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’ INTRODUCTION

Ethanol has many desirable qualities as a transportation fuel; it
can be blended with gasoline and used in conventional spark
ignition engines, it has a relatively high energy density and a high
octane number, and its high oxygen ratio results in reduced
tailpipe emissions of many regulated compounds such as carbon
monoxide and aromatics. Ethanol has a lower toxicity than other
oxygenates such as methanol or methyl tertiary butyl ether
(MTBE). Much of the current interest stems from the environ-
mental and energy security advantages of generating ethanol
from biomass.1

While ethanol has many advantages as a fuel, enhanced use of
ethanol will result in increased release of ethanol (unburnt fuel,
fugitive emissions, and emissions during production) and acet-
aldehyde and formaldehyde from the combustion process. The
atmospheric oxidation of ethanol leads to important secondary
pollutants such as acetaldehyde, peroxyacetylnitrate (PAN),
formaldehyde, and ozone.

Under atmospheric and low-temperature combustion condi-
tions (<∼1100 K) the abstraction reaction R1 with the hydroxyl
radical, OH, is the major ethanol consumption process

OHþ CH3CH2OH f H2Oþ C2H5O ðR1Þ

Abstraction can occur at three sites leading to different C2H5O
isomers which subsequently react to give different first-genera-
tion stable products

OHþ CH3CH2OH f H2Oþ CH3CHOH R abstraction

ðR1aÞ

OHþ CH3CH2OH f H2Oþ CH3CH2OH β abstraction

ðR1bÞ

OHþ CH3CH2OH f H2Oþ CH3CH2Ohydroxyl abstraction

ðR1cÞ
In the atmosphere the CH3CHOH (R-hydroxyethyl) and
CH3CH2O (ethoxy) radicals will react with molecular oxygen,
leading to production of acetaldehyde and HO2 (reactions R2
and R3), whereas the CH2CH2OH (β-hydroxyethyl) radical
reacts primarily via O2 addition to form a peroxy radical. In the
polluted or semipolluted atmosphere subsequent reaction with
NO and alkoxy radical decomposition leads to production of two
molecules of formaldehyde via reactions R4a�R7.

CH3CHOHþO2 f CH3CHOþHO2 ðR2Þ

CH3CH2OHþO2 f CH3CHOþHO2 ðR3Þ

CH2CH2OHþO2 þM f OOCH2CH2OHþM ðR4aÞ
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ABSTRACT: The rate coefficients for reactions of OH with
ethanol and partially deuterated ethanols have been measured
by laser flash photolysis/laser-induced fluorescence over the
temperature range 298�523 K and 5�100 Torr of helium bath
gas. The rate coefficient, k1.1, for reaction of OH with C2H5OH
is given by the expression k1.1 = 1.06 � 10�22T3.58 -
exp(1126/T) cm3 molecule�1 s�1, and the values are in good
agreement with previous literature. Site-specific rate coefficients
were determined from the measured kinetic isotope effects.
Over the temperature region 298�523 K abstraction from the
hydroxyl site is a minor channel. The reaction is dominated by
abstraction of the R hydrogens (92 ( 8)% at 298 K decreasing to (76 ( 9)% with the balance being abstraction at the β position
where the errors are 2σ. At higher temperatures decomposition of the CH2CH2OH product from β abstraction complicates the
kinetics. From 575 to 650 K, biexponential decays were observed, allowing estimates to be made for k1.1 and the fractional
production of CH2CH2OH. Above 650 K, decomposition of the CH2CH2OH product was fast on the time scale of the measured
kinetics and removal of OH corresponds to reaction at the R and OH sites. The kinetics agree (within (20%) with previous
measurements. Evidence suggests that reaction at the OH site is significant at our higher temperatures: 47�53% at 865 K.
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OOCH2CH2OHþNO f OCH2CH2OHþNO2 ðR5Þ

OCH2CH2OH f HCHOþCH2OH ðR6Þ

CH2OHþO2 f HCHOþHO2 ðR7Þ
At high temperatures CH2CH2OH can decompose to regenerate
OH, reaction R8a, and at low pressures the chemically activated
peroxy radical formed following O2 addition can undergo
rearrangements including a channel R4b to regenerate OH2�4

CH2CH2OH f C2H4 þOH ðR8aÞ

CH2CH2OH f non-OH product channels ðR8bÞ

CH2CH2OHþO2 f OOCH2CH2OH� f OHþ 2HCHO

ðR4bÞ
Additionally, at high temperatures the ethoxy radical can decom-
pose to yield methyl radicals and formaldehyde

CH3CH2O f CH3 þHCHO ðR9Þ
The overall rate coefficient for reaction R1 is well characterized.
IUPAC5 recommends k1 = 6.70 � 10�18 T 2 exp(511/T) cm3

molecule�1 s�1 over the temperature range 216�599 K based on
the studies of Hess and Tully,6 Wallington and Kurylo,7 Jimenez
et al.,8 and Dillon et al.9 with a 298 K value of 3.2 � 10�12 cm3

molecule�1 s�1 (Δlog k = 0.08). However, uncertainty in the
branching ratios, Φ, for reaction R1 is much greater. IUPAC
recommendsΦ1a (k1a/k1) = 0.9 at 298 K andΦ1b =Φ1c = 0.05
primarily based on the kinetic data of Hess and Tully using
isotopically labeled OH.6,10 The value ofΦ1a = 0.9 is consistent
with a mass spectrometric study by Meier et al.,11 who deter-
mined Φ1a = 0.75 ( 0.15 at 298 K. Little is known about the
temperature dependence of the branching ratios; however, given
the greater bond strengths of the β C�H and O�H bonds in
ethanol, one would expect channels Φ1b and Φ1c to become
more significant at higher temperature.

A wide variety of different branching ratios for reaction R1
have been used in modeling studies of low-temperature ethanol
combustion. Frassoldati et al.12 reviewed different models; the
branching ratio Φ1a at 900 K ranges from ∼0.813 to 0.25.14

Frassoldati et al. noted that models of flame speeds in laminar
burning experiments were highly sensitive to the branching ratios
Φ1a and Φ1b. Given the uncertainty in branching ratios for
reaction R1 there is a clear need for additional experimental data.

In this study the branching ratiosΦ1a,Φ1b, andΦ1c have been
determined from 298 to 523 K by studying the kinetics of
isotopically labeled ethanol in a similar manner to the work of
Dunlop and Tully.15 The following reactions were studied,
monitoring removal of OH radicals by laser-induced fluores-
cence (LIF) under pseudo-first-order conditions after photolytic
generation of OH

OHþ CH3CH2OH f products ðR1.1Þ

OHþ CD3CH2OH f products ðR1.2Þ

OHþ CH3CD2OH f products ðR1.3Þ

OHþ CD3CD2OH f products ðR1.4Þ

OHþ CH3CH2OD f products ðR1.5Þ

OHþCD3CD2OD f products ðR1.6Þ
Assuming that the rate coefficient is independent of the isotopic
content at other sites in the molecule, then the rate coefficients
for reactions R1.1�R1.6 can be written in terms of the site-
specific rate coefficients and kinetic isotope effects (KIE).

