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ABSTRACT

Global reactivity descriptors of isopropyl acetate (IPA) and thermo-kinetic aspects of its oxidation

via OH radicals have been studied. Transition state theory (TST) was utilized to estimate the

bimolecular rate constants. Ten oxidation pathways have been investigated, and all of them are

exothermic. The potential energy diagram has been sketched using different pre- and post- | R
. . R R i . sopropyl acetate; oxidation;

reactive complexes for all reaction pathways. Rate coefficient calculations were obtained directly thermochemistry; chemical

by connecting the separated reactants with different transition states. The results indicate that Kinetics

the reaction of IPA with OH radicals occurs in the ground state rather than the excited state,

and the rate constants obtained directly and from the effective approach are the same, which

confirmed the accuracy of the estimated pre-reactive complexes and the reaction mechanism.

Rate constants and branching ratios show that hydrogen atom abstraction from the iso C—H

(C; atom) bond is the most kinetically preferable route up to 1000 K, while at higher

temperatures, H-atom abstraction from the out-of-plane CH; group (C3 atom) became the most

dominant route with high competition with that of the in-plane CH; group (C, atom).
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troductio obtained by the reaction of isopropanol and acetic

Esters are released into the atmosphere through both
human activities, such as their use as solvents in industry
and in the production of perfumes and flavors, as well as
through natural sources such as vegetation, which, in
addition to terpene, aldehyde, and organic acid emissions,
may also produce esters and more precisely methyl esters
(1-3). To understand their impact on atmospheric chem-
istry, it's essential to have precise information about their
gas-phase reactions with other compounds found in the
troposphere, like ozone, nitrate radicals, and hydroxyl rad-
icals. Among these, the reaction with hydroxyl radicals is
usually the most significant (4,5). It is crucial in influencing
the oxidation power of the atmosphere (6).

Among all biodiesel models, isopropyl acetate (IPA) is
known as the smallest branched ester that can be

acid. IPA is used as an important organic solvent in pro-
ducing many final products, such as oils, fats, perfumes,
printing inks, varnishes, synthetic resins, and adhesive
agents (7,8). Despite its simplicity, the combustion fea-
tures of IPA as a biodiesel model, either alone or with
oxidative agents (9-13), are still undiscovered in contrast
to large biodiesels like methyl butanoate, ethyl acetate,
methyl propionate, and ethyl propionate, which got a
lot of experimental and theoretical attention (74-18).
To determine the impact of IPA on the atmosphere, it's
necessary to have precise data on its reactivity with
hydroxyl radicals, which is critical for assessing its tropo-
spheric lifetime. This information is particularly impor-
tant for understanding the oxidation of IPA within
combustion systems (79).

CONTACT Mohamed F. Shibl @ mfshibl@qu.edu.qa @ Center for Sustainable Development, College of Arts and Sciences, Qatar University, Doha 2713, Qatar
@ Supplemental data for this article can be accessed online at https://doi.org/10.1080/17518253.2023.2233539.

© 2023 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the Accepted
Manuscript in a repository by the author(s) or with their consent.


http://crossmark.crossref.org/dialog/?doi=10.1080/17518253.2023.2233539&domain=pdf&date_stamp=2023-07-14
http://creativecommons.org/licenses/by/4.0/
mailto:mfshibl@qu.edu.qa
https://doi.org/10.1080/17518253.2023.2233539
http://www.tandfonline.com
http://mostwiedzy.pl

A\ MOST

2 (&) M.A ABDEL-RAHMAN ET AL,

Several research groups, including Wallington et al.
(1), Ferrari et al. (19), Atkinson (20), and Kerr and
Stocker (27) have experimentally investigated the reac-
tion between OH radicals and IPA. Atkinson (20), as
well as Kerr and Stocker (27) used the relative rate (RR)
technique with ethene at a temperature of (303 +2) K,
while Ferrari et al. used RR with n-octane at a tempera-
ture of (295 +2) K.

Kerr and Stocker (27) conducted an experiment in a
sealed Telon bag at room temperature (T=303+2 K)
and atmospheric pressure (P =750+ 10 Torr). They deter-
mined the rate constant of the oxidation reaction of IPA
by OH radicals to be k = (3.0 £ 0.8) X 10™"'% cm® molecule™
s~ '. The lifetime of this reaction in the troposphere, based
on an average hydroxyl radical concentration of 1x 10°
molecule cm™3 (22), is around five days. They also found
that the reactivity of IPA towards OH’ radicals was low,
which was an initial step towards investigating product
formation in the atmosphere from the oxidation of IPA.

