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In this work, the rate-limiting steps of A’-carene oxidation by ozone and OH radicals were studied. The
thermochemical and kinetic parameters were evaluated using the B3LYP, PBE1PBE and BHandHLYP
functionals, coupled cluster methods and the 6-311G(d,p) and 6-311++G(d,p) basis sets. The attack on the
double bond may occur in different orientations, leading to different oxidation products. The rate
coefficients of each step of the reactions were evaluated using conventional canonical transition-state

theory and variational canonical transition-state theory whenever necessary. The theoretical rate
coefficient for the ozonolysis mechanism, evaluated at the CCSD(T)/6-31G(d,p)//PBEIPBE/6-
311++G(d,p) level, was 2.08x10"7 cm® molecule™ s™'. The coefficient for the oxidation initialised by the
OH radical, calculated at the BHandHLYP/6-311++G(d,p) level, was 5.06x10"'> cm® molecule s™'. These
values are in reasonable agreement with the experimental results. The importance of these reactions in

atmospheric chemistry is discussed.

Introduction

The oxidation of volatile organic compounds (VOCs) in the
atmosphere plays an important role in tropospheric chemistry.
The oxidation of hydrocarbons leads to ozone formation and
photochemical smog phenomena.! The scientific community
agrees that oxidation products can affect the health of the
population, the climate, and secondary organic aerosol (SOA)
formation.>**° Much effort has been devoted to studying the gas-
phase oxidation of terpenes emitted into the atmosphere to
describe the influence of their oxidation products on SOA
formation.™” """

Terpenes are the VOCs most profusely emitted by biogenic
sources,” mainly plants. Their structures are constructed from
isoprenoid units, which may lead to monoterpenes (C),
sesquiterpenes (C,s), diterpenes (Cyg), and triterpenes (Csp) in the
biosynthetic pathway. These compounds are important to plant
growth and survival.’ In the atmosphere, terpenes exhibit alkene-
like chemistry because of the presence of double bonds in their
structures, thus resulting in the addition of ozone or OH radicals
to these unsaturated systems. These reactions constitute the major
sinks of terpenes in the troposphere.®'°

The accepted ozonolysis mechanism follows Criegee’s proposal,
in which ozone adds to a double bond to form a primary ozonide
(POZ). The resulting POZs are vibrationally excited and readily
decompose, forming two new species: a Criegee intermediate
(CI) and a primary carbonyl.”'"'>'*!* (Figure 1). The most recent
theoretical studies report the electronic structure of the CI to be

zwitterionic. !>

—— Products

hydroxy radical

hydro-peroxy radical

Fig. 1 First steps for A’-carene oxidation in the atmosphere. Reactions
initiated by ozone and an OH radical.

After ozone addition to the double bonds, the products may
decompose by several unimolecular reactions or react with

so atmospheric gases. Alternatively, OH radical addition leads to the

formation of hydroxyalkyl radicals, which rapidly react with O,
to form hydroxyalkyl peroxy radicals, which, in turn, react with
NO, NO,, HO, and organic peroxy radicals (and, presumably, the
NO; radical) (Figure 1). In addition to the major OH radical

ss addition pathway, the hydrogen abstraction of allylic hydrogen
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also occurs as a minor process.!” The OH radical is the second
most powerful oxidant (just after molecular fluorine - F,) and
therefore the study of its reactivity with natural compounds in our
atmosphere is of great importance, even if its life-time is very
short. In both oxidation mechanisms, the final products are
extremely dependent on the pollutants present in the atmosphere
and on humidity."*'%!

Several theoretical studies of the oxidation of isoprene and other
terpenes have been reported in the literature. These studies were
focused on certain well-known species observed in the
atmosphere, e.g., o- and [-pinene, limonene, geraniol, and
citronellol. However, to our knowledge, no theoretical studies to
date have evaluated the kinetic parameters for A’-carene
oxidation. The A’-carene (3,7,7-trimethylbicyclo[4.1.0]hept-3-
ene) is emitted by trees of the genus Pinus, which are found in
coniferous forests.”’ This species of trees is used in the
manufacture of pellets, briquettes, and paper, which has prompted
certain industries to create artificial forests to satisfy their wood
demands. In addition, A3-carene and its oxidation products have
been found in SOAs.>*' To date, only chamber and kinetic
modelling studies have been performed to identify the oxidation
products,22 examine the temporal behaviour of reactants, and
determine the rate coefficients for A’-carene oxidation. Colville
and Griffin® used the protocol developed by Jenkin® and the
structural similarities between pinene and carene in their
mechanistic study because of the lack of specific information
concerning the reaction paths in A*-carene oxidation.

