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The kinetics of the reaction of hydroxyl radical with 1,3-butadiene at 240-340 K and a total pressure of∼1
Torr has been studied using relative rate combined with the discharge flow and mass spectrometer technique.
The reaction dynamics of the same reaction has also been investigated using ab initio molecular orbital theory.
The rate constant for this reaction was found to be negatively dependent on temperature, with an Arrhenius
expression ofk1 ) (1.58( 0.07)× 10-11 exp[(436( 13)/T] cm3 molecule-1 s-1 (uncertainties taken as 2σ),
which was in good agreement with that reported by Atkinson et al.21 and Liu et al.22 at 299-424 K. Mass
spectral evidences were found for the addition of OH to both the terminal and the internal carbons of 1,3-
butadiene. Our computational results suggest that both addition of OH to 1,3-butadiene and the abstraction
of hydrogen atom from 1,3-butadiene by the OH radical are exothermic processes and that the addition of
OH to the terminal carbon of the 1,3-butadiene is predicted to have an activation energy of 0.7 kcal mol-1,
being the most energetically favored reaction pathway.

1. Introduction

1,3-Butadiene is currently ranked 36th in the top 50 most
produced chemicals in the United States. It has been widely
used in the chemical industry as a major component of man-
made rubber, resins, and plastics.1 This compound has been
emitted into the atmosphere from a number of sources including
tobacco smoke, automobile exhaust, and gasoline,2-4 and
concentration of 1,3-butadiene at parts per billion levels has
been found in ambient urban air.5-9 1,3-Butadiene is considered
as a significant toxic pollutant. It has been included in the list
of 189 chemicals that are specified as hazardous air pollutants
under the 1990 U.S. Clean Air Act Amendments. It is also on
California’s list of toxic air contaminants.1,10 Its carcinogenic
and mutagenic properties in humans have been recognized, and
photochemical conversion of 1,3-butadiene to genotoxic prod-
ucts in the presence of nitrogen oxides has also been
acknowledged.11-14 A quantitative assessment for lifetime cancer
risk made by the U.S. EPA has shown that the unit risk factor
for 1,3-butadiene is more than 30 times that of benzene.15

It is necessary to understand the atmospheric transformations
of 1,3-butadiene in order to integrate its transformations into
air quality models for toxic species and to improve regulatory
quantitative risk decision-making analysis. 1,3-Butadiene is
removed from the atmosphere mainly by reacting with radical
species such as OH, NO3, and Cl atoms.9,16 The reaction of
1,3-butadiene with O3 may also be a tropospheric sink for this
molecule.9,16 It is expected that the hydroxyl radical is a primary
reactive species responsible for the daytime removal of 1,3-
butadiene from the atmosphere because of its high reactivity
toward a variety of volatile organic compounds (VOCs)
including alkenes17-23

Atkinson et al.21 measured the absolute rate constant for reaction
1 at 100 Torr in Ar over a temperature range of 299-424 K
using a flash photolysis-resonance fluorescence technique. They
reported a rate constant of (6.85( 0.69) × 10-11 cm3

molecule-1 s-1 for reaction 1 at room temperature and an
Arrhenius expression ofk1 ) 1.45× 10-11 exp[(930( 300)/
RT] cm3 molecule-1 s-1. Liu et al.22 also measured the absolute
rate constant for reaction 1 at 1 atm in Ar at 305-1173 K using
resonance fluorescence technique. They reported an Arrhenius
expression to bek1 ) (1.4 ( 0.1) × 10-11 exp[(440( 40)/T]
cm3 molecule-1 s-1 at temperatures below 600 K. Above 600
K, the rate constant for the reaction 1 was reported to decrease
markedly with increasing temperature.22 To our knowledge there
is no kinetic data available for the reaction 1 at tropospheric
temperatures ofT < 298 K, and the atmospheric lifetime of
this compound was previously suggested to be a few hours based
on the available kinetic data atT g 298 K.23 Since most OH
radical involved reactions take place in the atmosphere at
temperatures lower than 298 K, it is necessary to acquire kinetic
information on reaction 1 at temperatures representative of
troposphere to accurately model atmospheric chemistry. Mecha-
nistically the reaction of OH with 1,3-butadiene has several
possible reaction pathways
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CH2dCHsCHdCH2 + OH f products (1)

CH2dCHsCHdCH2 + OH

f C(OH)H2s•CHsCHdCH2 T

C(OH)H2sCHdCHs•CH2 (P1) (1.1)

f •CH2-C(OH)HsCHdCH2 (P2) (1.2)

f CH•dCHsCHdCH2 + H2O (P3) (1.3)

f CH2dC•sCHdCH2 + H2O (P4) (1.4)
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Very little information is available in the literature regarding
the products of reaction 1. In this paper, we will report our
kinetics and products study of reaction 1 at 240-340 K using
the relative rate/discharge flow/mass spectrometer (RR/DF/MS)
technique recently developed in our laboratory.24 We will also
report our ab initio study on the reaction dynamics of reaction
1 and compare the theoretical results with the experimental
observation. We will then comment on the atmospheric lifetime
and atmospheric degradation of 1,3-butadiene in the atmosphere
on the basis of results in the present investigation.

2. Experimental Section

The experimental apparatus used in the RR/DF/MS study of
1,3-butadiene reaction with OH radicals is shown in Figure 1,
in which Figure 1a shows the arrangement for kinetics inves-

tigation and Figure 1b shows the arrangement for controlled
experiments. The RR/DF/MS system has been described previ-
ously24 and is only briefly discussed here. The flow reactor
consisted of a Pyrex tube (length) 80 cm, inside diameter)
5.08 cm). The internal surface of the reactor was covered with
a layer of TFE Teflon sheet (0.05 cm thick) to reduce the OH
radical wall loss. A steady-state gas flow in the flow tube was
achieved by using a mechanical pump (Edwards E2M175). The
vacuum chamber housing the mass spectrometer was a two-
stage differentially pumped vacuum system utilizing two 6-in.
diffusion pumps with liquid nitrogen baffles, and the ultimate
vacuum in the second stage was<5 × 10-10 Torr. Helium was
used as a carrier gas and was introduced into the flow reactor
through both a double-sliding injector and a sidearm inlet port
located upstream of the reactor. A total pressure of about 1 Torr

Figure 1. Experimental apparatus for RR/DF/MS study of 1,3-butadiene+ OH radical reaction at 240-320 K (a) and for the controlled experiments
(b). For all kinetic experiments, the F atom was produced by microwave discharge of F2 in the sliding injector. H2O was added through the outer
sliding injector as the OH precursor. Both target and reference compounds are mixed and introduced into the reactor from sidearm.
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in the flow reactor was maintained through continuous pumping
during the experiments. Mean gas velocity in the flow tube was
about 1200 cm s-1. With an injector moving distance of 25
cm, the corresponding gaseous residence times in the reactor
was about 20 ms. A removable liquid nitrogen trap was placed
downstream of the reactor in order to protect the vacuum pump
from corrosive reactants and products.