Wallington et al. (1) also used the flash photolysis reson-
ance fluorescence (FP-RF) apparatus to investigate the
temperature dependence of the gas-phase reactions of
OH radicals with several aliphatic esters, including IPA at
T=296 K and over total pressure ranges of 25 — 50 Torr
with argon as a diluent gas. The kinetic rate constant was
determined to be (3.72+0.29)x 107"? cm® molecule™
s~'. The data exhibited a negative temperature depen-
dence at temperatures below ambient, while a positive
temperature dependence was observed at higher tempera-
tures. Furthermore, Ferrari et al. (19) found that the rate con-
stant for the reaction between IPA and OH" was determined
in purified air at a P = 750 Torr and temperature of (295 + 2)
K. The rate constants for this reaction were calculated as
(3.12+£0.29) x 107"2 cm® molecule™ s7".

In addition, Le Calvé et al. (23) used a pulsed laser
photolysis-laser-induced fluorescence (PLP-LIF) appar-
atus to study the reaction’s temperature dependence
between 253 and 372 K with helium carrier gas. A
least-squares fit of the experimental rate constants
resulted in the following Arrhenius expression:

k = (0.30 + 60.03)
x 1072 exp[(770 + 52)/T]cm>molecule™'s™!

The Arrhenius plots revealed a slightly negative temp-
erature dependence of the rate constant for isopropyl
acetate, which falls within the range of —500K to
—800 K for the studied temperature range (T=253—
372 K). This temperature dependence may suggest
that weakly bound complexes are formed between IPA
and OH radicals, which can either decompose back to
the reactants or eliminate a water molecule. However,
it's important to note that direct bimolecular reactions

can also exhibit a negative temperature dependence if
they have a near-zero activation energy and a pre-expo-
nential factor that decreases with temperature (23). The
comparison of these rate constants with those of Wall-
ington et al. showed excellent agreement, while the
obtained results by Kerr and Stocker were consistent
within the given uncertainty ranges, despite the latter
being around 20% lower (24).

Le Calvé et al. (24) demonstrated that the negative
temperature dependence of the Arrhenius plot, which is
obtained by plotting the logarithm of the rate constant,
k, versus the inverse temperature (1/T), can be accurately
modeled by a straight line in the studied temperature
ranges. However, the slight curvature observed in the
plot might indicate that k exhibits positive temperature
dependence at higher temperatures. They proposed
two possible mechanisms to explain this phenomenon:
the formation of a long-lived adduct with subsequent
water elimination at low temperatures and direct hydro-
gen transfer at high temperatures. These mechanisms
could also apply to the reaction between OH radicals
and isopropyl acetate. Finally, Picquet et al. (25) measured
the experimental bimolecular rate coefficient at T=298 K
and P=1 atm in a Teflon-film bag smog chamber. The
bimolecular rate coefficients of oxidation of isopropyl
acetate initiated by OH radicals were found to be (3.97
+0.18) x 1072 cm®molecules™ s7".

An Arrhenius plot of all the kinetic rate constants that
were measured or experimentally inferred over the temp-
erature range 253-373 K is depicted in Figure 1. As is
immediately apparent from this figure, for all reported
series of data, the rate constant of the reactions between
OH' radicals and IPA exhibits negative temperature depen-
dences over the studied temperature range.

The computational pyrolysis of IPA was studied pre-
viously by Silva (9) and via our group (7,13). Silva (9) per-
formed his study at 578 — 800 K using DFT/B3LYP and ab
initio/MP2 levels to discuss the formation of acetic acid
and propene via the most stable six-membered ring
transition state. El-Gogary et al. (13) discussed the
thermo-kinetic aspects of IPA and isopropyl propionate
using main complex fission reactions using BMK and
CBS-QB3 levels at temperatures of 200 — 3000 K, while
in our recent study (26), a full investigation was per-
formed on the pyrolysis of IPA to show the effects of
pressure and temperature variation on different possible
reactions using M06-2x, wB97XD, and CBS-QB3 levels of
theory over the temperature range of 600 — 1700K and
pressures ranging from 0.001-100 atm.

Hydroxyl radical is known as one of the main perma-
nent reactive species in environmental and combustion
regimes. For instance, hydroxyl radicals are the key
oxidant in the global atmosphere as it controls the
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Figure 1. Arrhenius plot of the rate constants for the reactions between IPA and OH radicals.

concentrations of toxic gases (27) like carbon monoxide,
aniline, and methane. The OH radicals has two common
electronic states, the ground state (X2M) and the first
excited state (A°Y."). The ground state (X°M) is the
most stable and has electron configuration
(15)%(250)*(2p0)*(2pm)°, while the A?Y* has electron
configuration (1s)%(2s0)*(2po)’ (2pm)*. The ground state
is more energetically preferable than the first excited
state by ~ 4 eV (28).

