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The techniques of electron pulse radiolysis and direct detection ESR have been used to determine Arrhenius
parameters for the self-recombination of 2-propanol (hydroxymethylethyl) andtert-butyl alcohol (2-hydroxy-
2,2-dimethyl-propyl) radicals in water. Rate constants of 2k7 ) (1.56( 0.10)× 109 and 2k23 ) (1.18( 0.20)
× 109 dm3 mol-1 s-1 for these radicals were measured at 26.4 and 26.6°C, respectively, with corresponding
activation energies of 18.8( 1.2 (5.3-71.7 °C) and 15.83( 0.92 (8.5-69.8 °C) kJ mol-1 for these two
reactions. These data are compared to available literature rate constants, and also to the results of diffusion-
controlled rate constant calculations, which demonstrate that radical reactivity, not diffusion, dominates both
recombination processes in water.

Introduction

Hydroxyalkyl radicals are formed in chemical and biochemi-
cal systems by the abstraction of methylenic hydrogen atoms
from alcohols, glycols, and carbohydrates, yielding carbon-
centered radicals with hydroxyl functions in the positions alpha
and beta to the formal radical center. The formation of such
species in carbohydrates can lead to secondary radicals via
dehydration, carbon-carbon bond cleavage, or ring-opening due
to rupture of the hemiacetal bond.1 The increasing use of free
radical chemistry in synthesis, and the importance of carbohy-
drate radical formation in radiation biology and carbohydrate
biosynthesis have motivated us to examine in detail the kinetics
of the reactions of these radical species in aqueous solution.
As models for such carbohydrate species, we begin by examin-
ing the free radical chemistry of simpleR- andâ-hydroxyalkyl
species.

Small aliphatic alcohols have been used extensively in
mechanistic and kinetic studies to simplify the radical chemistry
obtained via radiolysis and photolysis. In particular, the use of
2-propanol andtert-butyl alcohol as•H atom and•OH radical
scavengers to isolate the reactions of the hydrated electron with
substrates in water is a well-established technique in electron
pulse radiolysis.2 These abstraction reactions predominantly
occur at theR-carbon position,3 to produce radicals which
subsequently disproportionate or dimerize,

Carbon-centered radicals such as 2-hydroxy-2-propyl have been
demonstrated to be prototypical nucleophilic radicals, whose

reactivity is dominated by polar effects.4,5 The addition of these
types of radicals to alkenes is one of the most important
processes in polymer chemistry, and consequently, there exists
a large body of kinetic data for such reactions.6 Many of these
radicals have both a usable ESR and UV absorption, which
allows for their direct monitoring in a variety of solvents.
However, there is substantially less rate constant information
for carbon-centered radical reactivity in aqueous solution,
especially at nonambient temperatures.

As definitive rate constants and mechanisms are required for
accurate kinetic modeling of reaction systems, the temperature-
dependence of the total self-termination rate constants for
2-propanol andtert-butyl alcohol radicals in water were
determined in this study. Direct ESR detection of the decay of
these radicals was the monitoring method of choice, where these
alcohol radicals were rapidly formed by the reaction of electron
pulse radiolysis-generated hydroxyl radicals with the appropriate
alcohols in N2O-saturated aqueous solution. Under the experi-
mental time scales employed, the conversion of the hydrated
electrons into hydroxyl radicals, and the reactions of the
hydroxyl radicals and hydrogen atoms with the alcohols to
produce the desired alcohol radicals were very fast,2 and hence
the only process observed was the decay of the 2-propanol and
tert-butyl alcohol radicals.

Experimental Section

Stock solutions were prepared at room temperature by N2O-
saturating Millipore Milli-Q reagent grade water containing 0.10
mol dm-3 of 2-propanol (Fisher, HPLC grade) ortert-butyl
alcohol (Fisher, Certified) at natural pH. All chemicals were
used as received. N2O was used to convert the hydrated electrons
produced in the radiolysis into hydroxyl radicals, according to
the reaction2

in order to increase the initial alcohol radical yield formed by
reaction 2. Experiments at nonambient temperatures were
performed by flowing the room temperature solutions through
a short, temperature-controlled, condenser tube immediately
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H2O ' •H, •OH, e-
(aq) + other species (1)

R1R2CHOH + •H/•OH f •COHR1-R2 + H2/H2O (2)

2•COHR1-R2 f R1-R2CO + R1-R2CHOH (3a)

f R1-R2C(OH)C(OH)R1-R2 (3b)

e-
(aq) + N2O (+H2O) f •OH + OH- + N2 (4a)
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before irradiation. The temperature stability of this method was
found to be better than 0.3°C, as measured by a thermocouple
placed directly above the irradiation cell. At elevated temper-
atures (>40 °C), significant outgassing of the N2O occurred,
creating bubbles in the flowing solution line. This problem was
resolved by using two bubble traps, in series, immediately after
the heating cell to reduce the N2O concentration to its natural
solubility limit before it reached the irradiation cell.

