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Aqueous bromine atoms were produced by laser flash photolysis of 1,2-dibromoethane at 248 nm in solutions
containing bromide ions. Forward and reverse rate constants of the title reaction were determined as functions
of temperature. An analysis of potential sources of systematic errors shows that the measured forward and
reverse rate constants have relative uncertainties ((σk/k) of ∼10 and∼25%, respectively, over the temperature
range from 10.5 to 50°C. The Arrhenius parameters are (kf ( 10%) ) 5.1 × 1012 exp (-1812/T) M-1 s-1

and (kr ( 25%) ) 2.5 × 1010exp (-4068/T) s-1. The equilibrium constant is found from the ratio ofkf/kr:
(Keq ( 30%) ) 2.0 × 102 exp (2256/T) M-1 or (3.9( 1.2) × 105 M-1 at 298 K. The reaction entropy and
enthalpy are∆SR° ) 44 ( 6 J mol-1 K-1 and∆HR° ) -19 ( 2 kJ mol-1, respectively. The corresponding
reaction reduction potential is∆E° ) 0.33 ( 0.01 V, in very good agreement with that calculated from
half-cell potentials. In addition, preliminary rate constants for Br2

-• + Br2
-• f Br3

- + Br- and the hydrogen
abstraction reaction (Br• + BrCH2CH2Br f •CBrH-CH2-Br + H+ + Br-) are reported.

1. Introduction

There is considerable interest in the chemical conversion of
the halide salts found in atmospheric sea salt aerosols to
photochemically labile halogen species that are released into
the gas phase. For example, bromine- and chlorine-containing
species have been implicated in the episodes of sudden and near-
complete depletion of ozone observed in the marine boundary
layer in polar regions shortly after the Spring equinox.1-3 The
halogens found in the compounds are thought to originate from
sea salt aerosols: several oxidation-reduction chemical mech-
anisms have been proposed to explain “halogen activation”, in
which dissolved halides are oxidized to produce photochemically
labile halogen-containing compounds that can be photolyzed,
hence initiating a gas phase chain reaction destroying ozone.4-10

It is also possible that aqueous free radical reactions
participate in halogen activation. When, for example, hydroxyl
radicals are produced by photolysis of hydrogen peroxide in
aqueous solutions containing dissolved halides, the following
reactions ensue in the solution (X) Cl, Br):11-14

Dihalide radical anions (X2-•) have been studied for many years
both in biological and in simple inorganic systems.15-17 They
are known to react in various ways to produce molecular
halogens and other photochemically labile halogen species.

Reactions 4a,b, for example, are well-known12

The molecular halogen may react further in solution, or it may
escape into the gas phase, where it can be photolyzed.

In seawater and in fresh sea salt aerosols, the acidity is
relatively low (pH≈ 8), but in aged sea salt aerosols, the acidity
can be much higher due to the release of H+ produced in the
oxidation of sulfur compounds.18 Although the chloride con-
centration in seawater is more than 600 times that of bromide,
reaction 2 for X) Cl is much slower than for X) Br, and
when the pH is high, the bromine reactions dominate.19 At lower
pH, the chlorine reaction may become dominant. Thus, both
chlorine and bromine species are important but under different
conditions. In both cases, the equilibrium defined by reaction 3
is important because it regulates the relative concentrations of
solvated X• atoms, which are highly reactive, and X2

-• radical
anions, which are less reactive.12 Because the equilibrium in
reaction 3 is so important, the equilibrium constant for X) Cl
at room temperature has been the subject of several investi-
gations,11,20-22 including one from this laboratory.13 Three of
these investigations11,13,22agree thatK3 ≈ 1.4× 105 M-1 for X
) Cl (in this paper, equilibrium constants are denoted with upper
caseK, while rate constants are denoted with lower casek).
Despite its importance in free radical systems that contain
bromide, agreement has not been reached for the X) Br case.
The reported values23-29 of the equilibrium constant for reaction
3 with X ) Br range over 3 orders of magnitude, and the
temperature dependence has only been reported once,29 prior
to the present work.

In the following, we describe measurements of the forward
and reverse rate constants of reaction 3 for X) Br as functions
of temperature and pH. The temperature-dependent equilibrium
constant is obtained as the ratioKeq(T) ) kf(T)/kr(T), experi-
mental errors are assessed, and all quantities are compared with
values from the literature.
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2. Experimental Section
The experimental apparatus is shown schematically in Figure

1. It consisted of a combination of excimer laser flash photolysis
and time-resolved detection of transient species by multipass
absorbance. The photolysis light source was pulsed 248 nm
radiation from a KrF excimer laser (Lumonics HyperEx-400).
The laser was typically operated at 0.2 Hz with output energy
of up to∼40 mJ per pulse. The laser beam was passed through
a rectangular mask (2.0 cm× 4.7 cm) and illuminated the
reaction cell. The rectangular reaction cell had an internal
volume of∼15 cm3 (1 cm× 3 cm× 5 cm) and was fabricated
from polished fused silica (Suprasil) windows; the exterior
surfaces had an antireflection coating. Reaction mixtures were
prepared in volumetric flasks and pumped through the cell by
a peristaltic pump (Masterflex model 7553-70) located down-
stream from the cell. The solution was not recirculated. At the
typical volume flow rate of 2.5 cm3/s, cavitation did not occur.
The solutions came into contact only with Teflon and borosili-
cate glass upstream of the cell.

