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Absolute rate coefficients for the reactions of chlorine atoms with allene (propadiene, H2CdCdCH2) and
propyne (HCtC-CH3) have been measured as a function of temperature (292-850 K) and pressure (4-10
Torr) with a laser photolysis/CW infrared long path absorption technique. The reactions are initiated via
pulsed laser photolysis of Cl2 and monitored through CW infrared frequency-modulation spectroscopy of the
HCl product. At room temperature (292 K), the reaction of Cl with allene proceeds almost exclusively through
addition, with little HCl generated through either abstraction or elimination. HCl production increases with
temperature, and becomes unity atTg 800 K. Quantitative HCl yield measurements allow the contributions
of addition and abstraction/elimination to the total rate to be determined. The rate coefficient for HCl production
is described between 292 and 850 K by the Arrhenius expression,kmetathesis

allene (T) ) (3.7( 1.7)× 10-10 exp-
[-(1671( 286)/T] cm3 molecule-1 s-1, (all error bars(2σ precision only). In contrast with the Cl+ allene
reaction, both addition and metathesis appear to be important channels in the reaction of Cl+ propyne near
room temperature. The reactions display biexponential HCl time profiles atT e 400 K, but atT g 500 K,
only single-exponential evolution is observed. The HCl yield at 293 K is≈70% and reaches unity atT g
500 K. A fit of the rate coefficient for HCl production between 400e T e 800 K to standard Arrhenius
form giveskmetathesis

propyne (T) ) (3.7( 1.0)× 10-11 exp[-(685( 151)/T] cm3 molecule-1 s-1. The data over the
whole 292-800 K temperature range exhibit curvature and are better fit by the modified Arrhenius expression
(with the temperature exponent fixed at 2)kmetathesis

propyne (T) ) (1.25( 0.21)× 10-12 (T/298)2 exp[(500( 93)/T]
cm3molecule-1 s-1 ((2σ precision). Preliminary measurements are also presented for Cl+ isobutene between
300 and 700 K, which were required to correct for the small butene contamination in the propyne.
Measurements carried out in Ar buffer indicate that vibrationally excited HCl is formed with both allene and
propyne and allow an estimate to be made forkVET, the HCl(V)1)+ C3H4 vibrational relaxation rate coefficient.
In the Cl+ allene reaction, approximately half (f ) 0.42( 0.10) of the HCl is formed inV ) 1, andkVET
) (2.8( 0.4)× 10-12 cm3 molecule-1 s-1; with propyne, the corresponding values aref ) 0.55( 0.09 and
kVET ) (8.6 ( 3.6)× 10-12 cm3 molecule-1 s-1. The qualitatively different dynamics for Cl+ allene vs
propyne can be attributed to formation of a resonantly stabilized radical with allene (chloroallyl), which
greatly enhances the addition rate. Comparisons are also made with recent ab initio calculations of energies
and transition states for the Cl+ C3H4 reactions.

Introduction

The reactions of Cl atoms with small hydrocarbons play an
important role in processes as diverse as the synthesis of
chlorinated plastics,1 biomass combustion,2,3and the incineration
of CFC’s, hazardous waste, and chemical weapons stockpiles.4,5

High-quality kinetic data for these reactions, especially at
elevated temperatures, are crucial for modeling these processes
accurately. Although reactions of Cl with the C1-4 alkanes6-12

and the simple alkenes ethylene8,9,13-17 and propylene18-20 have
been well studied, the reactions with many other small
hydrocarbons have been poorly characterized, despite their
importance in the processes described above. For example, the
C3H4 isomers allene and propyne are formed as intermediates
in the combustion of saturated21,22and unsaturated,23-27 hydro-
carbons. In addition, propargyl radical, the resonance-stabilized
product of H fission from C3H4, has been implicated in aromatic
and soot formation during the oxidation of aliphatic hydrocar-
bons.26,27 Very few data have been reported for the reactions

of Cl with these species, however. Wallington et al.28 have
provided the only measurements of the rate coefficients for the
reaction of Cl atoms with allene and propyne. Their experi-
ments have shown that the Cl+ C3H4 reactions are fast, with
rate coefficients of (4.38( 0.26)× 10-10 and (2.68( 0.16)×
10-10 cm3 molecule-1 s-1 for allene and propyne, respectively.
The rate coefficients have been measured only at room tem-
perature and a single pressure (760 Torr in synthetic air), and
more detailed information about the reactions, such as activation
energies and Arrhenius preexponential factors, has not been
determined. Additionally, the earlier experiments monitored the
disappearance of the hydrocarbon reactant, and consequently
the relative importance of the metathesis (reaction 1) vs addition
(reaction 2) channels could not be assessed.

The determination of these quantities and the corresponding
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greater understanding of chlorination reactions of unsaturated
hydrocarbons is the motivation behind the present temperature-
dependent study.
Previous studies of Cl atom reactions with unsaturated

hydrocarbons have shown that the addition channel dominates
near room temperature, even at modest (≈10 Torr) pressures.
Both acetylene and ethylene exhibit a dramatic pressure
dependence to the association rate coefficient and are in the
falloff regime even at pressures of several thousand Torr.13 The
high pressure limit decreases rapidly with increasing molecular
size and is below 0.25 Torr for the Cl+ isoprene reaction.29

Because the metathesis channel is endothermic for acetylene
and ethylene, HCl formation is negligible at 298 K. At higher
temperature, the HCl production from the Cl+ ethylene reaction
becomes increasingly important as stabilization of the excited
adduct can no longer compete with dissociation. AtT > 500
K and pressures of 3-10 Torr, the Cl+ ethylene reaction
proceeds almost exclusively through abstraction with a rate
coefficient given by the Arrhenius expressionk(T) ) (6.2 (
1.4)× 10-11 e-(3400(450)/T cm3 molecule-1 s-1.17

At temperatures of>500 K, the reaction of propylene with
Cl proceeds analogously to ethylene, with HCl formation via
direct abstraction the only channel observed between 3 and 10
Torr.19 While addition becomes increasingly important at lower
temperature for both ethylene and propylene, the presence of
an exothermic metathesis channel with Cl+ C3H6 leads to
significant HCl production at 298 K. Time-resolved analysis
of the HCl formation indicates that two primary pathways are
operative atT< 500 K, which have been interpreted as H atom
abstraction and addition-elimination. Nearly half of the HCl
is produced inV ) 1 (48 ( 6%), which suggests that direct
abstraction may dominate HCl production in this reaction since
HCl formation via elimination from a (partially) stabilized
adduct may be expected to yield a more statistical energy
distribution in the product.30,31

Reactions of Cl with allene and propyne could be expected
to be analogous to those of ethylene and propylene based on
their similar size and structure. Moreover, reactions of the two
C3H4 isomers with Cl might be expected to proceed similarly.
Identical products are obtained from the metathesis reaction of
Cl with allene and propyne, i.e., HCl and propargyl. Addition-
ally, the two isomers are nearly isoenergetic, with propyne only
1.3 kcal mol-1 more stable than allene. As a consequence, the
metathesis reaction has comparable exothermicity (∆H°298 )
-12.84 kcal mol-1 for Cl + propyne vs-14.18 kcal mol-1 for
Cl + allene)32,33 and would be expected to constitute a major
channel for both reactants by analogy with Cl+ propylene
(∆H°298) -14.4 kcal/mol).32,34,35 The presence of unsaturation
in both isomers suggests that Cl atom addition should compete
with metathesis, at least at the lower temperature range where
both ethylene and propylene exhibit facile addition.17,19

