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Cavity ring-down spectroscopy (CRDS), end-product analysis, and ab initio calculations have determined
absorption cross sections, rate coefficients, reaction mechanisms, and thermochemistry relevant to the addition
of halogen atoms to propargyl chloride and propargyl bromide. Halogen atoms were produced by laser
photolysis, and the addition reaction products were probed at a variable delay by CRDS using a second laser
pulse. We report the continuum spectra of C3H3Cl2 (1,2-dichloroallyl), C3H3ClBr (1-chloro-2-bromoallyl),
and C3H3Br2 (1,2-dibromoallyl) radicals between 238 and 252 nm and the absorption cross sections,σ240(C3H3-
Cl2) ) (4.20( 1.05)× 10-17 cm2 molecule-1 andσ242(C3H3Br2) ) (1.04( 0.31)× 10-17 cm2 molecule-1.
When the observed data are fit to complex reaction schemes, the 298 K rate coefficients for formation of
1,2-dihaloallyl radicals at 665 Pa were found to bek(Cl + C3H3Cl) ) (1.2 ( 0.2) × 10-10 cm3 molecule-1

s-1 andk(Br + C3H3Br) ) (2 ( 1) × 10-12 cm3 molecule-1 s-1. At 298 K and 665 Pa the self-reaction rate
coefficients of these radicals were found to bek(C3H3Cl2 + C3H3Cl2) ) (3.4 ( 0.9)× 10-11 cm3 molecule-1

s-1 andk(C3H3Br2 + C3H3Br2) ) (1.7 ( 1.1)× 10-11 cm3 molecule-1 s-1. The listed uncertainties are twice
the standard deviation of individual determinations, and those for rate coefficients include the uncertainty of
the appropriate absorption cross section.

Introduction

When attempting to formulate numeric models that describe
the manufacture or destruction (e.g., combustion, pyrolysis, or
plasma processes) of industrially important halogenated chemi-
cals, one finds that few of the relevant reaction rate coefficients
and reaction mechanisms are known. For example, only a few
rate coefficients for halogen addition to unsaturated hydrocar-
bons are available. This lack of information may arise because
of the practical problems of such studies. Addition to a multiple
bond necessarily involves at least two carbons, which can lead
to distinct isomers. Since isomers commonly possess similar
optical and mass spectra, dynamic measurements of species
concentrations become very difficult. As a result, neither the
spectra nor the reaction rate coefficients pertaining to most
halogen adducts are known. Furthermore, this dearth of experi-
mental data may account for the absence of computational
results capable of supporting such experimental measurements.

Our interest in the reactions of halogen atoms with propargyl
halides (CH2XCtCH, where X ) Cl, Br) originated with
measurements of the self-reaction rate coefficient for the
propargyl radical (•CH2CtCH). Our measurements,1 like those
by others,2-4 were initiated by photolyzing propargyl halides.
The photolysis of propargyl chloride (3-chloropropyne) with
193 nm light is particularly clean, since 93% of the photolysis
yield is propargyl radicals:2

This photolytic process also generates an equal concentration
of chlorine atoms. Since chlorine atoms may react with the
propargyl chloride parent, C3H3Cl, to produce secondary radical
products that cross-react with propargyl radicals (C3H3), we
needed to account for this companion chemistry to ensure that
our derivedk(C3H3 + C3H3) rate coefficient was not contami-
nated by unaccounted side reactions. When we began to
investigate the chemistry initiated by the chlorine atoms, we
found that the fundamental nature of the simple reaction

is rife with uncertainty. On one hand, a recent study reported
that chlorine atoms react with C3H3Cl to generate Cl2 and more
propargyl radicals, effectively doubling the C3H3 yield of
reaction 1.5 On the other hand, previous studies of chlorine
reactions with olefins and with acetylene would support the
hypothesis that chlorine atoms add onto C3H3Cl at the triple
bond, forming unsaturated radicals.6-10 If chlorine adds to C3H3-
Cl, more questions arise: Does addition occur at the center or
terminal unsaturated carbon atoms? Do adduct radicals possess
vinylic structures, or have they isomerized into the more stable
allylic structures? Since each vinylic and allylic structure
possesses more than one isomer, which ones are dominant?
Finally, we wished to assess the impact of these products upon
determinations ofk(C3H3 + C3H3).

In this account we report experiments and calculations that
explicate the mechanism governing the addition reactions of
chlorine and bromine atoms with propargyl halides. Using a
recently developed apparatus that uses laser photolysis and
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cavity ring-down detection,11 we have observed ultraviolet
absorption spectra of the radical adducts C3H3Cl2, C3H3ClBr,
and C3H3Br2. Within this apparatus we have also measured the
rate coefficients of chlorine atom addition to propargyl chloride
and of bromine atom addition to propargyl bromide (3-
bromopropyne). The self-reaction rate coefficients for C3H3Cl2
and C3H3Br2 radicals at 298 K were also determined. The
combination of analyses of the stable photolysis products and
ab initio computational results have enabled us to determine
and assign the reactive species.

Experimental Procedure12

The details of the laser photolysis and cavity ring-down
(CRD) apparatus are described elsewhere,11 so this section
presents only a basic overview and recent experimental refine-
ments. A 16 mm i.d. quartz tube forms the reactor through which
a premixed gas of known composition flows. The pumping rate
is adjusted so that the movement of the gas sample along the
flow axis is inconsequential within the time interval of a single
kinetic measurement, yet fast enough that the reaction mixture
is fully refreshed during the 200 ms between laser pulses.1

Initially, an excimer laser (ArF producing 193 nm, nominal
20 ns pulse, maximum pulse energy of 100 mJ or XeF producing
351 nm, nominal 20 ns pulse, maximum pulse energy of 200
mJ) photolyzes the reaction mixture. The photolysis laser beam
is expanded and masked to produce a uniform block 67 mm
wide and 20 mm high with a peak power density of less than
100 kW cm-2. Subsequently, the absorption by a selected
species is measured with cavity ring-down absorption spectros-
copy. For the CRDS we used a 1.1 m long cavity formed by
two concave mirrors (1.0 m radius of curvature;R* > 99.6%
@ 245 nm; VLOC, Inc.) of high effective reflectivity11 and a
usable bandwidth of about(7 nm (R* > 98%). At 245 nm the
cavity exhibited an exponential decay with a base 1/e ring-down
time of 1.3µs. The ring-down cavity lies along the flow axis,
normal to the photolysis beam direction, so that the width of
the photolysis beam defines the path length of the transient
absorbing species. This optical configuration makes the extrac-
tion of species density straightforward. To minimize effects from
radial gradients of photolysis products, the photolysis beam
height is larger than the diameter of the reactor tube and the
probe beam diameter inside the cavity (beam waist of TEMmax

≈ 0.32 mm) is much smaller than the flow tube inner dimension.
The tunable probe laser beam was produced by an excimer-

pumped dye laser (nominal 20 ns pulse width; laser dye,
coumarin 480; BBO doubling crystal). At the cavity entrance
mirror an iris apertured the probe laser beam to∼2 mm diameter
and the energy was not allowed to exceed 100µJ/cm2/pulse.
The photomultiplier signal was (analog) filtered to pass frequen-
cies less than 25 MHz. (Proper cavity alignment was verified
by observing oscilloscope traces recorded at the full 1.0 GHz
bandwidth.) A fit to each exponential ring-down trace was
extracted from a weighted linear regression of a semilog plot
and yielded the decay rate. We verified the quality of this
procedure by fitting the data using an iterative, nonlinear
Levenberg-Marquardt fitting routine.13 Both methods yielded
the same values. We note that CRD absorbance measurements
have been demonstrated to obey the Beer-Lambert relationship
for the broad transitions often encountered in the ultraviolet
spectrum.11

Cavity ring-down measurements indicate an enhanced rate
of decay of photon intensity in a stable optical cavity. The
difference between this rate and the decay rate under nonab-
sorbing conditions (base decay rate) is proportional to the

absorbance of the transient species. In this experiment the base
decay rate is periodically measured by probing the reaction
mixture at a time prior to the photolysis laser pulse. This
procedure also allows us to compensate for diminished cavity
performance during the experiment. In principle, this procedure
for determining absorbance may suffer a small offset error due
to the effects of thermal lensing within the cavity; however,
we did not observed any offset. Proper baselines were obtained
over the spectral intervals indicating that the photofragments
carried no absorbance. The decay or growth of the monitored
species absorption is observed by changing the delay time
between the photolysis and probe (CRD) laser pulses. To
minimize the effects of long-term drift in the photolysis
efficiency, the time interval between the photolysis and probe
pulses is randomly selected between zero and preset values.
During experiments that used 193 nm light to photolyze
propargyl halides, random time sampling was particularly
important because the reaction tube would gradually accumulate
brown soot in the photolysis region. When required, this soot
was easily washed from the apparatus with soap and water.
Presumably, the soot arises from reactions involving propargyl
radicals.14 Experiments that used 351 nm light did not produce
propargyl radicals and soot.