Prior to flowing into the cell, the solution passed through a
glass helical condenser with a temperature-controlled water-
jacket. Temperature control of the water-jacket was achieved
by using a recirculating constant temperature bath (FTS Sys-
tems). Temperature was measured by two calibrated copper-
constantan thermocouples in glass thermocouple wells at the
cell entrance and exit. The temperatures quoted in the results
were determined by averaging readings from the two thermo-
couples. Typically, the two temperatures differed by less than
0.5 °C, except at the extreme ends of the experimental temp-
erature range, where the differences were still less than 1.5°C.

The analytical light source was a 200 W Hg-Xe arc lamp
(Oriel model 6291). Light from the lamp was passed through a
liquid water filter to remove infrared radiation and then through
a 400 nm cutoff filter (Oriel Filters 51265) to eliminate most
of the UV fraction. A White cell with two end mirrors of 15
cm radius of curvature was used to increase the optical path
length and therefore the signal-to-noise ratio; 12 passes (∼60
cm path length) were used in most of the experiments. After it
was passed through the cell, the analytical light was directed to
the monochromator (Jarrell-Ash model 82-497) by first surface
mirrors and focused on the monochromator entrance with a
plano-convex Suprasil lens of focal length 200( 2 mm (New-

port, SPX028). The monochromator was set to monitor the
strong lamp emission near 365 nm; the intensity was measured
using a photomultiplier tube (Hamamatsu 1P28) equipped with
a resistor chain and socket designed for high-speed response
(Hamamatsu E717-05). The photomultiplier anode current was
maintained at less than∼4 µΑ to ensure response linearity.
The anode current signal was passed through a 1.2 KΩ load
resistor, and the resulting voltage signal was first amplified (Tek-
tronix AM502) and then captured and averaged with a digital
oscilloscope (LeCroy 9400). The instrument response time
constant was∼0.3 or∼0.5µs, depending on the electronic filter
selected with the AM502 preamplifier. Signals were averaged
for 100-150 laser shots by the oscilloscope and stored on a
Macintosh computer (Apple Computer, Inc.) for further analysis.
The oscilloscope was triggered by a silicon photodiode (Thorlabs
Inc. DET2-S1) that viewed the laser output. In some experi-
ments, wire screens were used to attenuate the laser inten-
sity. By using the pretrigger feature of the oscilloscope, the trans-
mitted 365 nm intensityI0 prior to the laser pulse was recorded,
as well as the time-dependent intensityI(t) following the pulse,
as shown in Figure 2.

All solutions were freshly prepared just before the experi-
ments. The water was purified by a Millipore Milli-Q system,
and the resistivity was>16 M Ω cm. The chemicals used in
this study had the following grade and stated minimum
purities: NaBr (Aldrich),>99%, certified; HClO4 (Fisher), 70%,
reagent ACS; 1,2-dibromoethane (DBE) (Aldrich), 99%, ACS
reagent. A key requirement for these experiments was that the
bromide ion concentrations must be known accurately. Because
DBE contains 1% impurities and may undergo hydrolysis in
aqueous solution to produce dissolved bromide ion, the DBE
was washed immediately before use in order to minimize
potential contamination. About 3-5 mL of DBE, which is only
slightly soluble in water, was shaken vigorously with water in
a volumetric flask for 1 min. After the solution was allowed to
stand for 5 min, the water was decanted to remove water soluble
impurities, leaving the washed DBE in the flask. More water
was then added to the washed DBE, and the mixture was stirred
for 10 min to produce a “saturated” solution. Experiments

Figure 1. Experimental apparatus. For clarity, not all components are
shown. Figure 2. Typical time-dependent Br2

-• absorption data (points) and
fitted curve (solid line) for [Br-] ) 3 × 10-5 M. The absorbance
corresponds to [Br•]0 ≈ 2 × 10-7 M.
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showed that the solution appeared to approach saturation after
about 10 min of stirring, as judged by photolytic yields of Br2

-•.
Stirring for extended times (e.g.,∼1 h) seemed to result in the
generation of bromide impurities, perhaps due to hydrolysis of
DBE. In most experiments, the saturated DBE solution was
diluted with water to 1/10 of its original concentration, giving
[DBE] ≈ 2.1 × 10-3 M. Bromide ion concentrations were
adjusted as desired in the range of (0.5-5) × 10-5 M by adding
weighed quantities of NaBr. The acidity of the solutions was
adjusted by adding perchloric acid (HClO4).

