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Abstract

Three methyl-hydroxycyclohexadienyl peroxy radicals with intramolecular H-bonds were studied at B3LYP/6-31G(d), B3LYP/6-
311+G(d,p) and B3LYP/6-311++G(2d,2p) levels, respectively. 2-hydroxy-1-methyl-cyclohexadienyl peroxy radical (II), 2-hydroxy-3-
methyl-cyclohexadienyl peroxy radical (III), and 4-hydroxy-3-methyl-cyclohexadienyl peroxy radical (IV) exhibit red-shifted
O–H� � �O H-bond. From the AIM analysis, it becomes evident that 2-hydroxy-3-methyl-cyclohexadienyl peroxy radical (III) intramolec-
ularO–H� � �O H-bond is the strongest. This represents that 2-hydroxy-3-methyl-cyclohexadienyl peroxy radical (III) is the most stable
isomer. It is clear that hydrogen bonding plays a role in stabilizing the peroxy radicals: the hydrogen bond lengths are 1.9804,
1.9566, and 2.4457 Å for (II), (III), and (IV), respectively, correlating with their relative stability. From the NBO analysis, it becomes
evident that three red-shifted intramolecular H-bonds can be explained on the basis of the two opposite effects: hyperconjugation
and rehybridization. The hyperconjugation is slightly dominant and overshadows the rehybridization in the O–H� � �O H-bond.
� 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Toluene is the most abundant aromatic hydrocarbon in
the atmosphere. Toluene molecules can easily be attacked
by a reactive species, like hydroxyl radical OH, generating
non-volatile and semi-volatile products which can result in
secondary organic aerosol (SOA) formation through either
a self-nucleation process or the gas/particle partitioning on
the preexisting particulate matter [1]. Over the last two dec-
ades, experimental studies on the formation mechanism of
SOA from photooxidation of toluene [2–5], and on the
identification of their oxidation products [1,6–13] have
been conducted in some laboratories over the world. Typ-
ically, ring opening products are the major products in the
toluene photooxidation [1,6,7,9,10,12].
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Until recently, it was believed that the toluene–OH reac-
tion proceeded by both abstraction and addition pathways.
The addition pathway, occurring 90% of the time, is the
more prevalent route [14]. As Shown in Fig. 1, under atmo-
spheric conditions, the OH–toluene adduct reacts with O2

either by O2 addition to form peroxy radicals or by H-ab-
straction to yield phenolic compounds. The latter channel
has been shown to be relatively minor, accounting for
about 16% of the total products. The fate of the peroxy
radicals is governed by competition between reaction with
NO to form alkoxy radicals and cyclization to form bicy-
clic radicals. The bicyclic radicals can undergo unimolecu-
lar rearrangement to form epoxide radicals or bimolecular
reaction with O2 to form bicyclic peroxy radicals. Given the
steric hindrance problems associated with another cycliza-
tion, the bicyclic peroxy radicals react with NO to form a
bicyclic oxy radicals and NO2. The only path for the result-
ing bicyclic oxy radicals is fragmentation via favorable
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Fig. 1. Mechanistic diagram for the OH-initiated atmospheric photooxidation of toluene.
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b-scission reactions. These fragmentation reactions yield an
acyclic radical and eventually dicarbonyl products [3,5]. So,
the fragmentation products are dependent on the peroxy
radicals. And the peroxy radicals are the important inter-
mediates in the toluene–OH reaction. In 2003, Suh et al.
[5], reported a theoretical study of the aromatic peroxy,
bicyclic, epoxide, and bicyclic peroxy radicals from the
OH–toluene reactions. They found that there exists intra-
molecular hydrogen bonding in the peroxy radicals. It
involves interaction between the terminal oxygen of the
peroxy group and the hydrogen of the OH group, forming
a six-membered ring. However, they only simply men-
tioned there exists intramolecular O–H� � �O H-bond in
the peroxy radicals, they did not further confirm the exis-
tence of the H-bond and discuss the origin of the H-bond.