In-situ radiolysis ESR data were recorded by irradiating
flowing aqueous solutions with a 2.8 MeV electron beam from
a Van de Graaff accelerator. A pulsed 150 mA beam of 0.5µs
duration and 100 Hz repetition was used for these kinetic
experiments. The initial radical concentration for the experiments
was varied over the range (60-300) × 10-6 mol dm-3, as
determined from the decay of the sulfite anion under basic
conditions (pH 11),

whose rate constant, 2k5 ) 1.4× 109 dm3 mol-1 s-1, has been
established by both conductivity and absorption spectroscopy
methods.7 Corroboration of the initial radical concentration has
also been obtained by absolute measurement of nitroxide
depletion under similar conditions.8 The solution was pumped
using a continuous syringe injection method at a rate of 20.0
cm3/min, sufficiently fast to ensure the irradiation volume of
the ESR flat cell was replenished completely between electron
beam pulses.

ESR kinetic curves were recorded at X-band (9.2GHz) using
nonsaturating levels of microwave power. Magnetic field
measurements were performed via NMR methods,9 using the
ESR spectrometer and procedures of Madden, et al.10 Time-
resolved ESR kinetic traces were recorded for decay periods of
50-200 µs to observe the evolution of the reaction kinetics
corresponding to an ESR intensity decrease of several half-lives.
The traces decrease in a monotonic fashion, with no Torrey11

oscillation observed in the kinetic curve. Kinetic traces were
recorded with the magnetic field set to the high field component
of the central multiplet of the spectrum, so that, to zeroth order,
chemically induced dynamic electron polarization (CIDEP)
effects are suppressed.

Kinetic traces were fitted using the Levenberg-Marquardt
nonlinear least-squares fitting module with the Origin computer
program (MicroCal Software, Inc., Northampton, MA) for both
simple second-order decays (sulfite) or mixed first- and second-
order decays to allow elucidation of rate constants for the
individual processes.

Results and Discussion

2-Propanol Recombination.Typical kinetic traces for the
decay of the 2-propanol radical signal obtained at 15.8 and 42.5
°C are shown in Figure 1a. None of the alcohol decay curves
obtained in this study exhibited pure second order kinetics, and
especially at higher temperatures, it was evident that a large
component of first-order decay was present. Therefore, all of
the measured data were fitted to the mixed order decay
equation:12

to derive the 2k7 and k8 rate constants associated with the
reactions

and

where 2k7 ) 2k7a + 2k7b + 2k7c, and B is a fitted base line
offset correction. These different pathways have been well-
established previously,13,14 with the rate constant ratio (2k7a +
2k7b)/2k7c being determined as 4.4 at 26°C.13

The calculated initial radical concentration
(R• ) (CH3)2

•COH) was used to convert the observed signal
intensity to absolute concentration. However, the significantly
higher 2-propanol concentration (0.1 mol dm-3) as compared
to the standard sulfite concentration (5.0× 10-3 mol dm-3)
meant that different amounts of intraspur radical scavenging
occurred, and this difference also had to be taken into account.
This situation is further complicated because both hydrated
electrons and hydroxyl radicals were scavenged, by N2O and
sulfite or 2-propanol respectively, thereby increasing the initial
yields of both species (having a hydroxyl radical scavenger
present which undergoes intraspur scavenging increases the
initial yield of hydrated electrons, and vice versa).

Figure 1. (a) Typical ESR experimental data for 2-propanol radical
recombination in aqueous solution at 15.8°C (0) and 42.5°C (O).
Solid lines correspond to combined first- and second-order fitted decays
corresponding to rate constants of 2k7 ) (1.18 ( 0.33) × 109 dm3

mol-1 s-1/k8 ) (2.85( 0.55)× 104 s-1 and 2k7 ) (1.99( 0.38)× 109

dm3 mol-1 s-1/k8 ) (1.09( 0.19)× 105 s-1, respectively. (b) Analogous
experimental decays observed for thetert-butyl alcohol radical at 18.1
°C (0), 2k23 ) (8.69( 0.91)× 108 dm3 mol-1 s-1/k24 ) (4.31( 0.62)
× 104 s-1 and 50.1°C (O), 2k23 ) (1.51 ( 0.26) × 109 dm3 mol-1

s-1/k24 ) (7.03 ( 1.27)× 104 s-1.