However, the present work shows that dramatic differences
in reactivity exist between allene and propyne. The Cl+ allene
reactions are an order of magnitude faster than Cl+ propyne
at room temperature and exhibit a significantly lower HCl yield
(2% vs 70%). Additionally, the addition channel constitutes
an important pathway for Cl+ allene up toT≈ 800 K, whereas
with Cl + propyne it ceases to be important atT > 400 K for
the 5-10 Torr pressures of the present experiments. The HCl
temporal evolution is also different for the two isomers. Simple
exponential behavior is seen in the Cl+ allene reaction,
indicating a single dominant channel for reaction throughout
the 292-850 K range studied. In the Cl+ propyne reaction,
on the other hand, biexponential HCl production is seen atTe

500 K, indicating contributions from at least two pathways to
HCl formation. An Arrhenius analysis of the temperature
dependence of the metathesis rate coefficients for the allene and
propyne reactions gives significantly differentA factors and
activation energies and provides further evidence for different
mechanistic pathways to HCl generation. The accesibility of a
resonance stabilized adduct (chloroallyl) dominates the kinetics
of the Cl+ allene reaction and is likely the most significant
cause of the reactivity differences between the two isomers.

Experimental Section

Absolute rates for the chlorine+ C3H4 reactions are
investigated using the laser photolysis/continuous wave (CW)
infrared long path absorption (LP/CWIRLPA) method. A
schematic diagram of the experimental setup is shown in Figure
1. The Cl atoms are generated by photolysis of Cl2 at 355 nm
(∼100 mJ/pulse) with the third harmonic output from a pulsed
Nd:YAG laser. The photolysis beam traverses the long axis of
a temperature-controlled slow-flow reaction cell, and the time
evolution of the HCl product generated after Cl atom formation
is monitored via the transient, differential attenuation of a
frequency-modulated CW IR probe beam. Continuous probing
allows the entire time profile to be obtained following each laser
shot, and signal averaging is employed to improve signal-to-
noise ratios.
The experimental apparatus incorporates features described

in our previous investigations of Cl+ hydrocarbon reac-
tions,11,17,19,36although the present experiments use a longer
reaction cell and different photolysis and IR probe lasers. The
reaction cell consists of a 1.5 m long× 5 cm diameter quartz
tube enclosed in a commercial ceramic-fiber heater that is
capable of reaching temperatures in excess of 1200 K. Supple-
mental heaters are placed at each end of the cell to offset heat
loss and increase the length of the cell over which the
temperature profile is flat. The temperature stability in the
center of the cell is(2 K at 850 K. The high-temperature limit
of 800-850 K in these experiments reflects the temperatures
at which thermal degradation of the hydrocarbons/photolyte is
sufficiently rapid to preclude accurate rate measurements.
A Herriott-type multipass resonator is employed to increase

the optical path length and therefore the detection sensitivity.
The Herriott cell uses off-axis paths in a spherical resonator,
which causes the probe beam to trace out a circle of spots on
each mirror while mapping out a smaller circle in the center of
the cell. An attractive feature of this geometry is that it confines
the pump-probe overlap region to the central region of the cell
where the temperature profile is flat (see Figure 1). Conse-
quently, the resulting signals do not include contributions from
reactions initiated in cooler end regions of the cell or near the
walls. The length of the overlap region is controlled by
adjustment of the photolysis laser diameter, which is initially
expanded via a telescope and subsequently apertured with an
iris. In the present experiments, the Nd:YAG beam diameter
is 25 mm, which gives an overlap region 80 cm long. The probe
laser undergoes 15 traversals through the cell, leading to a total
path length of 12 m. While not required for the experiments
described herein, the number of passes can easily be tripled
with the current experimental arrangement, leading to a
concomitant 3-fold increase in optical path length.
The tunable infrared light is provided by a color-center laser

which is tuned to a single HCl rovibrational transition. The
relative HCl concentration is measured by the absorption on
the R(6) or R(7) line of the H35Cl fundamental transition. In
these experiments, two-tone frequency modulation37,38 is used
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to improve the detection sensitivity. The infrared beam is
modulated by two closely spaced radio-frequency waves (498
( 1.1 MHz) in a LiNbO3 crystal housed in an external resonant
cavity. The IR beam passes through the flow cell and is
monitored with an InSb photovoltaic detector. Differential
attenuation of either the carrier or the sidebands unbalances the
phase-modulated light and generates a beat note in the detector
photocurrent whose amplitude is proportional to the absorption.
The detector photocurrent is amplified and heterodyne detected
at twice the intermodulation frequency (2× 1.1 MHz ) 2.2
MHz) to yield the signal. This technique has the advantage of
shifting the detection frequency away from DC to a region (≈
2 MHz) where the contributions from laser amplitude and 1/f
noise are significantly reduced. In addition, because the signal
arises from a differential absorption between the carrier and
sidebands, there is a significant reduction in thermal lensing
noise. Thermal lensing, which is caused by the periodic probe
beam steering induced by radial acoustic waves formed inside
the cylindrical reaction cell following the photolysis pulse, can
be a dominant noise source in pulsed photolysis experiments.
The photolyte, hydrocarbon reactant, and buffer gas flows

are controlled by separate calibrated mass flow controllers. The
gases enter the reactor through an inlet on the upstream end.
The photolyte is 1% Cl2 in He, and the buffer gas is either CO2
(99.99%) or Ar (99.999%). The Cl2 concentration is kept low
enough to restrict the Cl number density toe1012 atoms/cm3,
which is 30-300-fold lower than the hydrocarbon concentration
and thus facilitates operation in the pseudo-first-order limit.
Allene (97%) and propyne (98.3%) were obtained commercially
and used without further purification. GC/MS analysis identi-

fied propylene and propyne as the major impurities in the allene
(with each present at≈1.5%), while isobutene (2-methyl-1-
propene) at 1.2% and other butenes constituted the predominant
impurities in the propyne sample. Corrections to the measured
rate coefficients and HCl yields due to Cl reactions with these
impurities are discussed in the Results section. The flow
conditions are chosen to keep the HCl absorption below 5% to
maintain operation in the linear regime. The effects of
secondary reactions of Cl atoms with reaction products are
minimized by replenishing the reactant mixture between pho-
tolysis pulses, which constrains the photolysis laser repetition
rate to 0.5-1.5 Hz for typical total flows of 1500 sccm.
One possible complication in the present study is the

isomerization of allene to propyne prior to reaction with the Cl
atoms. The isomerization is nearly thermoneutral, with propyne
only 1.3 kcal mol-1 lower in energy than allene. As described
above, GC/MS analysis confirmed the composition of the
reagents. The isomerization rate predicted from an RRKM rate
expression39 that agrees with shock tube measurements40

