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Ab initio molecular orbital calculations have been performed to investigate the structures and energetics of
the peroxy radicals arising from the OH-initiated oxidation of isoprene. Geometry optimizations of the OH-
O2-isoprene peroxy radicals were performed using density functional theory at the B3LYP/6-31G** level,
and individual energies were computed using second-order Møller-Plesset perturbation theory (MP2) and
coupled-cluster theory with single and double excitations including perturbative corrections for the triple
excitations (CCSD(T)). At the CCSD(T)/6-31G* level of theory the zero-point-corrected OH-O2-isoprene
adduct radical energies are 47-53 kcal mol-1 more stable than the separated OH, O2, and isoprene reactants.
In addition, we find no evidence for an energetic barrier to O2 addition and have calculated rate constants for
the O2 addition step using canonical variational transition state theory (CVTST) based on Morse potentials
to describe the reaction coordinate. These results provide the isomeric branching between the six isoprene-
OH-O2 adduct radicals.

I. Introduction

Hydrocarbons play an important role in atmospheric chem-
istry.1,2 Photochemical oxidation of hydrocarbons results in a
number of compounds that have major implications for local
and regional air quality, acid deposition, and the greenhouse
effect including ozone (O3), acid, and carbon dioxide (CO2)
production.3 Isoprene (2-methyl-1,3-butadiene, CH2dC(CH3)-
CHdCH2) is one of the most abundant hydrocarbons emitted
by the terrestrial biosphere with a global average production
rate of∼450 Tg yr-1 and is sufficiently reactive to influence
oxidation levels over large portions of the continental tropo-
sphere.4,5 Many deciduous trees emit∼1% of the CO2 fixed
during photosynthesis as isoprene. Biogenic isoprene comprises
a hydrocarbon source that exceeds the emission of the non-
methane hydrocarbons of anthropogenic origin,6 and an accurate
and complete knowledge of the atmospheric chemistry of
isoprene is critical to the elucidation of chemical mechanisms
in urban and regional environments.

Atmospheric oxidation reactions of isoprene are initiated by
an attack from the hydroxyl radical, OH, ozone, O3, or the nitrate
radical, NO3. Since isoprene is emitted from vegetation only
during daylight hours, the reaction with OH is expected to be
the dominant tropospheric removal pathway for isoprene. The
reaction between isoprene and OH occurs almost entirely by
OH addition to the>CdC< bonds, yielding four possible
hydroxyalkyl radicals. Under atmospheric conditions, the hy-
droxyalkyl radical reacts primarily with oxygen molecules to
form hydroxyalkyl peroxy radicals. In the presence of nitric
oxide NO, the subsequent reaction of the hydroxyalkyl peroxy
radicals leads to the formation of hydroxyalkoxy radicals. The
dominant tropospheric reaction of hydroxyalkoxy radicals is
believed to be decomposition, leading to the formation of various

oxygenated and nitrated organic compounds. Figure 1 shows a
mechanistic diagram for the formation of the four OH-isoprene
adducts and the six corresponding peroxy radicals.

The oxidation reactions of isoprene initiated by OH have been
the subject of numerous studies.1,7 Several laboratory experi-
ments have reported rate constants of isoprene with OH8-17 and
have identified several major reaction products, includingR,â-
unsaturated carbonyls (methyl vinyl ketone and methacrolein),
formaldehyde, and organic nitrates.18-27 Recently, two theoreti-
cal studies have investigated the equilibrium structures and
energetics of the OH-isoprene adduct radicals.28,29At present,
however, direct experimental data concerning the intermediate
steps in the oxidation mechanism are still sparse. Both the
isomeric branching in the addition of OH to isoprene and
subsequent O2 addition rates determine the final branching ratios
for the peroxy radicals. Two recent models for the atmospheric
degradation of isoprene employ significantly different peroxy
radical branching ratios.27,30The model of Jenkin and Hayman30

predicts a strong propensity for only a few isomers in contrast
to the model of Paulson and Seinfeld27 which predicts that all
six peroxy isomers are formed in comparable yields. The
resolution of this discrepancy is central to the present study.