The main goal of this study is to evaluate the kinetic parameters
for A’-carene oxidation through reaction with O; and OH
radicals. The discussion will focus primarily on the rate-limiting
step of these reactions: the addition of oxidants to the double
bond.

Computational Details

The geometries of all species that are part of the reaction
mechanism were completely optimised without any geometry
constraints. The structures were classified as minima or saddle
points of the potential-energy surface by the analysis of harmonic
vibrational frequencies. The density functional methods B3LYP,
BHandHLYP, and PBEIPBE were used for geometry
optimisations and frequency calculations. Two basis sets were
employed: 6-311G(d,p) and 6-311++G(d,p). The thermochemical
and kinetic parameters were provided by single-point energy
evaluations using the coupled-cluster method. For OH radical
addition, single-point energy calculations were performed at the
CCSD/6-31G(d,p) level by considering the BHandHLYP/6-
311G(d,p) geometry (i.e., at the CCSD/6-
31G(d,p)//BHandHLYP/6-311G(d,p) level). For the ozonolysis
mechanism, the electronic energy was corrected at the CCSD/6-

31G(d,p) and CCSD(T)/6-31G(d,p) levels considering the
PBE1PBE/6-311++G(d,p) geometry (i.e., at the CCSD/6-
31G(d,p)//PBEIPBE/6-311++G(d,p) and CCSD(T)/6-

31G(d,p)//PBE1PBE/6-311++G(d,p) levels).
The kinetic parameters were evaluated using the canonical
transition-state theory (TST) equation (equation 1):

—_AGH
RT

k(T) = kl’TTe (1)

-
S

100

where s is Planck’s constant, 7 is the temperature, k;, is
Boltzmann’s constant, AG" is the free energy of activation of
each reaction step, and R is the universal gas constant. The initial
steps of olefin oxidation—the addition of ozone or OH radical—
are the rate-limiting steps of this mechanism.'” The theoretical
rate coefficient evaluated for the formation of primary ozonides
and hydroxyl radicals may then be compared directly to the
experimental rate coefficients.

All the quantum chemical calculations were performed using the
Gaussian 03 and Orca 2.9 software packages.”> Certain aspects
of the reaction mechanism were analysed by numerical
integration of the rate equations using the theoretical rate
coefficients evaluated in this work. Kintecus version 4.55 was
used to integrate the rate equations.?’

Results and Discussion

The optimised geometry of A’-carene and the orientations where
the OH radical and ozone may attack are shown in Figure 2. The
highlighted portion of the structure is the endocyclic double bond.
Because of the lack of symmetry, two different primary ozonides
and four products of OH radical addition are expected. Each
mechanism will be discussed in a different section, and their
implications on atmospheric chemistry will be analysed in the
final section.

OHor O,

Fig. 2 Optimised geometry of A’-carene at the BHandHLYP/6-
311++G(d,p) level. The highlighted part shows the sites available for
ozone and OH-radical addition.

Ozonolysis Reaction

Ozonolysis reactions are generally accepted to follow the well-
known Criegee mechanism: (1) ozone is added to a double bond
to form a primary ozonide; (2) the ozonide is formed in a highly
exothermic reaction and breaks apart into a carbonyl compound
and a Criegee intermediate (CI); and (3) the CI in the gas phase
decomposes mainly via unimolecular reactions. As expected, the
results obtained in this work show that this behaviour is also
observed for the reaction of A’-carene with ozone. Table 1 lists
key geometric parameters for the transition structures and POZs,
and Figure 3 contains the free energies of activation and reaction
for ozone addition to the double bond. The two transition
structures are labelled TS, and TSpoom,

The results given in Table 1 show that changing the double bond
to a single bond is characterised by an increase in the rC1C2 bond
distance of approximately 18%. The average rC1C2 bond
distance found in both ozonides is 1.56 A, whereas the average
distance in A’-carene is 1.32 A. The most significant geometric
parameters of both ozonides and transition structures (TSs) are
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Fig. 3 Free energies of activation and reaction for ozone addition to the A*-carene’s double bond, calculated at four different levels . All values are in kJ
mol”.

s Table 1 Geometric parameters for ozone addition to the double bond. effect. For example, the inclusion of diffuse functions in the
Bond distances are shown in angstroms, bond and dihedral angles in »s PBEIPBE functional leads to negative values for E°. whereas the
d . The at bering is described in Fi 1. . . . .

cerees, e To INTTDerlg 15 CoseTipec I Teure BHandHLYP functional is less affected by the addition of diffuse

TSp POZip TShottom POZbottom functions. Considering these effects, the authors found it more
PBEIPBE/6-311++G(d,p) meaningful to describe and discuss the addition to double bonds