Mass spectrometric detection of reactants and products were
carried out by continuous sampling at the downstream end of
the flow tube through a two-stage beam inlet system. The mass
spectrometer (Extrel Model C50) was set to emit bombarding
electrons with 40 eV of impact energy. Beam modulation was
accomplished with a 200-Hz tuning fork chopper placed inside
the second stage of the inlets. Ion signals were sent to a lock-in
amplifier (SR510) that was referenced to the chopper frequency.
The amplified analogue signals were then converted to digital
form (Analogue Devices RTI/815) and recorded on a micro-
computer. Under normal operating conditions, the detection limit
for the mass spectrometer was found to be on the order of 109-
1010 molecules cm-3, depending on the individual species
detected.

The OH radicals were produced by the reaction of F atoms
with H2O in a double sliding injector

The double-sliding injector consisted of two concentric Pyrex
tubes with inside diameters of 7 and 12.7 mm, respectively.
The H2O vapor was carried by 100 sccm of He to the double-
sliding injector to react with the fluorine atoms generated by
microwave discharge (OPTHOS INSTRUMENTS, INC. Model
MPG-4) of 5% F2 that was carried by 1500 sccm of He. The
internal surface of inner Pyrex tube was coated with halocarbon
wax (series 1500, Halocarbon Products Corp.) to reduce F atom
loss due to reaction with SiO2.

Both 1,3-butadiene and the reference compound (isoprene or
propionaldehyde) were carried by∼100-200 sccm of He and
introduced into the flow reactor from a sidearm inlet port. Prior
to entering the reactor, the target and reference compounds were
mixed to ensure that they shared the same reaction time with
the OH radicals.

The concentration of the species in the flow reactor was
determined either by flowing the known amount of sample into
the reactor or by quantitative conversion of the species through
chemical reactions. In particular, F atom concentration was
determined by measuring the [F2] difference between “switch
on” and “switch off” of the microwave discharge device, while
F2 was passing through the discharge cavity: [F]) 2∆[F2] )2-
([F2]switch off - [F2]switch on). The initial [F2] was determined by
measuring the flow reactor pressure change before and after
the F2 was introduced into the reactor, which was then used to
calibrate the mass spectrometer. The [H2O] was also determined
from the pressure difference in the reactor before and after the
H2O was introduced. The initial concentration of the OH was
taken to be nearly the same as the atomic fluorine concentration
due to the quick titration of the F atoms in the double-sliding
injector.

The reactor temperature was varied and controlled at 240-
340 K using a temperature bath circulator (Neslab ULT-80) by
circulating either methanol or water through an outer Pyrex
jacket for experiments either at low (T < 298 K) or at high (T
g 298 K) temperatures, respectively. Each temperature-depend-
ent experiment was performed 2-4 times at different dates under

the same experimental conditions to check the consistency of
the experimental results.

On the basis of the theory of the RR/DF/MS technique,24

rate constant determination for reaction 1 is briefly described
as following. By assumption that 1,3-butadiene and a reference
compound reacted only with OH radicals, then

It can be shown that24

where [1,3-butadiene]t,0 and [reference]t,0 are the concentrations
of 1,3-butadiene and the reference compound in the absence of
OH radicals at timet, [1,3-butadiene]t,[OH] and [reference]t,[OH]

are the concentrations of 1,3-butadiene and the reference
compound in the presence of OH radicals at timet, andk1 and
k3 are the rate constants for reactions 1 and 3, respectively. By
monitoring the decay of both 1,3-butadiene and the reference
compound, a straight line with a slope equal tok1/k3 is expected
to be generated from the plot of ln([1,3-butadiene]t,0/[1,3-
butadiene]t,[OH]) vs ln([reference]t,0/[ reference]t,[OH]). Thek1 can
then be calculated if the absolute value ofk3 is known. Also if
the temperature dependence ofk3 is known, repeating the above
exercise at different temperatures allows determination of the
temperature dependence fork1. In the present work, experiments
were carried out at a total pressure of 1-1.1 Torr in the flow
reactor at 240-340 K.

During the experiments, 1,3-butadiene, isoprene, and propi-
onaldehyde were monitored by the mass spectroscopic detection
of their parent ion atm/e )54, 68, and 58, respectively. It was
found that under our experimental conditions isoprene did not
produce significant fragment daughter ions atm/e ) 54 and 58
and that propionaldehyde did not produce fragment daughter
ion at m/e ) 54 in the electron impact mass spectrometer.
Therefore, there was essentially very little interference in our
mass spectroscopic detection of 1,3-butadiene, isoprene, and
propionaldehyde parent ions, and the decay of these reactants
after introducing OH into the flow reactor was considered to
be primarily due to reactions of these reactants with the OH
radicals.

Helium (99.999%) was obtained from Oxygen Service
Company and F2 (5% in He) from Spectra Gases, Inc. Reactants
were purchased from Aldrich Chemical company, Inc.: 1,3-
butadiene,>99%; isoprene,>99%; propionaldehyde,>99%.
All samples were used as received. Distilled water was used as
the OH precursor.

