotron, even though they are above the ionization e
gies of both spin–orbit states. This is attributed to the diff
ences in I (2P3/2) and I (2P1/2) photoionization cross section
at these lower ionization energies.

Isomerization to the 2-propenyl radical can give both
propyne product as well as an indirect allene product, a
when the allyl-d2 iodide is used as the precursor both
these indirect channels can result in mass 41 propyne
allene production. The spectrum ofm/e541, taken at a
source angle of 30° and photoionization energy of 10.8 eV
shown in Fig. 8.

The fit shown is also calculated from the 200 e
electron-impact ionizationm/e5127P(ET) describing C–I

f

FIG. 6. TheP(ET)’s derived from the forward convolution fits to the ally
radical time-of-flights shown in Fig. 5. The black line is the nondeutera
allyl radical P(ET)(m/e541) and the gray line is the allyl-d2 radical
P(ET) (m/e542). The topx-axis is translational energy, the bottomx-axis
is the corresponding allyl radical internal energy, and the black dotted
marks the 60 kcal/mol barrier to allene1H formation while the gray dotted
line marks the 61.5 kcal/mol barrier to allene1D formation.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



th
e

a
e

d
l-
r-
t
H
o

u
th

d
th

he
rg
–

re

a
e
s
io

n.
tion
ed
unt

al
mol

e-
the

g
um

gy

a

eV.

io-

a
ots.

5082 J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Szpunar et al.
bond fission of nondeuterated allyl iodide~Fig. 2 of Ref. 7!.
Unfortunately, the limited sample available prevented
collection of a spectrum with better signal-to-noise. Figur
shows m/e540 ~black! and m/e541 ~gray! spectra from
allyl-d2 iodide photodissociation overlaid, both taken with
source angle of 30° and a photoionization energy of 10.8
over 50 000 shots. Integration of the signal from 86–225ms
gives am/e540/41 ratio of 4.5. We will return to this in the
Discussion.

DISCUSSION

The portions shown in Fig. 6 of the I (2P1/2) formation
channelP(ET) ~Fig. 3! that fit the surviving nondeuterate
allyl radical as well as allyl-d2 radical spectra show a stabi
ity of some highly rotationally excited allyl radicals at inte
nal energies higher than the 60/61.5 kcal/mol barrier
allene1H/D formation. Because the allyl radical loses an
or a D atom from the center carbon, the rotational energy
the allyl radical must appear predominantly as allene prod
rotational energy as the exit orbital angular momentum of
departing H/D1allene fragments,uLW u5muvWrelub, is required
to be small. One can see from the comparison of theP(ET)
describing the formation of all nascent allyl radicals~Fig. 3!
to that of those events that produce stable allyl radicals~Fig.
6! that the probability of an allyl radical undergoing secon
ary dissociation depends on its rotational energy, but
allyl-d2 radical shows a higher survival probability than t
nondeuterated allyl radical at the same total internal ene
For example, when allyl radicals are produced from a C
bond fission event that partitions 18 kcal/mol in product
coil of the allyl radical and I (2P1/2) fragments, the allyl radi-
cals are produced with a total internal energy of 65.6 kc
mol. The P(ET)’s in Fig. 6 show that about 80% of th
H2CCHCH2 radicals with this total internal energy survive
secondary dissociation, while a considerably larger fract

FIG. 7. Time-of-flight atm/e540 (C3H4
1) corresponding to both direct@re-

action~1!# and indirect@reaction~3!# allene formation from allyl-d2 radical
dissociation taken at a source angle of 30° and a photoionization ener
10.8 eV. It is fit with theP(ET) derived from the forward convolution fit to
the m/e5127 (I1) spectrum~Fig. 2, Ref. 7! of the 193 nm photolysis of
nondeuterated allyl iodide taken with 200 eV electron impact ionization
the different photoionization cross sections for I (2P3/2) and I (2P1/2) at the
lower photoionization energies used at the synchrotron~10.8, 12.0 eV! pre-
vent a suitable momentum match withm/e540 fragments.
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of the H2CCDCH2 radical survives secondary dissociatio
~Whether a particular radical survives secondary dissocia
or not depends on how the total internal energy is partition
between vibrational energy, which can be used to surmo
the barrier, and rotational energy, which cannot.! Substitution
of the central hydrogen with deuterium yields allyl radic
fragments stable to dissociation at energies 2–3 kcal/
greater than the nondeuterated allyl radical. This is som
what surprising, as one would expect an increase in
allene1H product orbital angular momentum,uLW u
5muvWrelub, due to the increase in reduced mass,m, leading to
a reduction in the centrifugal barrier.