In this work, we report ab initio calculations on the peroxy
radicals arising from the OH-initiated oxidation reaction of
isoprene. The equilibrium structures of the OH-O2-isoprene
peroxy radicals have been calculated using density functional
theory, and the energetics were calculated for each stationary
point using MP2 and CCSD(T) theories with different basis sets.
We have also performed calculations using the canonical
variational transition state theory to determine the rate constants
associated with O2 addition to the OH-isoprene peroxy radicals
based on the ab initio binding energies. The calculated rate
constants provide the relative isomeric branching between the
six peroxy radicals and, when combined with our previous* Corresponding authors.
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results for the formation of the isoprene-OH adduct, the overall
branching.

II. Theoretical Approach

Ab initio molecular orbital calculations were performed on
an SGI Origin 2000 supercomputer using the Gaussian 98
software package.31 Previous benchmarking calculations on the
isoprene-OH adducts have identified a level of ab initio theory
suitable for calculations on these systems on the basis of
efficiency and accuracy for complex organic radicals, and these
results have been extended to the present calculations on the
isoprene-OH-O2 adducts.29 The results indicated that density
functional and MP2 methods yielded very similar geometries
but considerably higher computational efficiency and faster
convergence were achieved using the gradient-corrected density
functional theory in geometry optimizations and frequency
calculations. Little improvement in the molecular geometry was
observed when the size of the basis set was increased above
the polarized double-zeta level. As a result, we have adopted
the following methods in the present calculations. Geometry
optimizations were performed using Becke’s three-parameter
hybrid method employing the LYP correction function (B3LYP)
in conjunction with a split-valence polarized basis set, 6-31G**.
Vibrational frequency calculations were also performed at the
same level in order to obtain zero point correction energies.
Single-point energy calculations were then carried out using
second-order Møller-Plesset perturbation theory (MP2) and
coupled-cluster theory with single and double excitations
including perturbative corrections for the triple excitations
(CCSD(T)) using different basis set sizes.

III. Results and Discussion

Geometries of OH-O2-Isoprene Peroxy Radicals. For the
OH-isoprene adduct, the addition of O2 occurs only at the
carbonsâ to the OH position for radicalsII andIII , but takes
places at two centers (â or δ to the OH position) for radicalsI
andIV . Hence O2 addition to the OH-isoprene adduct results
in the formation of six peroxy radical isomers (Figure 1). For
each structural isomer, we have performed calculations to

explore possible (typically five to six) rotational conformers.
A total of about 30 rotational conformations were considered,
and we report the lowest rotational conformer found for each
structural isomer. The lowest-energy conformers of the six
peroxy radicals are shown in Figure 2. The evaluation of the
vibrational frequencies32 confirmed that all geometries reported
here represent minima on the potential energy surfaces.

The geometries shown in Figure 2 can be compared to the
isoprene-OH adduct geometries calculated previously.29 For
peroxy radicalsA and D, addition of O2 to the OH-isoprene
adduct results in a shortening of the C-O(H) bond, whereas
this C-O(H) bond length is nearly unchanged in radicalsE
andF. The C-C bond lengths adjacent to the site of O2 addition
are increased, as electron density in theπ bond is transferred
to the newly formed C-O bond. For example, addition of O2

to carbon 2 for the OH-isoprene adductI increases the C-C
carbon bond lengths by 0.04 and 0.11 Å for C1-C2 and C3-
C4 bonds, respectively. The C-C carbon length associated with
the methyl substituent is also increased by about 0.03 Å. On
the other hand, the C3-C4 bond length between carbons 3 and
4 is reduced by about 0.05 Å. Similar changes in the C-C bond
characteristics occur for all radicals upon O2 addition.

Energetics of OH-O2-Isoprene Peroxy Radicals.The total
energies of the OH-O2-isoprene adduct isomers were deter-
mined using the B3LYP/6-31G** optimized geometries at the
MP2 and CCSD(T) levels with different basis sets and the results
are shown in Table 1. The zero-point-corrected energies relative
to the separated O2, OH, and isoprene reactants reveal that both
the level of electron correlation and the size of the basis set
have a significant impact on the energetics. For the six isomers
of the OH-O2-isoprene adduct, the relative energies computed
at the MP2 level of theory are systematically higher using a
larger basis set size (i.e., 6-311++G**). For isomersD, E, and
F the relative energies obtained using the basis sets of 6-31G*
and 6-311++G** differ by 0.6, 1.0, and 0.6 kcal mol-1,
respectively, while for isomersA, B, andC the relative energies
calculated using the two basis sets differ by 1.7, 2.1, and 2.1
kcal mol-1, respectively. Also, using the basis set of 6-31G*,
the highly correlated method (i.e., CCSD(T)) produces consis-
tently lower relative energies compared to the MP2 method,
with the largest relative energy difference of about 2.5 kcal
mol-1. Table 2 reveals that the most energetically favorable
peroxy radicals with respect to separated products are those with
OH addition to C1 and C2 positions and subsequent O2 addition
to C2 and C1 positions. The relative stability of the peroxy
radicals is almost independent of basis set and electron
correlation effects: isomersA andB have the lowest energies
and isomersE andF have the highest energies (by about 5-6
kcal mol-1 higher than radicalsA andB). Note that the relative
stability of the OH-O2-isoprene peroxy radicals (i.e., with
respect to the separate OH, O2, and isoprene reactants) should
be distinguished from their binding energies relative to the OH-
isoprene adduct precursors. It is the bending energies that
ultimately influence the O2 addition rates.