Chlorine (99.9% stated purity, 10% Cl2 in helium) was used
as supplied. C3H3Cl (Aldrich, 98% stated purity) and C3H3Br
(Fluka, 98% stated purity) were freeze-thaw degassed in liquid
nitrogen to remove any volatile contaminants, and then 5%-
10% mixtures in the buffer gas were prepared and stored in
blackened glass bulbs. All reactant and buffer gases were flowed
through mass flow controllers (MKS model 1259C).

The kinetics experiments produce transient absorption (which
is readily converted to radical concentration) vs time. To derive
rate coefficients from these data, a kinetic mechanism is
presumed and the absorption data are numerically simulated on
a computer. This simulation is compared to the observed data,
and theø2 value is computed. By use of the Levenberg-
Marquardt procedure, selected rate coefficients and concentra-
tions are varied to minimize this value. The simulation software
is comprised of a customized graphic interface that spawns
satellite shells executing the original FORTRAN code of the
ACUCHEM kinetics simulation program.15 ACUCHEM con-
tains a symbolic interpreter, allowing the input of the kinetic
model in an intuitive format, and a numerical forward integration
routine, the accuracy of which has been described and verified
previously.15

GC-MS end-product analyses of irradiated samples were
accomplished with a HP 5890 series 2 gas chromatograph (GC)
that is coupled to an HP 5972 mass spectrometer. The GC was
equipped with a Restek model 502.2 column (0.32 mm i.d.×
30 m long). The irradiated samples were injected into a gas
chromatograph, and the mass spectra of the eluted peaks were
recorded.

Ab initio calculations were performed with the Gaussian 94
program suite.16

Results and Analyses

Absorption Spectra and Identification of the Spectral
Carriers. This study began as a spectroscopic search for strong
absorption bands of propargyl radicals that could support
measurements of propargyl radical rate coefficients. We pro-
duced propargyl radicals by photolyzing propargyl halides.
Propargyl halides exposed to 193 nm light decompose along
two channels:
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Morter et al.2 have measured the photolysis branching ratio of
propargyl chloride and found that reaction 1a accounts for 93%
of the products. Slagle et al.3 used mass spectrometry to measure
HBr yields and found that reaction 1a accounts for 50%, or
less, of the propargyl bromide photoproducts.

A recent study reported the discovery of a new absorption
band of propargyl radical between 230 and 270 nm among the
193 nm photolysis products of propargyl chloride.5 The spectrum
displayed an absorption maximum atλmax ) 242 nm, and the
intensity declined to 0.25I(λmax) at 252 nm. Following the 193
nm laser photolysis event, the signal was observed to increase
on two time scales. The “instant” signal was attributed to
reaction 1a. The slower growth of absorbance to twice the
prompt signal was attributed to the reaction

in which chlorine atoms are produced from reaction 1a. This
temporal behavior led to the conclusion that the spectra arose
from the propargyl radical.5

When we photolyzed propargyl chloride, we observed the
same spectrum that was reported in ref 5. Figure 1a shows the
CRD spectrum of the 193 nm photolysis products from
propargyl chloride. As in ref 5, the CRD spectrum exhibits an
absorption maximum atλmax ) 240 nm and the absorption
intensity degrades to 0.25I(λmax) at 252 nm. In contrast, the
temporal traces of the absorption at 242 nm exhibited only a
rapid, continuous growth to maximum signal. No prominent
instant absorption signal was observed. Despite this difference
of temporal behavior, we believe that the carrier of this and the
carrier of the spectrum in the previous study are identical.

We attempted to verify that the spectrum originated from
propargyl radicals by observing the absorption by the photolysis
products of propyne and allene. When exposed to 193 nm light,
both unhalogenated precursors are known to produce propargyl
radicals;1,17,18although for propyne, propargyl radicals may be
formed through the rapid secondary reaction between the nascent
CH3CtC• products19-21 and the propyne background bath.1

Since neither precursor reproduced the transient absorption
spectrum between 238 and 252 nm, we concluded that the
propargyl radical does not account for the spectrum of Figure
1a. We also concluded that the transient radical contains at least
one chlorine atom.

Experiments that used 351 nm photolysis to initiate reactions
were used to confirm the activity of the chlorine atom addition
reaction. Mixtures of helium, propargyl chloride, and propargyl
bromide produced no transient spectra, showing that they are
inert to 351 nm light. When exposed to 351 nm light, Cl2

dissociates.9 When Cl2 was added to the reactor flow, 351 nm
light induced transient absorption signals between 238 and 252
nm. This result is consistent with the reaction sequence

Curves b and c of Figure 1 show the absorption spectra
observed from the products of each reaction. The spectrum of
Cl + C3H3Cl (Figure 1b) is identical to the spectrum of C3H3-
Cl photolyzed by 193 nm light (Figure 1a), indicating that both

spectra arise from the same adduct. The spectrum produced by
reaction 5 differs from that from reaction 4, indicating that its
spectral carrier contains at least one bromine and at least one
chlorine atom.

Previous studies1,2,17,18have shown that 193 nm photolysis
of propargyl bromide generates propargyl radicals and Br atoms.
Morter et al.2 found that nascent Br atoms decayed rapidly and
suggested that they were reacting with propargyl bromide:

When propargyl bromide was photolyzed at 193 nm, we
observed a transient absorption spectrum withλmax ≈ 252 nm
(Figure 1d). Although featureless, the product of reaction 6
displays a spectrum that is red-shifted relative to photolyzed
C3H3Cl. The red-shifted transient spectra obtained from reactions
5 and 6 are consistent with the observation that the electronic
origins of analogous halogenated radicals display red shifts as
bromine is substituted for chlorine.22,23 The spectrum obtained
from reaction 6 is also distinct from that of reaction 5. As
expected for a set of distinct spectral carriers, each spectrum
produced by reactions 4-6 has a characteristic rise time
(between 20 and 1000µs) and fall time (between 10 and 20
ms).

Figure 2 shows a time-resolved trace of the transient
absorption at 242 nm observed from the products of propargyl
bromide (reaction 6). Immediately after the 193 nm photolysis
event, the photolysis products of propargyl bromide showed a
prompt increase in absorbance, which is noted in Figure 2 with
the arrow labeledt0. One or both, of the nascent products, C3H3

and C3H2, are the candidate carriers of this absorption. However,
the same photolysis experiments using propargyl chloride did
not exhibit strong prompt absorption. Since propargyl chloride
has a large quantum yield of C3H3 radicals (ΦC3H3 ) 93%),2

the absence of a strong prompt absorption allows us to discard
C3H3 from consideration and to assign the absorption to one of
the C3H2 carbenes. Vinylidenecarbene (CH2CdC:) appears as
the most likely carrier of this signal because it absorbs strongly
between 240 and 250 nm.24,25Assignments to the propynylidene
or cyclopropenylidene structures are not supported because their
absorption bands reside outside the spectral interval.24

C3H3X + 193 nmf C3H3 + X (1a)

f C3H2 + HX (1b)

Cl + C3H3Cl f C3H3 + Cl2 (2)

Cl2 + 351 nmf 2Cl (3)

C3H3Cl + Cl (+M) f C3H3Cl2 (4)

C3H3Br + Cl (+M) f C3H3ClBr (5)

Figure 1. Ultraviolet absorption spectra between 238 and 252 nm
observed from (a) C3H3Cl2 (1,2-dichloroallyl) radicals formed by 193
nm photolysis of propargyl chloride, (b) C3H3Cl2 radicals formed by
Cl + propargyl chloride, (c) C3H3BrCl (1-chloro-2-bromoallyl) radicals
formed by Cl + propargyl bromide, and (d) C3H3Br2 (tentatively
assigned as 1,2-dibromoallyl) radicals formed by Br+ propargyl
bromide. Each plot is normalized to the absorption maximum of the
species.