We attribute the increased stability in part to differin
zero-point energies. Substitution of hydrogen with deuteri

of

s

FIG. 8. Time-of-flight atm/e541 (C3H3D1) corresponding to indirect pro-
pyne @reaction~2!# and allene@reaction~4!# from allyl-d2 radical dissocia-
tion taken at a source angle of 30° and a photoionization energy of 10.8
It is also fit with theP(ET) derived from the forward convolution fit to
m/e5127 (I1) spectra of the 193 nm photolysis of nondeuterated allyl
dide taken with 200 eV electron impact ionization~Fig. 2, Ref. 7!.

FIG. 9. A comparison ofm/e540 (C3H4
1 , black line! corresponding to

both direct@reaction~1!# and indirect@reaction~3!# allene formation and
m/e541 (C3H3D1, gray line! corresponding to indirect propyne@reaction
~2!# and allene@reaction~4!# time-of-flights from allyl-d2 radical dissocia-
tion following photolysis of allyl-d2 iodide at a source angle of 30° and
photoionization energy of 10.8 eV. Data were accumulated for 50 000 sh
As can be seen,m/e540 allene formation dominates them/e541 allene/
propyne contribution.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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results in a lowering of the zero-point energy, which effe
tively leads to an increase in the barrier to allene1D forma-
tion over the barrier to allene1H formation of the nondeu-
terated radical. As described in the previous section
comparison of allyl and allyl-d2 radical zero-point energie
predicts an increase of 1.5 kcal/mol in the barrier. Howev
the small magnitude of this increase in zero-point-correc
barrier height cannot alone account for the absence of
pected centrifugal barrier lowering due to the increase
reduced mass experienced in these studies. Clearly, the
point isotope effect must work in combination with oth
factors.

Although reactions involving the loss of a deuteriu
atom rather than a hydrogen atom experience a decre
tunneling rate, it is an unlikely candidate to explain our o
served increase in allyl-d2 radical stability. First, it is doubt-
ful that tunneling plays a major role in the dissociation re
tion, as tunneling should decrease with decreasing energ
symmetry of the reaction. As the reaction of interest ha
barrier9 of 60 kcal/mol with a reverse barrier of 5.6 kcal/mo
tunneling is not expected to be of importance here. As
allyl radical signal begins to arrive at 48ms ~ion-flight-time
corrected!, all dissociative allyl radicals would have done
before detection, even those with lower tunneling rat
Thus, a decrease in reaction rate upon substitution of
atom due to tunneling effects is most likely not responsi
for the observed allyl radicals that are stable 48ms after the
primary dissociation.

A likely explanation for the improved stability of th
allyl-d2 radical lies in the lowered frequencies of the C–
bending modes. As the states with zero or one quanta in C
bending of the allyl-d2 radical lie lower in the potential wel
than the corresponding state of the nondeuterated rad
there should be a smaller range of impact parameters a
able to the relevant allyl-d2 radicals with low excess vibra
tional energy and high rotational energies. This redu
range of impact parameters could then offset the gain
allene1H product angular momentum expected from the
crease in reduced mass and ultimately increase the cen
gal barrier by the;2 kcal/mol observed here.