Above 550 K decomposition of the CH2CH2OH radical to
regenerate OH produces biexponential OH traces, complicating
the analysis, but branching ratio information can still be retrieved.
Potential effects from OH recycling via reactions R4b and R8a
are also investigated at temperatures below 600 K. At tempera-
tures above 650 K decomposition of CH2CH2OHbecomes rapid
on the time scale of the kinetics and OH traces once again
become simple exponentials; however, assuming that reaction
R4b is the only loss process for CH2CH2OH, the OH decays
now yield the rate coefficients for loss via channels R1a and R1c.
Very recently Sivaramakrishnan et al.16 carried out a study of
reaction R1 over the temperature range 857�1297 K using shock
tube methods. As they too monitor OH loss, the rate coefficient
that they report, k = (2.5 ( 0.4) � 10�11 exp(�(911 ( 191)
K/T) cm3 molecule�1 s�1, is for channels R1a and R1c
(assuming that all CH2CH2OH decomposes to regenerate
OH). Sivaramakrishnan et al. complemented their experimental
measurements with ab initio (QCISD(T)/CBS)/TST calcula-
tions of site-specific rate coefficients. Other theoretical calcula-
tions have been performed by Xu and Lin17 (CCSD(T)/6-
311þG(3df,2p)//MP2/6-311þG(3df,2p) and Galano et al.18

(CCSD(T)/6-311G(d,p)//BHand HLYP/6-311G). In the final
section of the paper we compare our results with various
theoretical and modeling studies.

’EXPERIMENTAL SECTION

All experiments were carried out in a metal slow flow flash
photolysis apparatus as described in previous publications.19�21

The OH precursor, ethanol, and helium bath gas were flowed
through calibrated flow controllers into a mixing manifold and
hence into the reaction cell. The total pressure in the cell was
controlled by a throttle between the cell and the rotary pump.
Pressures in the cell were measured using a baratron pressure
gauge. The cell was a six-way cross constructed from stainless
steel, the central portion could be heated with cartridge heaters
(Watlow), and the temperature above and below the reaction
region was monitored with thermocouples which provided a
feedback signal to the heater control.

OH radicals were generated by pulsed laser photolysis
(Lambda Physik, Compex, KrF at 248 nm or ArF at 193 nm)
of a precursor and monitored via off-resonance laser-induced
fluorescence (LIF). The probe laser light, introduced into the cell
perpendicularly to the photolysis laser beam, was the frequency-
doubled output of a pulsed NdYAG (Spectra-Physics, Quanta-
Ray GCR 100-series) pumped dye laser (Spectra-Physics, Quan-
ta-Ray PDL-3) operating with Rhodamine 6G dye. This was
tuned to the energy of the OH (A2Σ(v = 1) r X2Π(v = 0),
Q1(1)) transition at ∼281.9 nm. Fluorescence was detected
through a 308 nm filter by a photomultiplier tube mounted on
top of the reaction cell, perpendicular to the plane of the
photolysis and probe laser beams. The signal was averaged on
a boxcar integrator before being transferred to a PC for analysis.
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Three OH precursors were used to generate OH in either a
dry environment to minimize exchange reactions of the deuter-
ated ethanols CH3CH2OD and CD3CD2OD or an O2-free envi-
ronment. The dry OH source was 248 nm photolysis of acetone
and the subsequent reaction of CH3CO radicals with O2.

19

CH3COCH3 þ hν f CH3COþ CH3 ðR10Þ

CH3COþO2 f OHþ products ðR11Þ
The O2 free experiments were performed using 193 nm photo-
lysis of N2O in the presence of H2O

N2Oþ hν f Oð1DÞ þN2 ðR12Þ

Oð1DÞ þH2O f 2HO ðR13Þ
or the 248 nm photolysis of t-butyl hydroperoxide (TBH).

ðCH3Þ3COOHþ hν f ðCH3Þ3COþOH ðR14Þ
Reaction R13 produces vibrationally excited OH;22 however, this
is efficiently relaxed by water, generating ground state OH on
time scales of a few microseconds or less, and could be treated as
an instantaneous source when measuring millisecond OH decay
profiles.

CH3CH2OH (Aldrich, g99.5% (200 proof), CD3CH2OH
(Aldrich, 99 atom % D),CH3CD2OH (Aldrich, 99 atom % D),
CH3CH2OD (Aldrich, 99.5 atom % D), CD3CD2OH (Aldrich,
99.5 atom % D),CD3CD2OD (Aldrich, 99.5 atom % D), tert-
butyl hydroperoxide (70% aq), and acetone (99%þ) were
purified by several freeze�pump�thaw cycles. He (BOC,

CP grade, 99.999%), O2 (Air Products, high purity, 99.999%),
and N2O (Fluka, >99.998%) were used without further
purification.

A particular problem when flowing alcohols deuterated at the
hydroxyl group (CH2CH2OD or CD3CD2OD, referred to as
ROD) was for proton exchange, RODf ROH, to occur before
the alcohol samples passed through the photolysis region of the
reaction cell. To measure the amount of exchange occurring in
this work, FTIR (Nicolet Avatar 360 E.S.P.) analysis of the
reaction mixture was undertaken by taking samples using a liquid
nitrogen trap placed in the exhaust line of the reaction cell. The
amount of exchange was substantially reduced by using the
acetone/O2 precursor, which is a dry OH source that does not
contain a hydroxyl functional group. The cause of the remaining
exchange was possibly atmospheric water adsorbed on the sur-
face of the stainless steel vacuum line and reaction cell, and
although attempts were made to remove the effect there was
always some small fraction of exchange present during the
experiment. Therefore, the fraction of exchange was quantified
by FTIR analysis for each set of kinetic measurements, giving
[ROD]/([ROD] þ [ROH]) = 0.72�0.89, see Table 1. Ex-
change occurring during the trapping process could not be ruled
out, so the fraction presented represents an upper limit to the
actual fraction of exchange in the cell. Analysis of the gas mixture
when CD3CD2OH was present had no detectable C�H peak,
confirming the isotopic purity of the alcohol and that exchange at
the R and β sites was not occurring. This was also confirmed for
the other deuterated ROH alcohols, as the relative heights of the
C�H and C�D peaks did not change before and after passing
through the reaction cell.

’RESULTS

Figure 1 shows examples of typical log plots of the OH signal
in the presence of excess ethanol as a function of time for three
different temperature regimes.