3. Theoretical Approach

All calculations were implemented using the Gaussian 98
program.26 Reactants, products, and transition state structures
involved in reaction 1 were optimized using Møller-Plesset
correlation energy correction truncated at second-order (MP2)
theory26 in conjunction with 6-311++G(d,p)26 basis set (MP2/
6-311++G(d,p)). Geometry optimizations were followed by a
frequency analysis using the same level of theory and basis set.
All geometries were optimized to better than 0.001 Å for bond
distance and 0.1° for bond angles using Schlegel’s method. In
addition, intrinsic reaction coordinate (IRC) calculations were
carried out at the MP2/6-311++G(d,p) level to determine the
minimum energy path that the transition states followed,

F + H2O f OH + HF

k2 ) 1.4× 10-11 cm3 molecule-1 s-1 25 (2)

CH2dCHsCHdCH2 + OH f products (1)

reference compound+ OH f products (3)

ln
[1,3-butadiene]t,0

[1,3-butadiene]t,[OH]

)
k1

k3
ln

[reference]t,0
[reference]t,[OH]

(I)
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connecting to appropriate reactants and products. Single-point
energy calculations were performed on the involved species
using Møller-Plesset perturbation theory at fourth-order (PMP4)26

with 6-311++G(d,pd)26 basis set using the geometry optimized
at MP2/6-311++G(d,p) level. Addition of zero-point energy
correction (∆ZPE) to the single-point energy, i.e., PMP4/6-
311++G(d,pd)//MP2/6-311++G(d,p)+ ∆ZPE, was chosen to
be the best estimated energy for the reactions in the present
work.

4. Results and Discussion

A. Kinetics and Products.Figure 2 shows a typical kinetic
data set acquired with the RR/DF/MS technique at a fixed
reaction time of 20 ms for the reaction of 1,3-butadiene with
OH radicals using propionaldehyde and isoprene as reference
compounds. Both sets of the experimental data were collected
at 298 K and a total pressure of 1-1.1 Torr. It can be seen
from Figure 2 that the 1,3-butadiene decay, propionaldehyde
decay, and isoprene decay followed the kinetic relationship
predicted by eq I very well. Linear regression for the data in
both plots produced a rate constant ratio ofk1/k3 (propionalde-
hyde as reference)) 3.546 ( 0.210 andk1/k3 (isoprene as
reference)) 0.684( 0.024, respectively. The recommended
rate constants for the reactions of hydroxyl radical with
propionaldehyde and isoprene were 1.98× 10-11 and 9.99×
10-11 cm3 molecule-1 s-1, respectively.27 The rate constants
for reaction 1 were then determined to be (7.02( 0.42)× 10-11

and (6.83( 0.24) × 10-11 cm3 molecule-1 s-1, respectively,
which led to an average ofk1 ) (6.93(0.48) × 10-11 cm3

molecule-1 s-1 at 298 K. The quoted error bars were taken as
2σ for this work, which took into account the scatter of data
and uncertainty of the experimental parameters such as pressure,
temperature, and flow rates.

It is imperative to assess the effects of possible reactions other
than reactions 1 and 3 on the concentration of 1,3-butadiene
and the reference compounds in order to report reliable kinetic

parameters for reaction 1. In the present study, there was a
concern regarding the possibility that the fluorine atom generated
by the microwave discharge of F2 might react with 1,3-butadiene
and/or the reference compounds. However, since there were
much more water molecules (∼7.1× 1014 molecule cm-3) than
the F atoms (∼3.0× 1013 molecule cm-3) in the double-sliding
injector, essentially all of the fluorine atoms should have been
titrated by the water molecules in about 0.5 ms within the
injector. Experimentally we checked the presence of F atoms
in our chemical system by monitoring SiF4 produced from F+
SiO2 atm/e) 85 when varying the amount of H2O and observed
no SiF4 signals when∼7 × 1014 molecule cm-3 of H2O was
used to titrate the F atoms in the double-sliding injector. This
avoided significant interaction between the fluorine atoms and
any of the reactants, and hence the atomic fluorine should have
contributed very little to the decay of both 1,3-butadiene and
the reference compounds. Another concern regarding the
accuracy of the relative rate kinetic measurements was whether
the reaction products from the reactions of OH with 1,3-
butadiene and the reference compound could have affected our
kinetic results. To address this concern, a series of controlled
experiments were conducted to examine the contribution of the
reaction products to the reactant decay. The controlled experi-
ments were designed such that the 1,3-butadiene interacted
directly with the products produced from the reaction of OH
with either propionaldehyde or isoprene and that either propi-
onaldehyde or isoprene interacted directly with the product
generated from the reaction of OH with 1,3-butadiene. This was
achieved by rearranging the apparatus for OH generation and
reactant inlets, in which the OH radicals was produced from
the sidearm of the reactor followed by reacting with a reference
compound while traveling through the sidearm (see Figure 1b).
The products of OH+ reference then entered the reactor from
the sidearm port. These products then interacted with the 1,3-
butadiene introduced from the sliding injector. In the case of
testing if the products from 1,3-butadiene+ OH would react

Figure 2. Typical kinetic data acquired with RR/DF/MS technique at a fixed reaction time of 20 ms for reaction of 1,3-butadiene with OH radical
using isoprene and propionaldehyde as references. The experiments were carried out at 298 K and a total pressure of 1.0-1.1 Torr. Initial concentrations
of 1,3-butadiene, isoprene, and propionaldehyde were about 3.8× 1013, 2.3× 1013, and 1.8× 1013 molecules cm-3, respectively. The OH concentration
was varied in a range of (0-3.5) × 1013 molecules cm-3.
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with the reference compound, the inlets of the organics were
swapped. About 1.5× 1013 molecule of 1,3-butadiene was in
contact with the products from the reaction of∼1.2 × 1013

molecule of OH with (1.3-2.2)× 1013 molecule of propional-
dehyde or isoprene in our controlled experiments. It was found
that the products from OH+ propionaldehyde or isoprene had
little effect on the 1,3-butadiene mass spectral signal intensity.
Likewise, the products from the OH+ 1,3-butadiene reaction
had little effects on the propionaldehyde or isoprene mass
spectral intensity. Finally, the effect of reactions of 1,3-butadiene
and references with atomic oxygen generated from the OH self-
reaction on our kinetics results was also assessed using a
chemical model which utilized the Runge-Kutta method to
numerically solve differential equations of our chemical system
and calculated the concentration of chemical species of interest
in the system as a function of time.24 Table 2 lists the reactions
that are used in our modeling along with necessary parameters
such as rate constants and initial concentration of the major
reactants. Our model predicted that the concentrations of the O
atoms be less than 1.3× 1011 and 7.0× 1010 molecule cm-3 in
our chemical system when propanal and isoprene were used as
reference compounds and the oxygen atoms caused less than
1% decay of the 1,3-butadiene and references during 50 ms
under our experimental conditions. This indicated that the decay
of both 1,3-butadiene and the reference compounds was mainly
due to their reaction with the hydroxyl radicals, and our kinetics
data acquired using the RR/DF/MS technique should not be

affected by the reaction products. In fact, within experimental
uncertainty, ourk1 value of (6.93 ( 0.48) × 10-11 cm3

molecule-1 s-1 at 298 K is in very good agreement withk1 )
(6.85( 0.69)× 10-11, (6.66( 0.20)× 10-11, and (7.71( 1.54)
× 10-11 cm3 molecule-1 s-1 reported by Atkinson et al.,21

Atkinson and Aschmann,28 and Lloyd et al.29 using different
techniques.