C3H3Br + Br (+M) f C3H3Br2 (6)
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GC-MS Analysis of the End Products.To determine the
products of reaction 4, we conducted end-product analysis
experiments. A bulb equipped with fused quartz windows was
filled with a 1% C3H3Cl/99% He molar mixture to 101 kPa (1
atm) and irradiated with 193 nm laser light at 1 Hz. We found
that exposure to 100 laser pulses at 30 mJ/pulse was the
minimum irradiation required to produce measurable products.
The volatile products of the irradiated samples were separated
on a gas chromatograph, and the eluents were analyzed with a
mass spectrometer. The eluents included two C6H6 species (1,5-
hexadiyne was confirmed, and 1,2-hexadien-5-yne was tenta-
tively assigned) that are produced by recombination of propargyl
radicals. We present the reaction mechanisms governing their
production elsewhere.1

The gas chromatograph eluted three chlorinated photolysis
products. The first chlorinated C3 product that eluted from the
GC column exhibits a mass spectrum consistent with its
assignment as chloroallene.26 We confirmed the identity of the
other two C3H4Cl2 species by matching their retention times
and mass spectra with those of pure reagent samples. The
dominant C3H4Cl2 species of>95% abundance (referenced to
total C3H4Cl2 yield) was 2,3-dichloro-1-propene and an almost
undetectable second species of abundance<5% was (Z)-1,3-
dichloro-1-propene. (E)-1,3-Dichloro-1-propene, which is the
lesser fraction in commercial samples of 1,3-dichloro-1-propene,
was not detected. When the relative detection efficiencies of
products were ignored, the abundance ratio of the chloroallene
to 2,3-dichloro-1-propene products was 3:1.

The dominance of the 2,3-dichloro-1-propene over 1,3-
dichloro-1-propene among the end products indicates that the
persistent free radicals formed by reaction 4 contain two chlorine
atoms bound to adjacent carbon atoms. The candidates are the
2,3-dichloro-1-propene-1-yl radical (CH2ClCCldCH•), the 1,2-
dichloroallyl radical (CH2-CCl-CHCl), and a mixture com-
posed of both radicals. In subsequent sections we will present
the results of ab initio calculations and interpret the end-product
data as evidence that the 1,2-dichloroallyl radical is the only
persistent free radical formed by reaction 4. We will also show
that the newly added chlorine is located on the end carbon of
the 1,2-dichloroallyl radical. By analogy, we expect other
products of chlorine and bromine atom addition to propargyl
halides to contain the newly added halogen on the end carbon.
In the Discussion, we will complete the rationale for assigning
the products of reactions 4, 5, and 6 to the 1,2-dichloroallyl
radical, the 1- chloro-2-bromoallyl radical, and the 1,2-dibro-
moallyl radical, respectively.

Optical Absorption Cross-Section Measurements.The
absorption cross sections of the C3H3Cl2 and C3H3Br2 radicals
were determined at 240 nm using chemical actinometry. Within
the bandwidth of our laser (∆ν ≈ 0.3 cm-1), the spectra exhibit
no evidence of fine structure. The absence of structure indicates
that these bands are absorption continua and are ideal for
absorption measurements with cavity ring-down spectroscopy.
The extinction coefficient remains essentially constant across
the bandwidth of the laser beam, causing each populated cavity
mode to decay at the same rate.27 The uniformity of these optical
decay rates enables accurate concentration measurements.

We measured the absolute absorption cross section of the
C3H3Cl2 radical at 240 nm by comparing it with the absorption
cross section of the C3H4Cl radical. This method uses the simple
reaction mechanisms initiated by the photolysis of Cl2 with 351
nm light. A mixture of helium, chlorine, and excess propargyl
chloride was flowed through the reactor. The 351 nm laser
photolysis pulse produced chlorine atoms (reaction 3) that
quantitatively generate 1,2-dichloroallyl radicals via reaction 4.
The transient absorption maximum at 240 nm was measured.
Immediately following this measurement, we replaced the
propargyl chloride flow with allene. The photolysis pulse from
a XeF laser produced Cl atoms (reaction 3) that rapidly reacted
with allene:

The transient absorbance of this mixture was measured. Since
the chlorine flow rate and excimer laser energy remained
constant throughout these experiments, the absorption measure-
ments assayed equal amounts of C3H3Cl2 and C3H4Cl radicals.
The ratio of absorbances,A240

C3H3Cl2/A240
C3H4Cl ) 1.64, was multi-

plied by our absorption cross section of the C3H4Cl radical at
240 nm,σ240(C3H4Cl) ) (2.5( 0.5)× 10-17 cm2 molecule-1 28

to yieldσ240(C3H3Cl2) ) (4.2( 1.05)× 10-17 cm2 molecule-1.
The uncertainties of this and all absorption coefficients derived
in this report are specified for two standard deviations (i.e., type
A uncertainty with a coverage factor of 2 (see ref 29)).

The absolute absorption cross sections of the C3H2 carbene
and C3H3Br2 radical at 242 nm were estimated by comparing
them with the absorption cross section of the propargyl (C3H3)
radical. Promptly after the photolysis pulse, the nascent pho-
toproducts are at their maximum concentrations. The prompt
absorption at 242 nm arises only from C3H2. The prompt
absorption at 332.5 nm arises only from propargyl radicals.
Experiments measured these prompt absorptions under the same
conditions and indicate the ratio,A242

C3H2(t)0)/A332.5
C3H3(t)0) ) 0.5.

This ratio yields the absorption cross section of C3H2 using

whereΦk is the quantum yield of the indicated species andσ332.5-
(C3H3) ) (4.13 ( 0.6) × 10-18 molecule-1cm2.1 To compute
this cross section, we have assumed the upper limit of the
branching ratio of reaction 1a to bef1a ) ΦC3H3 ) 0.5, estimated
previously from mass spectrometry data.3 Adoption of ΦC3H3

) ΦC3H2 ) 0.5 yields the valueσ242(C3H2) ) (2.06 ( 0.6) ×
10-18 cm2 molecule-1.

The absorption cross section of the C3H3Br2 radical is
computed from the transient absorption maximum at 242 nm
that is observed nearly 1 ms after the photolysis event. The
maximum transient absorption at 242 nm and the prompt
absorption at 332.5 nm (by C3H3) gave the ratioA242

Max(t)/

Figure 2. Plots of the composite transient absorbance at 242 nm
observed when propargyl bromide was photolyzed with 193 nm light
at 298 K. The increase of the C3H3Br2 radical signal is dominated by
the reaction Br+ C3H3Br, and the signal decay is dominated by C3H3-
Br2 + C3H3Br2. The solid line shows the best fit of the signal decay
derived using the model given in Table 3. The arrow, labeledt0, denotes
the prompt absorption by nascent C3H2.

H2CdCdCH2 + Cl (+M) f C3H4Cl (7)

σ242(C3H2) )
ΦC3H3

ΦC3H2
[A242

C3H2(t)0)

A332.5
C3H3(t)0)]σ332.5(C3H3) (8)
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A332.5
C3H3(t)0) ) 1.50. The cross section was computed using

wherefC3H2(t) describes the fractional loss of C3H2 vs time. The
term fBr(t) describes the fractional conversion of nascent Br
atoms into C3H3Br2 and the subsequent loss of C3H3Br2 vs time.
Since the absorption maximum at 242 nm occurs att ≈ 1 ms
after the photolysis event, secondary reactions diminishfC3H2(t)
and fBr(t) from unity. Recursive computations of the chemical
model and equation 9 converged to giveσ242(C3H3Br2) ) (1.5
( 0.4) × 10-17 cm2 molecule-1. At the absorption maximum
the chemical model (shown in the following) found thatfC3H2-
(t) ≈ 0.01 andfBr(t) ≈ 0.4. The accuracy of this cross section
is largely limited by the accuracy of the presumed branching
ratio for reaction 1.

Rate Coefficients in the Cl2/Propargyl Chloride System.
Table 1 summarizes the kinetic reaction scheme used to fit the
rise and decay of C3H3Cl2 formed by the 351 nm photolysis of
mixtures containing Cl2, propargyl chloride, and N2 buffer.
During these experiments the Cl2 partial pressure was fixed at
52 Pa, the propargyl chloride partial pressure was varied between
5.2 and 52 Pa, and the N2 buffer was adjusted to maintain a
total pressure of 625 Pa (4.7 Torr).