2 SO3
-• f products (5)

[R•]t )
[R•]ok8

k8 exp(k8t) - 2[R•]ok7(1 - exp(k8t))
+ B (6)

2 (CH3)2
•COHf (CH3)2CO + (CH3)2CHOH (7a)

f CH2C(CH3)OH + (CH3)2CHOH (7b)

f (CH3)2C(OH)C(OH)(CH3)2 (7c)

(CH3)2
•COH f products (8)
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Intraspur scavenging in aqueous solution has been the subject
of considerable theoretical work,15-19 from which has been
derived empirical equations dealing with these cooperative
effects. For the calculation of the initial total alcohol radical
yield, G(R•) in the N2O/2-propanol scavenger system at room
temperature, one can use the equation19

where the first term is equal to the yield of the hydroxyl radical
by sulfite (or alcohol) that would be scavenged if the nitrous
oxide did not convert the hydrated electron into•OH, and the
second term corresponds to the yield of•OH produced by the
scavenging of the hydrated electron by nitrous oxide. The third
term represents higher order corrective terms.20 Theεe-

N2O factor
is the efficiency of the reaction of hydrated electrons with nitrous
oxide, and has been assumed to be unity throughout these
calculations; as even though the concentration of this gas is
decreased at higher temperatures there are no other significant
pathways for reaction of the hydrated electron. The last term in
this expression is the yield of the product radical produced by
hydrogen atom reaction. Unfortunately, no equivalent scaveng-
ing equations exist for this radical, and therefore it was assumed
that the product radical yield from this pathway was always
the experimentally determined value in N2O-saturated aqueous
solution G•H ) 0.51.21 It should be noted that there is a slow
reaction pathway for hydrogen atoms with N2O itself,2

however, the hydroxyl radical produced will also react to give
the desired alcohol/sulfite radical and hence there is no loss of
yield by this process.

To evaluate the first component term in eq 9 for sulfite one
can use the expression:18

whereG•OH
esc is the steady-state or escape yield of the hydroxyl

radical, G•OH
0 is its initial radiolysis yield,s1 is this radicals

scavenging efficiency, (defined as the pseudo-first-order rate
coefficient equal to the product of the scavenging rate coefficient
and the scavenger concentration),s2 is the equivalent scavenging
efficiency for the other radical (hydrated electron), and the
function F is defined as16,17

wherex is the evaluated product in the square brackets in eq
11. For the N2O-saturated 5.0× 10-3 mol dm-3 sulfite system,

this contribution to the total alcohol radical yield is calculated
using the parameters18

which upon substitution into eq 11 givesG•OH(s1,s2) ) 3.03.
An equivalent value for the initial yield of the hydrated electron,
based on the same equation with modified parameters

givesGe-(s1,s2) ) 3.36.
For the third term in eq 9 the basic parameters are

Substituting these values into eq 11 with the sames1 and s2

scavenging capacities, givesGC(s1) ) 1.07,GC(s1 + s2) ) 0.84
and the correction term-2[GC(s1) - GC(s1 + s2)] ) -0.46.
Summing these three values with the initial yield of the hydrogen
atom reaction,21 G•H ) 0.51, givesG(R•) ) 6.44 for 5.0× 10-3

mol dm-3 sulfite.
These calculations were also repeated for the alcohol systems,

with all of the relevant parameters and final yields given in
Table 1. It is again important to note that these yields are only
calculated for “room temperature”. The exact extension of these
parameters to allow calculation of specific initial yields at higher
temperatures was not possible, as not all of the temperature
dependent parameters were available. However, for the calcula-
tion of the initial alcohol radical concentration only theG-value
ratio of the alcohol and sulfite yields is required, therefore it
was assumed that this ratio remained constant over the whole
temperature range studied. The dose correction required for
higher temperature irradiations was included by multiplying the
calculated alcohol radical yield by the relative water density
change.22

On the basis of the calculated alcohol radical yield (116×
10-6 mol dm-3) for 2-propanol at 15.8°C, the decay curve
shown in Figure 1a could be well fitted by eq 6 to give absolute
rate constants of 2k7 ) (1.18( 0.33)× 109 dm3 mol-1 s-1 and
k8 ) (2.85 ( 0.55) × 104 s-1. The same fitting to the decay
obtained at 42.5°C gave 2k7 ) (1.99( 0.38)× 109 dm3 mol-1

s-1 and k8 ) (1.09 ( 0.19) × 105 s-1. This procedure was
repeated for our measured data over the temperature range 5.3-
71.7 °C to give the averaged values listed in Table 2. These