Figure 1. Mechanistic diagram for the reactions of isoprene in the
presence of OH and O2. The numbers label the branching ratios for
each reaction pathway.

TABLE 1: Calculated Total Energy (in hartrees) at the
B3LYP/6-31G** Optimal Geometries (see Figure 2) for the
OH-O2-Isoprene Peroxy Radicals at Different Levels of
Theory

isomer MP2/6-31G* MP2/6-311++G** CCSD(T)/6-31G*

A 420.159 202 420.430 181 420.270 046
B 420.159 024 420.430 047 420.270 380
C 420.156 112 420.427 718 420.267 405
D 420.154 542 420.427 957 420.267 032
E 420.151 372 420.424 087 420.261 874
F 420.149 728 420.423 057 420.260 288
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The results from Table 2 suggest that highly correlated
methods, along with large basis sets, are necessary for accurate
energy calculations of the peroxy radicals of the OH-isoprene

reaction system. For the OH-O2-isoprene peroxy radicals,
single-energy calculations at the CCSD(T) level of theory using
a larger basis set (e.g., 6-311++G**) are computationally
prohibitive. Therefore, we have attempted to correct for basis
set effects for the isomers of the OH-O2-isoprene peroxy
radicals based on an approach that has been recently developed
and employed to investigate the bond dissociation energies of
haloalkanes using correlation consistent basis sets.33 A similar
correction has been applied to a determination of the energetics
for the OH-isoprene adduct isomers.29 The procedure involved
determination of a correction factor associated with basis set
effects at the MP2 level and subsequent correction to the energy
calculated at a higher level of electron correlation with a
moderate size basis set. For the isomers of the OH-O2-isoprene
adduct, basis set effects on the relative energies were evaluated
at the MP2 level. A correction factor, CF, was determined from
the calculated relative energy difference between the MP2/6-
31G* and MP2/6-311++G** levels. The values of calculated

Figure 2. Optimized geometries of the six isomers of the isoprene-OH-O2 adduct calculated at the B3LYP/6-31G** level of theory (bond
lengths in angstroms and angles in degrees).

TABLE 2: Zero-Point-Corrected Relative Energiesa (kcal
mol-1) for the OH-O2-Isoprene Peroxy Radicals

MP2 CCSD(T)

isomer 6-31G* 6-311++G** 6-31G* 6-31G*+CFb

A 52.8 50.7 54.3 52.2
B 52.7 50.6 54.4 52.4
C 50.7 49.0 52.4 50.7
D 49.7 49.1 52.2 51.6
E 47.6 46.6 48.8 47.8
F 46.6 46.0 47.9 47.3

a Energy difference between the peroxy radicals and the reactants
(i.e., OH + O2 + isoprene). Zero point energy (ZPE) corrections
calculated at the B3LYP/6-31G** level; all geometries calculated at
the B3LYP/6-31G** level of theory.b Correction factor (see text for
details).
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energies at the CCSD(T)/6-31G* level were then corrected by
the MP2 level correction factor. The correction factors are in
the range of 0.6-2.1 kcal mol-1 for the isomers of the OH-
O2-isoprene peroxy radicals. Table 2 summarizes zero-point-
corrected relative energies of the OH-O2-isoprene peroxy
radicals obtained using the various methods. At the CCSD(T)/
6-31G* + CF level of theory, the peroxy radicals are 47.3-
52.4 kcal mol-1 more stable than the separated reactants (i.e.,
OH + O2 + isoprene). A schematic energy diagram involving
the six peroxy isomersA to F of the OH-O2-isoprene reaction
system is shown in Figure 3. The values for the energies of the
OH-isoprene adduct isomers are taken from ref 29. We
estimated an uncertainty of(1 kcal mol-1 associated with the
energetics of the OH-O2-isoprene peroxy radicals, based on
a validation study for similar radical species.29