The solubility of DBE was verified as a function of temper-
ature by adding weighed quantities of DBE dropwise to a
quantity of purified water. The resulting solubility at 20°C
(∼0.40 g/100 g H2O) was in good agreement with a reported
value,30 and the derivative of DBE solubility with respect to
temperature was found to be∼2.6 × 10-3 K-1.

3. Results
3.1. Chemical Mechanism and Data Analysis.Bromine

atoms were generated by 248 nm laser flash photolysis of
dissolved DBE:31,32

When [Br-] is present, an immediate increase in the absorbance
at 365 nm is observed following the laser pulse, followed by a
slow decay back to the initial intensity, as shown in Figure 2.
The absorption is due to Br2

-•, which has an absorption
coefficient (base 10)R ) 9600 M-1 cm-1 at 365 nm.33 The
reaction mechanism is as follows:

The time-dependent transmitted pulse light intensityI(t)
depends on the absorbanceA(t) according to the Beer-Lambert
equation:

whereI0 is the initial intensity,s is the optical path length (∼60
cm), andR is the optical absorption coefficient; the square
brackets denote concentrations.

To analyze the time-dependent transmitted intensity, the
chemical mechanism is used to derive an approximate analytical
expression for the time-dependent [Br2

-•]. The reaction mech-
anism is comprised of reactions 6,-6, 7, 8, and 9. The resulting
coupled differential equations are

A convenient analytical solution to these equations can be
found if the term that contains [Br2

-•]2 is neglected or replaced
by an approximate expression. The magnitude of the second-
order term is small under the conditions of the experiments. In
all of the experiments (see Figure 2, for example), the ultimate
decay of absorption is much slower than the initial rise; thus, it
would be possible to neglect the second-order term at some
sacrifice of accuracy. A better approach is to use an approxima-
tion that accounts to some extent for the decay of [Br2

-•], such
as the following first-order approximation:

where [Br2-•]avg is an average concentration andγ is therefore
a constant.

This approximation is accurate when [Br2
-•] varies only

slightly, but it is less accurate when [Br2
-•] is varying rapidly.

Even in the latter case, the second-order term is small as
compared to the other terms in eq 11a and the approximation
is acceptable for determining rate constantsk6 andk-6 (numer-
ical tests are described below). With this approximation, the
coupled equations can be solved (e.g., by using Laplace
transforms) to obtain [Br2

-•]:

wherer1 andr2 are roots of the quadratic equationp2 + Ap +
B ) 0, p is the Laplace transform variable, [Br•]0 is the
concentration of bromine atoms generated by the photolysis of
DBE, andka

I is a pseudo-first-order rate constant. For the present
experimental conditions, rate constantsk6, k-6, γ, k8, andk9 are
of the order of 1010 M-1 s-1, 104 s-1, 103 s-1, 106 M-1 s-1, and
,106 M-1 s-1, respectively (k8 and k9 are discussed below).
Therefore, the following inequality holds

and the roots of the quadratic equation can be approximated as
r1 ≈ (ka

I + γ) andr2 ≈ γ. Thus, [Br2-•] as a function of time
is given as

To analyze the data, the absorbance due to Br2
-• can be

described by using eq 15 in the Beer-Lambert law (eq 10).
Because of the approximation expressed by eq 12, the constant
γ is used merely as a fitting parameter and no significance is
placed on the values obtained for it.

As can be seen in Figure 2, an intense pulse of scattered laser
light contributes to the signals. Because the laser pulse duration
(∼10 ns) is much shorter than the instrument time constantτinst

≈ 0.3-0.5µs, the signal from the scattered light decays with a
time constant equal toτinst. During the first 5µs, the scattered

BrCH2CH2Br + hν f C2H4 + 2 Br• (5)

Br• + Br- f Br2
-• (6)

Br2
-• f Br• + Br- (-6)

Br2
-• + Br2

-• f Br3- + Br- (7a)

Br3
- T Br2 + Br- (7b)

DBE + Br• f •CBrH-CH2-Br + H+ + Br- (8)

DBE + Br2
-• f •CBrH-CH2-Br + H+ + 2Br- (9)

(I(t)/I0) ) 10-A(t) ) 10-Rs[Br2
-•] (10)

(d[Br2
-•]/dt) ) k6[Br•][Br-] - k-6[Br2

-•] - 2k7[Br2
-•]2 -

k9[DBE][Br2
-•] (11a)

(d[Br•]/dt) ) k-6[Br2
-•] - k6[Br•][Br-] - k8[DBE][Br •]

(11b)

2k7[Br2
-•]2 ≈ 2k7[Br2

-•]avg[Br2
-•] ) γ[Br2

-•] (12)

[Br2
-•] ) (k6[Br-][Br •]0)(e

r1t - er2t)/(r1 - r2) (13a)

A ) {ka
I + γ} (13b)