Table 1. Bimolecular Rate Coefficients for Reaction of OH
with Various Deuterated Forms of Ethanola

k/10�12 cm3 molecule�1 s�1

T/K CH3CH2OH CD3CH2OH CH3CH2OD fraction of ROD

298 3.26 ( 0.08b 2.98( 0.07 3.32( 0.08 0.72�0.83

298 3.36( 0.09c

298 3.29( 0.09d

373 3.72( 0.09 3.29( 0.09 3.73( 0.10 0.75

423 3.87( 0.13 3.53( 0.09 3.87( 0.10 0.89

473 4.32( 0.11 3.75( 0.10 4.33( 0.11 0.85

523 4.57( 0.12 4.35( 0.14 4.52( 0.12 0.89

523 4.76( 0.13c

523 4.87( 0.17d

T/K CD3CD2OH CH3CD2OH CD3CD2OD fraction of ROD

298 1.42( 0.04 1.62( 0.04 1.40( 0.03 0.83

298 1.67 ( 0.07c

373 1.87( 0.05 2.25( 0.06 1.77( 0.05 0.78

423 2.15( 0.05 2.55( 0.06 2.28( 0.06 0.79

473 2.60( 0.07 3.08( 0.08 2.49( 0.06 0.85

523 2.87( 0.08 3.51( 0.09 2.75( 0.07 0.84

523 3.48 ( 0.12c

523 3.79( 0.13d

a For reactions R1.5 and R1.6 the fraction of exchange ([ROD]/([RODþ
ROH]) was measured using FTIR, see text. bAverage of six repeat
measurements. cN2O/H2O precursor, pressure = 5 Torr, [O2] > 1 �
1016 molecules cm�3. dN2O/H2O precursor, pressure = 5 Torr, zero O2.
Errors are 2σ.

Figure 1. Fluorescence signal vs time following 193 nm photolysis of
mixtures of N2O/H2O/CH3CH2OH/He at three different tempera-
tures: (a) T = 298 K, [CH3CH2OH] = 4.3 � 1014 molecules cm�3,
[N2O] = 1.1 � 1016 molecules cm�3, [OH]0 ≈ 1.4 � 1011

molecules cm�3; (b) T = 575 K, [CH3CH2OH] = 0.96 � 1014

molecules cm�3, [N2O] = 5.8 � 1015 molecules cm�3, [OH]0 ≈
1.3� 1011 molecules cm�3; (c) T = 806 K, [CH3CH2OH] = 0.5� 1014

molecules cm�3, [N2O] = 3.7� 1015 molecules cm�3, [OH]0 ≈ 0.6�
1011 molecules cm�3. The y axis is in decades, with traces off set for
clarity.
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Below 523 K, [OH] removal was governed by reaction R1
only and so under pseudo-first-order conditions a linear log[OH]
vs time trace was observed. Between 550 and 650 K, biexponen-
tial kinetic traces were observed due to OH recycling from
decomposition of the CH2CH2OH radical, reaction R8a.6 Above
650 K, k8 was fast compared with the pseudo-first-order OH loss
rate coefficient and so the [OH] kinetic profiles were again
characterized by single-exponential loss. The observed OH loss
rate was slower than the total rate of OH consumed by reaction
R1 by a factor equal to the yield ofOH recycled through reactions
R1b and R8a.

With acetone/O2 as the OH precursor typical concentrations
were [alcohol] = 0.5�10 � 1014 molecules cm�3, [acetone] =
5 � 1013 molecules cm�3, [O2] = 1�5 � 1016 molecules cm�3,
and He buffer gas 25 Torr. The photolysis laser powers used
varied between 10 and 20 mJ pulse�1, corresponding to photon
densities of approximately 5�10 � 1015 photon cm�2 s�1. An
upper limit of the initial OH concentration ([OH]0) was
estimated to be 0.5�1.5 � 1011 molecules cm�3, assuming a
quantum yield of unity and the recommended absorption cross
section for acetone.23 The condition [alcohol]/[radicals]0 > 500
was maintained in almost all experiments, ensuring OH concen-
trations followed pseudo-first-order kinetics. Additionally, the
ratio k11[O2]/k1.1�1.6[alcohol] was maintained such that pro-
duction of OH growth could be treated as instant and below 523 K
OH loss could be considered as a simple exponential decay. A
least-squares regression fit to the fluorescence signal, If,OH, time
dependence was performed using equation E1

If , OHðtÞ ¼ If , OHð0Þ expð � k0tÞ ðE1Þ

where k0 = k1.1�1.6 [alcohol] þ kloss was the pseudo-first-order
rate coefficient, k1.1�1.6 represents the bimolecular rate coeffi-
cients for reactions R1.1�R1.6, and kloss represents the sum of
first-order loss processes for OH due to diffusion and reaction
with precursor and impurities. The assumption that kloss followed
first-order loss was reasonable as the observed traces when
[alcohol] = 0 conformed to single-exponential behavior at all
temperatures. To obtain bimolecular rate coefficients, values of k0
were measured at different alcohol concentrations for a fixed
precursor concentration. The gradient of a linear least-squares fit
to a plot of k0 vs [alcohol] gave the bimolecular rate coefficient.

Typical bimolecular plots are shown in Figure 2 for reaction of
OHþ CH3CH2OH and OHþ CH3CD2OH at 298 and 806 K.

After changing the alcohol flow rate, reproducible kinetics
were only obtained after allowing several minutes for adsorption
of the alcohol onto the walls of the reaction cell and gas line to
reach equilibrium. Table 1 lists the rate coefficients for reactions
of OH with the isotopomers of ethanol, k1.1�1.6, which are
plotted in Arrhenius form in Figure 3. The 2σ values obtained
from the linear fit were typically∼1�2%, see Table 1. However,
these do not account for uncertainties that arise from sample
preparation and calibration of the gas flow, pressure, and tem-
perature in the cell. An estimate of the total random error was
obtained from repeat measurements of the room temperature
rate coefficient, obtained each time a sample was prepared. The
error of six repeat readings of k1.1 at room temperature, after
weighting with the t-student value for five degrees of freedom for
95% confidence interval, was 4%. Combining this uncertainty
with the precision gives an estimate of the smallest reliable KIEs
observable in the system to be 5%.

Product branching ratios were obtained based on the meth-
odology of Dunlop and Tully.15 Such an approach requires
accurate and precise rate coefficient measurements. The dry
acetone/O2 OH precursor19 minimized the exchange process at
the OH group but opened up the possibility of OH recycling
from the reaction of CH2CH2OH with O2, reaction R4b. The
invariance of the measured rate coefficient for reaction R1.1 with
precursor suggests that recycling is not significant under our
experimental conditions. However, during the course of this
study Zador et al.4 reported a high yield of formaldehyde from
reaction R4b, suggesting that this recycling could be significant
even at low temperatures. We therefore undertook an analysis of
OH recycling in the presence of oxygen.