The kinetic model (Table 1) necessary to fit the experimental
data is comprised of only three reactions. In the presence of
the large excess of C3H3Cl in the reaction mixture, side reactions
involving Cl atoms are strongly suppressed by their rapid
addition rate to C3H3Cl. Although we cannot rule out a side
reaction between C3H3Cl2 and Cl2, such a side reaction would
generate a chlorine atom that would react with C3H3Cl (reaction
4), conserving the concentration of C3H3Cl2. This secondary
reaction process would not affect the analysis of these experi-
ments.

In this work the kinetic models used to analyze data do not
contain contributions from wall reactions. Wall reactions are
minimized largely because the beam waist of the CRD cavity
is small compared to the reactor diameter. This simplification
is also justified by the results of a numerical model of radial
diffusion between the CRD axis and the reactor walls. This
diffusion model predicts that wall losses may begin to affect
the CRD signal for times exceeding 20 ms. Thus, we use data
observed prior to this time for derivations of reaction rate
coefficients.

The concentration of C3H3Cl2 was monitored by CRDS at
242 nm. Figure 3a shows the data obtained by a typical
experiment and the fit that extracts one determination of the
addition rate coefficient. The fits of signal traces of 50 and 100
µs duration (100 randomly spaced measurement points) after
the photolysis gave an average addition rate coefficient at 298

K, k(Cl + C3H3Cl) ) (1.2( 0.2)× 10-10 cm3 molecule-1 s-1,
where in this paper all rate coefficients are specified with the
uncertainty of two standard deviations (i.e., the type A
uncertainty with a coverage factor of 2 (see ref 29)). According
to the fits, the typical photolysis event dissociated about 0.46%
of the irradiated Cl2. While keepingk(Cl + C3H3Cl) fixed to
the previously determined average, we derived the self-reaction
rate coefficient at 298 K,k(C3H3Cl2 + C3H3Cl2) ) (3.4( 0.9)
× 10-11 cm3 molecule-1s-1, by fitting signal traces of 4 and
10 ms duration. This uncertainty denotes two standard deviations
and propagates the uncertainty ofσ242(C3H3Cl2). Figure 3b
shows typical data and the fit that extracts a measurement of
the self-reaction rate coefficient. The nearly pure second-order
decay of the absorption signal indicates that C3H3Cl2 does not
react (or reacts very slowly) with propargyl chloride.

Cross-Reaction Rate Coefficient for C3H3 + C3H3Cl2.
Table 2 summarizes the mechanism used to fit the rise and decay
of C3H3Cl2 formed by the 193 nm photolysis of mixtures
containing propargyl chloride and helium buffer. These experi-
ments were conducted with the propargyl chloride partial
pressure set between 6× 10-4 Pa and 0.22 Pa. The helium
buffer was varied to produce a range of total pressures between
505 and 1270 Pa (3.8 and 9.5 Torr). The concentration of C3H3-
Cl2 was monitored by CRDS at 242 nm. According to the fit,
the photolysis event dissociated between 0.2% and 0.6% of the
irradiated propargyl chloride. The photolysis yield variation
reflects the range of 193 nm pulse energies and the changing
attenuation of the photolysis beam by soot, noted earlier. During
each individual kinetic determination the average pulse energy
transmitted through the photolysis zone declined by less than
1%. The rate of this diminishing photolysis energy is too gradual
to effect the derived rate coefficients.

Table 2 shows the kinetic model used to fit the absorption
decay observed at 242 nm that was initiated by the photolysis
of propargyl chloride with 193 nm light. Following the
photolysis event, the chlorine atoms react quantitatively with

TABLE 1: Kinetic Model and Derived Rate Coefficients That Interpret the Signal Traces Produced by 351 nm Photolysis of
Mixtures Containing Cl 2/C3H3Cl in N2 Buffer at 298 Ka

reaction
rate coefficient,b

cm3 molecule-1 s-1 comments

Cl2 + 351 nmf 2Cl
C3H3Cl + Cl (+ M) f C3H3Cl2 (1.2( 0.2)× 10-10 fitted rate of this study
C3H3Cl2 + C3H3Cl2 (+M) f product (3.4( 0.9)× 10-11 fitted rate of this study

a The experiments monitored the C3H3Cl2 (1,2-dichloroallyl) radical concentration at 242 nm.b Uncertainties denote two standard deviations
including the propagated uncertainty of the absorption cross section.

σ242(C3H3Br2) ) 1
fBr(t)([ A242

Max(t)

A332.5
C3H3(t)0)] -

fC3H2
(t)[A242

C3H2(t)0)

A332.5
C3H3(t)0)])σ332.5(C3H3) (9)

Figure 3. Plots of the transient absorbance at 240 nm observed when
a mixture of Cl2 and propargyl chloride was photolyzed with 351 nm
light at 298 K. (a) Increase of the C3H3Cl2 (1,2-dichloroallyl) radical
signal produced by the reaction Cl+ C3H3Cl. The solid line shows the
fit that gives one determination of the pseudo-first-order rate coefficient
k(Cl + C3H3Cl). (b) Pure second-order decay of C3H3Cl2 radical due
to the self-reaction C3H3Cl2 + C3H3Cl2. The solid line shows the fit of
these data, which provides one determination of the second-order rate
coefficientk(C3H3Cl2 + C3H3Cl2). Both traces are plotted on the same
absorbance scale.
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C3H3Cl to form C3H3Cl2. The system rapidly evolves to contain
nearly equal concentrations of C3H3Cl2 and C3H3 radicals.
Further evolution of the resulting system is driven by three key
reactions: (1) self-reaction of C3H3Cl2 radicals, (2) the cross-
reaction between the C3H3Cl2 and C3H3 radicals, and (3) self-
reactions of C3H3 radicals. The kinetic model contains the
reactions Cl+ C3H3Cl and C3H3Cl2 + C3H3Cl2 for which we
determined reaction rate coefficients in the Cl2/C3H3Cl experi-
ments (Table 1), where complications from competing reactions
are minimal. We fixedk(Cl + C3H3Cl) andk(C3H3Cl2 + C3H3-
Cl2) to the values listed in Table 1. The kinetic model does not
contain the reactions Cl+ C3H3Cl2, Cl + Cl, and Cl+ C3H3

because initial results indicate that the chlorine atoms react to
depletion during the first 50( 30 µs after the photolysis event,
thus rendering these reactions unimportant.

Figure 4 shows the relative influence of the cross-reaction
C3H3Cl2 + C3H3 upon the time-resolved absorption traces
measured at 242 nm in the two different chemical reaction
systems. The traces were obtained under nearly the same
reaction conditions (298 K and 660 Pa). At short times, both
traces have nearly the same maximum concentration of C3H3-
Cl2 radicals. Signal trace A, comprised of solid squares, shows
the absorption decay initiated by photolyzing molecular chlorine
at 351 nm in the presence of C3H3Cl. This simple, relatively

clean reaction system (see Table 1) provides a direct measure
of the rate coefficient,k(C3H3Cl2 + C3H3Cl2). Signal trace B,
depicted with crosses, shows the absorption decay that follows
the 193 nm photolysis of propargyl chloride. Like signal trace
A, the decay of trace B reflects the activity of the self-reaction
C3H3Cl2+ C3H3Cl2, but the decay of trace B is further
accelerated by the activity of the cross-reaction with propargyl
radicals, C3H3 + C3H3Cl2 (see Table 2).