B ) {k6[Br-](γ + k8[DBE]) + k9[DBE](k-6 + γ +
k8[DBE])} (13c)

ka
I ) k-6 + k6[Br-] + (k8 + k9)[DBE] (13d)

A2 . 4B (14)

[Br2
-•] ) k6[Br-][Br •]0

e-(ka
I+γ)t - e-γt

ka
I

)

k6[Br-][Br •]0

ka
I

{1 - e-ka
It} e-γt (15)
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laser light is strong and must be included in the data analysis.
It was found empirically that the scattered laser light is well-
approximated by an exponential function. Thus, the observed
signal can be described using the Beer-Lambert law plus an
exponential term to account for the scattered laser light:

whereIscat is the initial intensity of the scattered laser light.
In each series of experiments, the instrument response time

constantτinst was obtained via a least-squares analysis of the
scattered light intensity observed using purified water in the
cell. In each experiment, the incident intensityI0 from the
pretrigger data was used with eq 16 in a least-squares analysis
to obtain the scattered light intensityIscatand rate constantka

I.
The nonlinear least-squares analysis was carried out using
KaleidaGraph (v. 3.5, Synergy Software), which utilizes the
Marquardt-Levenberg algorithm.34,35A typical nonlinear least-
squares fit is shown as the solid line in Figure 2. By plotting
values ofka

I as a function of [Br-], the slope and intercept of
the resulting straight line givek6 and k-6 + (k8 + k9)[DBE],
respectively.

Reactions 7-9 were investigated in two types of experiments.
On short time scales () 100 µs), reactions 8 and 9 could be
determined using equations 13 and 16, as described above. On
long time scales (>100 µs), the reaction mechanism is com-
prised of reactions 6,-6, 7, 8, and 9, and the pseudo-steady
state (SS) approximation is valid for Br• atoms:

By using eq 17, [Br2-•] is described by a second-order
differential equation

where

Equation 18 has the following analytical solution for the mixed
first- and second-order kinetics:36,37

The absorbance due to Br2
-• can be described by using eq

19 in the Beer-Lambert law (eq 10) (scattered laser light does
not interfere on this time scale). The experiments were carried
out by varying [DBE] from 2.1× 10-3 M to 1.6× 10-2 M and
[Br-] from 1 × 10-5 M and 5 × 10-3 M. For each DBE
concentration, wire screens were used to attenuate the laser
energy so that [Br•]0 was∼3 × 10-7 M in all experiments.

3.2. Numerical Simulations. To test the accuracy of the
approximation described by eq 12, numerical simulations were
carried out for a mechanism consisting of reactions 6,-6, 7, 8,
and 9. The numerical simulations were carried out using a
modified version of CHEMK,38 which uses the Gear algorithm
for numerical integration of stiff ordinary differential equations.
Simulations were carried out using a range of [Br•]0 and [Br-]
typical of the experiments and the values fork6 andk-6 found

in the experiments. A literature value39 of rate constantk7 )
1.9×109 M-1 s-1 was consistent with our present experiments
(see below). The resulting time-dependent [Br2

-•] values were
used in eq 16 (but omitting the term for scattered laser light) to
generate sets of simulated experimental data that were then
analyzed in the same manner as the actual experimental data.
The analysis of the simulated data generally showed very good
agreement with the rate constants obtained from the experiments.
At low [Br-], the errors are of the order of a few percent,
because reaction 6 is so slow that reaction 7 becomes more
important and the approximation in eq 12 is no longer as
accurate. The resulting maximum error in the extrapolated
intercept of a plot ofka

I vs [Br-] is e10%. This error is included
with others in the error analysis described below.

At equilibrium, the Br• and Br2-• relative concentrations are
controlled by [Br-] according to [Br2-•]/[Br •] ) K6[Br-]. At
low [Br-], the [Br2-•]/[Br •] ratio is small and Br• contributes to
the absorption. Because we are using the absorption to determine
[Br2

-•], it is important to determine the interference from Br•.
In a given experiment, the absorbance immediately after the
laser pulse is solely due to Br•. As time advances, the absorbance
increases, due to consumption of Br• and concurrent quantitative
production of Br2-•, which absorbs much more strongly. When
[Br-] is large enough, the maximum absorption is almost
entirely due to Br2-•. Eventually, the Br2-• decays away on a
much slower time scale. For a given laser pulse energy, we
measured the initial absorbance (due to Br•) in experiments with
[Br-] ) 0 for comparison with the maximum absorbance (due
to Br2-•) measured in experiments with [Br-] ) 10-5 M. From
the ratio of the absorbances, we obtained the ratio of the
absorption coefficients:RBr2-•/RBr• ≈ 20 at 365 nm. This result
is in very good agreement with an estimate (RBr2

-•/
RBr• ≈ 22) obtained by extrapolating the data of Kla¨ning and
Wolff 40 to 365 nm.