Reaction R4b was studied by generation of HOCH2CH2

(from the OH þ C2H4 reaction) in the presence of low
concentrations of O2 so that regeneration occurs on comparable
time scales to OH removal. The resultant biexponential decays
can be analyzed to determine recycling. Alternatively, we compared
the rate coefficients for OH þ C2H4 in the presence/absence

Figure 2. Bimolecular plot showing k0 versus [ethanol]: filled shapes,
CH3CH2OH; empty shapes, CD3CD2OH; squares, 298 K; trian-
gles, 806 K.

Figure 3. Bimolecular rate coefficients for reactions of OHwith various
deuterated isotopomers of ethanol (298 K < T < 573 K): CH3CH2OH,
filled squares; CD3CH2OH, filled circles; CH3CD2OH, filled upward
triangles; CD3CD2OH, filled downward triangles; CH3CH2OD, empty
squares; CD3CD2OD, empty triangles. Error bars are statistical uncer-
tainties at the 2σ level obtained from fitting to the bimolecular plots.
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of an excess of O2. In this case regeneration of OH is fast and the
decays are exponential. The results confirm OH recycling at low
temperatures (298�423 K) and low pressures; however, OH
recycling becomes insignificant above ∼25 Torr at the tem-
peratures studied, in agreement with the invariance of our mea-
sured k1.1 with OH precursor.
Comparison with Literature Data for the Rate Coefficient,

k1.1, of the Reaction OH þ CH3CH2OH. The temperature
dependence of k1.1 (OHþ CH3CH2OH) is shown in Arrhenius
form in Figure 4, including results from previous studies. The
values of k1.1 are in excellent agreement with the temperature-
dependent study of Hess and Tully6 and the more recent
determinations of Dillon et al.9 and Jim�enez et al.8 The strong
curvature is consistent with a change in mechanism at higher
temperatures. Around room temperature, reaction R1a is ex-
pected to dominate due to the low barrier height (�0.416 and
1.7 kJ mol�1 18) to form CH3CHOH, which is consistent with
the weak temperature dependence in this region. At much lower
temperatures formation of a prereaction complex, as seen in
other reactions of OHwith oxygenated species,24,25 could lead to
an increase in the rate coefficient. Above 298 K, the contributions
of reactions R1b and R1c are expected to increase due to their
larger barriers (R1b 5.516and 10.8 kJ mol�1 18 and R1c 15.516 and
12.42 kJ mol�1 18), consistent with the increased rate coefficient
seen and the experimental activation energy below 523 K.
Product Branching Ratios in Reaction R1 from 298 to 523 K.

From Figure 3 and Table 1 it can be seen by comparing k1.1/k1.5
and k1.4/k1.6 that, even allowing for some atom exchange
(<30%), deuteration of the hydroxyl group produces no measur-
able kinetic isotope effect (KIE). A significant KIE is expected for
abstraction at the hydroxyl site, and therefore, it is concluded that
abstraction at the hydroxyl site is not significant below 523 K.
This observation is in good agreement with the recent calcula-
tions of Xu and Lin17 and Sivaramakrishnan et al.,16 who both
estimate Φ1c to be ∼3% at 500 K.
To obtain product branching ratios at the R site (Φ1a) and

β site (Φ1b) from the measured rate constants, k1.1�k1.4, the
same approach as Dunlop and Tully15 was used. This method
relies on some assumptions about the kinetic isotope effects.

First, the rate of abstraction at a hydrogen/deuterium site is
assumed independent of the isotopic content at other sites in the
compound. This was justified experimentally by Tully and co-
workers26�29 for hydrocarbons and alcohols and theoretically by
Hu et al.30 The rate of reactions R1.1�R1.6 can be written in
terms of the site-specific rate coefficients and kinetic isotope
effects (KIE) z1a-c, where z�1

1a(T) = kD1a/k
H
1a, z

�1
1b(T) =

kD1b/k
H
1b, and z�1

1c(T) = kD1c/k
H
1c

1 1 1
z�1
1a 1 1
1 z�1

1b 1
z�1
1a z�1

1b 1
1 1 z�1

1c

z�1
1a z�1

1b z�1
1c

0
BBBBBBBBB@

1
CCCCCCCCCA

k1a
k1b
k1c

0
BB@

1
CCA ¼

k1:1
k1:2
k1:3
k1:4
k1:5
k1:6

0
BBBBBBBBB@

1
CCCCCCCCCA

ðE2Þ

Figure 4. Arrhenius plot of the kinetic data obtained for reaction R1.1 in
this study and in previous literature. Solid squares are the total rate
coefficient for reaction R1.1. Empty squares are reduced by the rate of
recyclingOH. Error bars are the quoted 2σ values. Lines are fits of eqs E5
(black solid,AT2 exp(B/T) fit to our data), E6 (dotted line, AT2 exp(B/T)
from IUPAC), and E7 (dashed line, ATn exp(B/T) fit to our data).

Figure 5. Site-specific rate coefficients for reaction R1 obtained from
solving eq E3.

Figure 6. Branching fractions for reaction of OH þ ethanol as a
function of temperature: black triangles, Φ1b from this work; black
squares,Φ1a from this work; filled lines,Φ1a; dashed lines,Φ1b; dotted
lines, Φ1c; black lines, this work; purple lines, Master Chemical
Mechanism;32 pink lines, Sivaramakrishnan et al.16 Errors bars show
the propagated 2σ level errors.
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As no KIE is evident from reactions R1.5 and R1.6 these cannot
be used in a quantitative analysis other than the assignment of
Φ1c = 0, as discussed above, and eq E2 reduces to eq E3.

1
z�1
1a

1
z�1
1a

1
1
z�1
1b

z�1
1b

0
BBBB@

1
CCCCA

k1a
k1b

 !
¼

k1:1
k1:2
k1:3
k1:4

0
BBBB@

1
CCCCA ðE3Þ

The separation into site-specific branching ratios can be validated
by comparing the magnitude of k1.1 þ k1.4 with k1.2 þ k1.3
(multiplying out the matrix equations, these both sum to k1a

H þ
k1b
H þ k1a

D þ k1b
D ), which yield the same value within the errors,

except for one datum at 523 K, Table 1. The system of equations
is then reduced to four unknown parameters (k1a, k1b, z1a, z1b)
but only three linearly independent equations. To reduce the
dimensionality, Tully and co-workers assumed the KIE for
β abstraction, z1b, in 2-propanol is, to a good approximation,
thatmeasured for ethane and neopentane, z1b = 0.961 exp(467/T),
and so the same assumption is made here for ethanol. k1.1, k1.2,
and k1.4 were used to solve eq E3 as this led to smaller error than
using k1.3. The results using reaction R1.3 instead of reaction
R1.4 in the analysis are within error except at 523 K. The site-
specific rate coefficients are shown in Figure 5. Errors bars show
the propagated errors at the 2σ level.
The solid lines are Arrhenius parametrizations of the data.
A least-squares regression fit was made to the site-specific rates

using a two-parameter Arrhenius expression. The returned
parameters are given below where the errors represent 2σ.

