Vol. 132 (2017)

ACTA PHYSICA POLONICA A

No. 3-I1

Special issue of the 3rd International Conference on Computational and Experimental Science and Engineering (ICCESEN 2016)

A Computational Study of the Ozonolysis of Phenanthrene

M.H. ALMATARNEH*, E. AL-SHAMAILEH, Z.M. AHMAD, A.A.-A.A. ABU-SALEH

AND [LA. ELAYAN
The University of Jordan, Department of Chemistry, Amman, 11942, Jordan

A computational study of the ozonolysis of phenanthrene has been carried out using DFT methods (B3LYP
and M06-2X). The reaction mechanism for the ozonolysis was studied in both gas phase and in solution, using the
polarizable continuum solvation model. The structures for all proposed reaction mechanisms were optimized using
MO06-2X and B3LYP methods with 6-31G(d), 6-314+G(d), and 6-31G(2df,p) basis sets. In solution, all structures
were optimized using B3LYP/6-31+G(d,p) and polarizable continuum solvation model. Six different mechanistic
pathways were explored for the ozonolysis of phenanthrene that forms aldehyde compounds. The activation energy
of the formation of the primary ozonide intermediate in pathway A is 13 kJmol ™! in the polarizable continuum
model with the B3LYP /6-314+-G(d,p) method. This reaction is followed by a dissociation into a zwitterionic Criegee
intermediate with an activation energy of 76 kJmol™" in polarizable continuum model with B3LYP/6-31+G(d,p).
Furthermore, the nucleophilic addition reactions of methanol to the Criegee intermediate have been studied along
two pathways, Bl and B2. The water-mediated mechanism for pathways B2 and C2, where the water molecule
acts as a mediator through a 1,5-proton shift, dropped the activation barriers by 18 and 26 kJ mol~*, respectively,
based on B3LYP/6-31G(2df,p) method. The solvation model (polarizable continuum) reduces the energy barriers
for all pathways except for the reaction of methanol with the Criegee intermediate. This study provides an insight

into understanding the mechanism of transformation of this pollutant into non-toxic compounds.
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1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are organic
compounds which contain multiple aromatic rings. These
compounds are characterized as nonpolar, lipophilic, and
insoluble in water. They are present in air, soil, and se-
diments as by-products of incomplete natural combus-
tion of organic materials [1]. In general, PAHs create a
great concern since they exhibit mutagenic and carcino-
genic character, and are therefore hazardous to human
health [2].

Phenanthrene (tricyclo[8.4.0.0]tetradeca-1,3,5,7,9,11,-
13-heptaene) is one of the PAHs compounds with the
chemical formula of Ci4H;g, consisting of three fused
benzene rings [1, 3]. It is one of the three main constitu-
ents of the anthracene oil fraction of coal tar distillation.
It is usually used in the manufacture of dyes and in the
synthesis of some pharmaceutical products [4]. Some de-
rivatives of phenanthrene [5] have antimalarial [6], anti-
oxidant [7], and antimicrobial activity [8, 9]. On the other
hand, phenanthrene is present in cigarette smoke [3] and
is very toxic, since upon inhalation it leads to genetic
mutations that may cause cancer, and particularly the
lung cancer [10].

The interaction of ozone (ozonolysis) with alkenes was
proposed by Rudolf Criegee in 1953. The ozonolysis re-
action is the oxidation of alkenes or alkynes with ozone
to form low vapor pressure organic compounds, in which
the multiple C=C bond is converted to a primary ozonide
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(POZ). The POZ eventually dissociates into a carbo-
nyl oxide (Criegee intermediate) and an aldehyde or ke-
tone [11]. The Criegee intermediate (CI) is a highly
reactive carbonyl oxide that is collisionally stabilized,
hence, it undergoes unimolecular or bimolecular reacti-
ons. The unimolecular dissociation occurs through either
of the vinyl hydroperoxide or ester channels. Further-
more, the CI may undergo bimolecular reactions with
species present in the atmosphere, such as HoO and its
clusters [12], CO, [13]|, NH3 [14]. Recently, Su et al. [15]
measured the infrared spectrum of the simplest Criegee
intermediate (HoCOO) in the gas phase. Their spectral
results have confirmed that the CI is a zwitterion inter-
mediate (Fig. 1), rather than a biradical one.