In principle, it is possible to include the absorbance due to
Br• in the least-squares analysis but to do so requires introducing
additional fitted parameters. In tests of this approach, we found
that the nonlinear least-squares analysis resulted in highly
correlated and hence uncertain results because the absorbance
due to Br• is typically of the order of the noise in an individual
experiment. Numerical simulations showed that the absorption
due to Br• contributes less than 5% of the absorption after the
first 1-2 µs (95% is due to Br2-•) when [Br-] ) 10-5 M. At
lower [Br-], the Br• contribution drops below 5% of the
absorption only after∼5 µs. Therefore, in the results reported
here, the data prior to 1µs were neglected in the least-squares
analysis of all experiments with [Br-] ) 10-5 M and data prior
to 5µs were neglected in the analysis of experiments with [Br-]
< 10-5 M.

3.3. Determination of k7 and k8. Reaction rate constantk7

can only be determined accurately on longer time scales because
it is slow. By using eqs 18c and 19, the rate constant at∼20
°C was found to bek7 ) (1.9 ( 0.1) × 109 M-1 s-1, in good
agreement with literature values.39,41In experiments performed
at 54 °C, we obtainedk7 ) (3.3 ( 0.1) × 109 M-1 s-1, less
than twice as large as the result obtained near 20°C, indicating
that k7 does not depend strongly on temperature. Experiments
on the temperature dependence ofk7 are still underway, and
the full results will be published later.42

Pseudo-first-order rate constantkb
I is only weakly dependent

on [DBE]. A plot of kb
I vs [Br-] at a fixed [DBE] ) 2.1 ×

10-3 M shows reasonable agreement with eq 18b ifk9 is
neglected. This indicates that the hydrogen abstraction by Br2

-•

is less important than reaction 8, which is found to bek8 )

I(t) ) I0 × 10-Rs[Br2
-•] + Iscate

-t/τinst (16)

[Br•]ss) k-6[Br2
-•]/(k6[Br-] + k8[DBE]) (17)

(d[Br2
-•]/dt) ) kb

I[Br2
-•] - kII [Br2

-•]2 (18a)

kb
I ) ( k8

(k6/k-6) [Br-] + (k8[DBE]/k-6)
+ k9) [DBE] (18b)

kII ) (2k7/ε) (18c)

[Br2
-•] ) 1

εs{ekb
It[ 1

A0
+ kII

kb
Is] - kII

kb
Is}-1

(19)

11078 J. Phys. Chem. A, Vol. 106, No. 46, 2002 Liu et al.



(1.0 ( 0.3) × 106 M-1 s-1 at 17°C. This value is close to the
literature value, 1× 106 M-1 s-1, which was only roughly
estimated.43 However, rate constantk-6 is not obtained with
precision by the least-squares analysis.

On short time scales, a plot of the pseudo-first-order rate
constantka

I vs [DBE] gives slope (k8 + k9) ) (5 ( 2) × 105

M-1 s-1 at 22°C, a value roughly consistent with that obtained
above and slightly lower than the estimate in the literature.43

Experiments performed on long time scales at higher temper-
atures give an activation energy of∼24 ( 6 kJ mol-1.
Experiments onk8 andk9 are still underway, and the full results
will be published later,42 but it seems appropriate to account
for reaction 8 in the data analysis fork6 and k-6. For that
purpose, we will tentatively assumek8 ) 2 × 1010exp(-2890/
T) M-1 s-1. The magnitude of the correction () k8[DBE]) is
∼10% and even if our ongoing experiments give values fork8

that differ by as much as 50% from this preliminary result, the
associated changes ink-6 andK6 will be much smaller than the
estimated uncertainties (see Section 3.6).

3.4. Determination of k6, k-6, and K6. Experiments were
carried out over a range of conditions, and the results are
summarized in Table 1. Measured pseudo-first-order rate
constants greater than∼5 × 105 s-1 were rejected, because they
may be affected by the instrument response time. Typical results
at different temperatures are shown in Figure 3. Each series
consisted of at least five experiments containing added bromide
ion and at least one blank run with purified water; some series
also included blank runs containing just DBE and purified
water (no added bromide). In all cases,ka

I is a linear function
of [Br-] within experimental error, as expected. The slope and
intercept were obtained by unweighted linear least-squares.
Equal weights were used because the experimental errors are
essentially equal within each experiment series. From eq 13d,
the slope and intercept correspond to rate constantsk6 and the

quantity k-6 + (k8 + k9)[DBE], respectively. As discussed
above, k-6 was obtained by neglectingk9 assuming that
k8 ) 2 × 1010exp(-2890/T) M-1 s-1. The equilibrium constant
is obtained from the ratioK6 ) k6/k-6. For each experiment
series in Table 1, the errors ((σ, one standard deviation)
associated withk6 andk-6 are measures of precision only, as
obtained from the least-squares analysis; those associated with
K6 were obtained by propagation of errors. The weighted
averages of the values fork6, k-6, andK6 at each temperature
are given in Table 1, where the errors ((σ) indicate precision
only. The results are presented as functions of 1/T in Figure 5.