indicates that the isomerization should be insignificant even at
the highest temperatures of the study (kuni≈ 10-3 s-1 at 850 K
using logA) 14.03 andEa ) 64.311 kcal mol-1 for k∞). Even
with the longest residence time used in these experiments (2
s), less than 0.2% of the allene will be lost by isomerization to
propyne. The chemical integrity of the allene is supported by
the very different kinetic behavior observed between Cl+ allene
and propyne, with the former reaction proceeding much faster
than the latter and yielding a very different product distribution.
The exothermicity of the Cl+ C3H4 f HCl + C3H3 reactions

is sufficient to populate vibrationally excited HCl. Since

Figure 1. Schematic diagram of the laser photolysis/infrared long path absorption apparatus. The phase-modulated output of a color center laser
is directed into a Herriott-type multipass cell and probes along the longitudinal axis of a temperature-controlled quartz reactor. The reflected IR
beams overlap the output of a pulsed Nd:YAG laser along the central section of the cell. The transient IR absorption by the HCl product is
monitored by heterodyne detection of the photocurrent from the InSb photovoltaic detector.
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absorption probes the differential population between levels, it
is necessary to ensure that the absorption signals yield an
accurate representation of the HCl production. The kinetic
measurements are therefore carried out in CO2 buffer gas, which
is highly efficient at relaxing vibrationally excited HCl.
Separate measurements are made in Ar to estimate the HCl
vibrational distribution and HCl relaxation rate by C3H4. At
room temperature, the reaction exothermicity is high enough
to populateV ) 1 of HCl (2886 cm-1 or 8.25 kcal mol-1), but
not V ) 2 (5665 cm-1 or 16.2 kcal mol-1). The Cl+ propyne
measurements in Ar are carried out at 293 K to minimize the
production of HCl(V ) 2) from the high-energy tail of the
Boltzmann distribution. The Cl+ allene measurements required
a higher temperature (600 K) where the HCl yield was
sufficiently high but where production ofV ) 2 is correspond-
ingly greater. Although direct observation of HClV ) 2 r 1
transitions would provide complementary data on the HCl
vibrational distribution and relaxation rate by C3H4, the tuning
range of the color center laser does not extend to the regions
where these transitions have appreciable Boltzmann populations,
and access to these transitions is not feasible with the current
experimental arrangement.
Measurements of the HCl yield in the Cl+ C3H4 reactions

are required to determine the abstraction rate coefficients in the
presence of competing addition channels. In the present
experiments, methanol (T e 400 K) or propylene (T g 500 K)
is flowed alternately with the C3H4 through separate mass flow
controllers while holding the photolysis conditions constant. The
HCl yield is measured as the ratio of the transient HCl
absorption signals, assumingφHCl ) 1 for methanol41 and
propylene19 in the temperature ranges specified above. In the
experiments conducted atT e 400 K, 50 sccm of 10% O2 in
Ar is added to the flow to suppress chain chemistry initiated
by Cl + methanol reaction products.

Kinetic Analysis

The Cl+ C3H4 f HCl + C3H3 reaction is exothermic for
both allene (∆H°298 ) -14.2 kcal/mol) and propyne (∆H°298
) -12.8 kcal/mol)32,33 and thus may be expected to involve
relatively facile metathesis. In systems such as Cl+ alkanes10-12

where HCl formation via abstraction is the only major reaction
pathway, the temporal profile for HCl production is described
under pseudo-first-order conditions by a single exponential, with
a rise time coefficient equal to the rate for Cl atom removal,
i.e.,

In the Cl + C3H4 reaction, both metathesis and addition are
expected to contribute to Cl atom removal, and hence the
expression for temporal evolution of HCl must be modified to
reflect the additional channel:

All the temporal profiles for HCl production in the Cl+ allene
reaction are well described by a single exponential over the
temperature range 292e T e 850 K. A representative HCl
growth curve is shown in Figure 2. The value of (k1 + k2) is
extracted as the slope from a fit of the HCl rise time vs C3H4

concentration as shown in Figure 3. The effective rate coef-
ficient for the HCl producing channels,k1, is obtained by
multiplying the total rate by the measured HCl yieldφHCl )
k1/(k1 + k2).

In Cl atom reactions with unsaturated hydrocarbons, HCl
production can also occur via an addition-elimination mech-
anism. The HCl temporal evolution of systems in which both
abstraction and addition-elimination pathways are prominent
will be biexponential if there are disparate time scales of these
events.19 Biexponential temporal behavior can also arise from
a reversible addition reaction with subsequent abstraction. These
two possibilities cannot be distinguished with our present
experimental configuration since the resulting kinetic equations
for HCl formation are the same, although simultaneous mea-
surement of reagent depletion would differentiate between these
two possibilities. Figure 4 shows a time trace for the reaction
of Cl + propyne, which exhibits biexponential HCl evolution
at T e 400 K. The kinetics of HCl formation due to both
abstraction and addition followed by either stabilization or
elimination are treated most simply by a modified Lindemann
mechanism: In this mechanism,kb is an effective rate coefficient

for formation of an adduct that that been stabilized sufficiently
that it does not dissociate back to reactants, but still has enough
energy to eliminate HCl. The initial adduct formation can be
rationalized as a reversible association followed by partial
stabilization:

Applying a steady-state approximation for C3H4Cl## gives kb
) kRkâ/(k-R + kâ). The kinetic equations implied by this
mechanism yield a biexponential expression for the HCl
concentration as a function of time:

where A, B, and C are functions of the individual rate
coefficients. At sufficiently long time, eq 8 reduces to HCl (t
f ∞) ) A[Cl]0, which relatesA to the effective rate coefficients
k1 andk2 by recognizing it as simply the HCl yield, i.e.,

[HCl] t ) [Cl] 0(1- e-k1[alkane]t) (3)

[HCl] t ) [Cl] 0
k1

k1 + k2
(1- e-(k1+k2)[C3H4]t) (4)

Figure 2. Representative time-resolved HCl absorption signal for the
Cl + allenef HCl + propargyl reaction at 650 K and 10 Torr total
pressure. The solid line is a fit to a simple exponential rise, eq 4.

Cl + C3H4
ka

HCl + C3H3

Cl + C3H4
kb

C3H4Cl#
HCl + C3H3

C3H4Cl

(6)

(5)

kE

kM

Cl + C3H4 {\}
kR

k-R
C3H4Cl

##98
kâ
C3H4Cl# (7)

HCl(t) ) [Cl] 0(A- Be-(kE+kM)t - Ce-(ka+kb)[C3H4]t) (8)
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The second term in the parentheses in eq 8 is independent of
[C3H4] and is related to the unimolecular elimination of HCl
from the adduct. The final term is a function of (ka+ kb), which
can be seen through inspection of eqs 1, 2 and 5, 6 to be
equivalent to the total rate coefficient (k1 + k2). The effective
rate coefficients are determined by fitting a biexponential to
the data and plotting the sum of the two fitted time constants
vs propyne concentration. Figure 5 shows such a plot for Cl
+ propyne at 400 K and 10 Torr. The slope of this plot is
equal to (ka + kb), which yieldsk1 when multiplied byφHCl,
i.e.,k1 ) (ka+ kb)φHCl. The figure shows that the time-resolved
HCl absorption at each value of [C3H4] is indeed composed of

a concentration-dependent and -independent term, indicating that
the steady-state assumption invoked above (eq 7) is valid for
this system. Although eq 8 implies that the intercept of Figure
5 should provide an estimate of (kE + kM), in practice the
intercept also contains contributions from Cl atom removal due
to diffusion and reaction with buffer gas impurities. These
contributions remain constant as a function of propyne concen-
tration, however, and thus the slope of the plot in Figure 5
provides a reliable measure of the reaction rate coefficient.
Although outside the scope of this paper, a more detailed
investigation of biexponential HCl production in exothermic Cl
+ unsaturated hydrocarbon reactions is currently underway in
our laboratory. The possible role of partial adduct stabilization
in an addition-elimination pathway may be amenable to study
by measurement of the HCl yield and time constant for
stabilization as a function of pressure and temperature.