We have also calculated the standard heats of formation for
the lowest energy isomers, estimated from the calculated total
energies (E), the experimentally known heats of formation for
the reactants, and thermal energy correction (TC). The enthalpy
of reaction (∆Hrxn) for the addition of OH and O2 to isoprene
at 298 K to form the peroxy radical isomers is expressed by

where the thermal energy corrections were made using frequen-
cies calculated at the B3LYP/6-31G**level. The heat of
formation for each peroxy radical can be obtained directly from
the corresponding enthalpy of reaction

using experimentally determined heats of formation for the
isoprene, OH and O2.34 The values of the calculated heats of
formation of the OH-O2-isoprene peroxy radicals are also
listed in Table 3 using relative energies evaluated at two different
levels of theory. The uncertainty in our calculated heats of
formation is approximately(1 kcal mol-1, similar to the

uncertainty associated with the energetics of the peroxy radicals,
since the uncertainty of the experimental heats of formation for
O2, isoprene and OH are minor.

Rate Constant Calculations.The high-pressure rate con-
stants for the dissociation of the C5H8OH(O2) adducts were
evaluated using canonical variational transition state theory
(CVTST). The dissociation rates were converted to the associa-
tion rates via the equilibrium constant:

whereQAB is the partition function of the adduct,QA andQB

are the partition functions of the individual products, and∆E
is zero-point corrected reaction energy. The bimolecular rate is
given by

whereQAB
‡ is the partition function of the transition state with

the vibrational frequency corresponding to the reaction coor-
dinate removed,QAB is the partition function of the adduct, and
∆E is the zero-point-corrected transition state energy relative
to the separated reactants.

The partition functions required for eqs 3 and 4 were
calculated by treating the rotational and translational motion

Figure 3. Schematic energy diagram for the OH-O2-isoprene reaction system for OH-isoprene adductsI to IV resulting in peroxy radicalsA to
F. The energies for the OH-isoprene adduct and OH-O2-isoprene adduct were obtained at the CCSD(T)/6-311G** and CCSD(T)/6-31G*+ CF
levels of theory, respectively.

∆Hrxn ) [E(C5H8OH(O2)) - E(C5H8) - E(O2) -
E(OH)] + [TC(C5H8OH(O2)) - TC(C5H8) - TC(O2) -

TC(OH)] (1)

∆Hrxn ) ∆Hf
0(C5H8OH(O2)) - ∆Hf

0(C5H8) - ∆Hf
0(O2) -

∆Hf
0(OH) (2)

TABLE 3: Calculated Standard Heats of Formation (kcal
mol-1) for the OH-O2-Isoprene Peroxy Radicals

isomer ∆Hf
0 a ∆Hf

0 b

A 24.2 26.9
B 24.2 27.2
C 22.5 24.6
D 22.6 26.1
E 19.8 22.4
F 19.2 21.5

a Based on zero-point-corrected energies calculated at the MP2/6-
311++G**//B3LYP/6-31G** level of theory.b Based on zero-point-
corrected energies calculated at the CCSD(T)/6-31G+CF*//B3LYP/
6-31G** level of theory.

krec

kuni
) Keq )

QAB

QAQB
exp(∆E

kT) (3)

kuni ) kT
h

QAB
‡

QAB
exp(- ∆E

kT) (4)

474 J. Phys. Chem. A, Vol. 105, No. 2, 2001 Lei et al.



classically and treating vibrational modes quantum mechanically.
Unscaled vibrational frequencies and moments of inertia for the
isoprene-OH adducts were taken from recent ab initio calcula-
tions at the B3LYP/6-31G** level.29 Frequencies and moments
of inertia for the peroxy radicals were obtained at the B3LYP/
6-31G** level as discussed previously. The reaction energies
were taken to be zero-point-corrected energies calculated at the
CCSD(T)/6-311G**// B3LYP/6-31G** level. The conserved
modes of the transition state were assumed to resemble the
product modes.35 The dependence of the transitional mode
frequencies with C-O(O) distance were modeled using36

whereν0 is the vibrational frequency in the reactant molecule,
re is the equilibrium bond distance,B is the sum of the rotational
constants of the individual isoprene-OH adduct and O2
molecules, anda is a constant. Moments of inertia at fixed
geometries were calculated by changing only the C-O(O)
distance. The potential energy surface along the reaction
coordinate was modeled by a Morse function including the
centrifugal barrier

whereDe is the bond dissociation energy,Bext(r) is the external
rotational constant determined by assuming that the molecular
was a symmetric top, andJ was assumed to be the average
rotational quantum number of a Boltzmann distribution calcu-
lated using the external rotational constant of the molecule at
the equilibrium configuration.