The rate constant for reaction 1 was also determined at 240,
260, 277, 320, and 340 K using the RR/DF/MS technique, and
the results are also given in Table 1. Figure 3 shows our
Arrhenius plot for reaction 1 along with the available experi-
mental data at 299-424 K in the literature. It can be seen from
Figure 3 that our data atT ) 298-340 K are in very good
agreement with that determined by Atkinson et al.21 and by Liu
et al.22 at 299-424 K, within experimental uncertainty. Thus
an extension of our temperature-dependent study to lower
temperatures preserved a trend that the rate constant for the
reaction 1 increased with decreasing temperature. This suggests
that the rate constant of reaction 1 is negatively dependent on
temperature at 240-340 K. Fitting our data points into a straight
line yielded an Arrhenius expression for reaction 1 to bek1 )
(1.58( 0.07)× 10-11 exp[(436( 13)/T] cm3 molecule-1 s-1,
in which the error bars were also taken as 2σ. Our result of
temperature dependence of the rate constant for reaction 1 is
also in excellent agreement with that reported by Atkinson et
al.21 and Liu et al.22 in which the Arrhenius expression for
reaction 1 was determined to bek1 ) 1.45× 10-11 exp [(468
( 151)/T] cm3 molecule-1 s-1 andk1 ) (1.4 ( 0.1) × 10-11

exp[(440( 40)/T] cm3 molecule-1 s-1, respectively.
There was a concern about using isoprene as a reference

compound for the kinetics investigation of reaction 1 under at
ca. 1 Torr since the rate constant for the OH+ isoprene may
be in the falloff region between 280 and 340 K.30,31 If the OH
reaction with isoprene had a strong pressure dependence at low
pressure, there would be a question about the accuracy of our
rate constant measurement for the reaction using isoprene as a
reference compound, especially atT g 298 K. To address this
question, a separate kinetic study of the OH+ isoprene reaction
was conducted in our laboratory using the RR/DF/MS method.
The experiments were carried out at 298-340 K and a total
pressure of 1 Torr using both 1,4-dioxane and propionaldehyde
as reference compounds. Our preliminary results suggested that,
within the experimental uncertainty, the rate constant of OH+
isoprene determined at 1 Torr was not significantly different
from that reported at higher pressures in the literature, and at
298, 320, and 340 K the rate constant values were found to be
4-7% smaller than those recommended by the IUPAC subcom-
mittee.27 Therefore, the rate constant of OH+ 1,3-butadiene
determined using isoprene as a reference compound in the
present work should be reliable. The fact that our Arrhenius
expression is consistent with those reported at high-pressure
limits indicated that the falloff region of reaction 1 may be below
1 Torr.

TABLE 1: Rate Constant Ratio, k1/k3, and Rate Constant,k1 (in cm3 molecule-1 s-1), for 1,3-Butadiene+ OH Reaction at
240-340 Ka

temperature (K) slopeb (k1/k3) k1
b (×1011) slopec (k1/k3) k1

c (×1011) k1
d (×1011)

240 0.702( 0.016 (29) 9.62( 0.22 3.487( 0.125 (34) 9.62( 0.34 9.62( 0.40
260 0.689( 0.015 (19) 8.33( 0.18 3.525( 0.264 (32) 8.53( 0.64 8.43( 0.66
277 0.676( 0.010 (26) 7.44( 0.11 3.486( 0.211 (44) 7.67( 0.46 7.56( 0.47
298 0.684( 0.024 (36) 6.83( 0.24 3.546( 0.210 (45) 7.02( 0.42 6.93( 0.48
320 0.675( 0.021 (18) 6.16( 0.19 3.412( 0.148 (40) 6.18( 0.27 6.17( 0.33
340 0.668( 0.019 (27) 5.68( 0.16 3.280( 0.168 (33) 5.51( 0.28 5.60( 0.32

a Note: Error bars are taken as 2σ. The numbers in parentheses represent data points collected.b By use of propionaldehyde as reference.c By
use of isoprene as reference.d Average of the measured rate constants using isoprene and propionaldehyde as references.

TABLE 2: Reaction Scheme for Chemical Model Simulation
in RR/DF/MS Kinetic Data Analysis

reactiona
k

(cm3 molecule-1 s-1) ref

F + H2O f HF + OH 1.4× 10-11 25
OH + OH f H2O + O 1.9× 10-12 25
OH + wall f product 10b estimated

O + OH f O2 + H 3.3× 10-11 25
H + wall f product 10b estimated

H + OH + M f H2O + M 2.3 × 10-31c 27
O + F2 f FO + F 1.0× 10-16 27
FO + OH f O2 + HF 1.3× 10-12 estimatee