Results

Allene. Even though hydrogen abstraction from allene by
Cl is exothermic at room temperature, very little (≈2%) HCl is
observed from the reaction at 292 K. The low yield makes a
direct determination of the rate coefficient difficult, and
consequently the rate measurements at this temperature have
been carried out in the presence of methanol, which serves as
the primary source of HCl. The concentration of the methanol
is held constant as the allene concentration is varied, and the
rate coefficient is determined as described above, with the only
difference being that the intercept also includes the (zero allene)
rate for Cl atom removal by methanol. AtTg 400 K, the HCl
yield is sufficient to permit direct rate measurements. All the
temporal profiles for HCl production in the Cl+ allene reaction
are well described by a single exponential over the temperature
range 292e T e 850 K. The measured rate coefficients are
shown in Figure 6. Over the range 292-750 K, the total rate
coefficient for Cl removal (k1 + k2) exhibits a negative
temperature dependence, which is characteristic of addition
reactions. A slight pressure dependence is seen at 292e T e
600 K, with a larger total rate coefficient observed at 10 Torr
than at 5 Torr. The faster rate at the higher pressure is
accompanied by a lower HCl yield, however, and the metathesis
rate coefficient given by the product of (k1 + k2)φHCl is constant
to within experimental error. The decreasing importance of the

Figure 3. Measurements at 600 and 700 K of the pseudo-first-order
rate coefficient, (HCl rise time)-1 vs [C3H4] for allene and propyne at
10 Torr. Single-exponential temporal evolution of the HCl is observed
at these temperatures for both hydrocarbons. The different intercepts
for the allene and propyne experiments are due to the use of different
CO2 buffer gas cylinders and reflects the contributions to the total rate
from background reactions of Cl with the hydrocarbon impurities. These
reactions are constant as a function of [C3H4] and consequently do not
affect the measured rates.

Figure 4. Representative time-resolved HCl absorption signal for the
Cl + propynef HCl + propargyl reaction at 293 K at 10 Torr total
pressure. The dashed curve represents the best single-exponential fit
to the data and illustrates that a simple one-step mechanism for HCl
formation is not valid at this temperature. The solid curve represents a
biexponential fit to the data which yields a much improved modeling
of the HCl temporal evolution. The feature present at 250µs prior to
the photolysis pulse is due to electrical pickup on the detector induced
by the Nd:YAG flashlamps and does not influence the data acquired
after t ) 0.

At φHCl ) k1/(k1 + k2) (9)

Figure 5. Rise time constants (s-1) for the two biexponential time
constants (b and9) and their sum (2) vs [propyne] at 10 Torr and
400 K. The slope of the sum yields the effective total rate coefficient
while the intercept reflects excited C3H4Cl adduct removal and Cl loss
channels such as diffusion and background reactions.
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addition channel with temperature implied by the decrease in
the total rate is supported by a corresponding increase inφHCl,
from ≈0.02 at 292 K to≈1 atT g 800 K (see Table 1).
As described in the Experimental Section, the allene used in

these experiments contains propylene and propyne as contami-
nants, both of which will contribute to HCl production.
Corrections to the measured rate coefficients and HCl yield are
made at each temperature and pressure using the values for Cl
+ propylene19 and Cl+ propyne (this work) and the concentra-
tion of the impurities measured by GC/MS analysis. The rate
corrections are all appreciably smaller than the experimental
uncertainties, as are the HCl yield corrections at high temper-
ature. At the lower temperatures investigated, the corrections
are comparable to the measurement uncertainty. The uncor-
rected and corrected data are collected in Table 1. A weighted
average of the 5 and 10 Torr data is used to calculate
kmetathesis
allene ) (k1 + k2)φHCl at each temperature; the variation
with 1/T is shown in Figure 6. A weighted least-squares fit of
the data shows that the temperature dependence ofkmetathesis

allene is
well fit by a simple Arrhenius expression over the range 292e
T e 850 K:

where the 2σ error limits represent the precision of the data
and assume uncorrelated errors in the parameters. The metath-
esis rate at 292 K is the least well determined since it relies on
an accurate measurement of a very small HCl yield. Nonethe-
less, even without including these data in the analysis, a slight
curvature is evident in the Arrhenius plot. A weighted least-
squares fit to a modified Arrhenius form gives

The exponential dependence of (T/298) was constrained at 2.0

in the fit to reduce parameter correlation. This representation
of the kinetic data leads to a 60% reduction inø2 compared
with the standard Arrhenius model over the temperature range
400-800 K. The activation energy derived from eq 10 of 3.3
( 0.6 kcal mol-1 is appreciably larger than the 0.2( 0.1 kcal
mol-1 determined for the comparably exothermic Cl+ propy-
lene reaction.19 Interestingly, theA factor extracted from the
fit is approximately an order of magnitude larger than the values
determined for other Cl+ hydrocarbons abstraction reactions,
which suggests an alternative route to HCl production in the
Cl + allene reaction. These results will be discussed in more
detail below.
Propyne. In contrast with allene, HCl-producing channels

constitute the major pathways (φHCl ≈ 0.7) for the room-
temperature reaction of propyne with Cl. Biexponential HCl
evolution is observed at 293 K (4 and 10 Torr; see Figure 4)
and 400 K (10 Torr only), which is consistent with HCl
formation via both abstraction and addition-elimination path-
ways. At 400 K (4 Torr) and all higher temperatures investi-
gated, only single-exponential HCl generation is observed, which
implies that adduct dissociation is sufficiently fast that a steady-
state approximation can be made for C3H4Cl#. The rise time
constant is thus equal to the pseudo-first-order rate for Cl atom
removal given in eq 3, and the rate coefficient for HCl
production can be extracted directly as the product of the HCl
yield and slope from a plot of the inverse of the HCl rise time
vs [C3H4]. Table 2 shows the corrected and uncorrected data
for (k1 + k2) and φHCl. Corrections for Cl reactions with
isobutene (1.2%) have be applied using the data in Table 3.
Rate measurements have not been reported for Cl+ 1- and
2-butene, which constitute the remaining 0.5% impurity con-
centration, and consequently the necessary corrections to the
rate coefficients and yields have been made using the values
for Cl + isobutene. Because the Cl+ butene reaction is
appreciably faster than Cl+ propyne (≈10× faster at 292 K,
≈4× faster at 700 K), the corrections to the rate coefficient are
significant, i.e., 5-20%. The corrections to the HCl yield are
≈10% at 292 K but become negligible atT g 500 K, where
the HCl yields for both propyne and isobutene are unity.
The values for (k1 + k2), φHCl, and by extensionk1 are

qualitatively similar to those obtained for Cl+ propylene.19 The
values fork1, calculated as an average of the 4 and 10 Torr
data and weighted by their individual uncertainties, are shown
in Figure 7. The plot exhibits curvature and is not well-
represented by a simple Arrhenius model; a weighted fit of the
400-800 K data to the standard Arrhenius form yields