The individual rates of formation of each isomer were
obtained using eqs 4 and 6, variationally minimizing the rate
as function of the C-O(O) bond distance. The value ofa was
determined to be 1.15 Å-1 based on a functional fit to ther
dependence of the transitional frequencies evaluated at the
B3LYP/3-21G* level of theory. This assumes that the largest
change in ZPE is due to the decrease in transitional mode
frequencies and, therefore, provides an effective dependence of
these modes on bond length. The results of the CVTST
calculations are shown in Table 4 for each peroxy isomer. The
values of the high-pressure rate constants fall in the range of 1
× 10-12 to 1 × 10-13 cm3 molecule-1 s-1, significantly faster
than the corresponding rates associated with O2 addition to
aromatic-OH adducts but slower than the reaction of O2 with
alkyl and hydroxyalkyl radicals. The addition rates to form
isomersA, B, C, andE are comparable while the addition rates
to form isomersD and F are much slower. Although all
isoprene-OH adduct isomers will react rapidly with O2 under
ambient conditions, the relative rates between the formation of
isomersA and E and betweenD and F will influence final
product branching ratios in the oxidation of isoprene. We find
that theA:E and D:F relative branching ratios are 0.60:0.40
and 0.78:0.22, respectively. Table 5 shows the peroxy radical
branching ratios based on the present calculations and the results

from refs 27 and 30. A strong preference for isomers A, E, and
D is predicted in good agreement with the model of Jenkin and
Hayman30 but qualitatively different from the model of Paulson
and Seinfeld.27 Jenkin and Hayman suggested the branching
ratios based on the assumption that the peroxy radical center
would form at the more substituted site.30 Hence our CVTST
calculations indicate that the calculated branching ratios and
rate constants of the peroxy radicals are mostly dependent on
their binding energies and the nature of the transition states,
but not on their relative stability. For the peroxy radicals the
relative stability is very different from the binding energy,
because of the different binding energies for the four OH-
isoprene adduct isomers.

In order to evaluate the absolute and relative rates of O2

addition to the isoprene-OH adduct we must characterize the
form of the potential along the reaction coordinate, specifically,
whether there is a well-defined transition state or the addition
proceeds without a barrier via a loose transition state. A
characterization of the transition states associated with O2

addition to aromatic-OH adducts has been recently performed
by Andino et al.37 The authors employed a constrained
optimization procedure, using geometry optimizations at fixed
C-O(O) bond lengths using the UHF/PM3 level; once the
energy maximum along this coordinate was located, single-point
calculations were performed at the B3LYP/6-31G** level of
theory to obtain a better estimate of the barrier height. We have
chosen to follow a similar procedure, but performing geometry
optimizations at the B3LYP/3-21G* level of theory for fixed
C-O(O) bond lengths. The results of calculations for the
addition of O2 to isoprene-OH adductI to give peroxy isomer
A are illustrated in Figure 4. We find no energy that exceeds
the bond dissociation energy along the reaction coordinate in

TABLE 4: CVTST Calculated High-Pressure Formation
Rate Constants for the OH-O2-Isoprene Peroxy Radicals

isomer
rate of formation

(cm-3 molecule-1 s-1)

A 1.58× 10-12

B 1.53× 10-12

C 1.42× 10-12

D 4.61× 10-13

E 1.07× 10-12

F 1.29× 10-13

ν(r) ) ν0 exp[-a(r - re)] + B (5)

V(r) ) De[1 - exp(-âr)]2 + Bext(r)J(J + 1) (6)

TABLE 5: CVTST Calculated Branching Ratios for the
Reaction of OH-Isoprene Adduct Radical with O2 and
Comparison with Previously Suggested Values

peroxy
radical

calcd branching
ratio

Jenkin and
Haymana

Paulson and
Seinfeldb

A 0.34 0.45 0.212
E 0.22 0.15 0.141
B 0.02 0.05 0.236
C 0.05 0.05 0.164
D 0.29 0.23 0.123
F 0.08 0.08 0.123

a Reference 30.b Reference 27.