To the best of our knowledge, no investigations on the
interesting intramolecular H-bond in the methyl-hydroxy-
cyclohexadienyl peroxy radicals are performed up to
now. Because of the complex picture of the possible path-
ways branching from toluene, the present theoretical inves-
tigation is focused on purpose only part of them. As the
lowest energy toluene–OH adduct is 2-methyl-hydroxy-
cyclohexadienyl radical (I), that resulting from OH addi-
tion to the ortho position. Namely, this paper will deal with
those intramolecular H-bonds that initiate from the radical
(I), generated by O2 addition to radical (I). The main pur-
pose of the work is to confirm the existence of the H-bond
by AIM topological analysis and discuss the origin of the
red-shifted H-bond by NBO analysis.

2. Computational methods

To obtain accurate energetic and rovibrational data,
the structures and harmonic vibration frequencies of
the 2-methyl-hydroxycyclohexadienyl radical (I), O2,
2-hydroxy-1-methyl-cyclohexadienyl peroxy radical (II),
2-hydroxy-3-methyl-cyclohexadienyl peroxy radical (III),
and 4-hydroxy-3-methyl-cyclohexadienyl peroxy radical
(IV) were studied using the B3LYP method with the
6-31G(d), 6-311+G (d,p) and 6-311++G(2d,2p) basis sets,
respectively. The basis set superposition error (BSSE) was
calculated according to the counterpoise method proposed
by Boys and Bernardi [15]. We performed natural bond
orbital (NBO) [16] calculations for the 2-methyl-hydroxy-
cyclohexadienyl radical (I), O2, and peroxy radicals at the
B3LYP/6-311+G(d,p) level. Atoms in molecules (AIM)
[17] analysis is also carried out at the B3LYP/
6-311+G(d,p) level. All the calculations were performed
using the Gaussian-98 program package [18].

3. Results and discussion

3.1. Geometries, frequencies, and energies

The structures of the 2-methyl-hydroxycyclohexadienyl
radical (I), O2, 2-hydroxy-1-methyl-cyclohexadienyl peroxy
radical (II), 2-hydroxy-3-methyl-cyclohexadienyl peroxy
radical (III), and 4-hydroxy-3-methyl-cyclohexadienyl
peroxy radical (IV) are shown in Fig. 2. The geometric
parameters calculated using the B3LYP/6-31G(d),
B3LYP/6-311+G(d,p), and B3LYP/6-311++G(2d,2p)
levels are listed in Table 1. As shown in Table 1, the results
indicate that there is a good agreement between various
levels. For peroxy radical (II), the calculated distance for
O17� � �H19 is 1.9804 Å. It is worthy of mentioning that
there is a O17–O16–C1–C6–O18–H19 six-membered ring
in the peroxy radical (II). In the cyclic structure,
O17–H19–O18 is not linear. From the Table 1, it can be
seen that there is a large red shift (68 cm�1) of the
O18–H19 stretching frequency in the peroxy radical (II).



Fig. 2. Optimized geometries of the radical (I), O2, peroxy radical (II), (III), and (IV) at the B3LYP/6-311+G(d,p) level bond lengths in (Å), bond angles
in (�).

Table 1
The change of bond length, the change of bond stretching frequency and the interaction energy with BSSE correction at the B3LYP/6-31G(d), B3LYP/6-
311+G(d,p), and B3LYP/6-311++G(2d,2p) levels

B3LYP/6-31G(d) B3LYP/6-311+G(d,p) B3LYP/6-311++G(2d,2p)

Peroxy radical (II)

Dr(O18–H19)/Å +0.0036 +0.0031 +0.0034
Dv(O18–H19)/cm�1 �69 �68 �76
DEBSSE/kJmol�1 �17.98 �6.93 �7.70