To derive thek(C3H3 + C3H3Cl2) rate coefficient from signal
trace B of Figure 4, we require knowledge ofk(C3H3 + C3H3).
Propargyl radicals absorb strongly at 332.5 nm and do not absorb
at 242 nm.1,17,18In a separate study we used procedures similar
to those described here and measured the time-resolved decays
of C3H3 radicals at 332.5 nm following photolysis of allene,
C3H3Cl, and C3H3Br with 193 nm light. Initially, the simplest
second-order analysis of each data set constrainedk(C3H3 +
C3H3) to e(6.6 ( 0.8) × 10-11 cm3 molecule-1 s-1. This
apparentk(C3H3 + C3H3) represented the upper limit, since for
each precursor a cross-reaction with a companion radical, e.g.,
C3H5 (allyl), C3H3Cl2, or C3H3Br2, accelerates the apparent
k(C3H3 + C3H3). Our computational models of the allene
photolysis data (which monitored C3H3 decays) indicate that
k′(C3H3 + C3H3) ) (4.4 ( 1.4) × 10-11 cm3 molecule-1 s-1

(primed rate coefficients do not contain the uncertainty of the
absorption cross section).1 For the kinetic model of the reactions
following C3H3Cl photolysis, the knowledge ofk(C3H3Cl2 +
C3H3Cl2) allowed us to fit directly the C3H3 decay data and to
determinek′(C3H3 + C3H3) ) (4.2 ( 0.9) × 10-11 cm3

molecule-1 s-1.1 By constrainingk′(C3H3 + C3H3) to range
between the rates obtained from the allene and C3H3Cl data at
332.5 nm, we modeled the C3H3Br data observed at 242 nm
and obtained trial values ofk(C3H3Br2 + C3H3Br2) and other
rate coefficients (vida infra). These trial rate coefficients were
adopted and used to fit the C3H3Br photolysis data observed at
332.5 nm (C3H3 decays) to obtain ak′(C3H3 + C3H3). The
weighted average of the threek′(C3H3 + C3H3) gave a new
k(C3H3 + C3H3). This recursive cycle of fitting the C3H3Br data
(at 242 and 332.5 nm) was repeated once, and all rate
coefficients converged (Table 3). These determinations yielded
the final rate coefficient,k(C3H3 + C3H3) ) (4.3( 0.6)× 10-11

cm3 molecule-1 s-1 at 298 K, where the stated uncertainty is
two standard deviations and includes the uncertainty of the
absorption cross section.1

By using the final (converged) rate coefficient,k(C3H3 +
C3H3), we refit the 242 nm decay data observed from the
photolysis of C3H3Cl by adjusting only the cross-reaction rate
coefficient. This procedure yieldedk(C3H3 + C3H3Cl2) ) (7 (
6) × 10-11 cm3 molecule-1 s-1. The parallel study, which fitted
the propagyl radical decay data at 332.5 nm, indicated a second,

TABLE 2: Kinetic Model and Derived Rate Coefficients Used to Interpret the Signal Traces Produced by 193 nm Photolysis of
C3H3Cl in Helium Buffer at 298 K a

reaction
rate coefficient,b

cm3 molecule-1 s-1 comments

C3H3Cl + 193 nmf C3H3 + Cl f1a ) 0.93 branching ratio adopted from ref 2
C3H3Cl + 193 nmf C3H2 + HCl f1b ) 0.07 branching ratio adopted from ref 2
C3H3Cl + Cl (+M) f C3H3Cl2 1.2× 10-10 unadjusted rate adopted from Table 1
C3H3Cl2 + C3H3Cl2 (+M) f products 3.4× 10-11 unadjusted rate adopted from Table 1
C3H3 + C3H3 (+M) f C6H6 4.3× 10-11 unadjusted rate from ref 1
C3H3 + C3H3Cl2 f products (7( 6) × 10-11 fitted rate of this study
Cl + C3H3Cl2 (+M) f C3H3Cl3 1.5× 10-10 unadjusted value adopted for preliminary fits and

deleted from final fit (see text)
C3H3 + Cl (+M) f C3H3Cl 1.5× 10-10 unadjusted value adopted for preliminary fits and

deleted from final fit (see text)

a The experiments monitored the C3H3Cl2 (1,2-dichloroallyl) radical concentration at 242 nm.b Uncertainties denote two standard deviations
including the propagated uncertainty of the absorption cross section.

Figure 4. Time-resolved plot of absorption by C3H3Cl2 (1,2-dichlo-
roallyl radical) at 242 nm following (a) the photolysis of a mixture of
Cl2 and propargyl chloride with 351 nm light (trace A; solid squares)
and (b) the photolysis of propargyl chloride with 193 nm light (crosses).
Both reactions were run in helium buffer at approximately 660 Pa (5
Torr) total pressure. The decay of trace A reflects the rate coefficient
k(C3H3Cl2 + C3H3Cl2). The decay of trace B reflects the rate coefficients
k(C3H3Cl2 + C3H3Cl2) andk(C3H3 + C3H3Cl2). See text.
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separate determination,k(C3H3 + C3H3Cl2) ) (7 ( 4) × 10-11

cm3 molecule-1 s-1, that is in agreement with the first.1 The
relative imprecision of both determinations ofk(C3H3 + C3H3-
Cl2) arises from the similar magnitudes ofk(C3H3 + C3H3),
k(C3H3 + C3H3Cl2), andk(C3H3Cl2 + C3H3Cl2) and because
the initial populations of C3H3 and C3H3Cl2 radicals are nearly
equal.

While conducting the numeric modeling of the decay data
observed at 242 nm, we found that the derived rate coefficients,
their uncertainties, and the fidelity of the calculated decays to
the data were fairly sensitive to the chosen value ofk(C3H3 +
C3H3). Morter et al.2 have reported ak(C3H3 + C3H3) at 298 K
that is about 2.5 times faster than our chosen rate coefficient
(Table 2). When we attempted to use this elevatedk(C3H3 +
C3H3), we found that our model could not reproduce the 242
nm signal traces of the C3H3Cl data set.

Rate Coefficients in the Propargyl Bromide System.Table
3 summarizes the kinetic model used to fit the rise and decay
of C3H3Br2 formed by the 193 nm photolysis of mixtures
containing propargyl bromide and N2 buffer. During each
experiment the transient absorbance was monitored at 242 nm.
The propargyl bromide partial pressure was set between 2 and
6 Pa, and N2 buffer was added to stabilize the total pressure at
605 Pa (4.6 Torr). According to fits of the kinetic model, the
typical photolysis event dissociated about 3% of the irradiated
propargyl bromide.

Rate coefficients fork(Br + C3H3Br), k(C3H3Br2 + C3H3-
Br2), andk(C3H3 + C3H3Br2) were extracted by fitting experi-
ments that generated 100 point signal traces of 1, 2, 10, and 20
ms duration. Table 3 lists the average rate coefficients and their
uncertainties. As mentioned above, the kinetic model used
during these determinations also incorporated the reaction rate
coefficientsk(C3H3 + C3H3) and k(Br + C3H3), which are
reported elsewhere.1 Absorption due to the C3H2 carbene
diminishes rapidly and is unimportant byt ≈ 400 µs. To
simulate the decay of C3H2, we added a set of cross-reactions
between C3H2 carbene and other species (Table 3). Since C3H3-
Br is in large excess, the rate coefficientk(C3H2 + C3H3Br)
governs the apparent C3H2 loss rate. Modeling showed that our
choices of cross-rate coefficients contribute some uncertainty
to the fit ofk(Br + C3H3Br) but have negligible influence upon
k(C3H3Br2 + C3H3Br2) and k(C3H3 + C3H3Br2), which are
determined by data observed at longer reaction times.

Figure 2 shows a plot of the absorbance data measured at
242 nm and the fit that extracts one individual rate fork(C3H3-
Br2 + C3H3Br2) by fitting the signal decay. Fits of data obtained

at early times (t < 2 ms) found the radical production ratek(Br
+ C3H3Br). During the fitting process we found that the cross-
reaction rate coefficientk(C3H3 + C3H3Br2) was determined
principally by data observed at times greater than 10 ms after
the photolysis pulse.

Computational Results Leading to the Reaction Energy
Surface of Cl + Propargyl Chloride. To interpret the
experimental data, we need to understand the reaction energy
surface that governs halogen atom addition to propargyl halides.
The construction of this energy surface for reaction 4 requires
knowledge of the enthalpy of formation,∆fH°0, for each reactant,
incipient radical, transition-state structure, secondary radical
generated by isomerization, and stable product. In all, the energy
surface for reaction 4 requires consideration of about 14 species
of which most have no known thermochemistry. To estimate
the unknown ∆fH°0’s, we performed a series of ab initio
calculations on the incipient radicals and reaction products
formed by adding a chlorine atom to propargyl chloride. The
initial results stimulated a broader study of the isomerization
energy barriers within several C3 radicals, which is reported
elsewhere.30 Initially, we performed UHF//6-31G* calculations
to find the stable structures of the adducts. To find the minimum
energy conformer of each radical isomer, we mapped the energy
of its internal rotations by computing a UHF//6-31G* optimized
structure every 15° along each internal rotation coordinate. These
minimum energy conformer structures were further refined with
a series of G2 calculations as implemented by the Gaussian 94
program. These results yielded the G2 energy of each structure,
HG2, which were used to derive∆fH°T for species of previously
unknown thermochemistry.