Figure 4. Potential energy as a function of C-O(O) distance for isomer
A of the OH-O2-isoprene radical. The symbols are obtained from
the single energy calculations using B3LYP/6-31G**//B3LYP/3-21G*
for fixed C-O(O) bond lengths. The solid curve is the calculated Morse
potential from the binding energy and equilibrium C-O(O) stretching
vibrational frequency.
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contrast to the results of the addition of O2 to aromatic-OH
adducts.37 The â parameter for the Morse potential in eq 6 is
given byâ ) (2π2µ/De)1/2ν, whereµ is the reduced mass of the
bonded atoms,De is the bond dissociation energy, andν is the
vibrational frequency of the reaction coordinate in the parent
molecule.38 In order to test the applicability of this functional
form to the present system, we have calculated theâ parameter
for isomerA using the binding energy and C-O(O) stretching
frequency calculated at the B3LYP/3-21G* level. The Morse
potential derived from this parameter is shown as the solid line
in Figure 4 and is in good agreement with the B3LYP
calculations. Although the B3LYP/3-21G* calculations do not
reproduce the high-level ab initio binding energies, we believe
they correctly describe the qualitative features of the potential.
The good agreement between the calculated B3LYP/3-21G*
reaction coordinate and the Morse potential derived from eq 6
provides strong evidence that the functional form used to model
the reaction coordinate is reasonable. The individualâ param-
eters used in the CVTST calculations for the six isomers were
derived using the high-level ab initio binding energies and
vibrational frequencies for each species.

Recently, two theoretical studies have investigated the
energetics and isomeric branching for the initial addition of OH
to isoprene.28,39 Although the energetics calculated by Stevens
et al. (ref 28) and Lei et al. (ref 39) are similar, the conclusions
of each study differ significantly. Stevens et al. report that,
despite the large differences in binding energies, there should
be an approximately equal distribution of all four adducts based
on mass spectroscopic data for the fragmentation products of
the OH-isoprene adduct isomers. This conclusion is inconsistent
with the majority of previous studies on OH reactions with
olefins,11,40 mechanistic models for isoprene oxidation,30 and
the predictions of canonical variational transition state theory.
In contrast, Lei et al. (ref 39) have reported that the formation
rates for the four isomers are very different with OH addition
to the two outer carbon positions dominating addition to the
inner positions in agreement with previous estimates.

The sensitivity of the rate constants shown in Table 4 to the
binding energies was examined by recalculating the rate
constants for the six peroxy isomers using well depths which
differed by(3 kcal mol-1 from the present ab initio energies.
In both cases, the individual rates changed by less than a factor
of 2.5. In addition, the relative branching between isomersA
andE differed by less than(7% with a(3 kcal mol-1 change
in binding energy, though the branching between isomersD
and F showed a slightly larger change (0.77( 0.05:0.24(
0.05). The relatively small sensitivity of the rate constants to
large changes in the binding energies provides evidence that
the reaction coordinate can be adequately described by a Morse
potential.

We now briefly address the choice of a Morse function to
model reaction coordinate. Bayes and co-workers have found
that the rates predicted using the adiabatic channel model with
a Morse potential were good to within an order of magnitude
of experimental results.41,42 The results were much better than
using a long-rangeC6 term but neither could reproduce the
strong correlation of the rate constant with radical ionization
potential.41,42 The authors assumed a barrierless potential
function developed to mimic the observed experimental trend.
The functional form described a perturbation at long range due
to an interaction with the charged state, R+ + O2

-:

where IP- EA is the difference between the ionization potential
of the radical and the electron affinity of the O2. The interaction
matrix element,H, was varied to give good agreement with
experiment. There was limited thermodynamic information
available regarding the RO2 adduct but it is unlikely that refined
values would alter the final Morse results significantly. The
authors and others,43 however, note that the correlation does
not apply to nonalkyl radicals like benzyl and allyl (C3H5).