Peroxy radical (III)a

Dr(O18–H19)/Å +0.0037 +0.0031 +0.0034
Dv(O18–H19)/cm�1 �81 �81 �87
DEBSSE/kJmol�1 �21.39 �10.70 �12.15

Peroxy radical (IV)

Dr(O18–H19)/Å +0.0039 +0.0030 +0.0024
Dv(O18–H19)/cm�1 �48 �42 �34
DEBSSE/kJmol�1 �13.20 �5.21 �5.34

a For peroxy radical (III), the interaction energy with BSSE correction also determined at MP2/6-31+G(d) level. It is �48.19 kJ/mol, which is larger
than that get by B3LYP method. This is because, contrast to most ab initio methods, and Møller-Plesset in particular, B3LYP is known to underestimate
the height of reaction barriers (see text).

M. Huang et al. / Journal of Molecular Structure: THEOCHEM 774 (2006) 1–6 3
This frequency shift correlates with the bond elongation
(0.0031 Å) of the O18–H19 bond.

The structure of the peroxy radical (III) is similar to that
of peroxy radical (II). The corresponding length for
O17� � �H19 is 1.9566 Å in the peroxy radical (III) at the
B3LYP/6-311+G(d,p) level. There is also a O17–O16–
C5–C6–O18–H19 six-membered ring in the peroxy radical
(II). In the cyclic structure, O17–H19–O18 is not linear.
Peroxy radical (III) exhibits a red shift (81 cm�1) of the
O18–H19 stretching frequency, and this frequency shift
also correlates with the bond elongation (0.0031 Å) of the
O18–H19 bond.
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The corresponding length for O17� � �H19 is 2.5286 Å in
the peroxy radical (IV) at the B3LYP/6-311+G(d,p) level.
Peroxy radical (IV) exhibits a red shift (42 cm�1) of the
O18–H19 stretching frequency, and this frequency shift
also correlates with the bond elongation (0.0032 Å) of the
O18–H19 bond.

As shown in the Table 1, the interaction energies with
BSSE correction for the peroxy radicals (II), (III), and
(IV) are �6.93, �10.70, and �5.21 kJ mol�1 at the
B3LYP/6-311+G(d,p) level, respectively. The results show
that the peroxy radical (III) is the most stable in the 3 per-
oxy radicals. For accurate description of hydrogen-bonded
system, we also use MP2/6-31+G(d) to determine interac-
tion energy with BSSE correction for peroxy radical (III).
It is �48.19 kJ/mol, which is larger than that get by
B3LYP method. This is because, contrast to most ab initio
methods, and MØller-Plesset in particular, B3LYP is
known to underestimate the height of reaction barriers
[19]. In fact, as Garcı́a-Cruz et al. [20] had noted, in several
cases, that MP2 method consistently emphasizes the posi-
tive interactions in compounds where additions occurs on
the substituted carbon atom on the ring. Moreover, MP2
method is impractical at this time due to the large size of
the hydroxy-methylcyclohexadienyl peroxy radicals mole-
cule and the need for an open-shell treatment. However,
B3LYP density functional method has already been vali-
dated in earlier studies on open-shell systems [5,21–26],
For these systems, B3LYP results differed on average less
than 1 kcal/mol from high-level ab initio calculations,
and most often reproduced experimental barriers heights
within 0.5 kcal/mol. Hence, we believe the B3LYP density
functional method to be in general a reliable method for
the calculations presented here.

3.2. AIM topological analysis

To confirm the existence of the red-shifted intermolecu-
lar H-bond, we performed ‘‘Atoms In Molecules (AIM)’’
topological analysis. Popelier and colleagues [27,28] pro-
posed a set of criteria for the existence of H-Bond, among
which three are most often applied [29]. The electron den-
sity and its Laplacian for the H� � �Y contact within the
X–H� � �Y H-bond should have a relatively high value. Both
parameters for opened-shell interactions as H-bond are
positive and should be within the following ranges:
0.002–0.035 a.u. for the electron density and 0.024–0.139
a.u. for its Laplacian. According to the topological analysis
of the electron density in the theory of AIM, q is used to
describe the strength of a bond. In general, the larger the
Table 2
Topological parameters of the bond critical point at the B3LYP/6-311+G(d,p