Table 4 lists enthalpies of formation,∆fH°T of the reactants,
products, and the radical intermediates associated with the
reaction of chlorine with propargyl chloride (reaction 4). To
maintain consistent energy relationships, thermochemical en-
thalpies involved in reaction 4 were computed using the
experimentally known∆fH°T(propyne), when possible. Key
among these is∆fH°T(allene), which we derived by combining
∆fH°T(propyne) with the experimentally determined heat of
isomerization.31,32

The listed∆fH°T(calc)’s were computed using the results of
G2 calculations and thus were computed assuming that each
species contains only harmonic oscillators and rigid rotors. To
compensate for inaccuracies originating from spin contamination

TABLE 3: Kinetic Model and Derived Rate Coefficients That Interpret the Signal Traces Produced by 193 nm Photolysis of
C3H3Br in N 2 Buffer at 298 Ka

reaction
rate coefficient,b

cm3 molecule-1 s-1 comments

C3H3Br + 193 nmf C3H3 + Br f1a ) 0.5 branching ratio adopted from ref 3
C3H3Br + 193 nmf C3H2 + HBr f1b ) 0.5 branching ratio adopted from ref 3
C3H3Br + Br f C3H3Br2 (2 ( 1) × 10-12 fitted value of this study
C3H3 + Br f C3H3Br 6.5× 10-11 unadjusted rate from ref 1
C3H3 + C3H3 f C6H6 4.3× 10-11 unadjusted rate from ref 1
C3H3Br2 + Br f products (8( 4) × 10-11 fitted value of this study
C3H3Br2 + C3H3Br2 f products (1.7( 1.1)× 10-11 fitted value of this study
C3H3 + C3H3 Br2 (+M) f products (2( 1.8)× 10-11 fitted value of this study
C3H2 + C3H3Br2 f products 4× 10-11 unadjusted value (see text)
C3H2 + Br f C3H2Br 4 × 10-11 unadjusted value (see text)
C3H3 + C3H2 f products 5× 10-11 unadjusted value (see text)
C3H2 + C3H2 f products 5× 10-11 unadjusted value (see text)
C3H2 + C3H3Br f products 5× 10-12 unadjusted value (see text)

a The experiments monitored the C3H3Br2 (tentatively assigned as 1,2-dibromoallyl) radical concentration at 242 nm.b Uncertainties denote two
standard deviations including the propagated uncertainty of the absorption cross section.
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(which for all radicals did not exceedS2 ) 0.762, as compared
to the idealS2 ) 0.75, after projection of the highest spin
contaminant) and correlation errors, we calculated∆fH°0(calc)
by combining the G2 energies,H0

G2, and experimentally known
heats of formation (Table 4) in reaction schemes. These standard
methods for estimating∆fH°T are discussed elsewhere in greater
detail.33,34

We computed∆fH°0(calc) for the 2,3-dichloro-1-propene-1-
yl and 1,3-dichloro-1-propene-2-yl radicals using isogyric
reaction schemes based on reaction 4. We computed∆fH°0(C3H3-
Cl) for chloroallene, propargyl chloride, and 2,3-dichloropropene
by averaging the values obtained for isodesmic reactions
involving stable species of known thermochemistry, e.g.,

In a similar fashion we computed∆fH°0 for the 1,3-dichloroallyl
and 1,2-dichloroallyl radicals with isodesmic reactions involving
the allyl radical, e.g.,

Our computations used∆fH°0(expt,allyl radical) and∆fH°0(expt,-

propargyl radical), which we calculated using values of∆fH°298.15-
(expt) recommended in the recent review by Tsang.35

In the Discussion we also account for the optical spectrum
by assigning the upper state as a Rydberg state of the
1,2-dichloroallyl radical. Arguments supporting this assignment
are strengthened by knowledge of the ionization energies of
the allyl and 1,2-dichloroallyl radicals. Table 2 lists the G2
energies of the allyl cation and 1,2-dichloroallyl cation ground-
state structures. The G2 energies predict that the first adiabatic
ionization energy from the X˜ 2A2 state of allyl radical is
IEa

G2(C3H5) ) 8.09 eV. For comparison, photoelectron experi-
ments obtained IEa(C3H5) ) 8.13 ( 0.02 eV.36 For the 1,2-
dichloroallyl radical the G2 energies predict IEa

G2(C3H3Cl2) )
8.17 eV. Using the correction implied by the allyl radical results,
we predict IEa(C3H3Cl2) ) 8.21( 0.02 eV. Table 2 lists∆fH°0
computed using the estimated IEa of the 1,2-dichloroallyl radical.

Discussion

Reactive Pathways Available to Cl+ Propargyl Chloride.
Figure 5 diagrams the relative energies of the reactants and
energetically accessible products via the addition reaction of
Cl and propargyl chloride. Figure 5 also shows the structure of
each transient species. This diagram was constructed using the
experimentally and computationally derived values of∆fH°0
listed in Table 4. The energy of each product channel (at 0 K),
relative to the reactants, is shown in parentheses. Figure 5 shows
only the energies and structures of the most stable radical
isomers. We cannot rule out the existence of mechanistic details
that will lead to the production of the less stable geometric

TABLE 4: Experimental Data and G2 Computational Results Used To Estimate the Relative Energies of the Species Involved
in Reactions 4 and 16

species
H0

G2,
hartreea

H298.15
G2 ,

hartreea
∆fH°0(calc),
kJ mol-1

∆fH°298.15(calc),
kJ mol-1

∆fH°0(expt),
kJ mol-1

∆fH°298.15(expt),
kJ mol-1

(E)-1,2-dichloroallyl cation (Cs) -1 035.011 566 -1 035.005 102 (909( 4)b

(E)-1,2-dichloroallyl radical (Cs) -1 035.311 626 -1 035.304 856 117( 3 110( 3
(Z)-1,2-dichloroallyl radical (Cs) -1 035.310 127 -1 035.303 369 121( 3 114( 3
(E,E)-1,3-dichloroallyl

radical (C2V)
-1 035.308 817 -1 035.302 087 125( 3 117( 3

(E,Z)-1,3-dichloroallyl
radical (Cs)

-1 035.313 514 -1 035.306 715 112( 3 105( 3

(Z,Z)-1,3-dichloroallyl
radical (C2V)

-1 035.312 045 -1 035.305 078 116( 3 109( 3

(E)-1,3-dichloro-1-propene-2-yl
radical (Cs)

-1 035.269 721 -1 035.262 723 227.8( 1.7 221.1( 1.7

(Z)-1,3-dichloro-1-propene-2-yl
radical (Cs)

-1 035.269 477 -1 035.262 610 228.4( 1.7 221.4( 1.7

2,3-dichloro-1-propene-1-yl
radical

-1 035.268 913 -1 035.262 164 229.9( 1.7 222.6( 1.7

allyl cation (C2V) -116.708 706 -116.703 913 [966( 4]c

allyl radical (C2V) -117.005 896 -117.000 936 (182( 3)d (171( 3)e

chloropropargyl radical (Cs) -574.923 386 -574.917 499 316( 5 315( 4
propargyl radical (C2V) -115.773 299 -115.768 062 (341( 4)d (339( 4)e

2,3-dichloro-1-propene -1 035.948 916 -1035.942 257 -36.9( 1.5 -25.1( 1.5
allene (D2d) -116.417 840 -116.413 085 (195.9( 2.3)d (188.3( 2.3)f

chloroallene (Cs) -575.564 903 -575.559 454 178.6( 2.8 181.6( 2.8
ethylene -78.415 925 (192.5( 0.9) g (184.5( 0.9)g

methane -40.410 885 (-66.63( 0.3)h

methyl chloride (C3V) -499.553 828 (-73.94( 0.6)h

propargyl chloride (Cs) -575.562 373 -575.556 910 185.3( 1.7 188.4( 1.7 (60.92( 0.5)h

propene -117.645 074 (35.0( 0.5)i (20.0( 0.5)j

vinyl chloride -537.568 284 (30.57( 2.1)h

Cl -459.677 966k -459.675 605k (119.621( 0.006)l (121.301( 0.008)l

a 1 hartree) 2625.43 kJ mol-1. b Based on IEa(C3H3Cl2) ) 8.17( 0.02 eV derived fromH0
G2’s and adjusted by IEa(C3H5). See text.c Derived

using∆fH°298.15(expt,allyl) and IEa(C3H5) ) 8.13( 0.02 eV from ref 36.d Computed using the∆fH°298.15(expt), the heat function derived fromH0
G2

- H298.15
G2 , and standard states of ref 50.e From ref 35.f Computed using∆fH°298.15(expt,propyne) and the enthalpy of isomerization that is reported

in ref 31 and reanalyzed in ref 32.g From ref 51.h From ref 52.i Computed using∆fH°298.15(expt,propyne) from ref 53 and the heat correction from
ref 54. j From ref 53.k A correction ofE ) -0.001 338 2 hartree is added to account for the spin-orbit energy.l From ref 50.