Jirgensen and Gross [14] studied the reaction between
different CI’s of HoCOO, CH3HCOO, and (CH3)2COO
with NH3 through the formation of hydroperoxide alkyla-
mines. They have reported the rate constants, calculated
using the G3 approach, of 1.8 x 10713, 6.9 x 10~!* and
5.1 x 107'® cm~?! per molecule per second, for H,COO,
CH3HCOO, and (CHs)2COO, respectively.

Furthermore, the reactions of the CI of B-pinene
with HoO and its dimer, through the formation of a-
hydroxy hydroperoxide have shown that the dimer re-
actions are faster with lower activation energies, less than
36 kJmol ™!, using M06-2X /6-311+G(2d,p) method [12].
The reactions of the CI of limonene with HoO have been
reported, with the most plausible pathway having an
activation energy of 62 kJmol~! [16]. In addition, Ver-
eecken et al. [17] studied the reaction of CI with NO.
They found that the activation energy for the most fa-
vorable pathway is 24 kJmol™!, using CCSD(T)/MO05-
2X/aug-cc-pVDZ method.
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Recent theoretical studies have been performed for the
reaction of ozone with the simplest CI (HoCOO). The
reaction leads to the formation of formaldehyde and two
Oz molecules [18, 19]. The ozonolysis of limonene has
been found to have a total rate of 2.92 x 1076 cm3
molecule™! s7! using CCSD(T)+CF method [20]. The
ozonolysis of a-pinene and [-pinene through the POZ
formation occurs with an activation barrier of 1.3 and
8 kJmol~!, using the CCSD(T)+CF [21]. The barriers
of the ozonolysis of B-pinene for different orientations are
10 and 8 kJmol ™!, using the CBS-QB3 [22]. Thereafter,
the cleavage of POZ yields carbonyl oxides, with bar-
rier heights in the range of 51 to 73 kJmol~!, based on
CCSD(T)+CF [21].

The ozonolysis of phenanthrene occurs at C9=C10
bond, that lies between the two benzene rings, leading
to the formation of 2,2’-biphenyldialdehyde [23]. In 1956,
Bailey has studied the ozonolysis of phenanthrene in met-
hanol. His results support the Criegee mechanism for the
ozonolysis, where the decomposition of the active oxygen
containing compounds leads to the formation of a 2,2’-
biphenyldicarboxaldehyde, methyl 2’-formyl-2-biphenyl-
carboxylate, 2’-formyl-2-biphenylcarboxylic acid, and
diphenic acid [24]. In the same year, Ringold and Ro-
senhranz studied the ozonolysis of phenanthrene in chlo-
roform, and the products appeared to be a mixture of
the polymer and an acetoxy hydroperoxide [25]. Furt-
hermore, additional results of ozonolyses, both in reactive
and in inert solvents, were reported [26].

Rigby et al. studied Diels-Alder dimerization of cyclo-
penta[l|phenanthrene using isodibenzindene [27]. This
study has reported results of the X-ray crystallographic,
computational, and NMR spectroscopic investigations.
The geometry optimization has been confirmed using
HF/3-21G(d)method [27]. Furthermore, Huh reported a
successful method for the ozonolysis of phenanthrene ad-
sorbed on powdered polyethylene, that can be applied for
a large-scale preparation of ozonides [28]. Bae et al. [29]
explored the impact of the genetic material 1,4-difluoro-
benzo|c|phenanthrene (1,4-DFBcPh) on the DNA and its
distortions. This study has covered the crystallographic,
computational, and biological investigations of the com-
pound. The results have shown that the presence of flu-
orine atoms gives unusual quasi-diaxial hydroxyl group.

To the best of our knowledge, no computational study
was reported for the mechanism of the ozonolysis of phe-
nanthrene, which would explain how this reaction ta-
kes place. Therefore, a detailed computational study
of the ozonolysis of phenanthrene has been performed
using high-level ab initio and DFT calculations. It is ho-
ped that this computational study would benefit experi-
mentalists, by providing more detailed information about
this reaction, and possibly aid in the design of new ex-
periments for further understanding and development of
synthetic procedures for the reaction products.