Dissolved oxygen is not expected to influence the results,24,29

and most experiments were carried out using reagent solutions
that were exposed to ambient air. The effect of dissolved air
was tested by carrying out several series of experiments after
purging the solutions with high purity helium gas for 20 min.
The results obtained with purged solutions (series 7; see Table

TABLE 1: Rate Constants and Equilibrium Constantsa

series
T

(°C)

k6
(1010

M-1

s-1)

(σ6
(1010

M-1

s-1)

k-6
(104

s-1)

(σ-6
(104

s-1)

K6
(105

M-1)

(σeq
(105

M-1)

1 10.5 0.82 0.01 1.47 0.16 5.58 0.48
2 10.5 0.85 0.01 1.44 0.21 5.90 0.67
3 10.5 0.80 0.01 1.53 0.26 5.23 0.71
average 10.5 0.82 0.01 1.47 0.11 5.58 0.34

4 20.0 1.10 0.02 2.55 0.38 4.31 0.54
5 20.0 1.07 0.01 2.75 0.17 3.89 0.20
average 20.0 1.08 0.01 2.73 0.15 3.60 0.19

6b 19.5 1.01 0.03 2.56 0.55 3.95 0.71
7b 19.5 1.01 0.02 2.34 0.29 4.32 0.43
average 19.5 1.01 0.02 2.38 0.26 4.24 0.37

8 32.0 1.35 0.01 4.48 0.12 3.01 0.07
9 32.0 1.40 0.03 3.78 0.57 3.70 0.48
average 32.0 1.36 0.01 4.45 0.12 3.05 0.07

10 40.0 1.54 0.02 5.35 0.24 2.89 0.11
11 40.0 1.62 0.02 5.65 0.26 2.87 0.12
average 40.0 1.58 0.01 5.47 0.17 2.89 0.08

12 50.0 1.82 0.02 9.66 0.16 1.88 0.03
13 50.0 1.87 0.03 8.58 0.30 2.18 0.07
14 50.0 1.88 0.03 8.06 0.31 2.33 0.09
average 50.0 1.85 0.02 9.20 0.12 2.01 0.03

15c 20.0 0.97 0.02 2.06 0.04 4.71 0.75
16d 20.0 0.95 0.01 2.54 0.01 3.74 0.15

a Relative uncertainties (one standard deviation) from all sources of
error in the rate constants and equilibrium constant are∼10% in k6,
∼25% ink-6, and∼30% inK6. Except as noted, all solutions were pH
≈ 3 and contained dissolved air.b Solution purged with helium.c pH
1.3. d pH 5.3.

Figure 3. Pseudo-first-order rate constants (kI) vs [Br-] at various
temperatures (see Table 1).

Figure 4. Pseudo-first-order rate constants vs [Br-] for various
conditions (see Table 1).
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1 and Figure 4) are indistinguishable from those obtained
without purging (series 4).

The acidity of the solutions was not expected to influence
the results and most experiments were carried out at pH≈ 3,
where the pH was adjusted nominally by adding measured
volumes of perchloric acid. However, to test for possible pH
effects, experiment series 15 and 16 were conducted at pH 1.3
and pH 5.3, respectively (measured using a pH meter equipped
with a glass electrode). The results as represented by Table 1
and Figure 4 are indistinguishable from the experiments carried
out at pH≈ 3.

3.5. Arrhenius Parameters.A nonlinear least-squares analy-
sis was carried out using the average rate constants obtained at
each temperature (Table 1). All of the rate constants were
assumed to have equal weights. The results are shown as
straight lines in Figure 5 and given by eq 20, where the standard
deviations and covariances reflect the precision of the experi-
ments. Propagation of errors (including the covariances) shows
that the relative error ((σ/k) in k6 is only a few percent, while
that of k-6 is less than 10% over the entire temperature range
of the experiments. However, there are several potential sources
of systematic error, as discussed in the next section.

whereσAE
2 is the covariance between theA factor andEa/R

(expressed in units of K), whereEa is the activation energy and
R is the gas law constant.

3.6. Potential Systematic Errors.Systematic errors can arise
from several sources in the present work. These include the
approximations used in deriving eq 13, the limitations due to
instrument response time, the effects of temperature differences
in the cell, and the effects of impurities.

As described above, numerical tests of the approximations
used in deriving eq 15 showed that the maximum error was
∼5%. In particular,k6 was hardly affected at all, whilek-6 was
affected by a maximum of 5%. This maximum 5% error will
also affect the equilibrium constantK6. Thus, we assume that
the approximations used in the analysis have no affect onk6

and affect bothk-6 andK6 by 5%.
Instrument response time limitations will affect rate constants

that are of the order of the inverse instrument response time

(1/τinst ≈ 3 × 106 s-1) by making the measured rate constants
lower than the correct values. Because we only employed rate
constants withka

I e 5 × 105 s-1, none of the results are affected
significantly: the results in Figure 3 show no systematic
deviations from straight lines.