BCP q $2q

Peroxy radical (II) O17–H19 0.0254 0.0897
Peroxy radical (III) O17–H19 0.0259 0.0921
Peroxy radical (IV) O17–H19 0.0078 0.0237
value of q is, the stronger the bond is. The $2q describes
the characteristic of the bond. Where $2q < 0, the bond
is covalent bond, as $2q > 0, the bond belongs to the ionic
bond, hydrogen bond, and van der Waals interactions.
Here, $2q = k1 + k2 + k3, ki is an eigenvalue of the Hessian
matrix of q. Then, when one of the three ki is positive and
the other two are negative, we denote it by (3,�1) and call
it the bond critical point (BCP). As shown in Table 2, the
value of the electron density q for O17� � �H19 in the peroxy
radicals (II), (III), and (IV) are 0.0254, 0.0259, and 0.0078
a.u. These values do fall within the proposed typical range
of the H-bond. Since the q(O17� � �H19) in the peroxy rad-
ical (III) is the largest, we expect the O–H� � �O bond in the
peroxy radical (III) to be the strongest. This represents that
2-hydroxy-3-methyl-cyclohexadienyl peroxy radical (III) is
the most stable isomer. It is clear that hydrogen bonding
plays a role in stabilizing the peroxy radicals: the hydrogen
bond lengths are 1.9804, 1.9566, and 2.4457 Å for (II),
(III), and (IV), respectively, correlating with their relative
stability. The values of the $2q for O17� � �H19 in the per-
oxy radicals (II), (III), and (IV) are 0.0897, 0.0921, and
0.0237 a.u., respectively. These values are also in the range
of the H-bond.

On the basis of the AIM topological analysis, we have
proved that the O–H� � �O bond can be classified as
H-bonds in the peroxy radicals (II), (III), and (IV). It
should be pointed out that the O–H bond in the peroxy
radicals (II), (III), and (IV) exhibit red shift. However,
the AIM analysis does not reveal the origin of the red-shift-
ed H-bonds. This problem was solved by performing the
natural bond orbital (NBO) analysis.

3.3. NBO analysis

It is clear from Fig. 2 that the H-bonds are complicated
in the peroxy radicals (II), (III), and (IV). The peroxy rad-
icals (II), (III), and (IV) exhibit red-shifted O–H� � �O. To
interpret and explain the nature of the above-mentioned
red-shifted H-bonds, we performed the NBO analysis for
the peroxy radicals (II), (III), and (IV). The results are
presented in Tables 3 and 4.

In the NBO analysis, the importance of hyperconjuga-
tive interaction and electron density transfer (EDT) from
lone electron pairs of the Y atom to the X–H antibonding
orbital in the X–H� � �Y system is well-documented [16]. In
general, such interactions lead to an increase in the popula-
tion of X–H antibonding orbital. The increase of the elec-
tron density in X–H antibonding orbital weakens the X–H
bond, which leads to its elongation and concomitant red
) level

k1 k2 k3 �

�0.0336 �0.0320 0.1553 0.0495
�0.0349 �0.0332 0.1602 0.0514
�0.0069 �0.0068 0.0375 0.0182



Table 3
The energy of hyperconjugative interaction (kJmol�1) and occupancy (e) at the B3LYP/6-311+G(d,p) level

E(2) Monomers Peroxy radical (II) Peroxy radical (III) Peroxy radical (IV)

n1(O17) fi r* (O18–H19) – 7.64 3.82 1.13
n2(O17) fi r* (O18–H19) – – 8.02 –

Occupancy

r* (O18-H19) 0.00352 0.01213 0.01251 0.00594
n1(O17) 0.99901 0.99391 0.99416 0.99717
n2(O17) 0.99901 0.97659 0.97937 0.97147