Scheme 1, shows the proposed mechanism for the ozo-
nolysis of phenanthrene. Ozone (2) reacts according to
a 1,3-dipolar addition reaction with phenanthrene (1).
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The resulting POZ (3), decays into the zwitterion com-
pound (4), which is attacked by hydroxide ion OH™, gi-
ving the hydroxyl peroxide hemiacetal (5). Finally, the
ozonolysis of the peroxide (5) is reduced in an acidic me-
dium, yielding the final product dialdehyde (6
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Scheme 1: Proposed mechanism of the ozonolysis re-
action of phenanthrene.

2. Computational method

The ozonolysis of phenanthrene has been studied using
DFT calculations. All calculations were performed using
Gaussian 09 quantum chemistry (G09) package [30].
This work involves non-covalently bonded complexes,
and the M06-2X method is suitable for non-covalent in-
teractions. The DFT calculations were done using the
B3LYP [31, 32] and M06-2X [33]. Rezac and Hobza re-
ported for the non-covalently bonded systems that the
basis set, used in the combination with M06, is highly
recommended to include diffusion functions [34, 35]. Dif-
ferent basis sets have been used to investigate the effect
of polarization and diffuse functions, such as: 6-31G(d),
6-31G(2df,p), 6-31+G(d,p), and 6-311G++(3df,3pd). It
has also been shown that dispersion and long-range cor-
rected DET methods (such as M06) perform significantly
better in hydrogen-bonded systems, when compared to
B3LYP. Therefore, M06-2X was used to increase the re-
liability of both the geometries and the energies.

The optimized geometries of the reactants, transi-
tion states, intermediates, and products were determi-
ned both in the gas and aqueous phases, using the PCM
model [36]. Intrinsic reaction coordinate (IRC) calcu-
lations [37-39] were used to characterize the transition
states (TS) on the potential energy surface (PES). To
ensure the presence of only one imaginary frequency in
the transition states, frequency analyses were performed.
The minima were also confirmed by making sure of the
absence of any imaginary frequencies. Furthermore, the
thermodynamic functions AH and AG, activation ener-
gies F, and the Gibbs energies of activation AG# were
also calculated for each reaction pathway under inves-
tigation. The energies of all optimized structures are
corrected with zero-point vibrational energies.
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3. Results and discussion

3.1. The structure of phenanthrene

The structure of phenanthrene has been optimized
using the B3LYP/6-3114++G(3df,3pd) method.  Fi-
gure 1 depicts the optimized ground state geometry
of phenanthrene. The selected structural parameters
for phenanthrene structure, optimized using B3LYP /6-
311++G(3df,3pd) method, are listed in Table I.

This study shows that a ground-state single phe-
nanthrene molecule has a planar structure, where the
dihedral angles of 011*C10*C9*C14, 011*C12*C13*014,
and C4—C15—C13—C5 are equal to 0.000°. Furthermore,
the point group of phenanthrene molecule is Cov. These
data are in excellent agreement with the experimental
X-ray data [40], see Table I, differing by no more than
0.020 A, except for the C1p—C1; and C;—Cy; bond lengths
(0.041 and 0.047 A, respectively).

@

Fig. 1. The optimized geometry of phenanthrene
(side and front views), obtained using B3LYP/6-
311++G(3df,3pd).

Furthermore, the C—H bond lengths are in agreement
with the experimental neutron diffraction analysis
data [41], differing by no more than 0.020 A. While for
the C;—Hig and Ci9-Hys bond lengths, they differ by
0.083 and 0.107 A, respectively. It can be noted that
the C9—Cyo bond has the shortest length in the mole-
cule, with the calculated and measured values of 1.354
and 1.372 A, respectively. On the other hand, the Cqo—
Ci13 bond has the longest length in the molecule, with the
calculated and measured values of 1.453 and 1.448 A, re-
spectively. This may be attributed to five non-excited
resonance structures of phenanthrene.

3.2. Potential energy surface of the ozonolysis reaction
of phenanthrene (pathway A)

This pathway involves a two-step mechanism, desig-
nated as pathway A. The first step involves a 1,3-dipolar
cycloaddition of the ozone to phenanthrene. This leads to
the formation of a primary ozonide (POZ). The second
step is a concerted cleavage of the POZ into a Criegee
intermediate and an aldehyde. The optimized structu-
res of reactant, transition states, intermediates, and pro-
duct for pathway A, are shown in Fig. 2. The potential
energy surface for different calculation methods is shown
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TABLE I

Selected bond lengths (A) corresponding to the optimized
geometry of phenanthrene (Fig. 1).