Our calculated O2 addition rates to the isoprene-OH adduct
isomers are much closer in magnitude to the O2 addition to alkyl
radicals than to aromatic-OH adducts.44 The high-pressure rates
for addition of O2 to alkyl radicals are fast, ranging from 2.2×
10-12 cm3 molecule-1 s-1 for CH3 (refs 41 and 45) to 2.5×
10-11 cm3 molecule-1 s-1 for t-C4H9 (ref 41). The binding
energies associated with O2 addition to alkyl radicals are all
approximately 30 kcal mol-1.46 The O2 addition rates for
hydroxyalkyl radicals are similar, ranging from 3.7× 10-11

cm3 molecule-1 s-1 for CH3C(OH)CH3 to 3.8 × 10-12 cm3

molecule-1 s-1 for CH3CH(OH)CH2.47 The rates for the
â-hydoxyalkyl radicals are similar to the corresponding alkyls
radicals while O2 addition to theR-hydroxyalkyl radicals are
faster. In contrast, the addition reactions involving aromatic-
OH adducts are significantly slower. Estimates of (2.1( 0.2)
× 10-15 cm3 molecule-1 s-1 by Bohn and Zetzsch48 for the
reaction of the benzene-OH adduct with O2 and<1 × 10-15

cm3 molecule-1 s-1 for the reaction of the toluene-OH adduct
with O2 have been reported.49 The slower reaction rates of the
aromatic-OH adducts are consistent with the lower binding
energy associated with O2 addition. This is not surprising
considering the relative binding energies associated with the
two classes of reactions. For the alkyl cases the binding energies
are -32.7 kcal mol-1 for CH3 and -35.5 kcal mol-1 for
C2H5O2.46,50 The O2 binding energies with hydroxyl radicals
are slightly lower; for example, binding energies for CH3CH-
(OH)CH2O2 and CH3CH(O2)CH2OH of -26.4 and-28.6 kcal
mol-1, respectively, have been recently calculated.51 Binding
energies for the aromatics-OH adducts with O2, however, are
much smaller. Garcia-Cruz et al. have recently obtained a value
of 1 kcal mol-1 for the stability of the toluene-OH-O2 adduct52

and Andino et al. have reported∼3 kcal mol-1 for the stability
of the toluene-OH-O2 adduct using density function theory.37

These results are in agreement with other DFT calculations
which estimate a 1.1 kcal mol-1 binding energy.53 Temperature-
dependent measurements indicate the presence of a small barrier,
Ea ) 2 kcal mol-1, to O2 addition, consistent with theoretical
calculations albeit much lower.

Based on our calculated binding energies of O2 with the four
isoprene-OH adducts, it is likely that the addition rates are
intermediate between the alkyl and aromatic analogues, as
predicted by the CVTST calculations. A rate constant of (6(
2) × 10-13 cm3 molecule-1 s-1 at 296( 2 K has been measured
for the reaction of the analogous allyl radical with O2, close to
our calculated result.54 There are only two previously reported
rate constants for O2 addition to the isoprene-OH adduct.
Zetzsch and co-workers have reported a value of 2.0× 10-12

cm3 molecule-1 s-1 at 300 K based on OH cycling experi-
ments.55 The result, although obtained indirectly, is in agreement
with the present calculations. A more recent measurement of
the rate constant of the isoprene-OH adduct with O2, obtained
by directly observing and monitoring the formation of the
isoprene-OH adduct radical using the chemical ionization mass
spectrometry (CIMS) approach, has determined a rate constant
of about (2.8( 0.7) × 10-15 cm3 molecule-1 s-1.17 This rate
constant is significantly smaller than those predicted by our

V(r) ) - H2

(IP - EA) - e2/r
+ H2

(IP - EA)
(7)
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CVTST calculations, although are slightly higher than those of
O2 addition to OH-aromatic adducts. The origin of this
discrepancy is unclear and we are currently performing ad-
ditional experimental and theoretical studies to better define the
addition reaction of O2 to the isoprene-OH adduct. In particular,
we are currently developing detection schemes for the peroxy
radicals, which should provide valuable additional information
to this system.

IV. Conclusions

In this paper we have presented ab initio molecular orbital
calculations to investigate the structures and energetics of the
peroxy radicals arising from the OH-initiated oxidation of
isoprene. Equilibrium structures and energetics of the OH-O2-
isoprene peroxy radicals were investigated. At the CCSD(T)/
6-31G* level of theory corrected for zero-point energy (ZPE),
the OH-O2-isoprene adduct radicals are about 47-53 kcal
mol-1 more stable than the reactants. The energy barriers
associated with O2 addition to the OH-isoprene adduct radicals
were found to be negligible, and the corresponding rate constants
were calculated using canonical variational transition state theory
(CVTST), with values in the range of 1× 10-13 to 2 × 10-12

cm3 molecule-1 s-1.
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