H + F2 f HF + F 1.38× 10-12 27
C2H5CHOf + OH f H2O + C2H5CO 2.0× 10-11f 27
C4H6(1,3-butadiene)+ OH f products 6.95× 10-11 this work
C2H5CHO + O f OH + other products 7.1× 10-13g 27
C4H6 + O f product 1.7× 10-11 27
C2H5CHO + H f H2 + C2H5CO 1.2× 10-13h 27
C4H6 + H f products 8.34× 10-12 27

a Initial concentrations are: [F]0 ) 3.0× 1013, [H2O]0 ) 7.1× 1014,
[F2]0 ) 2.0× 1012, [C4H6]0 ) 3.8× 1013, [C2H5CHO]0 ) 1.8× 1013,
and [isoprene]0 ) 2.3 × 1013 molecule cm-3, respectively. The initial
concentrations of all other species are set to be zero.b The unit is s-1

for the wall-loss process.c the unit is cm6 molecule-2 s-1. d Estimate
based on OH wall loss.e Estimate based onk(ClO + OH). f When
isoprene is used as a reference,k ) 9.5 × 10-11 cm3 molecule-1 s-1

for isoprene+ OH at 298 K.g k ) 3.5× 10-11 cm3 molecule-1 s-1 for
isoprene+ O at 298 K.h k ) 8.34 × 10-12 cm3 molecule-1 s-1 is
estimated for isoprene+ H at 298 K based onk(C4H6 + H).
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The products from the reaction of 1,3-butadiene with OH were
also studied in the present work using mass spectrometry, and
Figure 4 shows the mass spectrum of 1,3-butadiene before and
after reacting with the OH radicals. Major product peaks are
found atm/e ) 70, 69, 59-55, 45-40, 32-28, and 20. This
observation is consistent with the results of Peeters et al.32 using
30 eV of electron impact energy. No evidence was found for
the hydrogen abstraction by the OH radical since the peak at
m/e ) 53 decreased after reaction 1 took place. The peak at
m/e ) 20 is assigned to the HF+ ion due to reaction of atomic
fluorine with water. On the basis of reactions 1.1 and 1.2, the
peaks atm/e ) 70 and 69 are assigned to the daughter ions of
either C(OH)H2s•CH-CHdCH2 or •CH2sC(OH)HsCHd

CH2, respectively. The peak atm/e ) 57 is assigned to
C(OH)HsCHdCH2

+, which is most likely resulted from C1s
C2 bond rupture of•CH2sC(OH)HsCHdCH2 other than the
C3sC4 bond rupture of CH2(OH)s•CHsCHdCH2 based on
our computational results (see discussion in section B). The
peaks atm/e ) 44-41 are assigned to either C(OH)H2sCH+

or CH2sC(OH)H+ and their daughter ions, which can be
generated from the breakage of C2-C3 bond in C(OH)H2s•

CHsCHdCH2 and •CH2sC(OH)HsCHdCH2, respectively.
The peak atm/e ) 40 is assigned to CHsCHdCH2

+, which
could be exclusively yielded from rupture of C1sC2 bond in
C(OH)H2sCH•sCHdCH2. Finally, the peaks atm/e ) 31-
28 are assigned to C(OH)H2

+ and its daughter ions. We are

Figure 3. Arrhenius plot of 1,3-butadiene+ OH: filled circle, this work; filled triangle, ref 28; open triangle, ref 21; open circle, ref 22; filled
square, ref 29. Linear fitting of the data set of the present work yielded an Arrhenius expression ofk1 ) (1.58( 0.07)× 10-11 exp[(436( 13)/T]
cm3 molecule-1 s-1 at 240-340 K for the reaction.

Figure 4. Mass spectra for the OH+ 1,3-butadiene system at 298 K and a total pressure of 1.1 Torr. The red line profile represents the mass
spectrum taken before OH was introduced into the reactor, and the blue line profile represents the mass spectrum collected after OH was added to
the reactor. The initial concentrations of 1,3-butadiene and OH were about 7.5× 1013 and 5.0× 1013 molecule cm-3, respectively.
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currently unable to assign peaks atm/e ) 32, 45, 58, and 59
using the chemical scheme of reactions 1.1-1.4. These species
could be due to the isomerization of the primary reaction
products followed by fragmentation during their ionization.32

On the basis of the analysis above, combination of peaks at
m/e ) 40 and 31-28 implies the addition of OH radical to the
terminal carbon of the 1,3-butadiene molecule. Further atmo-
spheric oxidative degradation of the C(OH)H2sCH•sCHdCH2

radical has been found to lead to formation of acrolein,

formaldehyde, and unsaturated hydrocarbonyl.23 The observation
of peak atm/e ) 57 provides an evidence of addition of OH to
the internal carbon of 1,3-butadiene, through either primary
reaction or secondary reactions. Tuazon et al.23 and Liu et al.9

had examined the products formed from the reaction of OH
radical with 1,3-butadiene in a Teflon chamber with presence
of O2 and NO, and they suggested that the observed furan and
maloaldehyde were likely to be produced from the subsequent
reaction of•OOCH2CH(OH)CHdCH2, which could only be

Figure 5. Optimized geometry of reactants, products, and transition states for the reaction of OH with 1,3-butadiene. All optimizations are calculated
at MP2/6-311++G(d,p) level of theory. The bond lengths are in angstroms, and angles are in degrees.
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derived from the addition of OH to the internal carbon of 1,3-
butadiene. Our observation of the evidence of OH attack on
the internal carbon of 1,3-butadiene supports their postulation.
However, it is unclear whether the terminal carbon attack or
the internal carbon attack is preferred as the primary process of
reaction 1, since our instrument was unable to make such a
determination. Therefore further investigations are required to
address this question.

B. Ab Initio Study of the Reaction Pathways of Reaction
1. To better understand the reaction of OH with 1,3-butadiene,
ab initio molecular orbital calculations were carried out to
investigate the chemical dynamics of this reaction. Figure 5
shows the molecular configurations of the reactants, products,
and transition state complexes optimized at the MP2/6-311++G-
(d,p) level of theory for the OH+ 1,3-butadiene chemical
system. Corresponding total energy, ZPE values for each of
these species are given in Table 3 and frequencies in Table 4,
respectively. All stable reactant and product species were found
to have frequencies that were positive, indicating a minimum
on the potential surface for each of these species. All transition
state complexes were found to have one imaginary frequency
along the reaction path connecting to appropriate reactants and
products on the potential surface, which was confirmed by the
IRC calculations. Relative energy of products and transition state
complexes referenced to the reactants is given in Table 5. Our
computational results predicted that there are two configurations
for 1,3-butadiene, namely,trans-1,3-butadiene andcis-1,3-
butadiene, as shown in Figure 5, withtrans-1,3-butadiene being
2.8 kcal mol-1 more stable than its cis isomer at PMP4/6-
311++G(d,pd)//MP2/6-311++G(d,p)+ ∆ZPE level of theory
(Table 5). The bond lengths of the C1-C2 and C3-C4 bonds
are predicted to be 1.347 Å fortrans-1,3-butadiene and 1.346
Å for cis-1,3-butadiene, respectively, which indicates a double-
bond feature for these carbon-carbon bonds. The bond length
of the C2-C3 bond is calculated to be 1.460 and 1.472 Å for
trans- andcis-1,3-butadiene, respectively, and the longer C2-
C3 bond in cis-1,3-butadiene may be due to the repulsion
between the hydrogen atoms attached to C2 and C3. The-C-
C-C angles are predicted to be 123.6 and 123.8° for trans-
1,3-butadiene andcis-1,3-butadiene, respectively. The C1-C2
bond, C2-C3 bond, and the-C-C-C angle of trans-1,3-
butadiene have been experimentally determined to be 1.337 Å,
1.476 Å, and 122.9°, respectively,33 and with a difference of
about 1% or less our calculated structural values for thetrans-
1,3-butadiene agrees very well with these experimental values.
This indicates that the MP2/6-311++G(d,p) level of theory is