kH1a ¼ ð4:27 ( 0:40Þ
� 10�12 expðð � 106 ( 32=TÞ cm3 molecule�1 s�1

kD1a ¼ ð5:10 ( 0:75Þ
� 10�12 expðð � 397 ( 27Þ=TÞ cm3 molecule�1 s�1

kH1b ¼ ð5:99 ( 2:62Þ
� 10�12 expðð � 933 ( 179=TÞ cm3 molecule�1 s�1

kD1b ¼ ð6:38 ( 3:41Þ
� 10�12 expðð � 1418 ( 117Þ=TÞ cm3 molecule�1 s�1

The product branching fractions were calculated from the site-
specific rate coefficients using eq E3, shown as a function of
temperature in Figure 6. The figure includes the branching
fraction calculated at each temperature and also using the Arrhenius
parametrizations given above. Also included in the figure are the
branching fraction for the atmospherically important β channel
currently used in the Master Chemical Mechanism31 and the the-
oretical calculations of Sivaramakrishnan et al.16

At 300 K themeasured value ofΦ1b = 8% is in good agreement
with the current recommended IUPAC value of 5%. Extrapola-
tions suggest that Φ1b decreases to ∼5% at temperatures of
220�230 K representative of the upper troposphere. Our results
appear to validate the recent findings of Xu and Lin17 and
Sivaramakrishnan et al.16 that Φ1c is a minor channel below
523 K. However, the agreement between this work and the
theoretical calculations is less consistent for Φ1b; our values are
slightly higher than those of Xu and Lin but significantly higher
than Sivaramakrishnan et al. whereΦ1b is less than 4% at 500 K.
Further comparisons of branching ratios from this work and
literature values can be found below.
As the magnitudes of our yields depend strongly on the assumed

values for z1b, it is sensible to consider the effect of adjusting this
value. As the C�H bonds in the methyl group in ethanol are
weaker than those in hydrocarbons by a few kJmol�1 a reduction in
the exponent of z1b might be reasonable. To give an indication of
the possible effect, halving the exponent in z1b increases the
branching fraction by approximately a factor of 2, making the beta
channel more significant. However, as discussed in the next section,
direct values for Φ1b could be obtained at higher temperatures,
which confirm the branching fraction for reaction R1b is small.
Analysis of Kinetic Data from 575 to 650 K. From 575 to

650 K, the OH decays were biexponential in nature (Figure 1b)
due to thermal decomposition of CH2CH2OH, reaction R8a

CH2CH2OH f C2H4 þOH ðR8aÞ
Thermal decomposition of CH3CO limited the high-tempera-
ture application of the acetone/O2 OH source. Therefore, above
525 K, OH was generated only from 193 nm photolysis of N2O
and the subsequent reaction O(1D) þ H2O. Assuming prompt
OH formation from reactions R12 and R13, the OH concentra-
tion is governed by reactions R1 and R8a and other loss processes
for CH2CH2OH (diffusion or other possible decomposition
reactions, see below) represented as reaction R8b

CH2CH2OH f products other than OH ðR8bÞ
Solution of the corresponding rate equations gives expression E4,
which was fit to the experimental data to obtain parameters for
[OH]0, λþ, λ�, and k0 for various concentrations of ethanol

½OH�t ¼
½OH�0
λþ � λ�

½ðk0 � λ�Þexpð � λþtÞ
� ðk0 � λþÞexpð � λ�tÞ� ðE4Þ

Figure 7. R parameter and k0 versus [CH3CH2OH] at 625 K and 25
Torr. Error bars are the returned 1σ values.

Table 2. Rate Coefficients for Reactions R1.1 and R8a and
Φ1b from 575 to 650 K (errors are 2σ)

T/K

pressure/

Torr

1012k1.1/cm
3

molecule�1 s�1 k8a/s
�1 Φ1b

575 25.0 5.97( 0.09 272( 58 0.22( 0.30

625 25.1 6.85( 0.18 596( 90 0.12( 0.18

650 25.1 6.80( 0.40 1187( 117 0.08( 0.14
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where k0 = �k1[alcohol] � kloss, λ( = ((R ( (R2þ4β)1/2)/2),
R = k8aþk8b�k0

β ¼ k1bk8a½alcohol� þ ðk8a þ k8bÞk0

To obtain fittings with satisfactory statistics, 400 datum points,
each consisting of the average of four laser pulses, were needed
for each kinetic trace. Individual rate coefficients for k1 and k8
were extracted by performing linear fits to plots of k0, R = (λþ,þ
λ�), and β = (λþ� λ�) versus [alcohol], e.g., Figure 7. Values of
k1.1, k8a, and Φ1b are presented in Table 2.
Combining our lower temperature (298�523 K) measure-

ments of k1.1 with the values obtained for the biexponential
regions gives the following modified Arrhenius parameters from
an unweighted fit (k1.1 = ATn exp(�E/RT), where the data have
been fitted both by constraining n to 2, eq E5, to compare with
IUPAC evaluation, eq E6, and allowing n to float, eq E7

k1:1 ¼ 7:57

� 10�18T2 exp
469
T

� �
cm3 molecule�1 s�1 ðE5Þ

k1:1 ¼ 6:70

� 10�18T2 exp
511
T

� �
cm3 molecule�1 s�1 ðE6Þ

k1:1 ¼ 1:06

� 10�22T3:58 exp
1126
T

� �
cm3 molecule�1 s�1 ðE7Þ

Equations E5�E7 are shown as the lines in Figure 4.
Values for k1b were poorly determined (e.g., Φ1b, 625 K =

0.12( 0.18) but consistent with β abstraction still being a minor
but significant channel. While our experiments do not constrain
Φ1b particularly well, the observation of biexponential decays in
this study and byHess andTully6 aswell as the apparent decrease in
the observed rate coefficient for OH removal at high temperatures

(>650 K), compared to extrapolation of the 200�500 K data
(Figure 4), shows that channelΦ1b contributes to the reaction to
a greater extent than that predicted by the calculations of
Sivaramakrishnan et al.,16 where Φ1b is <4% up to 1000 K.
In their study of the OHþC2H4THOCH2CH2 equilibrium,

Diau and Lee33 suggested that there was a significant additional
chemical loss process for HOCH2CH2 other than reaction R8a
accounting for approximately 25% of HOCH2CH2 removal. The
presence of such a process would complicate the interpretation of
the OH decays. However, the presence of an alternative decom-
position or isomerization process was questioned in the experi-
mental study of OH þ C2H4 by Fulle et al.,