In some experiments, the measured temperatures exhibit
differences of∼0.5 °C between the entrance and the exit of
the cell. At the ends of the temperature range, the differences
can sometimes be as large as 1.5°C. According to the Arrhenius
parameters given below, a temperature difference of 1 K causes
a variation of 4.5 and 2.2% ink-6 and k6, respectively, and
about 4.8% variation inK6.

The solubility of DBE found in this work is in good
agreement with the reported value,30 as discussed above, and
there is a small temperature dependence. Because ambient
laboratory temperatures can vary from day to day, the “satu-
rated” solutions may vary in DBE concentration. Taking our
measured solubility temperature derivative (∼2.6× 10-3 K-1)
and typical temperature variations that did not exceed 2°C, we
find only ∼1% variation of DBE concentration.

Perhaps the largest potential source of systematic errors is
the effect of impurities. Because of the fast rate constants and
the limitations due to the instrument response time, only low
concentrations of Br- can be used. Because the DBE contains
impurities and because it can hydrolyze to produce dissolved
bromide ions, precautions were taken to reduce impurities, as
discussed above. In experiments using 10% saturated DBE
solutions in the absence of added Br-, an initial absorbance
due to Br• was observed, followed by a slow increase of
absorption, possibly due to Br- impurities in the DBE.

Numerical simulations were used to estimate the concentration
of the Br- impurities. The simulations included only reactions
6, -6, and 7 and used the rate constants found in this work.
Because reactions 8 and 9 were neglected, the results correspond
to an estimate of the upper limit to the Br- impurity. The
simulations indicate that the Br- impurity may be as large as
∼3 × 10-7 M in the room temperature experiments and∼6 ×
10-7 M at 323 K; this latter concentration is only 12% of the
lowest concentration of added Br- used in the experiments (5
× 10-6 M). The experiments with and without added Br- are
reasonably consistent but show random fluctuations that are
larger than the measurement precision. The fluctuations may
be due in part to varying amounts of Br- impurities, especially
at higher temperatures where the hydrolysis of DBE is expected
to be more rapid. If, on the average, a small concentration of
Br- impurity is present at a given temperature, thenka

I will on
the average be increased; this will directly affectk-6, but not
k6, and the equilibrium constantK6 will be an upper limit to
the correct value. According to the numerical simulations, the
contribution of Br- impurities may bring as much as 10% error
to the rate constants. However, the experimental results were
not sensitive to further washing of the DBE and the rate
constants did not show exceptionally large fluctuations. Hence,
we estimate that added impurities probably affectk6 very little
andk-6 by less than 20%.

Taking into account these potential systematic errors, we
conclude thatk6, k-6, andK6 may be affected by up to∼10,
∼25, and∼30% (one standard deviation), respectively. As
discussed below, error limits significantly smaller than this are
obtained from the nonlinear least-squares analysis for Arrhenius
parameters when the covariance between the preexponential
factors and the activation energies is included. Thus, we estimate
that the relative errors in the results fork6, k-6, andK6 are∼10,
∼25, and∼30% (one standard deviation) at all temperatures in

Figure 5. Forward (k6) and reverse (k-6) rate constants vs 1/T (solid
lines are nonlinear least-squares fits). Error bars ((σ) indicate precision
only. Relative uncertainties (one standard deviation) from all sources
of error are∼10% in k6 and∼25% in k-6 (see text for details).

k6 ) (5.11( 0.98)× 1012exp(-1812( 60/T) M s-1,

σAE
2 ) 9.78× 1011 M s-1 K (20a)

k-6 ) (2.54( 2.03)× 1010exp(-4068( 255/T) s-1,

σAE
2 ) 2.04× 1010 s-1 K (20b)
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the range of the experiments (10.5-50 °C), as expressed in eq
21.

The preexponential factor and temperature dependence ofK6

yield estimates of the entropy and enthalpy of reaction

4. Discussion

In the present experiments, the reaction system was kept as
simple as possible and consisted of only five reactions: rate
constants for two of these were measured quantitatively, and
the rest had little effect on the first two. As in all experiments,
there are potential sources of error, but even after their possible
contributions were considered, the results are known to be
reasonably accurate. Our rate constant results are compared with
those from previous investigations in Table 2, where it is
apparent that our results fork6 are at the upper end of the range
and those fork-6 andK6 are closer to the middle of the range.
Although the rate constants and equilibrium constant have been
studied previously in several investigations at room temp-
erature,27,31,44-47 only one previous temperature-dependent
measurement has been reported.29

Although the temperature-dependent equilibrium constants
from the present work overlap with those of Kosanı´c at lower
temperatures, the slopes of the van’t Hoff plots are significantly
different: the value for∆HR° found in the present experiments
is about 10 kJ mol-1 smaller than that reported by Kosanı´c.29