appropriate to describe the structural parameters for the chem-
istry involving 1,3-butadiene.

Four stable adduct products (P1a, P1b, P1c, andP1d) were
located for the addition of the OH radical to the C1 atom, with
P1a the most stable form of these isomers, and we believe that
the adductsP1b, P1c, andP1d resulted from the rotation of
the-CH2OH group along the C1-C2 bond. Our computational
results also suggest a 1.421-1.434 Å length for the C-O bond,
and a 1.491-1.501 Å length for the C1-C2 bond of theP1
adducts, revealing a change of the C1-C2 bond from a double-
bond to a single-bond feature. The C2-C3 and C3-C4 bonds
are computed to be in the range of 1.377-1.384 Å, which
reveals a double-bond feature, suggesting a delocalization of
the π electron among the C2, C3, and C4 carbon atoms. The
substantially longer C1-C2 bond than C2-C3 and C3-C4
bonds suggests that the C1-C2 bond is much weaker than the
C3-C4 bond and hence the rupture of C1-C2 bond is more
favorable over the C3-C4 bond cleavage during the ionization
of the P1 adducts.

The addition of OH to the C2 atom was predicted to form an
adduct (P2aor P2b) that increases the C1-C2 and C2-C3 bond
lengths of bothtrans- andcis-1,3-butadiene by ca. 0.16 Å and
hence weakening these bonds. As a result, both the C1-C2 and
C2-C3 bonds are more likely to be broken than the C3-C4
bond, giving rise to our observation of fragmentation ion peaks
at m/e ) 57 and 44, respectively, when they are ionized by
electron bombardment. In the case ofcis-1,3-butadiene, the
adductP2b is expected to possess a smaller C1-C2-C3 angle
and a slightly larger C2-C3-C4 angle compared tocis-1,3-
butadiene based on our calculation results.

The product formed from the abstraction of a hydrogen atom
from C1 (P3) is found to be associated with a decrease of the
C1-C2 and C3-C4 bond lengths by ca. 0.05 Å and an increase
in the C2-C3 bond by 0.03 Å of thetrans-1,3-butadiene.
However, when the hydrogen atom on C2 is abstracted, the
product is expected to change significantly in structure (P4)
and the C1-C2 and C2-C3 bond lengths are predicted to
decrease by 0.065 and 0.127 Å, respectively. Moreover, the C1,
C2, and C3 atoms are anticipated to be essentially positioned
in a straight line.

Transition state complexes for reactions 1.1-1.4 were located
in the present work at the MP2/6-311++G(p,d) level of theory.
These transition states were confirmed by IRC calculations
indicating their connection to corresponding reactants and
products. The transition state for the addition of OH to C1 of
trans-1,3-butadiene (T1) and C2 of bothtrans- and cis-1,3-
butadiene (T2a and T2b) are predicted to have a C-O bond
greater than 2.04 Å, indicating a reactant-like transition state
complex for these processes. The transition state structure for
abstraction of hydrogen atom from C2 (T4) is also suggested
to be reactant-like since the O-H bond is calculated to be 2.441
Å. However, the transition state structure for the abstraction of
a hydrogen atom from C1 is found to share a similar C1-H
and O-H bond length, while the other structural parameters
experiences only minor changes (T3).

Figure 6 summarizes the data of Table 5 showing our best
estimate for the relative energy of reaction 1 based on single
point calculation at MP4/6-311++G(d,pd) level of theory plus
ZPE correction (PMP4/6-311++G(d,pd)+ ∆ZPE). Our best
energetic estimate suggests that both the addition of OH to 1,3-
butadiene and the abstraction of hydrogen atoms from 1,3-
butadiene by the OH radical are exothermic processes. At the
PMP4/6-311++G(d,pd)+ ∆ZPE level of theory, our calcula-
tion predicts a reaction energy barrier of 0.7 and 8.7 kcal mol-1

TABLE 3: Total Energy and ZPE (in Hartree) of the
Species Involved in the OH+ 1,3-Butadiene System

species
MP2/

6-311++G(d,p)
PMP4/

6-311++G(d,pd) ZPEa

trans-1,3-butadiene -155.52691 -155.61548 0.08439
cis-1,3-butadiene -155.52305 -155.61169 0.08508
OH -75.57991 -75.60189 0.00874
H2O -76.27492 -76.29828 0.02169
T1 -231.08927 -231.22162 0.09851
T2a -231.08752 -231.21111 0.10077
T2b -231.08873 -231.21344 0.10065
T3 -231.08713 -231.20519 0.09182
T4 -231.09130 -231.20895 0.09141
P1a -231.16527 -231.28358 0.10128
P1b -231.16290 -231.28150 0.10089
P1c -231.16377 -231.28212 0.10112
P1d -231.16327 -231.28164 0.10095
P2a -231.14974 -231.25743 0.10198
P2b -231.15013 -231.25742 0.10051