H2CdCHCl + C3H4 f H2CdCH2 + C3H3Cl (10)

CH3Cl + C3H4 f CH4 + C3H3Cl (11)

2CH2dCHCl + CH2-CH-CH2 f 2CH2 dCH2 +
CHCl-CCl-CH2 (12)

2CH3Cl + CH2-CH-CH2 f 2CH4 + CHCl-CCl-CH2

(13)
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isomers. Nevertheless, Figure 5 shows a good thermochemical
description of the reaction surface, since our calculations found
that the∆fH°0(calc)’s among analogous isomers differ by 1-13
kJ mol-1.

Figure 5 also diagrams the isomerization barriers associated
with a shift of a hydrogen or a chlorine atom among the carbons.
Each isomerization energy barrier was computed from the
average of the energy differences between each relevant,
optimized, stationary transition-state structure and the initial and
final radical structures. These energies were computed with a
QCISD(T)/6-311+G**//QCISD/6-31+G** procedure, and the
calculations include the appropriate zero-point vibrational energy
contributions. A full description of the computational research
that determined these transition structures is reported else-
where.30

The ab initio calculations predict that the energy barriers
impeding chlorine atom addition at the center and acetylenic
carbons on propargyl chloride are negligibly small.30 Addition
onto the center carbon forms the vinylic structure, 2,3-dichloro-
1-propene-1-yl radical. Addition onto the end carbon of the
acetylene group forms the vinylic structure, 1,3-dichloro-1-
propene-2-yl radical. Of course, both incipient vinyl radicals
may undergo reverse reaction and re-form the initial products.
Thus, we restate reaction 4 with the equations

One unimolecular process is available to the 2,3-dichloro-1-
propene-1-yl radicals formed through reaction 4a. When a
chlorine atom is transferred from the center carbon to the end-
carbon radical site, the 2,3-dichloro-1-propene-1-yl radical may
isomerize into a 1,3-dichloro-1-propene-2-yl radical, e.g.,

The barriers separating the 2,3-dichloro-1-propene-1-yl and 1,3-
dichloro-1-propene-2-yl radical isomers are low (∼45 kJ mol-1),
and both vinylic C3H3Cl2 radicals are of nearly equal energy
(Table 4 and Figure 5). Thus, the forward and reverse processes
of reaction 14 should have comparable rates. Under certain

conditions an equilibrium may exist between these isomers. We
might expect both incipient vinyl radicals to isomerize into more
stable allyl radicals; however, such isomerizations cannot occur
through transfer of a hydrogen from the chloromethyl group to
a radical site. Such isomerization processes are inhibited by large
(>145 kJ mol-1) energy barriers (Figure 5).30

In addition to reaction-14, two other unimolecular processes
deplete the 1,3-dichloro-1-propene-2-yl radical population: (a)
the chloromethyl group may transfer its chlorine to the center
carbon, forming the 1,2-dichloroallyl radical, and (b) the
chloromethyl group may undergo C-Cl bond scission, produc-
ing a chloroallene and a chlorine atom, e.g.,

Reaction 15a forms 1,2-dichloroallyl radicals. By using
canonical transition-state theory formalism37-40 and computer
code developed at NIST,41 we estimated the unimolecular rate
parameters for reactions 15a and-15a at the high-pressure limit.
The calculations predict forward and reverse Arrhenius factors
(A15a ≈ 3.4 × 1012 s-1 and A-15a ≈ 3.7 × 1013 s-1) and
activation energies (Ea

15a ) 64.4 kJ mol-1 andEa
-15a ) 164.1

kJ mol-1). (Here, we ignore the temperature variances of the
predicted unimolecular rate parameters because an explicit
accounting would not affect conclusions regarding the reaction
mechanism.) The large difference between the forward and
reverse activation energies renders the isomerization of 1,3-
dichloro-1-propene-2-yl radicals into 1,2-dichloroallyl radicals
as effectively irreversible. The 1,2-dichloroallyl radicals, formed
by reaction 15a, will persist until depleted through bimolecular
reactions.

Reaction 15b produces chloroallene and regenerates a chlorine
atom. The Arrhenius parameters for both C-Clâ and C-Clγ

bond scissions are expected to be large (A ≈ 1014 s-1) and nearly
equal. In the 1,3-dichloro-1-propene-2-yl radical the activation
energy barrier impeding elimination of Clγ (reaction 15b) is∼7
kJ mol-1 lower than the activation energy barrier for elimination
of Clâ (reaction -4b). Thus, reaction 15b is an important
depletion channel for the 1,3-dichloro-1-propene-2-yl radical

Figure 5. Energy diagram of the reactants, radical intermediates, and products that are energetically accessible during the reaction of Cl+ propargyl
chloride. The values listed in parentheses are the energies (in kJ mol-1) of the products with reference to the reactants (Clâ + CH2ClγCtCH) at 0
K. Dashed lines indicate the isomerization paths involving shifts of a hydrogen or a chlorine atom between the carbons. The energy of each
isomerization barrier, relative to the energy of the reactants, is listed in kJ mol-1. See text and Table 5.

CH2Clγ-ĊdCHClâ a CH2-CClγ-CHClâ (15a)

f CH2dCdCHClâ + Clγ (15b)

CH2Clγ-CtCH + Clâ a CH2Clγ-CClâdĊH (4a)

a CH2Clγ-ĊdCHClâ (4b)

CH2Clγ-CClâdĊH a CH2Clγ-ĊdCHClâ (14)
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population, but since this reaction produces a chlorine atom,
its effects on the observed kinetics of 1,2-dichloroallyl are
masked.

Spectrum of the 1,2-Dichloroallyl Radical.The end-product
data and ab initio results indicate that the 1,2-dichloroallyl
radical is the only radical remaining after the unimolecular
processes (reactions 14 and 15) have been completed. Thus,
we assign the optical spectrum and kinetic data as properties
of the 1,2-dichloroallyl radical. This assignment is also consis-
tent with the spectroscopic data known for the allyl radial.
Between 408 and 241 nm the allyl (X˜ 2A2) radical exhibits
spectra from four upper electronic states.42-47 Of these, the state
of the 1,2-dichloroallyl radical that corresponds to the C˜ [22B1

(3p)] r X̃2A2 transition of the allyl radical seems the most likely
to account for the absorption strength of 1,2-dichloroallyl radical.

In the allyl radical the C˜ [22B1 (3p)] r X̃2A2 transition absorbs
strongly between 210 and 230 nm.43,48 Its origin band corre-
sponds to the absorption maximum and appears at 248 nm.
Because this upper state has strong Rydberg character,49 chlorine
substitution may not change its structure substantially in the
1,2-chloroallyl radical. Therefore, we may estimate the energy
of the corresponding origin band in the 1,2-dichloroallyl radical
by shifting the origin band in the allyl radical spectrum (ν00 )
40 305 cm-1) by adding in the difference between the ionization
energies of allyl and 1,2-chloroallyl radicals (IEa(C3H3Cl2) -
IEa(C3H5) ) 0.08 eV (Table 4)). As an approximation, we ignore
the small shift in the quantum defect induced by chlorine
substitution. This procedure predicts that the C˜ (3p) r X̃ origin
band of 1,2-dichloroallyl radical should appear around∼244
nm (ν00 ≈ 40 950 cm-1). Since the absorption maximum of
the present spectrum appears at 240 nm (Figure 1), we conclude
that the observed spectrum is consistent with the assignment of
the spectral carrier as the 1,2-dichloroallyl radical.