TABLE 1: Rate Constants and Calculated Yield Parameters for Initial Radical Yields at Room Temperature

species concn/mol dm-3 k•OH/dm3 mol-1 s-1 ke-/dm3 mol-1 s-1 G•OH(s1,s2) Ge-(s1,s2) 2GC(s1 + s2) G(R•)

N2O 2.4× 10-2 9.1× 109

SO3
2- 5.0× 10-3 5.1× 109 3.03 3.36 -0.46 6.44

2-propanol 1.0× 10-1 1.9× 109 3.29 3.36 -0.23 6.92
tert-butanol 1.0× 10-1 6.0× 108 3.11 3.36 -0.37 6.60

G(R•) ) G•OH(s1,s2) + εe-
N2OGe-(s2,s1) -

2εe-
N2O[GC(s1) - GC(s1 + s2)] + G•H (9)

•H + N2O f •OH + N2 k ) 2.1× 106 dm3 mol-1 s-1

(10)

G•OH(s1,s2) ) G•OH
esc + (G•OH

0 - G•OH
esc)F[(2.95× 0-10)s1] +

1.2(F[(5.5 × 10-10){s1 + s2}] - F[(5.5 × 10-10)s1]) (11)

F(x) )
(x1/2 + x/2)

(1 + x1/2 + x/2)
(12)

G•OH
esc ) 2.56

G•OH
0 ) 5.50

s1 ) k•OH[sulfite] ) (5.1× 109 dm3 mol-1 s-1) ×
(5.0× 10-3 mol dm-3) ) 2.55× 107 s-1

s2 ) ke-[N2O] ) (9.1× 109 dm3 mol-1 s-1) ×
(2.43× 10-2 mol dm-3) ) 2.21× 108 s-1

Ge-
esc) 2.55

Ge-
0 ) 4.80

Ge-
esc) 1.20

GC
0 ) 0
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second-order rate constants are also depicted in the Arrhenius
plot shown in Figure 2a and are seen to be well described by
the equation:

Also shown in this plot are the previous measurements of
this rate constant available in the literature,23-26 overall very
good agreement was found. The values of this study are in
excellent agreement with the previous temperature-dependent

data of Lehni and Fischer,23 who determined recombination
kinetics of 2-propanol radicals in water for the temperature range
10-76°C. Although their data gives a slightly curved Arrhenius
plot, their fitted (linear) activation energy of 18.1( 1.2 kJ mol-1

is essentially identical to our value of 18.8( 1.2 kJ mol-1.
Similar good agreement was observed for the preexponential
factors. For the other three room temperature rate constants,
only the value of Shastri et al.24 (2k7 ) 7.6 × 108 dm3 mol-1

s-1) is slightly lower than the data of this study. Based on the
measured rate constants and the ratio of 2-propanol radical
disproportionation to combination (4.4 at 26°C)13 specific rate
constants of (2k7a + 2k7b) ) (1.13 ( 0.12)× 109 and 2k7c )
(2.57 ( 0.28) × 108 dm3 mol-1 s-1 at this temperature are
readily derived.

In the previous temperature-dependent study of this system,23

where the radicals were produced by flash photolysis of acetone
and 2-propanol the measured recombination rate constants were
asserted to be equal to the calculated diffusion-controlled values.
However, our determined room-temperature rate constant of 2k7

) (1.36 ( 0.16) × 109 dm3 mol-1 s-1 (T ) 22 °C) seemed
lower than would be anticipated for diffusion-controlled,
uncharged radical recombination in water. To further investigate
this, the 2-propanol radical encounter rate in aqueous solution
was calculated, using the Smoluchowski equation27

whereN is Avogadro’s number,D•R is the diffusion coefficient
of the 2-propanol radical in water,R•R is its effective reaction
radius, andσ is the spin statistical factor ()0.25).