34 and recent high-
level theoretical calculations by Senosiain et al.,35 Cleary et al.,21

and Xu et al.36 appear to rule out alternative chemical loss
processes for HOCH2CH2 below 650 K. The lack of an alter-
native decomposition channel for HOCH2CH2 is consistent
with our experimental data; setting a value of k8b above that
expected from diffusion leads to negative values for Φ1b.
Analysis of Kinetic Data from 700 to 864 K.Decomposition

of the β-hydroxy radical is strongly temperature dependent and
above 700 K OH is quickly recycled (k8 > 2000 s�1) following

Table 3. Apparent Rate Coefficients K1.1�1.4 between 658 and 864 Ka

T/K

κ1.1/10
�12 cm3 molecule�1 s�1

(OH þ CH3CH2OH)

κ1.2/10
�12 cm3 molecule�1 s�1

(OH þ CD3CH2OH)

κ1.3/10
�12 cm3 molecule�1 s�1

(OH þ CH3CD2OH)

κ1.4/10
�12 cm3 molecule�1 s�1

(OH þ CD3CD2OH)

658 5.81( 0.23 5.64( 0.21

698 6.43( 0.21 6.64( 0.22

807 9.08( 0.29 9.20( 0.30

864 10.30( 0.40 9.69( 0.37

658 5.78( 0.23 3.79( 0.13

698 6.68( 0.28 4.83( 0.17

752 7.79( 0.25 5.60( 0.18

807 9.07( 0.40 6.50( 0.21

864 10.27( 0.36 7.82( 0.26

658 5.79( 0.33 3.76( 0.19

698 6.59( 0.21 4.34( 0.14

806 8.82 ( 0.31 6.17( 0.22

864 10.24( 0.57 7.16( 0.34
a Errors are a combination of 2σ from a linear fit of the bimolecular plot combined with a 5% uncertainty to account for errors in the concentration of the
alcohol.

Figure 8. Bimolecular rate coefficients (658�864 K) for reactions of
OH with several isotopomers of ethanol at 100 Torr.
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reaction R1b. Kinetic traces are once again characterized by
single-exponential loss given by eq E8 and shown in Figure 1c.

½OH�t ¼ ½OH�0 expð � k0tÞ ðE8Þ
where κ0 = k1.1�1.6 [alcohol]� Γþ kloss and Γ = (1�Φ1bΦ8a).
Φ1bΦ8a represents the yield of OH formed from reactions R1b

and R8a but is undetermined in these experiments. If Φ8b is
negligible, the returned values of κ0, given in Table 3 and Figure 8,
represent the rate of OH þ ethanol via reactions R1a and
R1c only.
For these experiments OH was generated from photolysis of

N2O/H2O; the presence of water prevented any isotopic sub-
stitution of the hydroxyl group but was required to rapidly relax
vibrationally excited OH formed from the O(1D) reactions used
to generate OH. Prior to each measurement of a bimolecular
rate coefficient for a deuterated species the corresponding rate

Table 4. Returned Parameters from ATn exp(�C/T) (weighted and unweighted) and A exp(�C/T) Fits to the Full Set of
Kinetic Data

weighted ATn exp(�C/T) unweighted ATn exp(�C/T) weighted A exp(�C/T)

OH þ CH3CH2OH f H2O þ CH3CHOH

A1aH (2.54 ( 0.05) � 10�12a (1.91 ( 0.34) � 10�12a (3.8 ( 1.2) � 10�12 a

A1aD (2.54 ( 0.05) � 10�12a,b (1.91 ( 0.34) � 10�12a,b (3.1 ( 1.7) � 10�12 a

C1aH �50.32c,d �50.32c,d 72 ( 90c

C1aD 179.9 ( 7.4c 277 ( 85c 242 ( 139c

n1a 0.539 ( 0.082 1.19 ( 0.19

OH þ CH3CH2OH f H2O þ CH2CH2OH

A1bH (2.57 ( 0.46) � 10�12a (4.2 ( 3.7) � 10�12 (1.3 ( 1.2) � 10�11 a

A1bD (2.57 ( 0.46) � 10�12 a,b (4.2 ( 3.7) � 10�12 a,b (2.6 ( 2.0) � 10�11 a

C1bH 654.2 c,d 654.2 c,d 1167 ( 247c

C1bD 1300 ( 230c 820 ( 130c 1760 ( 510c

n1b 0.0001 ( 0.3500 0.0001 ( 1.200

OH þ CH3CH2OH f H2O þ CH3CH2O

A1cH (3.3 ( 1.7) � 10�12 a (2.1 ( 6.0) � 10�12 a (2.0 ( 4.8) � 10�10 a

A1cD (3.3 ( 1.7) � 10�12 a,b (2.1 ( 6.0) � 10�12 a,b (3.1 ( 1.7) � 10�10

C1cH 1862c,d 1862c,d 3900 ( 2600

C1cD 2035 ( 104c 4000 ( 6125c undefined

nc 2.48 ( 0.49 2.5 ( 2.3
aUnits are cm3 molecule�1 s�1. b A factors for deuterated reactions are constrained to have the same A factor as for the hydrogenated reactions. cUnits
are Kelvin. dValue fixed to that calculated by Sivaramakrishnan et al.16

Figure 9. Fits to the complete set of experimental rate coefficients for
reaction of OH with various isotopomers, excluding data from the
biexponential region: black squares, experimental data points and
associated error; red circles, fit to the experimental data using the
modified weighted modified Arrhenius parameters of Table 4; blue
triangles, fit to the experimental data with the temperature dependence
of all channels constrained to the parametrization of Sivaramakrishnan
et al.16 The χ2 per degree of freedom for the three-channel model is 1.03,
increasing to 4.18 for the constrained model.

Figure 10. Branching ratios for reaction R1 between 300 and 1200 K.
The data points shown are from the lower temperature isotopic studies
of this work; the black lines are from fits to the complete data set.
Comparisons are shown with branching ratios from the literature where
in each case the solid line is the R channel R1a, the dashed line is the β
channel R1b, and the dotted line is the OH channel R1c.
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coefficient for normal ethanol wasmeasured, and hence, there are
three entries for κ1.1 for each temperature in Table 3 which give a
good measure of the reproducibility of the kinetic data. The
activation energy for κ1.1 is 13.2 ( 0.4 kJ mol�1. Our measure-
ments for κ1.1 are in excellent agreement with the Arrhenius
parametrization of the shock tube data of Sivaramakrishnan
et al.16 at the overlapping temperatures, but the data of Sivaramak-
rishnan display a weaker temperature dependence (E/R =�911(
191 K vs �1590 ( 50 K, Figure 4) than this work or Hess and
Tully.6