Relative energy (kJ mol!)

Bond lengths [A]

Bond | B3LYP/6-311++4G(3df,3pd) | Experimental
C1-Cs 1.374 1.381°
Cy-Cs 1.403 1.398%
C3-Ca 1.377 1.383%
Cy—Cio 1.354 1.372°
C10-C11 1.431 1.390¢
C11-C12 1.421 1.404¢
Ci2-Cis 1.453 1.448°
C1-Ci 1.410 1.457°
Cy4Ciz 1.410 1.405%
C1-His 1.083 1.00°
Co-Hi7 1.082 1.08°
C3-Hio 1.082 1.09
Cy4—Has 1.080 1.08°
Co—Hao 1.083 1.06°
Ci0-His 1.083 1.19°
¢ Experimental data taken from [40].
’ Experimental data taken from [41].
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Fig. 2. Optimized geometries of the ozonolysis of phe-
nanthrene for B3LYP/6-31G(2df,p) (pathway A).
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Fig. 3. PES for

of phenanthrene
(pathway A) relative energies, calculated using different
methods (in kJ mol™').

the ozonolysis



1152

TABLE II

Activation energies and Gibbs energies of activation for
the ozonolysis of phenanthrene (kJ mol !, pathway A).

TS:1A TS2A
Theory/basis set E, AG*F | E, AG#
B3LYP/6-31G(d) 15 33 7 80
B3LYP/6-31G(2dfp) | 20 | 38 | 74 76
B3LYP/6-31+G(d) | 17 | 41 74 76

MO06-2X /631G(d) 20 32 | 116 | 118
MO06-2X /6-31G(2df,p) | 26 38 | 113 | 115
MO06-2X /631+G(d) | 24 41 113 | 115
PCM* 13 13 63 66

¢ Calculations have been done using B3LYP/6-
31+G(d,p)method.

in Fig. 3. Activation energies and Gibbs energies of acti-
vation are given in Table II.

The formation of the POZ intermediate (I;A) occurs
through the transition state (TS;A) that involves the
concerted ozone addition to phenanthrene, as illustra-
ted in Fig. 3. The bond length between the ozone mole-
cule and Cg =Cj1g bond of phenanthrene, for the reacting
complex RA is 2.900 A, using B3LYP/6-31G(2df,p) met-
hod. However, the bond length of ozone molecule and
Cg =C10 bond of phenanthrene in TS; A is 2.122 A. The
bond length in the formed POZ (I;A) is shortened by
0.681 A to become 1.441 A. This is consistent with the
bond length ranges of 1.400 A in the literature [20-22].

The first intermediate is followed by a conformatio-
nal change to form I;A, where the bond lengths dif-
fer by no more than 0.027 A. An elongation of the left
side of the POZ, by 0.007 A, is observed with an inte-
resting change in the orientation of the center oxygen
of IoA. In the second step, the POZ undergoes a con-
certed cleavage (dissociation), that leads to the forma-
tion of a stable aldehyde and a CI (PA) through tran-
sition state TSoA. The bond length of Cg—Cig in IoA
is elongated from 1.540 to 1.862 A, as shown in Fig. 3.
The difference in the bond length of 0.322 A is consis-
tent with the bond lengths of the POZ dissociation of
a-pinene, B-pinene [21], using B3LYP/6-31G(d,p), and
sabinene [42], using B3LYP/6-31G(d) method. Further-
more, the bond length of O—O bond cleavage in TS;A
is 2.109 A, using B3LYP/6-31G(2df,p) method. In ge-
neral, the bond lengths are in good agreement with the
ozonolysis of monoterpenes [43-45].