The preexponential factor derived from this fit is consistent with
those determined for other Cl+ hydrocarbon abstraction
reactions, although the activation energy is somewhat larger than
might be expected through comparison with the energetically
similar Cl+ propylene reaction,19 for whichEa/R≈ 90( 50.
The data between 292 and 800 K are better fit with a modified
Arrhenius form that takes into account the temperature depen-
dence of the preexponential factor:

The exponent ofT/298 was constrained to the transition-state
theory value44 of 2.0 to reduce parameter correlation. The

Figure 6. A semilogarithmic Arrhenius plot for the reaction Cl+
allene. The squares and circles represent the total reaction rates at 5
and 10 Torr, respectively. The diamonds represent the weighted average
of the HCl production rate,k1, determined by multiplying the total rate
by HCl yield. The dashed line is from a fit ofk1 using a simple
Arrhenius expression,kmetathesis

allene ) (3.7( 1.7)× 10-10 exp(-(1671(
286)/T) cm3 molecule-1 s-1. The solid line is a fit to a modified
Arrhenius expression with a temperature exponent fixed atn ) 2,
kmetathesis
allene ) (1.25( 0.68)× 10-11(T/298)2e-(529(320)/T cm3 molecule-1

s-1. Error bars represent(2σ precision only.

kmetathesis
allene ) (3.7( 1.7)× 10-10e-(1671(286)/T

cm3 molecule-1 s-1 (10)

kmetathesis
allene ) (1.25( 0.68)× 10-11(T/298)2e-(529(320)/T

cm3 molecule-1 s-1 (11)

kmetathesis
propyne (T) ) (3.7( 1.0)× 10-11e-(685(151)/T

cm3 molecule-1 s-1 (12)

kmetathesis
propyne (T) ) (1.25( 0.21)× 10-12(T/298)2e-(500(93)/T

cm3 molecule-1 s-1 (13)
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curvature evident in the data is more pronounced than with other
C3 hydrocarbons and will be discussed in more detail in the
Discussion section.
Generation of Vibrationally Excited HCl. A previous study

of the Cl+ propylene reaction19 found that a significant fraction
of the HCl was formed vibrationally excited. Because of this,
the rate measurements were carried out in CO2 buffer to ensure
rapid relaxation of the HCl vibration and hence an accurate
representation of the HCl population. The kinetics of HCl
production in Ar buffer, which is inefficient at relaxing HCl
vibrations, must explicitly account for population of all energeti-
cally accessible vibrational levels and vibrational relaxation by
the hydrocarbon reactant. Quantitative measurements of both
the fraction of vibrationally excited HCl and the rate coefficient
for HCl vibrational relaxation by C3H6 could be extracted from
the data taken in Ar by constraining the rate coefficients for
total HCl production to the values determined in CO2.
Measurements of the HCl time evolution in the Cl+ allene

and propyne reactions also exhibit a marked difference in Ar
vs CO2 buffer. This is demonstrated explicitly for Cl+ propyne
in Figure 8, which shows the rise time for HCl production in

Ar and CO2 determined by probing R(6) ofV ) 1 r 0 at 292
K. The≈5-fold rise time reduction in Ar, which is much less
efficient than CO2 at quenching HCl vibration, indicates that a
significant fraction of vibrationally excited HCl is being formed.
At room temperature, the reaction exothermicities for Cl+
propyne (∆H°298 ) -12.8 kcal mol-1) and allene (∆H°298 )
-14.2 kcal mol-1) are sufficiently high to populateV ) 1 of
HCl (8.25 kcal mol-1), but notV ) 2 (16.2 kcal mol-1). The
overall kinetics scheme is simplified by carrying out the Cl+
propyne measurements in Ar at 293 K where production of HCl-
(V ) 2) is energetically closed. The Cl+ allene reaction,
however, required measurement at a higher temperature (600
K) where the HCl yield was sufficiently high, but where
production ofV ) 2 from the high-energy tail of the Boltzmann
distribution is correspondingly greater; i.e., 20% of the collisions
have sufficient energy at 600 K to populateV ) 2. While the
following analysis, which only accounts for HCl production in
V ) 0 and 1, provides useful insight into the mechanism for
HCl formation in the Cl+ C3H4 reactions, more reliable
vibrational fractions based on measurements of transitions to

TABLE 1: Rate Coefficients for the Reactions Cl+ Allene f HCl + C3H3
e

temp K press. (Torr) k1 + k2a k1 + k2a,b (cor) φHCl φHClb (cor) k1a,c

292 0.47( 0.4
5 19.9( 4.7 20.4( 4.7
10 24.3( 5.2 24.9( 5.2 0.03( 0.02 0.02( 0.017 0.47( 0.4

400 0.6( 0.1d

5 12.7( 0.8 12.9( 0.8 0.06( 0.01 0.05( 0.01 0.62( 0.14
10 16.0( 2.0 16.2( 2.0 0.05( 0.01 0.04( 0.01 0.64( 0.16

500 1.4( 0.3d

5 7.65( 0.87 7.80( 0.87 0.18( 0.06 0.17( 0.06 1.3( 0.5
10 9.69( 0.96 9.90( 0.96 0.15( 0.05 0.14( 0.05 1.4( 0.4

600 2.0( 0.4d

5 4.79( 0.99 4.85( 0.99 0.42( 0.13 0.41( 0.13 2.0( 0.5
10 5.98( 0.41 6.07( 0.41 0.36( 0.15 0.35( 0.15 2.1( 0.6

650 2.5( 0.5d

5 5.32( 0.54 5.39( 0.54 0.55( 0.25 0.54( 0.25 2.9( 1.4
10 5.29( 0.41 5.36( 0.41 0.47( 0.10 0.46( 0.10 2.5( 0.6

700 2.8( 0.5d

5 4.93( 0.86 4.99( 0.86 0.65( 0.23 0.64( 0.23 3.2( 1.3
10 4.31( 0.22 4.35( 0.22 0.63( 0.14 0.62( 0.14 2.7( 0.6

750 10 4.28( 0.19 4.32( 0.19 0.93( 0.20 0.93( 0.20 4.0( 0.9
800 10 5.09( 0.71 5.15( 0.71 1 1 5.2( 0.7
850 7.5 5.41( 0.59 5.48( 0.59 1 1 5.5( 0.6

aUnits of 10-11 cm3 molecule-1 s-1 bCorrected for presence of propylene and propyne contaminants as described in the text.cMetathesis rate
coefficient calculated as the product of (k1+ k2) andφHCl (corrected for impurities).dWeighted average of determinations at 5 and 10 Torr.eStated
experimental uncertainties are(2σ (precision only).