To determine the temperature-dependent diffusion coefficients
and reaction radii required for calculation of the 2kdiff rate
constants, the 2-propanol radical was approximated by the parent
alcohol. A survey of the literature revealed several experimental
measurements of 2-propanol diffusion coefficients in wa-
ter,23,28,29and these are shown in Figure 3a. The values of Lehni
and Fischer23 are seen to be significantly lower than the other
measurements,28,29 especially at lower temperatures, and this
difference is attributed to the much higher solute concentrations
used in this study (the 2-propanol self-diffusion coefficients are
lower by g30% over the entire temperature range of study).23

Under the experimental conditions of this study the necessary
diffusion coefficients were therefore determined from the other
two datasets, with specific values calculated from the fitted linear
expression

whereT is the absolute temperature.

TABLE 2: Summary of Temperature-Dependent Measured and Calculated Parameters for Self-Reaction of 2-Propanol and
tert-Butanol Radicals in Aqueous Solution

alcohol temperature/°C
10-9 2kobs

a/
dm3 mol-1 s-1

10-4 kobs
b/

dm3 mol-1 s-1
diffusion coefficient/

10-9 D•R/m2 s-1
reaction radius/

10-10 r•R/m
10-9 2kdiff/

dm3 mol-1 s-1
10-9 2kreact

dm3 mol-1 s-1

2-propanol 5.3 0.89( 0.24 1.71( 0.34 0.594 2.75 2.49 1.38( 0.58
15.8 1.15( 0.10 3.44( 0.52 0.802 2.75 3.34 1.75( 0.23
26.4 1.56( 0.10 5.42( 1.06 1.06 2.76 4.41 2.41( 0.24
35.7 1.75( 0.18 7.08( 0.35 1.33 2.76 5.54 2.56( 0.38
42.5 1.98( 0.28 10.8( 2.7 1.55 2.77 6.50 2.85( 0.58
51.3 3.02( 0.45 14.3( 2.8 1.88 2.78 7.91 4.88( 1.18
71.7 4.18( 0.64 23.0( 2.9 2.84 2.80 12.0 6.41( 1.51

tert-butanol 8.5 0.73( 0.09 2.67( 0.41 0.530 2.98 2.39 1.05( 0.19
18.1 0.87( 0.16 4.71( 0.67 0.733 2.98 3.30 1.18( 0.29
26.6 1.18( 0.20 4.32( 0.82 0.942 2.98 4.25 1.63( 0.38
39.3 1.39( 0.36 5.92( 1.02 1.31 2.99 5.91 1.82( 0.62
50.1 1.53( 0.42 7.93( 1.10 1.67 3.00 7.57 1.92( 0.66
69.8 2.49( 0.44 9.73( 1.56 2.44 3.02 11.1 3.21( 0.73

a 2kobs ) 2k7 (2-propanol) or 2k23 (tert-butanol).b kobs ) k8 (2-propanol) ork24 (tert-butanol).

Figure 2. (a) Arrhenius plot for second-order component of 2-propanol
radical recombination in aqueous solution. Error bars correspond to
one standard deviation as obtained from averaging several decay curve
fitted values. Solid line corresponds to theoretical values using eq 13
in text. Also shown are previous literature data for this process; ref 23
(O), ref 24 (]), ref 25 (0), and ref 26 (4); and the diffusion-controlled
limit for this reaction, as calculated from the Smoluchowski equation
(dashed line). (b) Analogous Arrhenius plot fortert-butyl alcohol radical
recombination in aqueous solution with solid line corresponding to eq
25 in text. Also shown are room-temperature literature data of ref 25
(4), ref 37 (]), and ref 38 (O) and calculated Smoluchowski diffusion-
controlled rate constants (dashed line).

log 2k7 ) [(12.46( 0.21)- (18800( 1200)/2.303RT]

(13)

2kdiff ) σ4(1000)π(D•R+ D•R)(R•R+ R•R)N (14)

log D•R) -5.669- (9.906× 10-3/T) (15)
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The calculation of the reaction radius is typically performed
using the Stokes-Einstein equation,27

however, it has been demonstrated that this equation is
inadequate for small reactive species such as the 2-propanol
radical.23,30,31To determine this parameter for the Smoluchowski
equation calculation, the following semiempirical methodology
was used.

The molal volumeφ of 2-propanol in aqueous solution is
related to the experimental solution density by the equation32

wherem is the molality of the alcohol solute of molecular weight
M, andF and FH2O are the densities of the solution and pure
water, respectively. The molar volumeVX can be simply
calculated from the molal volume, and the reaction radius then
determined using the formula31

whereX is the space filling factor for close packed spheres
()0.74). The 2-propanol solution densities have been experi-
mentally measured over the temperature range 1-50 °C,33 and
by extrapolation of these values, specific reaction radii were
determined for each of the temperatures used in this study. These
radii are listed in Table 2, and are seen to be significantly larger
than the value calculation from eq 16, which givesr .R ∼ 2.33
× 10-10 m.