1C,0, 3373 1440 3793 1439 in terms of Gibbs free energies. ' ' '
1C,0s 2335 1.426 2954 1425 30 As e.xpected, 'all meth0d§ predict that the r_elactlon's' forming
1CC, 1372 1567 1377 1563 ozonides are highly exo.erglc,'AG <-167 kJ'mol. . Addition to the
double bond on the side with lower steric hindrance (bottom
0C,0,0, 97.15 103.20 10029 104.12 attack) is favoured by approximately 4.19 kJ mol™ with respect to
vCi0,0,0; 62.32 51.07 49.24 47.65 free energy of activation. The major contributor to AG* is the
BHandHLYP/6-311++G(d,p) ss entropic  effects. By analysing the bottom attack at the
rC,0, 2.301 1.434 2.285 1.434 PBE1PBE/6-311++G(d,p) level, we determined the enthalpy of
1C,0; 2277 1.421 2237 1.421 activation to be -10.08 kJ mol™ and the entropic contribution to
1C,C,y 1.368 1.561 1.369 1.561 activation free energy (TAS?) to be, at 298 K, -50.33 kJ mol™.
6C,0,0, 97.96 103.83 100.31 103.83 This pattern was observed for all methods and has been noted

YC1010:05 61.64 4998 50.86 49,98 40 previously in other ozonolysis studies.’!

Table 2 Critical energies evaluated at different levels for the ozonolysis

similar; the major difference is the orientation of ozone addition reaction of A’-carenc. All values are in kJ mol™.

to the double bond. The effect of steric hindrance may be

10 responsible for the slight difference in the rC,0; and rC,0; bond TSiop TShotiom
distances between TS, and TSyom. The bond distances in TS, B3LYP/6-311G(d,p) -6.94 7.07
are longer (rC,0; is 0.080 A longer and rC,0; is 0.081 A longer), BHandHLYP/6-311G(d.p) 087 0.6
;Zitpl'lkely because of repulsions between ozone and the bicyclic BHandHLYP/6-311++G(d,p) 12.59 611

15 In certain studies, a pre-barrier complex, stabilised by a few kJ PBEIPBE/6-311G(d.p) 11.59 12.30
mol! in relation to the isolated reactants, has been PBEIPBE/6-311++G(d.p) -7.99 -4.77
proposed.”***** This species would be responsible for additional The rate coefficients evaluated for ozonide formation by
stabilisation of the reactants, thus justifying the negative values conventional transition-state theory, using the activation Gibbs
observed for critical energies in this type of reaction. The present s free energy presented in Figure 3, are listed in Table 3. The

20 results agree with those of the previous study by Oliveira and branching ratio calculated for ozone addition predicts that more
Bauerfeldt,”® who pointed out that negative values of the critical than 80% of the yield will occur in the bottom orientation, as
energies are dependent on the basis set. Table 2 lists the critical expected, because of high steric hindrance in the top orientation.
values evaluated at different levels and illustrates the basis-set The best agreement with the reported experimental overall
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Table 3 Rate coefficient for each A-carene ozonolysis channel and the overall rate coefficient (Kiota = Kiop 1 Koottom) at 298 K. The bimolecular rate
coefficients are in cm’® molecule™ s'. The branching ratios for each channel are stated in parentheses.

Method POZ, POZuottom Total
TST
B3LYP/6-311G(d,p) 4.0x107%(0.25) 1.2x1075(0.75) 1.6x107"
PBE1PBE/6-311G(d,p) 1.57x107°(0.16) 8.14x10™ (0.84) 9.71x107"
BHandHLYP/6-311G(d,p) 1.58x107%(0.18) 7.15x107"(0.82) 8.73x10™"
PBE1PBE/6-311++G(d,p) 1.1x107° (0.12) 8.0x107'°(0.88) 9.0x10¢
BHandHLYP/6-311++G(d,p) 3.15x10%°(0.07) 4.06x107 (0.93) 4.4x10™"
CCSD/6-31G(d,p)// PBE1PBE/6-311++G(d,p) 1.51x10%°(0.27) 4.09x10%°(0.73) 5.60x10%
CCSD/6-311G(d,p)// PBE1PBE/6- 21 20 20
3114+4G(dp) 6,08x107' (0.37) 1.05x10%°(0.63) 1.66x10
CCSD(T)/6-31G(d,p)// PBE1PBE /6- 18 17 17
311++G(dp) 5.86x10"%(0.28) 1.50x1077(0.72) 2.08x10
Experimental® 3.8x10"7+4.1x107®
1.0x107
5.9x10"7+£1.0x107"
“ References *2*"*, respectively

5
coefficients was obtained at PBEIPBE/6-311++G(d,p), kK(T) =
9.0x10"® ¢m® molecule” s'. The improved calculated value
differs from the experimental coefficients by less than one order
of magnitude.