a ZPE computed at the MP2/6-311++G(d,p) level of theory.
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for the addition of OH to the terminal and internal carbon of
trans-1,3-butadiene, respectively. The activation energy for the
abstraction of a hydrogen atom from the terminal and the internal
carbon oftrans-1,3-butadiene is calculated to be 6.8 and 4.2
kcal mol-1, respectively. This suggests that the addition of OH
to the terminal carbon of 1,3-butadiene is the most energetically
favored reaction pathway due to combination of low activation
energy barrier and high exothermicity. By consideration of an
uncertainty of(1 kcal mol-1 in our estimate for the relative
energy, this reaction pathway could be a very low barrier or a
barrierless process, which is consistent with the observation of
the rate constant negatively dependent on temperature for
reaction 1 in the present and previous studies.21,22A branching
ratio assessment of reaction 1 using transition state theory34

suggests that reaction 1.1 is a dominant pathway, and the
addition of the OH to the internal carbon of thetrans-1,3-
butadiene andcis-1,3-butadiene is expected to be the most minor
process. This computational result, on the other hand, is in
contrast to the experimental observation of the evidence of OH
addition to internal carbon in our mass spectrum of OH+ 1,3-
butadiene. If the theoretical prediction is correct, the peak at
m/e ) 57 in Figure 4 might be due to a secondary reaction
such as isomerization ofP1. However, since theP1 adducts
are about 16 kcal mol-1 more stable than theP2a adduct, the
isomerization ofP1adducts intoP2aseems unlikely in the time
scale of milliseconds under our experimental conditions due to
this large endothermicity of the isomerization. On the other hand,
there might be a different reaction pathway leading to the
production ofP2afrom OH + 1,3-butadiene without involving
T2a as a transition state. One such possible pathway could be
the formation of a pre-reactive van der Waals complex followed
by a transition state that has an activation energy barrier lower
than the reactants. The existence of the pre-reactive van der
Waal complex has been predicted for the reaction of the OH
radicals with propene, an analogue of 1,3-butadiene, leading to
the addition of the OH radical to the central carbon atom of the
propene.37 Further investigation is needed to resolve this
contrast.

4. Summary

The kinetics of the reaction of OH with 1,3-butadiene has
been investigated in the temperature range of 240-340 K using
the RR/DF/MS method. At 298 K, the rate constant for this
reaction was determined to bek1 ) (6.93( 0.48)× 10-11 cm3

molecule-1 s-1. The Arrhenius expression for this reaction was
determined to bek1 ) (1.58 ( 0.07)× 10-11 exp[436(13/T]
cm3 molecule-1 s-1 at 240-340 K, which was in excellent

TABLE 4: Vibrational Frequency Calculated at the MP2/6-311++G(d,p) Level of Theory for Various Species Involved in the
OH + 1,3-Butadiene System

species vibrational frequencies (in cm-1)

OH 3837
trans-1,3-butadiene 129, 294, 506, 514, 698, 815, 816, 905, 966, 1000, 1028, 1234, 1312,

1316, 1418, 1482, 1635, 1701, 3172, 3175, 3183, 3186, 3278, 3279
cis-1,3-butadiene 190, 275, 458, 624, 744, 897, 898, 906, 997, 1020, 1068, 1098, 1303, 1333, 1439,

1474, 1669, 1670, 3174, 3177, 3183, 3193, 3278, 3280
H2O 1629, 3885, 4003
P1a 87, 182, 275, 366, 444, 510, 552, 744, 795, 922, 991, 1031, 1051, 1133, 1166, 1213, 1310,

1332, 1391, 1432, 1507, 1518, 1535, 3060, 3134, 3184, 3200, 3206, 3313, 3875
P1b 45, 171, 228, 311, 427, 517, 557, 750, 786, 929, 987, 1027, 1038, 1118, 1145, 1225, 1314,

1364, 1373, 1431, 1505, 1518, 1536, 3051, 3157, 3183, 3193, 3201, 3312, 3884
P1c 99, 188, 223, 378, 402, 547, 661, 727, 753, 894, 987, 1021, 1042, 124, 1160, 1208, 1311,

1343, 1392, 1430, 1505, 1517, 1534, 3042, 3103, 3195, 3201, 3210, 3310, 3876
P1d 86, 180, 249, 289, 441, 507, 556, 747, 792, 927, 998, 1031, 1056, 1136, 1162, 1244, 1283,

1313, 1363, 1454, 1515, 1525, 1540, 3031, 3088, 3188, 3201, 3213, 3312, 3885
P2a 125, 198, 293, 317, 353, 436, 552, 605, 783, 904, 923, 1017, 1021, 1083, 1146, 1241, 1275,

1308, 1377, 1447, 1460, 1474, 1690, 2994, 3179, 3195, 3216, 3286, 3347, 3873
P2b 97, 199, 300, 327, 380, 400, 532, 632, 713, 848, 954,1010, 1029, 1060, 1074, 1184, 1248,

1345, 1389, 1423, 1471, 1494, 2468, 3114, 3183, 3194, 3242, 3281, 3314, 3851
P3 68, 295, 495, 608, 849, 875, 954, 999, 1030, 1145, 1169, 1268, 1351, 1474, 1697, 1902,

3180, 3190, 3216, 3288, 3298
P4 240, 269, 492, 597, 649, 673, 965, 970, 1000, 1011, 1084, 1198, 1383, 1474, 1507,

2220, 3163, 3211, 3216, 3241, 3331
T1 452i, 75, 91, 176, 242, 300, 524, 617, 695, 846, 914,1007, 1018, 1022, 1070, 1140, 1223,

1327, 1341, 1449, 1482, 1630, 1804, 3188, 3199, 3209, 3216, 3291, 3321, 3827
T2a 554i, 45,120, 228, 265, 360, 467, 679, 740, 763, 892, 980, 1046, 1083, 1106, 1112, 1130, 1322,

1358, 1449, 1481, 1677, 2642, 3181, 3193, 3229, 3260, 3303, 3309, 3813
T2b 571i, 108, 143, 220, 250, 369, 476, 671, 761, 771, 903, 979, 1065, 1094, 1100, 1132, 1154,

1317, 1342, 1455, 1488, 1670, 2431, 3195, 3199, 3230, 3251, 3284, 3306, 3815
T3 1905i, 93, 121, 160, 176, 296, 427, 548, 615, 733, 823, 878, 919, 951, 983, 1012, 1234, 1255,

1290, 1343, 1403, 1476, 1546, 2107, 3178, 3186, 3195, 3222, 3284, 3849
T4 1878i, 108, 141, 185, 198, 284, 453, 530, 639, 710, 812, 855, 865, 923, 978, 990, 1165, 1249,