On the basis of these calculated parameters, the 2kdiff rate
constants were determined using eq 14, and these values are
also given in Table 2. These rate constants are much larger than
the 2kobsexperimental values determined in this study, indicating
that this radical recombination is at best only partially diffusion
controlled in water, confirming our intial hypothesis concerning
this reaction.

The previous rate constant data found for 2-propanol radical
recombination in solution (0.60 mol dm-3 acetone, 1.3 mol dm-3

2-propanol) being below the Smoluchowski limit was attributed
to the radical forming aggregates.23 Corroboration of this is also
given by the lower diffusion coefficients obtained in this
previous work, as compared to the values obtained in only
water28,29 (see Figure 3a). However, radical aggregation is
mostly expected to occur with the parent alcohol, or similar
compounds (such as acetone), and in our study, the much lower
2-propanol concentration would minimize this process. While
we cannot completely discount this effect, we do not believe
that it would be sufficient to explain the large difference between
the measured and theoretical rate constants, for this recombina-
tion process under our conditions.

Furthermore, reactions which are influenced by both diffusion
and chemical processes have been shown to be well described
by the equation34,35

where 2kobs is the measured recombination rate constant, 2kdiff

is the reaction encounter rate constant (Smoluchowski value),
and 2kreactis the rate constant that would be measured if diffusion
of the species were not rate influencing. From the rate constants
listed in Table 2, 2kreact values can be readily determined over
the temperature range of this study, and these difference values
give the very good Arrhenius plot shown in Figure 4a. These
data is well fitted by the equation

corresponding to an activation energy for this process of 18.3
( 2.2 kJ mol-1. The closeness of this value to the overall fitted
activation energy of 18.8( 1.2 kJ mol-1 (Figure 2a) suggests
that under the conditions of this study, reactivity, not diffusion,
is the dominant process in the self-recombination of 2-propanol
radicals.

The additional first-order rate constants derived from the
combined fitting procedure are also listed in Table 2, and these
values are seen to consistently become larger with increasing
temperature. The presence of an additional decay pathway for
2-propanol radical recombination has been previously observed
in some organic solvents,23 but not in water. These measured
k8 rate constants also follow very good Arrhenius behavior, see
Figure 5a, and are well described by the equation

The specific mechanism of this first-order reaction pathway was
not resolved in this study. A search of the literature revealed
an analogous first-order decay component in the recombination
of acetone radicals36 which was attributed to the internal bond
cleavage/rearrangement reaction

Figure 3. (a) Literature temperature-dependent diffusion coefficients
for 2-propanol in water; ref 23 (4), ref 28 (9), and ref 29 (2). Fitted
line based on eq 15 in text. (b) Diffusion coefficients fortert-butyl
alcohol in aqueous solution; ref 28 (9), ref 40 (O), and ref 41 (2); and
fitted curve given by eq 26 in text.

D•R) kT
6πηr •R

(16)

φ ) M
F

-
1000(F - FH2O

)

mFFH2O
(17)

r •R) (3VXX

4πN )1/3

(18)

1
2kobs

) 1
2kdiff

+ 1
2kreact

(19)

log 2k7
react) [(12.55( 0.38)- (18300( 2200)/2.303RT]

(20)

log k8 ) [(9.93( 0.24)- (30,000( 1400)/2.303RT] (21)

•CH2COCH3 f •CH3 + CH2CO (22)
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However, the equivalent pathway for the 2-propanol radical
seems unlikely, as it would involve the conversion of a tertiary

carbon-centered radical into a primary one, although it is
plausible for the observed first-order decay component of the
tert-butyl alcohol radical (see below). One possible explanation
is 2-propanol radical reaction with an impurity in the solution.
Some support for this assignment is given by the activation
energy of 30.0( 1.4 kJ mol-1 for this process, which is similar
to values obtained for impurity hydrogen atom abstraction
reactions of the 2-propanol radical in the organic solvents
2-butanol, tetrahydrofuran, andtert-butylmethylester of 31, 25
and 23 kJ mol-1 respectively.23 However, the standard system
cleaning precautions undertaken, the purity of all the chemicals
used and the significantly lower activation energy for the
analogous process intert-butyl alcohol radical recombination
(see later) makes this pathway suspect. Another possible
pathway for this first-order process is an internal radical
rearrangement, perhaps giving a resonance stabilized radical with
appreciable spin population on the oxygen atom. Alternatively
there could be a slow reaction of the 2-propanol radical with
N2O occurring. Further experiments are currently in progress
to elucidate this first-order reaction component in the 2-propanol
radical decay.