0 The structure of A’-carene resembles that of a-pinene, as
reflected in the rate coefficients for the ozonolysis processes, with
the same magnitude. The reported rates for a-pinene are in the
range of 0.28x107'° t0 3.3x107'® cm® molecule™ s3>
agreement with the experimental and theoretical values for A*-

15 carene. When the bicyclic terpene possesses an exocyclic double
bond, the rate coefficients tend to be lower: 1.2x107Y to 6.5x107™
em’® molecule™ s for the ozonolysis of p-pinene™**33363738 4pq
45x10" to 9.0x10" cm® molecule’ s' for camphene
ozonolysis.***® However, the evaluation of the Arrhenius

20 parameters remains a challenge to the predictive power of DFT
methods. Despite the reasonable agreement between the
calculated rate coefficients at the PBE1PBE/6-311++G(d,p) level
and the experimental values, the Arrhenius equation shows an
unexpected slight negative dependence on temperature. This

25 negative dependence is related to the negative value of the critical
energy for ozone addition, which is probably associated with
basis-set effects. Previous ozonolysis studies have shown that this
type of reaction exhibits a small positive dependence on the
temperature,”>*'**" suggesting that the profile obtained with the

30 PBE1PBE functional is attributable to the basis set. The similarity
between the carene and pinene structures reinforces the

expectation of a positive dependence of the rate coefficient on
temperature. An exception found in the relevant literature is the
Arrhenius equation obtained by Nguyen er al*' for pB-
35 caryophyllene ozonolysis, which shows a small negative
dependence on temperature. The authors concluded that this
ozonolysis reaction has no barrier and that 4(7) can be considered
nearly constant over all the relevant atmospheric conditions.
However, no experimental information or other theoretical results
40 exist to compare with Nguyen’s results and verify whether the

profile obtained is due to the methodology or is a system feature.
The negative dependence observed in the Arrhenius equation may
also be related to the existence of a pre-reactive complex in the
potential energy surface; such a structure has been characterised
ss theoretically for other terpenoids.*?
The electronic energy was corrected at the CCSD/6-31G(d,p),
CCSD/6-311G(d,p), and CCSD(T)/6-31G(d,p) levels considering
the PBEIPBE/6-311++G(d,p) geometry and vibrational
corrections to improve the theoretical rate coefficient and
so Arrhenius parameters. The results obtained using these methods
are shown in Table 3. Using the barriers calculated at the
CCSD(T)/6-31G(d,p)//PBE1PBE/6-311++G(d,p) level, a global
rate coefficient of 2.08x107Y ¢cm® molecule™ s was obtained, in
good agreement with the experimental rate coefficients measured
ssat 295 and 296 K. The expected positive dependence upon
temperature is also observed, as shown in Figure 4. The
theoretical modified Arrhenius expressions are shown in
Equations 2, 3 and 4. From these expressions, we concluded that
because of the small temperature influence on the rate coefficient
e and the pre-exponential factor, the rate coefficient for carene
ozonolysis can be considered constant for most atmospheric
chemistry purposes.

-37.50

B In(k)_bottom  ——fit
- > In(k)_top — fit
SO0 4 2= > In(k)_total fit
. >
Enpy >
-38.50 TEm > >
— T .".--..\‘
S
T =
= 39.00
-39.50 T ———
40.00

1.80 200 220 240 260 280 3.00 320 340 360 3.80
1T X107 (1/K)

Fig. 4 Plots of theoretical values of In(k) vs. T". The fitted curves were
65 obtained using the generalised Arrhenius expression. The rate coefficients

were evaluated using the TST equation and AG" evaluated at the

CCSD(T)/6-31G(d,p)//PBE1PBE/6-311++G(d,p) level.
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B3LYP/6-311++G(d,p) -~ AG*=-8.83 AG=-74.94 2
PBEIPBE/6-311++G(d,p AGH=12.17 AG=-79.66
BHANDLYP/6-311++G(d,p) AGH=23.22 AG=-67.74

CCSD/6-31G(dp)y/ BHANDLYP/6-311G(dp)

2
_AG*=41.71 ﬁ 4G=-6636 = 3@
< -3 Inter 1
a3

/ —_— A j < 4
AG=-0.46 )9 AG=-8.74
AG= 14.52 2 46"=12.26 AG=-70.67
AG=1.97 AG*=19.16 AG=-73.72
- AG=14.48 ‘ AG"— 41.88 AG=60.46
. 3 = 5 4G=-72.1 Inter 2
complexy,¢om
3% s g
3
a3
5 AG*=-1.30 -, AG=-64.47
*ﬁ T AGE=19.50 P AG=-65.56
> " AG=-54.10
3 Ag#—32-3° J* @ AG=-52.88 Inter 3
3 AG"= 42,83 — —_— nter
AG= 45 5 2
)
AG=-5.10
AG=20.04
aC=8.16 & 83
AG=20.46 . ) < . 'y
\_ AG =506 AG=-7021 %
AG*=15.73 AG=-69.62
AG#=25.27 AG=-57.95
complex,, AG*=44.56 4G=-52. 1,7 Inter 4
-

Fig. 5 Free energies of activation and reaction for OH radical addition to the A’-carene double bond. All values are in kJ mol ™.