The reason for this difference is not apparent. To determine
the equilibrium constant, Kosanı´c employed pulse radiolysis of
oxygen-saturated solutions containing bromide and oxalic acid.
In contrast to the simplicity of the present reaction system,
Kosanı´c’s mechanism included a half-dozen or more reactions.
Kosanı´c carried out the analysis in two ways. (i) By assuming
no losses of free radicals, it is possible to use the total radical
yield from a given dose rate and the measured concentration of

Br2
-• (with R ) 9600 M-1 cm-1, base 10) to obtainK6. (ii) By

considering the decay of Br2
-• via reaction 7 in and via the

reaction of Br• with oxalic acid, it is possible to obtainK6. The
latter method required measurement of the rate constant for Br•

+ oxalic acid, as well as accurate radical yield actinometry and
an accurate literature value for rate constantk7. Possible sources
for the discrepancy with the present work include the temper-
ature dependence of the free radical actinometry, the rate
constant for the Br• + oxalic acid reaction, and possible
interference from other reactions. Kosanı´c’s reported results are
internally consistent and of high precision, but he did not discuss
potential sources of uncertainty.

The activation energies for reactions 6 and-6 may arise from
different sources. Reaction-6 is a dissociation reaction and
hence may be endothermic. On the other hand, the rate constant
for reaction 6 is near the diffusion limit; hence, the activation
energy may be due to diffusion control.

The diffusion-controlled rate constant may be written48

whereDA andDB are the diffusion coefficients for reactants A
and B andrA andrB are the respective radii;NA is Avogadro’s
number. The Stokes-Einstein relationship (eq 24) relates the
diffusion coefficient to the viscosityη. By assuming thatη
corresponds to that of water and assuming that Br• and Br-

have approximately the same radii and the same diffusion
coefficients in water, we obtain the relation between diffusion-
controlled rate constantkD and viscosity shown by eq 25.

The temperature-dependent viscosity (expressed in units of
centipoise) of water can be expressed as follows:49

The activation energy ofkD is based on the Arrhenius expres-
sion

At 298 K, the activation energy is estimated to beED ≈ 10 kJ
mol-1, a bit lower than the activation energy found for reaction
6 but within the typical range of activation energies for diffusion-
controlled reactions (8-24 kJ mol-1). Considering the simplify-
ing approximations used above to calculateED, the agreement
is satisfactory and supports the conclusion that reaction 6 is
diffusion-controlled.

The reduction potential corresponding to reaction 6 is related
to the equilibrium constant and to the standard reduction
potentials for two couples50

From eq 21c, we haveK6 ) (3.9 ( 1.2) × 105 M-1 at 298 K,
giving ∆E6° ) 0.33( 0.01 V, according to eq 28a. This result
can be compared with the value obtained using eq 28b. The
recently reported25 standard reduction potentials vs NHE for

TABLE 2: Comparisons of Rate Constants and Equilibrium
Constants (Room Temperature)

k6

(1010 M-1 s-1)
k-6

(104 s-1)
K6

(105 M-1) techniquea ref

2.2 PR 28
∼1 PR 46

0.033 LFP 23
1.1( 0.1 70( 20 0.16 PR 24

1.1 PR 26
1.2 3.5 LFP 51
0.9 LFP 45
0.77 PR 52
1.1( 0.1 PR 47
1.0( 0.5 4.5 2.2 PR 27

∼5.4 PR 29
1.2 1.9 6.3 PR 25
1.2( 0.1 3.0( 0.8 3.9( 1.2 LFP this work

(298 K)

a LFP ) laser flash photolysis; PR) pulse radiolysis.

k6 ( 10%) 5.1× 1012 exp (-1812/T) M-1 s-1 (21a)

k-6 ( 25%) 2.5× 1010exp (-4068/T) s-1 (21b)

K6 ( 30%) 2.0× 102 exp (2256/T) M-1 (21c)

∆ΗR° ) -19 ( 2 kJ mol-1 (22a)

∆SR° ) 44 ( 6 J mol-1 K-1 (22b)

kD )
4πNA(DA + DB)(rA + rB)

1000
(23)

D ) (kT/6πrη) (24)

kD ) (8RT/3000η) (25)

log η(T) ) -10.2158+ 1792.5/T + 0.01773T - 1.2631×
10-5 T2 (26)

ED ) - R{d(lnk)/d(1/T)} ) -R[T2{d(lnη(T))/dT} - T]

(27)

∆E6°/V ) 0.0591 log (K6) (28a)

∆E6° ) E° (Br•/Br-) - E° (Br2
-•/2Br-) (28b)
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the couples in eq 28b areE° (Br•/Br-) ) 1.94 V andE° (Br2
-•/

2Br-) ) 1.66 V. The result is∆E6° ) 0.32 V, in very good
agreement with the value obtained from the present value of
K6.
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