A crude model was used to calculate the partitioning
rotational energy in the primary photolysis step. If the ang
lar momentum of the parent allyl iodide molecule is taken
be negligible, then LW'2JW, where LW is the orbital angular
momentum from the nonzero impact parameter between
departing nascent allyl radical and iodine products andW is
the angular momentum of allyl radical rotation. This a
proximation assumes an impulsive force along the C–I b
produces allyl radical rotation about an axis that interse
the C3H5 center-of-mass and is perpendicular to the pla
formed by the C–I bond and a vector from the halogena
carbon to the C3H5 center-of-mass at the calculated15 gauche
equilibrium geometry of allyl iodide. The center-of-ma
used for allyl radical rotation was taken as the center-of-m
of the C3H5 fragment frozen at its geometry in allyl iodid
rather than the equilibrium geometry of the allyl radical. T
most probable impact parameter predicted by this mode
1.12 Å ~nondeuterated allyl iodide dissociation! and 1.13 Å
(allyl-d2 iodide dissociation! would result in 19 kcal/mol
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and 19.9 kcal/mol being partitioned to rotation for the no
deuterated allyl radical and allyl-d2 radical, respectively,
when 24 kcal/mol is partitioned to product translation. Th
slight increase in rotational energy of the allyl-d2 radical
would also contribute to the increased stability of the deu
ated species.

The comparison ofm/e540 to m/e541 spectra from
the photodissociation of allyl-d2 iodide gave am/e540:41
ratio of 4.5, and the photoionization cross section of allen16

and propyne17 are known to be similar at 10.8 eV. Howeve
as shown in reactions~1!–~4!, there is more than one pos
sible way to obtain each mass, prohibiting a determination
the allene:propyne branching ratio. Allene detected atm/e
540 can be produced through two mechanisms: direct
mation @reaction ~1!# and the loss of deuterium following
isomerization to the 2-propenyl radical@reaction~3!#. Allene
and propyne can both be found atm/e541, following the
loss of one of two possible hydrogen atoms after isomer
tion to the 2-propenyl radical@reactions~2!, ~4!, respec-
tively#. There are therefore two possible ways to produ
m/e540 and four possible ways to makem/e541. One
must also consider isotope effects in the competition betw
reactions~3! and ~4!. There is a possible increase in th
deuterium loss barrier@reaction~3!# due to zero-point effects
making quantitative analysis even more difficult.

One can also consider the effect of cyclization of t
allyl radical, which has a barrier height of 52.7 kcal/mo5

The barrier for cyclopropyl radical→cyclopropene1H is
52.1 kcal/mol~81.7 kcal/mol above the allyl radical5!. This is
not energetically allowed for the I (2P1/2) formation channel,
however, asEavl is 83.6 kcal/mol. TheEavl for the I (2P3/2)
formation channel products is 105.3 kcal/mol, leaving an
ternal energy range of 66.9,Eavl,105.3 kcal/mol. If cyclo-
propene formation were considerable, one would need
truncate theP(ET) derived from the forward convolution fi
to the m/e5127 spectrum to obtain a satisfactory fit to th
m/e540 data. As them/e540 momentum matches withou
any truncation of theP(ET) derived from the forward con-
volution fit to the m/e5127 spectrum taken with 200 eV
electron-impact ionization7 to accommodate those radica
with Eint,81.7 kcal/mol, cyclopropene formation is rule
out.

Isotopic scrambling could be present if H atom migr
tion in the cyclopropyl radical were favorable, as ring ope
ing to form the allyl radical would now leave a H atom on
the central carbon. This is doubtful, however, as the bar
to H atom migration lies up to 45.4 kcal/mol above the c
clopropyl radical ~75 kcal/mol above the allyl radical5!.
Therefore, any cyclopropyl radicals formed should isomer
back to the allyl radical without isotopic scrambling and th
dissociate, forming allene1D, allene-d11H or propyne-d3

1H. Although it is not possible to determine an allene:pr
pyne branching ratio, it is evident that allene formation
highly favored over propyne formation, in agreement w
the previous PIE curve assessment.7 The appearance o
allene/propyne found atm/e541 shows that some of th
allyl radicals do isomerize to the 2-propenyl radical befo
dissociation. Although the results are not directly compara
to those of Deyerlet al.,5 who used UV excitation of rota-
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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tionally cold allyl radicals, it is clear in these experimen
that both the barrier to allyl radical dissociation and the b
rier to isomerization are increased by centrifugal effects.
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