Table 4 Geometric parameters for OH radical addition to the A*-carene double bond. Bond distances are in angstroms. Bond and dihedral angles are in

degrees.
TS1 Interl TS2 Inter2 TS3 Inter3 TS4 Inter4
PBE1PBE/6-311++G(d,p)
rCO 2.308 1.444 2.284 1.423 2434 1.453 2.224 1.444
C,C, 1.355 1.495 1.356 1.495 1.357 1.491 1.361 1.489
6 CCO 77.47 109.36 79.13 113.56 68.26 105.76 90.42 106.90
yCCOH -77.37 -65.82 73.91 -71.68 114.92 -177.60 63.48 172.07
BHandHLYP/6-311++G(d,p)
rCO 2.098 1.437 2.129 1.418 2.100 1.444 2.134 1.436
C,C, 1.359 1.530 1.354 1.496 1.361 1.491 1.354 1.489
6 CCO 91.82 109.14 94.39 113.20 91.20 108.88 95.53 106.93
yCCOH -50.38 55.36 101.84 -73.11 -50.71 -57.94 56.44 171.07
this study indicate the importance of including the triple
— OS(K) . 20 excitations in the coupled cluster method to improve the
Kportom (T) = 3.33 X 10722 x T174¢ em’molecs™! Q) evaluation of the ozonolysis rate coefficient.
22 172, —27533(K) em3molec 5!
10 keop(T) =130 X 1072 X T 3) Oxidation by OH radical
22 175, 240 Ol(K) em3molecs!
ktorar(T) = 445 X 107%* X T (4) 15 The OH radical attack on the double bond proceeds as follows:

Considering the energetic data computed at the CCSD(T)/6-
31G(d,p)//PBEIPBE/6-311++G(d,p) level, the  Arrhenius
15 equation has a slight negative theoretical activation energy for the
overall ozonolysis reaction. This fact, which was observed in all
addition channels, indicates that entropy provides the major
contribution to the energy barrier for ozonolysis. The results in

(a) OH approaches A’-carene, leading to a radical dipole pre-
complex; (b) the pre-complex rearranges to form a carbon-
oxygen bond; (c) a new free radical is formed, ready to react with
atmospheric gases. According to the literature, the abstraction of
30 allylic hydrogen is, in most cases, a minor pathway of oxidation
(in general, it represents less than 10%)."***5 However, certain
exceptions have been observed, such as for a-phellandrene, o-

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—o0 | 5



w

@

20

25

30

3

&

4

S

4

o

Physical Chemistry Chemical Physics

terpinene,*® citronellol*’ and o-terpineol.*® Hydrogen abstraction
contributes with 30 + 7% for o-terpinene’s oxidation and 27 +
10% for a-phellandrene’s oxidation.*® For o-terpineol, the 4-
methyl-3-cyclohexen-1-one is the main product formed by
hydrogen abstraction of the unsaturated tertiary carbon on the
terpineol cycle.*® Citronellol presents two abstraction distinct
sites that contributes with nearly 7% to the overall oxidation
mechanism and the products related to this mechanism were
measured.*’*

Two different pre-complex structures were found; they are
labelled as complex,,, and complexpoom in Figure 5. In these
structures, the hydrogen in the OH radical interacts with the
double bond. The OH rotates to provide the correct orientation to
form the carbon-oxygen bond. Four different transition structures,
labelled TS1, TS2, TS3, and TS4, were optimised, and their
connectivity with the reactants and products was confirmed by
evaluation of the intrinsic reaction coordinate (Supplementary
Material Section). For the transition structures, the rCO bond
distances are approximately 2.3 A, and longer distances were
observed for the top orientation because of the repulsion between
the OH radical and the dimethyl groups in A’-carene (Table 4).
After the addition of the OH radical, the rCO bond distances are
equal to the average value for a carbon-oxygen single bond, i.e.,
approximately 1.4 A.