Ourmeasurements of κ1.1 extend those of Hess and Tully
6 and

show stronger temperature dependence than would be expected
based on extrapolation of the lower temperature (300�500 K)
results (Figure 4). Such curvature could arise from strong non-
Arrhenius dependence of the R abstraction channel, increased
contributions from the hydroxyl abstraction, or a combination of
both contributions. Unfortunately, reaction at the hydroxyl
group could not be directly investigated as the use of water as
an OH precursor caused complete exchange of ROD to ROH.
The measured rate coefficient should be that for channels

R1a þ R1c as all the CH2CH2OH formed in channel R1b is
rapidly recycled on the time scale of the experiments to OH. As
discussed above, alternative decomposition channels for
CH2CH2OH have been proposed. Additionally, Dunlop and
Tully15 suggested during a study of 2-propanol þ OH that the
analogous decomposition of the β-hydroxy radical,
CH2CHOHCH3, has another channel approximately five times
slower than the decomposition that forms OH. While the
theoretical studies of Senosiain et al.,35 Cleary et al.,21 and Xu
et al.36 showed that reaction R8a was the only significant
decomposition or isomerization loss process below 650 K, at
the very highest temperatures of this study, Xu et al. suggest that
an alternative decomposition to form vinyl alcohol þ H atom
could contribute up to 10% of HOCH2CH2 loss.

36 If a significant
fraction of HOCH2CH2 was lost without regeneration of OH,
then channel R1b (abstraction at the β position) would again
start to contribute to OH loss and be evidenced by a KIE. The
lack of any significant KIE on deuteration of the β position (e.g.,
comparing κ1.1 and κ1.2 or κ1.3 and κ1.4) is consistent with the
theoretical calculations of no or only a minor (<20%) loss of
HOCH2CH2 without OH regeneration.36

’DISCUSSION

Branching Ratios Below 650 K. At low temperatures
(300�523 K) isotopic studies have allowed determination of
branching ratios from the reaction of OHþ C2H5OH. Reaction
at the hydroxyl channel, Φ1c, is insignificant. Branching ratios
between channels Φ1a (R abstraction) and Φ1b (β abstraction)
at 300 K are in good agreement with the current values used in
the Master Chemical Mechanism and recommended by IUPAC
but differ significantly at low temperatures from those recom-
mended by Marinov,37 although it should be noted that the
Marinov model is based on analysis of higher temperature data.
At higher temperatures (550�650 K) decomposition of the

HOCH2CH2 radical formed following β abstraction produces
biexponential OH decays. The observation of such decays
conflicts with the recent calculations of Sivaramakrishnan et al.,16

who calculate that both the β and the OH channel are only very
minor components of reaction R1 (<4%) up to 1000 K. While
Φb is relatively poorly determined from our biexponential data,
the value ofΦb at 650 K (0.08 ( 0.14) is not consistent with an
extrapolation of the lower temperature isotope data, which would
predictΦb to be approximately 0.3 at 650 K. The reduction inΦb

suggests that the hydroxyl abstraction reaction is starting to
become significant in this temperature region.
Branching Ratios Determined from Fitting the Complete

Set of Exponential Data (298�523 and 658�865 K). Sub-
stantial curvature is observed in the the rate coefficients of the
overall reaction (300�625 K) and at higher temperatures
(658�864 K) for loss via the R and OH channels. The entire
kinetic data set can be fitted using a consistent set of parameters
for the three channels, either in Arrhenius format (in which case
the observed curvature in the rate coefficients is solely associated
with variations in the branching ratios) or with modified Ar-
rhenius parameters (k = ATn exp(C/T)). The returned para-
meters are shown in Table 4. Floating all parameters in the
modified Arrhenius equation for both H and D abstraction
provides undefined fits, and hence, the H abstraction barriers
were fixed from the calculations of Sivaramakrishnan et al.16 and
it was assumed that the site-specific H/D abstraction rate
coefficients have the same A factor. In the high-temperature
regime the β channel recycles OH with unit efficiency and this is
explicitly included in the data fitting. The returned barriers for
the D abstraction sites were consistent with the difference in the
zero-point energy, and the resulting fits to the experimental data
are shown as the circular points in Figure 9. The fits suggest a
substantial contribution from the hydroxyl channel at higher
temperatures, and the branching ratios for reaction R1 using the
fitted parameters of Table 4 are shown in Figure 10.
Whichever method of fitting is used (Arrhenius, modified

Arrhenius, weighted, or nonweighted) the results of the fits at low
temperature are in good agreement with the isotopic analysis
presented earlier (Figures 9 and 10). Below 523 K, the hydroxyl
channel does not contribute significantly to the reaction which is
dominated by abstraction from the CH2 group. Fitting with
Arrhenius parameters gives the largest contribution to channel
Φ1c (53% at 865 K);Φ1c is slightly lower if modified Arrhenius
parameters are used (47%).
Supporting, but, indirect evidence for a significantOH channel

comes from a comparison of the OH þ ethanol and methanol
systems. Hess and Tully10 studied the reaction of OH with
CH3OH and CD3OH from 300 to 865 K. Assigning the marked
decrease in the isotope effect at 600 K to the onset of abstraction

Figure 11. Branching fractions for reaction of OH with methanol:
black lines, fits to data of Hess and Tully;10 gray lines, calculations of Xu
and Lin.17.
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from the OH site, they estimated that approximately 50% of the
total reaction at 865 K occurred via the hydroxyl channel, giving a
site-specific rate coefficient of kOH, 865K ≈ 3 � 10�12 cm3

molecule�1 s�1. The O�H bond strengths in methanol and
ethanol are almost identical (ΔrH for OH þ CH3OHf CH3O
þ H2O and OH þ C2H5OH f CH3CH2O þ H2O are �60
and �62 kJ mol�1, respectively38), and therefore, one might
assume that to a first approximation the rate coefficients for
abstraction via the OH channel would be similar. At 865 K a OH
site-specific rate coefficient of 3 � 10�12 cm3 molecule�1 s�1

would correspond to Φ1c = ∼0.3 compared to values of
0.47�0.53 determined from our fits to the data.
The OH þ CH3OH kinetic data set of Hess and Tully10 can be

fitted in the same way as we fitted the complete ethanol data set.
There is significant curvature in the kinetic data requiring the use of
modified Arrhenius parameters (ATn exp(�C/T)), and the barriers
for abstraction fromCH3 andOHwere required to be constrained to
provide a fit. We used the values calculated by Xu and Lin.17 Fitting
the data gives the following modified Arrhenius parameters: kCH3