Table 4
The natural atomic charges (e), hybridization and polarization at the B3LYP/6-311+G(d,p) level

Monomers Peroxy radical (II) Peroxy radical (III) Peroxy radical (IV)

q(O17) 0.50000 �0.43016 �0.43013 0.25183
q(O18) �0.39693 �0.37296 �0.37585 �0.36465
q(H19) 0.22890 0.24137 0.24291 0.23704
spn(O18–19) sp 3.69 sp 3.39 sp 3.26 sp 3.68
% s-char 21.31% 22.73% 23.44% 21.36%
pol O18% 73.38% 75.05% 75.25% 74.20%
(rO18–H19), H19% 26.62% 24.95% 24.75% 25.80%
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shift of the X–H stretching frequency. Furthermore,
Alabugin et al. [30] recently showed that structural reorga-
nization of X–H bond in the process of both blue-shifted
and red-shifted H-bonds was determined by the balance
of the opposing effects: X–H bond lengthening effect due
to hyperconjugative n(Y) fi r* (X–H) interaction and X–
H bond shortening effect due to rehybridization. On the
basis of the theoretical model, it should not be difficult to
explain the red shift of O–H bond stretching frequency in
the peroxy radicals (II), (III), and (IV).

For the O18–H19� � �O17 H-bond in the peroxy radicals
(II), (III), and (IV), Table 3 shows that the hyperconjugative
n1(O17) fi r* (O18–H19) interactions are relatively signifi-
cant. The corresponding increase of electron density in the
r* (O18–H19) weakens and elongates the O18–H19 bond,
which results in the red shift of the O18–H19 bond stretching
frequency. In contrast, according to the rehybridization
model, the O18–H19� � �O17 H-bond formation increases
O18–H19 bond polarization and positive charge on H19
atom. These changes results in a simultaneous increase in
the s-character in the O18 hybrid orbital of O18–H19 bond.
Table 4 shows that the s-character of the O18–H19 bond in
the O18–H19� � �O17 H-bond increases from sp3.69 to sp3.26

which strengthens the O18–H19 bond. Because hyperconju-
gation and rehybridization act in opposite directions, the red
shift and blue shift of the bond O18–H19 is a result of a bal-
ance of two effects. And for O18–H19� � �O17 H-bonds in the
peroxy radicals (II), (III), and (IV), the hyperconjugative
n(O17) fi r* (O18–H19) interaction is beyond the
21 kJmol�1 threshold, which indicates that the hyperconju-
gation is very important. So, the fact is simple: the hypercon-
jugation is dominant and overshadows the rehybridization
in the O18–H19� � �O17 H-bond. To this point, the NBO
results fully explain the observations of the red shift of the
O18–H19 stretching frequency in the peroxy radicals (II),
(III), and (IV).
4. Conclusion

Three methyl-hydroxycyclohexadienyl peroxy radicals,
2-hydroxy-1-methyl-cyclohexadienyl peroxy radical (II), 2-
hydroxy-3-methyl-cyclohexadienyl peroxy radical (III),
and 4-hydroxy-3-methyl-cyclohexadienyl peroxy radical
(IV) exhibit red-shifted O–H� � �O H-bond. From the AIM
analysis, it becomes evident that 2-hydroxy-3-methyl-cyclo-
hexadienyl peroxy radical (III) intramolecular O–H� � �O H-
bond is the strongest. This explains why that 2-hydroxy-3-
methyl-cyclohexadienyl peroxy radical (III) is the most sta-
ble isomer. From the NBO analysis, it becomes evident that
three red-shifted intramolecular H-bonds can be explained
on the basis of the two opposite effects: hyperconjugation
and rehybridization. The hyperconjugation is slightly domi-
nant and overshadows the rehybridization in the H-bond.
We conclude that hydrogen bonding plays a role in stabiliz-
ing the methyl-hydroxycyclohexadienyl peroxy radicals.
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