Figure 5 shows the thermochemistry of OH radical addition to the
A’-carene double bond at the four different addition sites. All
possible reactions are exoergic, with AG values as high as -
332.63 kJ mol™'; the lowest values were obtained at the CCSD/6-
31G**//BHandHLYP/6-311G** level. A steric hindrance effect
is observed for the addition in the top orientation. The AG* values
presented in Figure 5 show that this parameter increases by
approximately 35.14 kJ mol” in the top orientation compared
with the bottom orientation.

The calculation of kinetic parameters may include the formation
and decomposition of the radical-dipole complexes obtained for
this mechanism. The effect of radical-dipole complexes on the
kinetics of OH radical addition to double bonds is well
documented in the literature.***° The negative dependence of k(T)
on temperature is related to the existence of pre-barrier
complexes (two complexes in this case) in conjunction with a
transition structure with an electronic energy lower than those of
the separated reactants. As suggested in the literature, the OH
addition involves the formation of an intermediate—a pre-barrier
complex—stabilised by a few kJ mol” in relation to the isolated
reactants. The saddle point for the conversion of the pre-barrier
complex to the intermediate products is located above the
intermediate but below the isolated reactants, leading to non-
Arrhenius behaviour with negative overall activation energies.
Further, the pre-barrier complex (radical-dipole complex) can
decompose either directly to intermediates or back to reactants.
By considering all processes and the four possible reaction
channels, we can express the overall rate coefficient by
considering the following mechanism:

6

6:

i

7:

8

8

S

a5

=]

S

S

&

kcomplex 1
Carene + OH =——== complex 1 (bottom)
k-lcomplex 1
kcomplex 2
Carene + OH =——=—== complex 2 (top)
k_lcompleXZ
kg .
complex1 —— > interl
krs) .
complex 1 inter 2
Krg3 .
complex 2 inter 3
kT4 .
complex 2 inter 4
d[carene] _ (k ( krsi + krs, > n
- lex1 -
[OH] comprex kcolmplexl + kTSl + kTSz
krs3+krsa
+ k ( - ) carenel[OH] (5
complex2 kcolmplexz +krsstkTss [ ][ ] ( )

where krg is the rate coefficient for radical-dipole complex
decomposition in hydroxyl radicals, K.omp.x the rate coefficient for
the formation of complexes by reactants, and k! complex 18 the rate
coefficient for the decomposition of complexes back to reactants.
The two terms in parentheses represent each oxidation addition
channel. The expression was obtained by considering the steady
state approach for both complexes and by assuming that
intermediates cannot return to radical-dipole complexes.**!

The rate coefficients krg;, kzs2, krs3, and krg, were evaluated by the
optimisation of saddle points on the potential energy surface and
by applying the TST equation at 298 K. The formation of pre-
reactive complexes does not show a saddle point, thus requiring a
variational evaluation of the rate coefficient. In this case, the rCO
bond distance in both complexes was stretched and the Gibbs free
energy was maximised along the dissociation pathway. The
maximum value of the free energy was used in the TST equation
to estimate the variational coefficient. These results are given in
Table 5. Because of the computational cost of the variational
approach, the rate coefficients were evaluated only at the
BHandHLYP/6-311G(d,p) and BHandHLYP/6-311++G(d,p)
levels. The theoretical overall rate coefficient, considering the
higher basis, was calculated to be 2.2x10™ ¢cm® molecule™ s™,
which is in reasonable agreement with the experimental value of
8.7x10™"" em® molecule” s'. The inclusion of diffuse functions in
the basis set appears to be very important, as the overall rate
coefficient evaluated using the 6-311++G(d,p) basis set is 1.0
x107* cm® molecule™ s,

The overall rate coefficient was evaluated following the approach
of Colville and Griffin,®® where the abstraction channel accounts
for less than 10% of the overall mechanism. To test this
approach, the abstraction of two allylic hydrogens (at carbons 3
and 6) was evaluated at the BHandHLYP/6-311G(d,p) and
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BHandHLYP/6-311++G(d,p) levels. In these calculations, only
the abstraction on the side with less steric hindrance was
considered (Figure 6). The transition structures present the
hydrogen at an intermediate distance between the carbon atom
s and the oxygen atom. At the BHandHLYP/6-311++G(d,p) level,
the rate coefficient for hydrogen abstraction on carbon 3 is
1.87x10"% cm® molecule™ s and is 9.84x107* cm® molecule™ s™*
for hydrogen abstraction on carbon 6. These rate coefficient
values indicate that the abstraction channels should be important
10 in A’-carene oxidation. The abstraction reaction is included in the
overall rate coefficient by summing the value obtained with

Table 5 Rate coefficient for each channel of OH radical addition at 298

K and overall rate coefficient at the BHandHLYP/6-311++G(d,p) level.