TABLE 2: Rate Coefficients for the Reactions Cl+ Propyne f HCl + C3H3
f

temp K press. (Torr) k1 + k2a k1 + k2a,b (cor) φHClc φHClb,c (cor) k1a,d

293 7.5( 0.7e

4.4 12.3( 1.3 10.6( 1.3 0.63( 0.03 0.68( 0.03 7.2( 0.9
10 13.0( 1.0 10.6( 1.0 0.64( 0.06 0.74( 0.06 7.8( 1.0

400 7.0( 0.6e

4.4 9.2( 0.8 7.8( 0.8 0.83( 0.13 0.86( 0.13 6.8( 0.7
10 10.6( 1.0 9.3( 1.0 0.80( 0.10 0.83( 0.10 7.7( 1.3

500 9.4( 0.5e

4.4 12.1( 1.3 10.9( 1.3 1.00( 0.06 1.00( 0.06 10.9( 1.3
10 11.3( 0.9 10.2( 0.9 0.90( 0.04 0.89( 0.04 9.1( 0.6

600 11.9( 0.4e

4.4 13.7( 1.4 12.5( 1.4 0.99( 0.05 0.99( 0.05 12.4( 1.4
10 12.1( 0.4 11.0( 0.4 1.07( 0.10 1.08( 0.10 11.8( 0.4

700 14.0( 0.5e

4.4 16.2( 1.0 15.1( 1.0 15.1( 1.0
10 14.8( 0.6 13.6( 0.6 13.6( 0.6

800 4.4 21.3( 3.4 20.2( 3.4 20.2( 3.4

aUnits of 10-12 cm3 molecule-1 s-1. bCorrected for presence of butene contaminants as described in the text.c The HCl yield is taken to be
unity above 600 K.dMetathesis rate coefficient calculated as the product of (k1+ k2) andφHCl (corrected for impurities).eWeighted average of
determinations at 4.4 and 10 Torr.f Stated experimental uncertainties are(2σ (precision only).
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all energetically accessible vibrational levels are required for a
more rigorous analysis of energy partitioning in these systems.
The kinetics equations that describe the system when HCl

vibrational relaxation is slow must take into account the
production of HCl(V)1), and reaction 1 is therefore rewritten
as

where f is the fractional HCl population formed inV ) 1.
Relaxation by the Ar buffer and by the photolyte are negligible
under the conditions of our experiments, and the vibrational
relaxation proceeds essentially exclusively by collisions with
C3H4.

In the previous study of Cl+ propylene,19 HCl formation was
found to be much faster than vibrational relaxation under the

conditions of the experiments, which permitted treating the
initial Cl + C3H6 reaction as a simple step instead of the more
detailed treatment outlined above. This condition also applies
to the Cl + allene reaction, although it is not a valid
approximation for the Cl+ propyne reaction (vide infra).
Analysis of the Cl+ allene data in Ar buffer using the
methodology outlined in ref 19 givesf ) 0.42( 0.10 andkVET
) (2.8 ( 0.4)× 10-12 cm3 molecule-1 s-1 at 600 K and 10
Torr. These values are quite similar to those obtained for Cl
+ propylene at 293 K and 10 Torr, i.e.,f ) 0.48( 0.06 and
kVET ) (3.7( 0.7)× 10-12 cm3 molecule-1 s-1.
For Cl+ propyne, HCl formation is not sufficiently fast with

respect to vibrational relaxation to employ the simplified
mechanism used for Cl+ allene and propylene. As evident
from Figure 8, the HClV ) 1 r 0 absorption profile in Ar is
complicated and reflects contributions from multiple pathways.
Nevertheless, analytical solutions are readily obtained to the
kinetics equations described by eqs 5 and 6, which can be used
to constrain the parameters in the analysis of the data taken in
Ar buffer. Using these data in a fit to the kinetics equations
providesf ) 0.55( 0.09 andkVET ) (8.6( 3.6)× 10-12 cm3

molecule-1 s-1 at 292 K and 10 Torr. The magnitude off for
Cl + propyne is larger than obtained with propylene or allene
and reflects a higher partitioning of the reaction exothermicity
as product vibrational excitation, e.g., 35( 10% for Cl +
propyne vs 27( 4% (Cl + propylene) and 24( 8% (Cl +
allene). The larger uncertainty with the C3H4 measurements
reflects the greater uncertainty in the heat of formation of C3H3

(82.5( 3 kcal mol-1)33 vs C3H5 (41.5( 0.4 kcal mol-1).34,35

While high vibrational excitation can also accompany addition-
elimination, the large values off for the reaction of Cl with
allene, propylene, and propyne suggest that direct abstraction
is the dominant source of HCl in the reactions of Cl with the
unsaturated C3 hydrocarbons.

Discussion

The room-temperature rate coefficient for Cl+ propyne (4-
10 Torr) is approximately 20-fold smaller than the value
determined at 760 Torr by Wallington et al.28 The correspond-
ing rate decrease for Cl+ allene is only a factor of 2. These

TABLE 3: Rate Coefficients for the Reactions Cl+
Isobutenef HCl + C4H7 in CO2 Buffer Gasc

temp (K) press. (Torr) k1 + k2a φHCl k1a

293 3.8( 0.5b

5 10.9( 1.2 0.35( 0.04 3.8( 0.6
10 15.4( 1.6 0.25( 0.05 3.9( 0.9

500 7.7( 0.3b

5 8.2( 0.5 1 8.2( 0.5
10 7.6( 0.3 1 7.6( 0.3

700 8.3( 0.3b

5 8.1( 0.6 1 8.1( 0.6
10 8.4( 0.4 1 8.4( 0.4

aUnits of 10-11 cm3 molecule-1 s-1. bWeighted average of deter-
minations at 5 and 10 Torr.c Stated experimental uncertainties are(2σ
(precision only).

Figure 7. Arrhenius plot fork1, the effective rate coefficient for HCl
production in the Cl+ propyne reaction. The squares and circles
represent the total reaction rates at 4.4 and 10 Torr, respectively. The
diamonds represent the weighted average of the HCl production rate,
k1, determined by multiplying the total rate by HCl yield. The values
atTe 500 K are the sum of the two biexponential time constants. The
dashed line is from a fit ofk1 using a simple Arrhenius expression,
kmetathesis
propyne (T) ) (3.7 ( 1.0) × 10-11 exp[-(685 ( 151)/T] cm3

molecule-1 s-1, while the solid curve allows for a temperature-dependent
preexponential factor and is given bykmetathesis

propyne (T) ) (1.25( 0.21)×
10-12(T/298)2 exp[(500 ( 93)/T] cm3 molecule-1 s-1. Error bars
represent(2σ precision only.