Interpretation of the Experimental Measurements.With
reference to the energy diagram (Figure 5), we can rationalize
the relative abundances of the photolysis products and the
temporal growth of the CRD absorbance signal. Referenced to
the C3 product yield, the GC-MS analysis found chloroallene
(75%), 2,3-dichloro-1-propene (24%), and 1,3-dichloro-1-pro-
pene (<1%). Chloroallene may arise only though reaction 15b.
The 2,3-dichloro-1-propene may evidence (a) the production
of 1,2-dichloroallyl radicals by reaction 15a, (b) the production
of 2,3-dichloro-1-propene-1-yl radicals by reaction 4a, or (c)
the sum of both reactions. The 1,3-dichloro-1-propene may arise
only from the residual 1,3-dichloro-1-propene-2-yl radicals, and
its sparse abundance indicates that very little 1,3-dichloro-1-
propene-2-yl radical persists at long reaction times.

To explain these data, we postulate that the incipient ensemble
of C3H3Cl2 radicals formed by reaction 4 is not at thermal
equilibrium. This postulate is reasonable because each incipient
C3H3Cl2 radical formed containsg75 kJ mol-1 internal energy.
Because this internal energy is∼30 kJ mol-1 greater than the
isomerization barrier separating 2,3-dichloro-1-propene-1-yl and
1,3-dichloro-1-propene-2-yl radicals, reaction 14 rapidly estab-
lishes an equilibrium between these isomers. Furthermore, both
barriers of reaction 15 lie at least 7 kJ mol-1 below the energy
of the C3H3Cl2 ensemble. As reaction 15 rapidly proceeds,
forming Cl, chloroallene, and 1,2-dichloroallyl radicals, reaction
14 maintains an equilibrium between the vinylic isomers until
the entire ensemble of 2,3-dichloro-1-propene-1-yl and 1,3-
dichloro-1-propene-2-yl radicals is depleted. Since the Arrhenius
factors of reactions 14 and 15 are greater than 1012 s-1, the
unimolecular decomposition of C3H3Cl2 is complete on a time
scale that is short compared to collisional relaxation. The 1,2-

dicloroallyl radical population relaxes to the ambient temperature
and persists until it is depleted by bimolecular reactions.

Reverse reaction-15a may account for the trace of 1,3-
dichloro-1-propene observed in the end products. Since reaction
14 maintains equilibrium between the vinylic isomers, we expect
a similar trace amount of 2,3-dichloro-1-propene-1-yl radical
to persist at long reaction times and contribute to the fraction
of 2,3-dichloro-1-propene observed in the end products. How-
ever, this trace can account for only a small fraction of the total
2,3-dichloro-1-propene detected.

In this view, 1,2-dichloroallyl radicals produce the transient
CRDS absorption signal observed during this study at 240 nm.
To our CRDS apparatus, which can only detect processes that
change on time scales greater than∼2 µs, unimolecular reactions
14 and 15 are undetectable. However, CRDS does measure the
concentration of 1,2-dichloroallyl radical, and the absorption
increase (Figure 2a) provides a direct determiniation ofk(Cl +
C3H3Cl). Since both vinylic isomer populations evolve together
in equilibrium, the observed rate coefficientk(Cl + C3H3Cl) is
equivalent to the rate coefficient of reaction 4.

The rate coefficientsk(C3H3Cl2 + C3H3Cl2) andk(C3H3Cl2
+ C3H3) are fundamental rate coefficients of 1,2-dichloroallyl
radicals. Reaction 15b produces Cl atoms that react rapidly in
the excess of propargyl chloride. The sequence of reactions 4
and 15b forms a null cycle (with respect to the Cl atom budget)
that channels the initial concentration of photolytic chlorine
atoms into a nearly equal concentration of 1,2-dichloroallyl
radicals. This sequence maintains the accuracy of the determina-
tions ofσ240(C3H3Cl2), which is essential for accurate determi-
nations ofk(C3H3Cl2 + C3H3Cl2).

The GC-MS analysis of the photolysis products of propargyl
chloride contained 2,3-dichloro-1-propene. Conceivably, 2,3-
dichloro-1-propene is produced by a reaction of 1,2-dichloroallyl
radicals with propargyl chloride:

Results of ab initio calculations estimate that reaction 16 is
exothermic by∆rH°298.15) -(70 ( 6) kJ mol-1. Since we see
no evidence of pseudo-first-order behavior with respect to
propargyl chloride concentration, reaction 16, if active, must
be very slow and hidden in the measurement uncertainty of
k(C3H3Cl2 + C3H3Cl2).

If we presume that reaction 16 is active, the relative
abundance of the chloroallene and 2,3-dichloro-1-propene
among the end products gives an approximate measure of the
branching ratio of reaction 15. Their 3:1 abundance ratio implies
the branching ratio coefficientsf15a≈ 0.25 andf15b≈ 0.75. These
coefficients are valid if all products of reaction 15 were available
for GC-MS analysis. Since chloroallene is a stable molecule,
its GC-MS signal probably accounts for reaction 15b properly.
In contrast, 1,2-dichloroallyl radicals may recombine and engage
in a cross-reaction with propargyl radicals. Since these reactions
may not produce 2,3-dichloro-1-propene, the GC-MS signal
from 2,3-dichloro-1-propene probably provides an upper limit
of the product fraction formed by reaction 15a andf15a g 0.25.

In an earlier study we assigned the 2,3-dichloro-1-propene-
1-yl radical as the carrier of the 240 nm CRDS signal.1 This
reassignment does not alter the rate coefficients derived during
that study because the specific identity of the C3H3Cl2 isomer
does not affect the kinetic equations used for the data analyses.

Reactive Pathways of X (X ) Cl, Br) + Propargyl
Bromide. For Br + propargyl bromide (reaction 6) the

CH2-CCl-CHCl + CH2Cl-CtCH f •CHCl-CtCH +
CH2Cl-CCldCH2 (16)
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substitution of chlorine by bromine will change the relative
energies and production rates of the products; however, the
overall reaction scheme should resemble the one found for Cl
+ C3H3Cl. The incipient radicals should rapidly isomerize,
forming an equilibrium, and feed the channels leading to the
final products, e.g.,

Because the relative energies of propargyl bromide and bro-
moallene are unknown, we are not certain that the1,3-dibromo-
1-propene-2-yl radical can undergo an exothermic reaction
forming bromoallene and Br. However, the strong absorption
signal indicates that the incipient radicals isomerize rapidly,
forming 1,2-dibromoallyl radicals. Thus, the rate coefficients
measured for C3H3Br2 are fundamental rate coefficients of the
1,2-dibromoallyl radical.

Kinetic schemes involving Cl+ propargyl bromide should
involve the reaction sequence

Thus, we assign the spectral carrier of Cl+ propargyl bromide
to the 1-chloro-2-bromoallyl radical formed by reaction 18a.
Subsequent reactions by the bromine atom product of reaction
18b will generate 2,3-dibromoallyl radicals through reaction 6.
The spectrum presented in Figure 1d has little contamination
from this cycle because it contains signal observed at early times
before the relatively slow bromine addition can generate
appreciable concentrations of C3H3Br2.

Conclusion
Chlorine adds rapidly to propargyl chloride at the center and

terminal unsaturated carbon atoms, forming vinylic C3H3Cl2
radicals. These radicals contain sufficient internal energy to
establish equilibrium between their isomers. The 1,3-dichloro-
1-propene-2-yl radical isomer rapidly transforms through two
unimolecular processes: (1) isomerization forming 1,2-dichlo-
roallyl radicals and (2) decomposition forming chloroallene and
a chlorine atom. The persistent radical product, 1,2-dicloroallyl
radical, exhibits an absorption spectrum that has an onset at
252 nm and extends to wavelengths shorter than 238 nm. By
using cavity ring-down spectroscopy, we have measured the
absorption cross section of the 1,2-dichloroallyl radical and
determined the rate coefficients for its formation from Cl+
propargyl chloride, its recombination reaction, and its reaction
with the propargyl radical. Preliminary studies of the analogous
reactions of chlorine and bromine with propargyl bromide give
evidence that their reaction schemes are similar to those of Cl
+ propargyl chloride. The spectral carriers of these experiments
are interpreted to arise from 1-chloro-2-bromoallyl and 1,2-
dibromoallyl radicals, respectively.
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