It should also be noted that the curve fitting procedures to
obtain these temperature-dependent rate constants did not take
account of any cross radical reactions, such as 2-propanol radical
reaction with the product of the first-order decay. From computer
simulation of the overall 2-propanol radical decay under our
“worst case” experimental conditions, at the highest temperature
and lowest dose where the first-order decay pathway was
maximized, assuming that such cross reactions occurred with a
rate constant of 2k ) 5 × 109 dm3 mol-1 s-1 gave a fitted
2-propanol radical recombination rate constant of 2k7 ) 5.1×
109 dm3 mol-1 s-1. This value is comparable with the original
value of 2k7 ) (4.18 ( 0.64) × 109 dm3 mol-1 s-1 obtained
under these conditions, and therefore it is inferred that such
cross-reactions are not important under most conditions in this
study.

tert-Butanol Recombination. Analogous temperature-de-
pendent rate constant data were also obtained fortert-butyl
alcohol radical recombination in aqueous solution. Typical decay
curves obtained for this system are shown in Figure 1b, at
temperatures of 18.1 and 50.1°C. As observed for 2-propanol
radical recombination, these decays also exhibited mixed order
kinetics, therefore these data was again fitted using eq 6 with
rate constants corresponding to the reactions

and

where 2k23 ) 2k23a+ 2k23b + 2k23c. Initial radical concentrations
were determined as for 2-propanol, using the calculated initial
yield value in Table 1. For the two decay curves shown in Figure
1b, fitted rate constants of 2k23 ) (8.69 ( 0.91) × 108 dm3

mol-1 s-1/k24 ) (4.31 ( 0.62)× 104 s-1 and 2k23 ) (1.51 (
0.26)× 109 dm3 mol-1 s-1/k24 ) (7.03( 1.27)× 104 s-1 were
obtained for the data at 18.1 and 50.1°C, respectively.

Figure 4. (a) Arrhenius plot for calculated 2-propanol 2kreact values
with solid line corresponding to predicted values of eq 20 in text. (b)
tert-butyl alcohol calculated 2kreactdata, with fitted line given by eq 28
in text. Error bars for both sets of data correspond to one standard
deviation.

Figure 5. (a) Arrhenius plot for fitted first-order component of
2-propanol radical reaction in aqueous solution. Error bars correspond
to one standard deviation obtained by averaging several decay curve
values. Solid line is the predicted values of eq 21 in text. (b) Analogous
Arrhenius plot for first-order component oftert-butyl alcohol radical
reaction, with solid line corresponding to eq 32 in text.

2•CH2C(CH3)2OHf (CH3)3CO + (CH3)2CHOH (23a)

f CH2C(CH3)2OH + (CH3)2CHOH
(23b)

f (CH3)2C(OH)CH2CH2(OH)C(CH3)2

(23c)

•CH2C(CH3)2OH f products (24)
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This combined fitting was performed on the data obtained
over the temperature range 8.5-69.8°C, to give the averaged
2kobs rate constants listed in Table 2. The Arrhenius plot for
the second-order component of this radical decay is shown in
Figure 2b, and is well described by the equation

corresponding to an activation energy of 15.83( 0.92 kJ mol-1.
Also shown in this plot are the previous room-temperature
measurements for this recombination process,25,37,38again very
good agreement is seen between all determinations. The overall
ratio of tert-butyl alcohol radical disproportionation to combina-
tion has been measured as 4.7 in water at 23°C,39 and so specific
rate constants of (2k23a + 2k23b) ) (8.41 ( 0.91) × 108 and
2k23c ) (1.79( 0.19)× 108 dm3 mol-1 s-1 can be calculated
at this temperature.

For the calculation of the Smoluchowski diffusion-controlled
rate constant, thetert-butyl alcohol radical was once again
approximated by the alcohol. Diffusion coefficients of this
alcohol have again been experimentally determined in aqueous
solution,28,40,41these literature values are shown in Figure 3b.
A nonlinear dependence is observed over the larger temperature
range of determination, and the values required in this study
were derived from the fitted equation

with T being the absolute temperature. However, for the
calculation of the reaction radius no equivalent density data
could be found fortert-butyl alcohol. Therefore this parameter
was estimated by the following procedure. The critical volume
of tert-butyl alcohol in waterVC was calculated using the method
of Lyderson,42,43and this was converted into the molal volume
φ using the empirical relationship of Tyn and Calus,43,44