Unimolecular rate coefficients are presented in units of s' and
15 bimolecular rate coefficients in cm® molecule's™.

Rate coefficient Value
kecomplex_bottom 2.2x71
k! complex_bortom 2.7x1071
Kcomplex_top 1.29x10™"
K comples_sop 2.1x10™"
krsi 5.4x10"
k1s: 2.7x10"
krss 1.4x10"
krss 2.3x10"
kans(C3) 1.87x10™"
kans(C6) 9.84x10™"
k overanr (only addition) 2.2x10"2
k overan (addition plus abstraction) 5.06x107"?
Experimental®* g 7x10™!
Experimental®® 2.51x10"!
Evaluated theoretically by 9.1x10™"

structure-reactivity relationships®™

Table 6 Initial concentrations used for simulations of carene in the
presence of ozone. Values used in simulations are in molecules cm™.
Values in parentheses are mixing ratios (ppb) extracted from the

20 literature.”

(b)

25 Fig. 6 Transition structures optimised for the abstraction of allylic
hydrogen of A’-carene at the BHandHLYP/6-311++G(d,p) level. Bond
distances are given in angstroms and bond angles in degrees.

equation (5) and all of the rate coefficients of the abstraction
channels. The rate coefficient including the abstraction and
s0 addition reactions, 5.06x10™? cm® molecule™ s at 298 K, is in
better agreement with the experimental value and shows that, for
this system, the contribution of the abstraction should not be
neglected.
The integration of rate equations using the theoretical rate
35 coefficients and all steps are illustrated in Figures 7 and 87. For
oxidation initialised by OH radicals, the addition and abstraction
paths were included in the kinetic model. The atmospheric
implication and other features will be discussed in the next
section.

40 Atmospheric Implications

Certain simplified numerical integration tests were performed
using the rate coefficients calculated in the previous sections to
check the major assumptions made in this study and to make
predictions regarding A’-carene degradation in the presence of
ozone and an OH radical. A complete mechanistic study will
subsequently be performed using calculated or experimental rate
coefficients for the further reactions of intermediate products with
O,, nitrogen oxides and other atmospheric oxidants to provide a
so complete description of A*-carene atmospheric oxidation and its
impact on SOA formation.
The mechanism was simulated using a zero-dimensional model,
the kinetic parameters determined in this study and the initial
mixing ratios proposed by Colville and Griffin,” as shown in
ss Table 6. The initial conditions used in the experiments and
simulations for comparison” were higher than the values
typically observed in the troposphere. In all simulations, the A*-
carene concentration is halved before 300 min (5 hours, Figure

4

o

7), in agreement with the experiments and simulations reported

A*-Carene Ozone
Test 1 2.26x10"%2(90.3) 9.04x10"" (361)
Test 2 3.58x10""(15.1) 1.42x10"(60)
Test 3 7.73x10"" (32.6) 3.11x10"?(130)
Test4 1.20x10"*(50.0) 4.79x10"(200)

w0 by Griffin et al.,”>* who used a-pinene data to develop their
model. If typical atmospheric concentrations are considered—
specifically, 710" molecules cm™ for ozone'® and a range of
2.5x10° to 1.5x10' molecules cm™ for A*-carene®*—ozonolysis

might be considered a pseudo-first-order reaction. Using the
6s definition of lifetime as the time that a compound takes to decay

to 1/e from its initial concentration and the rate coefficient

2.9x10"7 cm® molecule s, the theoretical expected lifetime for

A’-carene in the presence of ozone is 19.1 hours. This value has

been previously estimated by Atkinson and Arey,'® for the same
70 0zone concentration, to be 11 hours.

As expected, these simulations show that A*-carene is not readily

This journal is © The Royal Society of Chemistry [year]

Journal Name, [year], [vol], oo—oo | 7



o

20

25

Physical Chemistry Chemical Physics

decomposed in the presence of ozone and that it remains in the
atmosphere for 10 to 18 hours (considering different experimental
results and the theoretical rate coefficient determined in this
study).

In the simulations concerning OH radical addition, we used the
concentration range proposed by Krasnoperov et al.*® in their
study of propene oxidation by OH radical: 3.0x10"!, 4.5x10'" and
6.0x10"" molecules cm™ for the OH radical. The A’-carene
concentrations were the same as those used in the ozonolysis
simulation. A range of lifetime values for A*-carene was obtained
after the simulations because different combinations of A*-carene
and OH concentrations were used. In most of the tests, the
concentration of A’-carene is halved in less than 2x107 s, as
expected because of the high reactivity of the OH radical (Figure
8). Throughout the simulation, the radical-dipole complexes have
a concentration of nearly zero, in agreement with the assumption
of a steady state for these species. Although four intermediate