1323, 1363, 1406, 1474, 1570, 1974, 3162, 3167, 3192, 3276, 3291, 3838

TABLE 5: Computed Relative Energy (in kcal mol-1) for
Reaction of OH with 1,3-Butadiene

reaction

MP2/
6-311++

G(d,p)

PMP4/
6-311++
G(d,pd)
+ ∆ZPE

trans-1,3-butadiene+ OH 0.0 0.0
trans-1,3-butadienef cis-1,3-butadiene 2.9 2.8
trans-1,3-butadiene+ OH f T1 14.4 0.7
trans-1,3-butadiene+ OH f T2a 16.9 8.7
cis-1,3-butadiene+ OH f T2b 16.1 7.2
trans-1,3-butadiene+ OH f T3 11.5 6.8
trans-1,3-butadiene+ OH f T4 8.7 4.2
trans-1,3-butadiene+ OH f P1a -31.6 -36.4
trans-1,3-butadiene+ OH f P1b -30.3 -35.4
trans-1,3-butadiene+ OH f P1c -30.7 -35.6
trans-1,3-butadiene+ OH f P1d -30.5 -35.4
trans-1,3-butadiene+ OH f P2a -22.5 -18.8
cis-1,3-butadiene+ OH f P2b -21.4 -19.6
trans-1,3-butadiene+ OH f P3 + H2O -6.8 -15.7
trans-1,3-butadiene+ OH f P4 + H2O -21.1 -29.3

2706 J. Phys. Chem. A, Vol. 110, No. 8, 2006 Li et al.



agreement with those reported by Atkinson et al.21 and Liu et
al.22 This agreement suggests that the rate constant of OH+
1,3-butadiene has reached a high-pressure limit at 1 Torr and
that the falloff region may be below 1 Torr. Evidence was
observed for the addition of OH radical to both the terminal
and internal carbons of the 1,3-butadiene for reaction 1.
However, it was unclear if the addition of OH to the internal
carbon occurred as a primary elementary process. Our ab initio
study of reaction mechanism of the OH+ 1,3-butadiene system
suggests that the reaction of OH with 1,3-butadiene is exother-
mic in reaction pathways involving either hydrogen abstraction
or adduct formation, and the addition of OH to the terminal
carbon atom is expected to be the most energetically favored
pathway, which could be an energy barrierless process. This is
consistent, within computational uncertainty, with the results
of negative temperature dependence of the rate constant for this
reaction. The predicted increasing C1-C2 bond length due to
the addition of OH to the internal carbon atom of the 1,3-
butadiene suggests a likely cleavage of this carbon-carbon bond
when the adduct is ionized with an electron impact ionization
source, giving rise to the observation of the C(OH)HsCHd
CH2

+ ion peak atm/e ) 57 in the mass spectrum of OH+
1,3-butadiene.

As an approximation with the assumption that 1,3-butadiene
is removed from the troposphere mainly by OH attack, the
atmospheric lifetime of this compound can be assessed using
the following equation35

wherek277K(CH3CCl3 + OH) ) 6.62× 10-15 cm3 molecule-1

s-1 25 andk277K(1,3-butadiene+ OH) are the rate constants for
the reaction of methyl chloroform (CH3CCl3) and 1,3-butadiene
with OH at 277 K, a typical average temperature of the
troposphere, andτCH3CCl3 is the atmospheric lifetime of methyl
chloroform, which is 5.9 years assuming a 24-h average OH
radical concentration of (8.1( 0.9) × 105 molecule cm-3.35

This leads to an atmospheric lifetime of ca. 4.5 h for the 1,3-
butadiene due to OH attack. This value should be considered
as an upper limit since 1,3-butadiene also reacts with other
atmospheric species such as NO3, O3, and Cl,36 which further

decrease the atmospheric lifetime of this molecule. Finally, our
product study of reaction 1 suggests that the formation of adduct
is the dominant pathway for reaction 1. While it is unclear if
the OH addition to the internal carbon of 1,3-butadiene is a
primary chemical process, the fact that the OH radical may add
to the internal carbon of 1,3-butadiene provides mechanistic
evidence for the possible formation of furan and maloaldehyde
in the atmosphere:9,23

Further studies are needed regarding the subsequent degrada-
tion of these compounds in the atmosphere to complete our
understanding of the role of 1,3-butadiene in the air pollution
system.

Acknowledgment. This work was supported in part by the
National Science Foundation (NSF ATM-0533574), the CSU
Special Fund for Research, Scholarship, and Creative Activity
Minigrant, and the Untenured Faculty Support Grants of CSUF.
H.K.L. thanks the support from NSFC(20333050).

References and Notes

(1) U.S. Department of LaborsOccupational Safety & Health Admin-
istration. 30 December 2002. http://www.osha.gov/SLTC/butadiene/, De-
cember 2004.

(2) Eatough, D. J.; Hansen, L. D.; Lewis, E. A.EnViron. Technol. 1990,
11, 1071.

Figure 6. Calculated relative energetics (in kcal mol-1) for the reaction of OH with 1,3-butadiene. The best estimate of the relative energetics is
based on a single-point calculation at the PMP4/6-311++G(dp,d) level of theory plus ZPE correction using the geometry optimized at the MP2/
6-311++G(d,p) level of theory.

τ1,3-butadiene) [k277K(CH3CCl3 +
OH)/k277K(1,3-butadiene+ OH)]τCH3CCl3

(1)

Reaction of OH with 1,3-Butadiene J. Phys. Chem. A, Vol. 110, No. 8, 20062707



(3) Kirchstetter, T. W.; Singer, B. C.; Harley, B. A.EnViron. Sci.
Technol.1996, 30, 661.

(4) Hoekman, S. K.EnViron. Sci. Technol.1992, 26, 1206.
(5) Boudries, H.; Toupance, G.; Dutot, A. L.Atmos. EnViron. 1994,

28, 1095.
(6) Mowrer, J.; Lindskog, A.Atmos. EnViron. 1991, 25A, 1971.
(7) Grosjean, E.; Grosjean, D.; Rasmussen, R. A.EnViron. Sci. Technol.

1998, 32, 2061.
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