Cl + C3H498
k1[C3H4]

f HCl(V)1)+ (1- f )HCl(V)0)+ C3H3

(14)

HCl(V)1)98
kVET[C3H4]

HCl(V)0) (15)

Figure 8. HCl time evolution in the reaction of Cl+ propyne in Ar
or CO2 buffer at 293 K and 10 Torr total pressure. Photolyte and reactant
concentrations are identical for both traces. The slower evolution in
Ar is due to incomplete relaxation of the vibrationally excited HCl
formed in the reaction (see text for details). The sharp feature neart )
0 in the CO2 trace is due to incomplete optical filtering of the Nd:
YAG photolysis pulse from the InSb detector.
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values bracket the≈ 5-fold reduction in the Cl+ propylene
rate over the same pressure range.20 While a reduction in the
total rate is expected at lower pressure for reactions in which
addition is a dominant pathway, the 2-20-fold reduction is
much smaller than observed with smaller hydrocarbons. For
example, between 700 and 10 Torr the total rates at room-
temperature for Cl+ ethylene and acetylene differ by a factor
of ≈200-300.13 With propylene, the qualitatively different
pressure behavior has been ascribed to exothermic channels
corresponding to direct H atom abstraction and elimination from
an incompletely stabilized adduct.19 These channels, which are
not thermodynamically accessible at room temperature for either
ethylene or acetylene, dominate the reaction at low pressure
and cause the rate to reach an asymptotic value. The reactions
of Cl with propyne and allene have metathesis channels of
comparable exothermicity to Cl+ propylene, and consequently
a similar limiting low-pressure rate coefficient would be
expected with the C3H4 isomers as well.
The reduced pressure sensitivity of the total rate for reaction

of Cl with the C3 vs C2 unsaturated hydrocarbons can also be
attributed to their larger molecular size and the corresponding
shift in falloff to lower pressure. The total rate for Cl+ allene
at 292 K shows a much smaller decrease with pressure than
propylene or propyne, even though the reaction proceeds almost
exclusively via addition. The differences between Cl+ allene
and propyne are readily understood from examination of the
potential surface for the Cl+ C3H4 reaction shown in Figure
9. The energies in this figure are based on ab initio calculations
carried out at the G2 level of theory.43 It can be seen that
addition of Cl to the central carbon of allene forms the
resonance-stabilized chloroallyl radical, which is predicted to
lie 41 kcal mol-1 below the entrance channel and 29 kcal mol-1

below the HCl+ propargyl product channel. Although our data
are not sensitive to the stereoselectivity of the Cl addition, the
large energy difference between addition to the central vs
terminal carbon would favor addition to the former. Addition-
ally, the relatively facile 1,2 Cl shifts and tendency of halogens
to form bridged complexes with large olefins18 suggests it is
likely that Cl atoms that form incipient bonds with the terminal
carbon quickly isomerize to the more stable isomer. It is thus
reasonable that the formation of the highly stable chloroallyl
radical accounts for the fast rate and predominance of the
addition pathway even at high temperatures.
The large resonance energy available upon Cl addition to

allene is not available to propyne, where addition to the terminal

vs central carbon is predicted to differ by only 1.3 kcal mol-1.
The decreased stability of the propyne vs allene addition
products evident in Figure 9 also explains the decreased
importance of the addition channel. The Cl+ propylene
addition product, chloropropyl, is also not resonance stabilized
which accounts for the similarity in the reactions of Cl with
propylene and propyne.

This explanation is supported by predictions of the pressure
falloff behavior for Cl+ allene and propyne calculated using
the simple Troe expression:44

Equation 16 predicts significantly different falloff behavior for
Cl addition to the two C3H4 isomers. This is demonstrated in
Figure 10, which shows falloff curves constructed using thek0
andk∞ values calculated according to refs 45 and 46, respec-
tively, with the molecular and adduct properties based on ab
initio calculations.43 Fcent has been set to 0.5 following the
observation of Kaiser and Wallington20 of similar central
broadening factors for other Cl+ unsaturated hydrocarbon
reactions. While the calculated high-pressure limiting rate
coefficients are slightly lower than experiment (by a factor of
3-5), this simple calculation reproduces the qualitative differ-
ences between the C3H4 isomers, with the Cl+ allene reaction
displaying a more gradual falloff than Cl+ propyne. The
calculations predict reductions in the rate coefficient between
760 and 10 Torr by factors of 1.3 and 4.4 for Cl+ allene and
propyne, respectively, in modest agreement with the experi-
mental values of 2 and 20.

Propyne. The preexponential factor for HCl-producing
channels in the Cl+ propyne reaction is (3.7( 1.0)× 10-11

cm3 molecule-1 s-1, which agrees qualitatively with the (1-2)
× 10-11 cm3 molecule-1 s-1 per H atom observed for other Cl
+ hydrocarbon metathesis reactions.6-12 The activation energy
of Ea/R) 685( 151 K is relatively small, yet it is significantly
larger than the barriers observed for the exothermic metathesis

Figure 9. Calculated enthalpies for reactants, products, and adducts
in the Cl + C3H4 f HCl + propargyl reaction from ab initio
calculations.43

Figure 10. Calculated falloff curves for the reaction of Cl+ allene
and propyne at 300 K, demonstrating the more gradual decrease in
association rate with allene. The differences between allene and propyne
arise in part from the formation of a resonance-stabilized chloroallyl
radical in the Cl+ allene reaction.

k)
k0

1+ k0/k∞
F(k0/k∞) (16)
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reactions of Cl+ propylene19 (Ea/R) 90( 50 K) or propane,11

where the latter rate is temperature independent between 292
and 700 K. The barrier predicted by ab initio calculations43 is
Ea/R) 750 K, in good agreement with the experimental value.
Comparison of the propane, propylene, and propyne data
suggests that increasing the hybridization of the carbon adjacent
to the methyl group correlates with a slight increase in
abstraction barrier. It is interesting to note that the barrier for
the comparably exothermic Cl+ CH3CN reaction (∆H°298 )
-12.3 kcal mol-1)32 is larger still, i.e., 4.3 kcal mol-1.47

A simple Arrhenius analysis of the HCl-producing channels
in the Cl + propyne reaction (Figure 7) exhibits discernible
curvature in the preexponential factor between 292 and 800 K.
This is in contrast with the Cl+ propylene19 and propane11

reactions, where no curvature was observed. The rate increase
at higher temperature cannot be explained in the present
experiment by reactions initiated by thermal decomposition of
the photolyte, since the resulting (constant) HCl distribution
would not depend on propyne concentration and thus would
not be evident in the plots of inverse rise time vs hydrocarbon
concentration. Contributions due to products of secondary
radical-radical recombination also appear unlikely, since reac-
tions of Cl with either the cyclic or linear C6H6 isomers would
have to be orders of magnitude faster than the already rapid
reaction with propyne in order to contribute. Reactions due to
buffer gas contaminants would only be reflected in the intercept
of the inverse rise time vs concentration plots, since they would
not vary with the concentration of the primary reactant. It is
also impossible that an increase at higher temperature is due to
Cl reactions with the butene contaminants in the propyne; such
reactions would have to have a very steep temperature depen-
dence and unrealistic rate coefficients≈1× 10-9 cm3molecule-1

s-1 at T ≈ 800 K to account for the observed curvature. The
rate coefficients for the reaction of Cl with isobutene (the major
contaminant in propyne) are reported here and exhibit no such
unusual behavior.
Deviation from simple Arrhenius behavior has been observed