2.5e+12
e Carene:2.26x10*'%; Ozone: 9.04x10*"
’. m  Carene:3.58x10*'"; Ozone: 1.42x10*12
2e+12 J ® +  Carene:7.73x10*'"; Ozone: 3.11x10*"2
° 4 Carene:1.20x10*'% Ozone: 4.79x10*12

1.5e+12

Concentration (molec cm™)

T T [ S (O 1 0 [N [N S S 0 O 1
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Fig. 7 Temporal behaviour of A’-carene in the presence of different ozone
concentrations. Units in cm® molecule™.
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Fig. 8 Temporal behaviour of A’-carene in the presence of different
concentrations of OH radical. Units in cm® molecules™

species are expected, the addition on carbon 2 is more favourable
than on carbon 1; consequently, the major oxidation products
may be related to OH attack on carbon 2. This result differs from
Colville’s assumption® on the basis of similarities between A*-
carene and o-pinene,”® where the OH radical adds to each center
portion of the double bond at the same ratio (50%-50%). If the

400

30

35

=y
3

abstraction reaction is considered, the second major channel is the
hydrogen abstraction on carbon 3, followed by the abstraction on
carbon 67.

In the atmosphere, the concentration of A’-carene is three orders
of magnitude greater than that of OH radical. Considering an
estimated diurnally, seasonally, and annually averaged overall
OH concentration of approximately 2x10° molecules cm™, the
oxidation exhibits pseudo-first-order kinetics in OH radical,
which provides a theoretical A’-carene lifetime time of
approximately 3 min.

The overall lifetime (Toyera) can be estimated using the following

equation:”’

-1
1 1 1 1 1

(6)

Toverall =

Tcl ToH Toz Tphotolysis Tothers

where T is the lifetime of A’-carene in the presence of each
oxidant or in the presence of radiation.

In the conditions of this simulation, the Tyyqy in the presence of
only ozone and OH radical was estimated to be approximately 3
min. In atmospheric conditions (OH and O; mean concentrations
of approximately 2x10° and 7x10'" molecules cm™, respectively),
Toverall €an be estimated as 1.4 hours using the Atkinson and Arey
data'® and disregarding the NO; reactions. In this study, this value
was calculated to be 11.2 hours because of a slight
underestimation of the rate constant. The exponential dependence
of the rate coefficients on the activation parameters leads to a
significant error in the kinetics properties. An error of 1 kJ mol™
in the free energy of activation leads to an error of 1 order of
magnitude in the rate coefficient. This error has a dramatic impact
on the estimated lifetimes. In fact, an error of a few units in the
rate coefficients results in a difference of hours between the
experimental and theoretical lifetimes. The inclusion of the
abstraction path in the estimate of the overall rate coefficient for
the reaction with OH radical modifies the lifetime by nearly 3
hours. These results show that the calculated rate coefficients
should be improved to obtain reliable lifetimes. Further
simulations should be performed that include the effects of other
oxidants in the mechanism and those of competitive reactions and
to analyse the ratio of products formed.

Conclusions

The rate-limiting steps of A’-carene oxidation by O; and OH
radical were studied using quantum chemical methods. This study
is, to the best of our knowledge, the first theoretical work to
address the fundamental structural and energetic aspects of such
reactions. The results show that the B3LYP functional is not
adequate to describe these reactions. With respect to the
ozonolysis reaction, a) the best agreement between theoretical
and experimental rate coefficients was obtained using the TST
theory and the energetic parameters evaluated at the CCSD(T)/6-
31G(d,p)//PBEIPBE/6-311++G(d,p) level (2.08x1077 cm®
molecules’ s'); b) the addition in the bottom orientation is
predominant because of its lower steric hindrance; c) the rate
coefficient has a small temperature dependence and may be
treated as constant for atmospheric modelling purposes; and d)
A’-carene is expected to remain in the atmosphere between 10
and 18 hours in an atmosphere containing ozone as the unique
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oxidant.
The evaluation of kinetic parameters for the addition of OH
radical to the A’-carene double bond indicates that addition on
carbon 2 is the major addition channel and that the abstraction
reaction should not be neglected. The overall rate coefficient for
this reaction was obtained by considering the formation and
decomposition of two different radical-dipole complexes into
four different adducts. The theoretical rate coefficient calculated
at the BHandHLYP/6-311++G(d,p) level, 5.06x10"* cm’
10 molecules™ s, is in reasonable agreement with the results of
experimental measurements. For simulation purposes, the rate
coefficients should be improved to provide better predictions of
atmospheric conditions.
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The rate-limiting steps of A-3-(+)-carene oxidation by ozone and OH were studied by
quantum-chemical methods and the atmospheric implications discussed.