=
4.66 � 10�12(T/300)0.43 exp(�503/T) cm3 molecule�1 s�1 and
kOH = 2.48 � 10�13(T/300)4.08 exp(�1811/T) cm3 molecule�1

s�1 and branching ratios shown in Figure 11. The calculated
branching ratio for abstraction at the OH group at 865 K is 0.64,
giving a site-specific rate coefficient of 4.1� 10�12 cm3 molecule�1

s�1; applying this site-specific rate coefficient to the OH þ ethanol
reaction givesΦ1c =∼0.4 in slightly better agreement with our fits.
In the absence of definitive observation of the products of

channel R1c or OD/18OH experiments, it should be noted that
an alternative interpretation of the mechanism of reaction can
still provide fits to the observed experimental data albeit with
higher residuals. Figure 9 compares fits to the data with our
modified Arrhenius parameters based on contributions from all
three channels (green circles) and a fit based on theR, β, andOH
abstractions (blue triangles) from Sivaramakrishnan et al.16 For
the latter fit the Tn exp(�C/T)) dependence of the R and β and
OH channels have been constrained to the parameters given by
Sivaramakrishnan et al.16 and the temperature-independent A
components have been allowed to float. There is good agreement
at lower temperatures including predicted regeneration of OH
from the β channel, and above 650 K, the fits lie slightly below the
experimental error bars. This constrained model predicts essen-
tially no OH abstraction at all temperatures.
In the Sivaramakrishnan et al. model the observed curvature at

higher temperatures arises almost solely from the curvature of theR
channel. The high-level ab initio calculations of Sivaramakrishnan
et al. suggest that such reactions which have low or sub-
merged barriers with complex hindered internal rotations, possibly
further complicated by hydrogen bonding, can exhibit significant
curvature as evidenced by theirmodifiedArrhenius parametrization
of their transition state calculations: k1a = 1.19 � 10�19T2.54 exp-
(772/T) cm3 molecule�1 s�1. The complex structure of the
transition state can generate significant temperature dependences
in the isotope effect. In the OH/methanol system, Hess and Tully

assigned their observed change in isotope effect as being due to a
change in mechanism, but alternative explanations are possible.
The quality of the fit of the two-parameter model could be

improved by adjusting the parameters of the R and β channels;
however, a two-channel model would not predict the decrease in
Φ1b observed in the biexponential region between 575 and
650 K. The model would predict that Φ1b continues to mono-
tonically increase, and hence, the total rate coefficient for ethanol
removal would be significantly greater than that observed in the
studies monitoring OH, a difference which should be readily
observable in planned 18OH studies.
Comparison with Branching Ratios Used in Combustion

Models.Marinov’s37 analysis of products (acetaldehyde, ethene,
and formaldehyde as well as methyl radicals) in jet stirred reactor
studies of ethanol oxidation at ∼1070 K (equivalence ratio of
unity) shows the importance of the branching ratios of the OHþ
ethanol reaction on the product distribution. Acetaldehyde is
formed from the reactions of CH3CHOH (70%) and CH3CH2O
(30%) with molecular oxygen. Fifty five percent of ethene is
formed via β abstraction, forming CH2CH2OH followed by
decomposition, with a further 27% of ethene coming from
ethanol dehydration (C2H5OH f C2H4 þ H2O). Decomposi-
tion of CH3CH2O (CH3CH2O f HCHO þ CH3) is the
dominant route to formaldehyde production and a major source
of methyl radicals. Reactions of other radicals (H, O, CH3, HO2)
will contribute to production of C2H5O isomers, and hence, end-
product analysis cannot be used to unambiguously assign pro-
duct channels of individual reactions.
A number of modeling studies12�14,37,39 have used tempera-

ture-dependent branching ratios for the OHþ ethanol reaction.
These studies have optimized yields, burning velocities, or ignition
delays at temperatures above those of this study, and hence,
comparisons with this study should not be too rigorous but never-
theless show important differences. Broadly, the modeling studies
split into two groups: those with a low value for k1c and dominance
of k1a and, second, those where k1b and k1c play a much more
significant role. Table 5 compares the branching ratios of R, β, and
OH abstraction from various calculations and models at 900 K.
Branching ratios of reaction R1 play an important role in the

subsequent chemistry of ethanol combustion and influence
parameters such as flame speeds, etc. Given the uncertainties
in high-temperature branching ratios there is a clear need for
more definitive experiments under conditions more relevant to
combustion. Studies of isotopically labeled OH (either OD or
18OH) would provide a direct measurement of the total rate
coefficient and the branching ratio to the β channel. Reliable
isotopic studies of the OH channel are likely to be difficult, and
direct determination of the ethoxy channel may be a more produc-
tive route to follow to quantify the contribution from channel R1c.

’SUMMARY

Rate coefficients for the reaction of OH with normal ethanol
and several partially deuterated ethanols have beenmeasured as a

Table 5. Branching Ratios to the r, β, and OH Channels in Selected Calculations and Modeling Studies at 900 K

Sivaramakrishnan

et al.16 Xu and Lin17
Dagaut and

Togbe13
Frassoldati

et al.12
Norton and

Dryer40 Marinov37 Lin39
Saxena and

Williams14 this work

Φ1a 0.93 0.83 0.77 0.64 0.54 0.30 0.25 0.25 0.39

Φ1b 0.04 0.13 0.17 0.27 0.27 0.18 0.40 0.39 0.10

Φ1c 0.03 0.04 0.06 0.10 0.19 0.53 0.35 0.35 0.51
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function of temperature. The reaction of OH with C2H5OH has
been studied from 298 to 865K, extending the temperature range
of study. Below 550 K the measured rate coefficients correspond
to loss via all possible abstractions, and the results are in excellent
agreement with previous work. Above 650 K the measured rate
coefficient is for the loss of OH via reaction at theR andOH sites.
The rate coefficients are in good agreement with the earlier study
of Hess and Tully6 and agree with the more recent shock tube
study of Sivaramakrishnan et al.16 where the two studies overlap
at approximately 860 K. Our measured temperature dependence
is stronger than that of Sivaramakrishnan et al.

Branching ratios were determined over the temperature range
300�523 K via isotopic studies; abstraction from the R site
(reaction R1a) dominates in good agreement with the current
IUPAC evaluation and hence with the value used in the Master
Chemical Mechanism to model atmospheric oxidation of etha-
nol. Reaction at the OH site (reaction R1c) is not significant
below 500 K.

Between 550 and 650 K, biexponential OH decays provide
further direct evidence of the β abstraction (reaction R1b) in
contrast to the calculations of Sivaramakrishnan et al.16 Φ1b

decreases with temperature in this region, suggesting that the
hydroxy abstraction channel (reaction R1c) starts to become
significant. Fitting our entire set of isotopic data suggests that at
865 KΦ1c ranges from 0.47 to 0.53 depending on our method of
fitting. The data can be fitted with a constrained model, based on
recent theoretical calculations;16 however, the quality of the fit is
not as good and such a model would not reproduce the observed
decrease in Φ1b observed in the biexponential region. More
direct studies are required to constrain these branching ratios.
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