The activation energies of the TS;A and TSsA
using the B3LYP/6-31G(d), B3LYP/6-31G(2df,p), and
B3LYP/6-31+G(d) methods are 15, 20, and 17 kJ mol~*
for TS1A, and 77, 74, and 74 kJmol™! for TS,A, re-
spectively. The activation energies of TS1A are in good
agreement with the limonene (using the CCSD(T)+CF),
camphene, «-pinene, and (-pinene (using B3LYP/6-
314+G(2d,2p) method), where the values are 12, 15,
28 and 18 kJmol™!, respectively. Furthermore, the
activation energies of TSy A are in agreement with the
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a-pinene and B-pinene values of 72 and 63 kJmol™!,
using B3LYP/6-31G(d,p) method [21]. However, lower
energy values of 56 and 51 kJmol™! are observed for
the [B-pinene and sabinene, calculated using the CBS-
QB3 [22] and B3LYP/6-31G(d) [42], respectively.

The MO06-2X method shows higher activation energy
for both TS’s, than the B3LYP functional, see Table II.
However, using the PCM solvation model, there is a little
change in the activation energy for the first step. The
activation energy using the PCM model with B3LYP/6-
314+G(d,p) method is 13 kJmol~!. Employment of sol-
vent PCM model for the second step has reduced the
activation energy to 63 kJmol~'. The barriers, obtained
using PCM, drop significantly, compared to the M06-2X
functional, as shown in Table II. It can be noted here,
that the addition of diffuse or polarization function does
not affect the energy barrier of the TS;A. Moreover, the
activation energy of the phenanthrene ozonolysis, deter-
mined using the BSLYP /6-31G(d) method, is comparable
with those reported previously for the ozonolysis reaction
of ethene [46], isoprene [47, 48], and butadiene [49].

8.8. Potential energy surface for the reaction of
methanol with Criegee compound (pathways B1 and B2)

Two pathways are studied for the reaction of metha-
nol with the Criegee intermediate. Pathway B1 is the
non-water mediated pathway; while pathway B2 is the
water-mediated one. For pathway B2, the water molecule
acts as a mediator and participates in the proton transfer
process. Methanol is one of the most abundant alcohols,
present in the troposphere. It is usually found with con-
centrations ranging from 1 to 40 ppb by volume [50-52].

In this study, the bimolecular reaction of methanol
with the CI, denoted as pathway B1, has been studied.
Figure 4 illustrates the equilibrium geometries of the re-
actants, transition states, and products that are included
on the PES diagram for pathways B1 and B2, for diffe-
rent calculation methods. The activation energies and
Gibbs energies of activation for the reaction are listed in
Table III.
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Fig. 4. PES for the reaction of methanol with Criegee

compound (pathway B1). Relative energies at different
levels of theory in kJmol™*.
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TABLE III

Activation energies and Gibbs energies of activation
for the reaction of methanol with Criegee compound
(kJmol™", pathways B1 and B2).

TS1B1 TS1B2
Theory/basis set E, AG# E, AG#*
B3LYP/6-31G(d) | 49 | 58 | 31 | 46

B3LYP/6-31G(2dfp) | 50 | 59 | 32 46

B3LYP/6-31+G(d) | 57 | 68 | 45 | 61
M06-2X/631G(d) | 43 | 51 | 16 | 25
MO06-2X/6-31G(2dt,p) | 43 | 49 17 24
M06-2X/631+G(d) | 44 | 59 | 25 | 35
PCM* 66 83 41 73

¢ (Calculations have been done using B3LYP/6-
314-G(d,p) method.

The CI formed from the cleavage of the POZ (PA)
will undergo a nucleophilic addition of the methanol from
the oxygen moiety in the hydroxyl group to the carbonyl
group of the CI, through TSB1. Simultaneously, the pro-
ton migrates from the methanol molecule to the terminal
oxygen of the CI, forming the a-methoxy hydroperoxide
(PB1).

The bond length between the hydrogen and oxygen
of the OH in methanol of the reacting species (RBI)
is 1.819 A, using the B3LYP/6-31G(2df,p) method. In
TSB1, the bond is shortened by 0.700 A to become
1.119 A. Furthermore, the hydrogen bond in the metha-
nol, to the terminal oxygen of the CI, is 1.352 A, as shown
in Fig. 4. The oxygen moiety in the methanol molecule
approaches the carbonyl group of the CI by 1.999 A. This
step leads to the stabilization of the positive charge on
the CI. Moreover, the dihedral angles between the ben-
zene rings for the geometries of RB1, TSB1, and PB1
are 56.9°, 96.1°, and 98.0°, respectively. These changes
in the dihedral angle may be due to the steric factor that
results from the nucleophilic addition of methanol.