in systems that exhibit state specific rate constants.42,48 Because
the spin-orbit splitting between the2P3/2 ground state (Cl) and
2P1/2 excited state (Cl*) of chlorine is 882 cm-1, a significant
thermal population of the excited state will exist at the higher
temperatures of this study. An accelerated rate for Cl* vs Cl
with hydrocarbons has been hypothesized in the Cl+ methane
reaction,7 and was considered as a source of curvature in the
Arrhenius plot for Cl+ ethane.11 In the latter case, however,
the preexponential factor for the Cl* reaction required to
reproduce the high-temperature curvature was 3-4 times larger
than a normal gas-kinetic collision rate and thus was deemed
unlikely to be responsible. A similar analysis for Cl+ propyne,
using the data between 400 and 600 K to establish the baseline
rate expression for reaction with the2P3/2 ground state (k) 3.0
× 10-11 exp(-537/T) cm3 molecule-1 s-1), gives a preexpo-
nential factor andEa/R for Cl* + propyne of≈1 × 10-9 cm3

molecule-1 s-1 and≈3840 K. The preexponential factor in
this instance is also unrealistically large and suggests that
reactions of spin-orbit excited Cl atoms are not responsible
for the observed curvature in the Cl+ propyne Arrhenius plot.
The differences in the temperature dependence of the heat

capacities of the reactants and the transition state provide a
thermodynamic rationalization of non-Arrhenius behavior.42,49

The temperature dependence of the preexponential factor can
be treated very conveniently via the transition-state theory
expression for the rate coefficient42

where Q†, QA, and QB are the partition functions for the
transition state, Cl, and C3H4, respectively. The reactant and
transition-state partition functions can be calculated over the
temperature range 300-800 K using vibrational frequencies and
rotational constants from ab initio calculations.43 An Arrhenius
plot of the corresponding rate coefficient calculated using eq
17 shows curvature for Cl+ propyne. A fit of the predicted
rate coefficient to the expressionk ) A(T/298)n exp(-E/kT)
givesn ) 2.9, in good qualitative agreement with experiment.
It may be useful to extend the ab initio and transition-state
calculations to Cl+ propylene and propane, to see whether the
corresponding lack of curvature is recovered by the calculations.
In addition, a more rigorous theoretical study of the potential
surface for this reaction would help to shed light on the nature
of the temperature dependence of the rate coefficient.
Allene. The temperature dependence of the metathesis rate

coefficient in the Cl+ allene reaction is moderately well fit by
a simple Arrhenius form ofk ) (3.7 ( 1.7) × 10-10 exp(-
1671( 286). The most notable deviation from linearity in the
plot is the rate for HCl formation at 292 K, which due to the
very low HCl yield has a higher overall uncertainty. The error
estimates given reflect only the precision of the determinations
of the metathesis rate coefficient. Especially at very lowφHCl,
small systematic errors in the yield determination arising from,
for example, background HCl production from impurities in the
buffer or other trace contaminants can significantly affect the
measured rate coefficient. Between 400 and 800 K, the
Arrhenius plot for HCl production exhibits slight upward
curvature. The rate coefficients calculated for Cl+ allene using
eq 17 using ab initio frequencies and rotational constants predict
a (T/298)2.4 dependence between 300 and 800 K. While the
magnitude ofn and the reduced curvature with respect to Cl+
propyne is also in good agreement with experiment, more
detailed calculations are needed to definitively attribute the
curvature to the temperature dependence of the partition function
ratio. The activation energy of 3.3( 0.6 kcal mol-1 obtained
from a weighted fit of the data to a simple Arrhenius form is
qualitatively reproduced by ab initio calculations, which predict
a 2.5 kcal mol-1 barrier.43 The magnitude of the barrier is
significantly larger than observed for the exothermic reactions
of Cl + propane, propylene, or propyne. As discussed for
propyne, however, the barriers are likely sensitive to the
hybridization of the nearby carbon atoms, and the unique
hybridization of allene could give rise to a characteristically
higher abstraction barrier. It is interesting to note that formation
of the planar propargyl radical requires rotation of the orbital
containing the unpaired electron by 90° in order to achieve
resonance. Evidence from studies of free radical addition to
allene corroborates the intuition that formation of the resonance
stabilized allylic radical requires a similar rotation.50 One
posited effect of this required rehybridization is a smaller
influence of the resonance energy on the energetics of the
transition state than if no such geometric constraint existed.
Experimental characterization of other radicals with allene would
offer interesting supporting evidence of the magnitude of these
effects.
The decrease in total rate with temperature observed with Cl

+ allene is consistent with a reaction dominated by addition.
Similarly, the relatively small barrier for HCl production and
large fraction of vibrationally excited HCl produced are also
consistent with a direct abstraction mechanism. The preexpo-

k(T) )
kBT

h ( Q†

QAQB
)e-E0/kBT (17)
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nential factor of (3.7( 1.7)× 10-10 cm3 molecule-1 s-1 is an
order of magnitude larger than the values typically observed
for Cl + hydrocarbon abstraction reactions, however, and is
instead consistent with a capture-limited reaction. Attributing
the observed preexponential factor to an abstraction process
would require an abnormally loose abstraction transition state,
while ab initio calculations show comparable C-H-Cl bond
lengths for the Cl+ allene and propyne abstraction transition
states.43

Another possible explanation that is consistent with the large
A factor is that an addition-elimination mechanism dominates
the metathesis over the entire temperature region. Because of
the competition between stabilization and elimination, an
effective activation energy could exist for the HCl production.
It is interesting to note that the fraction of vibrationally excited
HCl produced in the Cl+ allene reaction (42( 10%) is smaller
than for propylene and propyne, and was measured at higher
temperature (600 K) where contributions fromV ) 2 may be
greater. Thus, the relatively high degree of HCl vibrational
excitation may not be inconsistent with addition-elimination
mechanism if the potential surface efficiently couples vibrational
energy into the HCl at the transition state. Measurement at
higher pressures might help to characterize better the mechanism
for HCl production in the Cl+ allene reaction, and modifica-
tions to the experimental apparatus are currently underway to
facilitate such measurements.

Conclusions
Absolute rate coefficients have been measured for the

reactions of chlorine atoms with allene and propyne between
292 and 850 K and 4-10 Torr. The reaction of Cl with allene
is dominated at low temperature by addition, driven by formation
of the resonance-stabilized chloroallyl radical. Formation of
HCl, which accounts for only≈2% of the reactivity at 292 K,
increases in importance with temperature and is the dominant
pathway at temperatures of>800 K. Although the data for
allene are consistent with HCl formation via abstraction, the
preexponential factor extracted from an Arrhenius plot is an
order of magnitude larger than observed with other exothermic
Cl + hydrocarbons metathesis reactions, which suggests that
addition-elimination may be the dominant mechanism for HCl
production. With Cl+ propyne, biexponential HCl temporal
evolution is observed at 292e T e 400 K, which is consistent
with production via both abstraction and addition-elimination
pathways. AtT g 500 K, the unity HCl yield and single-
exponential HCl time evolution indicate that abstraction con-
stitutes the major reactive pathway. An Arrhenius plot of the
rate for HCl production exhibits curvature and a barrier (1.4(
0.3 kcal mol-1) slightly larger than for Cl reactions with
propylene and propane. Approximately half the HCl generated
from reaction of Cl with allene and propyne is produced inVHCl
) 1, implicating the role of direct abstraction as the pathway
for HCl formation.
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