which could be simply corrected to the molar volumeVX and
then substituted into eq 18. The validity of this procedure was
tested by performing this calculation for 2-propanol at 25°C,
which gaver•R ) 2.88× 10-10 m. As this calculated value is
slightly higher than the reaction radius of 2.75× 10-10 m
derived using experimental data, the ratio of these two values,
0.955, was used to correct the calculatedtert-butyl alcohol
reaction radius of 3.12× 10-10 m to give the used value of
2.98 × 10-10 m for this radical. As this calculation is only
applicable at room temperature (assumed to be 22°C), the same
temperature dependence determined for 2-propanol was also
assumed fortert-butyl alcohol, to give the final values listed in
Table 2.

On the basis of the measured diffusion coefficients and
calculated reaction radii, the Smoluchowski 2kdiff rate constants
were then calculated using eq 14, these values are also given
in Table 2. Again these rate constants are seen to be much larger
than the measured 2kobs rate constants in this study, indicating
that this recombination is also only partially diffusion controlled.
The 2kreact rate constants were again calculated using eq 19,
with specific values given in Table 2 and shown in Figure 4b.

The good Arrhenius behavior observed was found to be well
fitted by the equation

with the specific activation energy for this process being 14.3
( 1.2 kJ mol-1. Once again this analysis suggests that the
recombination of this radical in water is controlled by its
reactivity, not diffusion.

An extensive study of temperature-dependenttert-butyl
alcohol radical recombination rate constants in a wide range of
n-alkane solvents has been previous performed,30 with all values
found to be effectively diffusion-controlled, provided microf-
riction factors45 were taken into account. This correction is made
to the Stokes-Einstein relationship, eq 16, for the case where
the reaction radius of the solute (r) is of comparable magnitude
to that of the solvent (rs)46 and takes the form

with

whereTr andTrs are the reduced temperatures

calculated from the freezing (TF) and boiling (TB) points of the
solute and solvent, respectively. Figure 6 shows all of the
previously determined 2kobs values for the range ofn-alkane
solvents, with a very good linear relationship observed. Also
shown in this figure is the microfriction-corrected data of this
study for tert-butyl alcohol radical recombination in water,
which is seen to be much lower than all of the other data. This
again indicates that this reaction is not diffusion-controlled, thus
further supporting the findings of this study.

The temperature dependence of the fitted first-order rate
constants for this radical reaction (see averaged values in Table
2) also gave a good Arrhenius plot (Figure 5b), being well

log 2k23 ) [(11.80( 0.16)- (15830( 920)/2.303RT]

(25)

log D ) -5.066-2.577× 103/T + 8.133× 105/T2 -
1.189× 108/T3 (26)

φ ) 0.285VC
1.048 (27)

Figure 6. Microfriction corrected second-order termination rate
constants fortert-butyl alcohol radicals30 in C7H16 (g), C8H18 (n), C10H22

(2), C12H26 (1), C14H30 (]), C16H34 (+), C6H6 (*), and isobutane (×)
in comparison to the water (O) values of this study.

log 2k23
react) [(11.66( 0.21)- (14300( 1200)/2.303RT]

(28)

D•R) kT
6πηr〈Rf

(29)

10f ) (0.4+ r
rs

)(3.6+ 1.6Tr - Tr
s) (30)

Tr )
T - TF

TB - TF
(31)
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described by the equation

corresponding to an activation energy of 15.9( 2.3 kJ mol-1,
about half of the value determined for the 2-propanol radical.
The lower activation energy for this first-order process compared
to the 2-propanol radical suggests a different loss mechanism,
and in this case we can invoke a radical transformation pathway.
Using the work of Zeldes and Livingston36 as a reference point,
we can envision fragmentation of thetert-butyl alcohol radical
to form a methyl radical and an acetone molecule, analogous
to the transformation from the 2-keto-1-propyl radical to the
methyl radical and acetaldehyde that was observed in their work.

Summary

Temperature-dependent rate constants for the second-order
recombination of 2-propanol andtert-butyl alcohol radicals have
been measured in aqueous solution. The Arrhenius behavior of
these two reactions was found to be well described by the
equations

and

respectively. Comparison with Smoluchowski encounter rate
calculations showed that radical reactivity controlled these
aqueous recombinations. At higher temperatures an additional
first-order decay component was also found to be important,
for these corresponding pathways the temperature-dependent rate
constants were found to be

and

for 2-propanol andtert-butyl alcohol.
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