In pathway B2, the addition of methanol to the CI
has been performed via the use of one water molecule,
acting as a mediator, rather than a spectator. The pre-
vious works of the 1,3-proton shift has shown that the
barrier could drop significantly when the water molecule
is involved, acting as a mediator [53-65]. Figure 5 shows
the one-step nucleophilic addition mechanism for the mo-
nohydrated reaction between the methanol and CI. This
figure shows that the water molecule catalyzes the nucle-
ophilic addition by forming a nearly seven-membered ring
transition state, TSB2. Thereafter, the water molecule
grabs the hydrogen from the hydroxyl group of methanol,
and simultaneously transfers it to the terminal oxygen of
the CI. The methanol moiety attacks the carbonyl of the
CI, and hence, this mechanism is a concerted one.

The activation energies of pathway Bl for the
B3LYP/6-31G(d), B3LYP/6-31G(2df,p), and B3LYP/6-
31+G(d) methods are 49, 50, and 57 kJ mol !, respecti-
vely, as listed in Table III. The activation energy for
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Fig. 5. PES for the reaction of methanol with Criegee
compound (water-mediated mechanism) (pathway B2).
Relative energies for different calculation methods are
given in kJmol ™.

pathway B2 (water-mediated mechanism) is lower than
that for pathway Bl (non-water-mediated mechanism).
Addition of one water molecule significantly relaxes the
transition state TSB2, reducing the angle strain and con-
sequently reducing the barrier height of TSB2. The gas
phase activation barriers, associated with TSB2 are 31
and 32 kJmol~!, lower than the activation energies of
TSB1, of 49 and 50 kJ mol~!, using the B3LYP/6-31G(d)
and B3LYP/6-31G(2df,p) methods, respectively. The
activation energy calculated using the M06-2X functional
is lower than that of the B3LYP functional. The energy
barriers associated with TSB2 are 16 and 17 kJ mol~! for
the M06-2X/6-31G(d) and M06-2X/6-31G(2df,p) met-
hods, respectively. Addition of the diffuse function to
the calculations increases the activation energies to both
of the B3LYP/6-314+G(d) and M06-2X/6-314+G(d) met-
hods, with the respective values of 45 and 25 kJ mol~!.

In comparison, the activation energy of the reaction
of acetone Criegee intermediate (CH3)2COO with am-
monia was found to be 50 kJmol~!, using B3LYP/6-
311++G(2d,2p) method [14]. In another study, Jiang
et al. [16] investigated the reaction of CI’s from the ozo-
nolysis of limonene with water. They found that the
formation of a-hydroxy hydroperoxide for the reaction of
SCI and H,O with the activation energy of 62 kJmol~!,
is identified as the most favorable pathway using the
CCSD(T)+CF (CF: correction factor) method. It should
be noted here that the energy of the BSLYP/6-31G(d)
method are comparable with high levels of theory used
in that paper.

The activation barrier increases significantly in compa-
rison to values of both, the B3LYP and M06-2X methods,
used in this study, with activation energies of 66 and
41 kJmol~?t, if PCM model with B3LYP/6-31+G(d,p)
is used for pathways Bl and B2, respectively. Based on
these data, pathway B2 is more plausible for this step, as
it has a lower activation energy, compared to pathway B1.

3.4. Potential energy surface for the reactions of
a-methoxy hydroperozide (pathways C1 and C2)

a-methoxy hydroperoxide (PB1), formed by the ad-
dition of methanol to the CI, will undergo a unimole-
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cular decomposition to yield an aldehyde and HO. Si-
milarly, the role of adding one water molecule has been
studied. Therefore, two pathways were considered for
this reaction, denoted as pathways Cl and C2. We
have found that the activation energies for pathway C2
(the water-mediated mechanism) were lower than that
for pathway C1, for different calculation methods. Thus,
in this section, only pathway C2 will be discussed and
presented.

The optimized structures of reactant, transition state,
and product for pathway C2 are included on the PES for
different methods, as shown in Fig. 6. Activation energies
and Gibbs energies of activation are given in Table IV for
pathway C2. The torsion angle between the two benzene
rings in the reactant RC2 is 102°, as shown in Fig. 6.
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Fig. 6. PES for the unimolecular decomposition of the
a-methoxy hydroperoxide (water-mediated mechanism,
pathway C2). Relative energies are given for different
calculation methods, in kJmol™'.

TABLE IV

Activation energies and Gibbs energies of activation
for the unimolecular reaction of hydroperoxide (water-
mediated mechanism) (kJ mol™', pathways C1 and C2).

TS1C1 TS1C2
Theory/basis set E, | AG# E, AG*
B3LYP/6-31G(d) 262 264 238 245

B3LYP/6-31G(2df,p) | 257 259 231 238

B3LYP/6-31+G(d) | 250 | 250 | 231 | 237
MO06-2X/631G(d) | 342 | 345 | 335 | 349
MO06-2X/6-31G(2df,p) | 338 341 329 343
M06-2X/631+G(d) | 332 | 335 | 328 | 341
PCM* 231 228 212 223

¢ Calculations have been done using B3LYP/6-
314-G(d,p) method.

The unimolecular decomposition of the a-methoxy
hydroperoxide occurs via the proton-migration from the
CHj group to the terminal OH group of the hydroperox-
ide, to form an aldehyde and 2H50O. Pathway C2 exhibits
a similar pattern to pathway B2, where the HoO mole-
cule acts as a mediator in the proton migration. The
decomposition in the water-mediated step of the proton-
shift occurs via an eight-membered ring transition state,

M.H. Almatarneh et al.

TSC2, as shown in Fig. 6. Thus, the action of the medi-
ator in the 1,5-proton shift step drops the barrier height
of the reaction.

Different basis sets, used with the B3LYP functional,
have been employed to calculate the activation energy of
TSC2. The energy barriers for the rate-determining step
of pathway C2 are 238, 231, and 231 kJ mol~!, using the
B3LYP/6-31G(d), B3LYP/6-31G(2df,p), and B3LYP/6-
31+G(d) methods, respectively. However, the activation
energies for TSC2 increase significantly if the M06-2X/6-
31G(d), M06-2X/6-31G(2df,p), and M06-2X/6-31+G(d)
methods are used, with the respective values of 335, 329,
and 328 kJmol~!. The energy barrier of TSC2 is lo-
wer than the energy barrier of TSC1 by 26 kJmol~! for
B3LYP/6-31G(2df,p) method. This drop in energy is
due to the presence of the HoO mediator. For TSC2,
addition of diffuse or polarization functions reduces the
energy barrier. Furthermore, the use of PCM solvation
model has a significant role in this step. The water phase
reduces the energy barrier of the TSC2 to 212 kJ mol~!,
using the PCM model with B3LYP/6-31+G(d,p) met-
hod. It is worth mentioning that this reaction is found
to be an exothermic and exergonic one.

4. Conclusions

A computational study of the ozonolysis reaction of
phenanthrene, following the decomposition of the POZ
that yields a CI has been carried out for conditions of
the gas-phase and solution. The bimolecular reaction of
methanol with the CI, forming a-methoxy hydroperox-
ide in the absence and presence of water (pathways C1
and C2), both in the vacuum and in solution has been
studied. Furthermore, the unimolecular decomposition
reaction of the a-methoxy hydroperoxide was studied,
where the water acts as a stabilizer (pathway C1), or as
a mediator (pathway C2).

The optimized geometries of reactants, transition sta-
tes, intermediates, and products were determined using
DFT methods with different basis sets, in the gas-phase
and solution using PCM model. The bimolecular re-
action of methanol and CI using one water molecule
(pathway C2) is energetically more favored, compared
to pathway C1. This is due to fact that the water mo-
lecule acts as a catalyst (proton-mediator), and there-
fore, the energy barrier drops significantly. It was found
that the activation energies for the water-mediated me-
chanism (proton shift) for pathways B2 and C2 are redu-
ced by 18 and 26 kJ mol~!, respectively, using B3LYP /6-
31G(2df,p) method.

The implicit solvation model (PCM) decreased the
activation energies of all pathways, except for pathways
C1 and C2. Addition of polarization and diffuse functi-
ons did not significantly contribute to the decrease in
the barrier heights of all pathways, except for C1 and
C2. The thermodynamic properties of all pathways were
found to be exothermic and exergonic for all calculation
methods. This indicates that the reaction is favorable in
the forward direction.
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