Up to date, there has been neither an experimental
nor a computational study on the oxidation of IPA by
hydroxyl radicals under combustion conditions. Thus,
this study aims to perform a computational investi-
gation on the full oxidation mechanism of the reaction
between IPA and OH" over temperatures ranging from
253 to 373 K.

2. Computational details
2.1. Potential energy surface (PES) calculations

Structural optimization and frequency calculations for
IPA, pre-reactive complexes (pre-RCs), transition states
(TSs), post-reactive complexes (post-RC), and open-
shell radicals were carried out at the accurate compu-
tational hybrid meta-generalized gradient Minnesota
DFT/MO06-2x functional (29) in conjunction with the cor-
relation consistent polarized valence triplet zeta (cc-
pVTZ) basis set. The vibrational frequencies were
scaled by a factor of 0.9551 (30). The nature of the TSs
is confirmed at M06-2x through the minimum energy

path (MEP) (37) using intrinsic reaction coordinate (IRC)
calculations (32,33). The IRC computations use 15
points both in the forward direction and the reverse
direction, with a step size of 0.1 amu'’? Bohr. Time-
dependent density functional theory (TD-DFT) calcu-
lations have been performed with the cc-pVTZ basis
set to describe the reaction of IPA with the excited OH
radicals. When the DFT/M06-2x method was used to esti-
mate the electronic structures of open-shell systems,
the <$%> eigenvalues indicated spin contamination.
For more accurate energies and chemical kinetic model-
ing, single point energy calculations for M06-2x geome-
tries were conducted at the restricted open-shell wave
functions using the ab initio composite methods
ROCBS-QB3 (34) and ROCCSD(T)/cc-pVTZ (35) to reduce
the spin contamination of the MO06-2x functional
(detailed structures are given in Table S1 in the Sup-
plementary Information (Sl) file). Using UCA-FUKUI soft-
ware (36), the global reactivity descriptors of IPA such as
electronic potential (u), chemical hardness (n) (37), elec-
trophilicity index (w), softness (S) (38), philicities, and
condensed Fukui functions have been calculated at
DFT/MO06-2x/cc-pVTZ level.

From previous studies (39), the Fukui function, f(r),
can reflect the reactivity of a site as given in Eq. (1):

f(r) = [9p(r)/0N], M

where p(r) is the electron density at r, N is the number of
electrons, and V(r) is the external potential (electron-
nucleus attraction potential in addition to any other
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potential applied to the system). The condensed Fukui
function at the atom k is

fe = Z[mxﬁ + ) c;occmsxv] (2)

vek XEu

where C, « and S,, are the molecular frontier orbital
coefficients and the atomic orbital overlap matrix
elements, respectively.

These definitions of the condensed Fukui function
[Egs. (2 — 5)] have been used in a variety of studies, yield-
ing reliable results (38,40-43). The subscripts ‘H" and ‘L’
are references to the high-occupied molecular orbital
(HOMO) and low-unoccupied molecular orbital (LUMO).

f = Z,<|:|CVL|2 + ; C CuSy | (nucleophilic attack)
Ve XEv i

3)

fo = Z|:|C"”|2 + Z CiuCumSy | (electrophilic attack)
vek X &v i

(4)

For a radical attack, the Fukui function can be obtained
as the mean value of the Fukui functions for the nucleo-
philic and electrophilic attacks:

1
fo = E(f,:r + f;)(radical attack) (5)

using the definition of electrophilicity (44), the local elec-
trophilicity (nucleophilic attack) Eq. (6) and the local
nucleophilicity (electrophilic attack) Eg. (7) can be
given by:

wi = wf! (6)
w, = wf, (7)

Local hardness is defined asm, = ef,} — enf,, while
local softness is given bys; =fSand s, =f_S. For
checking the multi-reference character of the calculated
wave functions of different species, T; diagnostic calcu-
lations of the ROCBS-QB3 method were also used for TSs
and the formed radicals at the ROCCSD(T)/6-31 + G(d)
level for all geometries. Jensen (45) stated that when
T, values > 0.02 that means a multi-reference nature of
the used wave function, while Glowacki et al. (46) indi-
cated a good harmony between ROCCSD(T) and
CASPT2 results with T, <0.044 for benzene oxidation.
All calculations were carried out using the Gaussian 16
package (47), while the visualization of different molecu-
lar geometries and harmonic vibrational modes was per-
formed using the ChemCraft package (48).

2.2. Chemical kinetic calculations

In line with energy barriers, the studied pathways exhibit
global rate constants that appear to be in excellent
agreement with the available experimental data, an
observation that validates the two-step reaction
scheme proposed by Singleton and Cvetanovic (49). To
study the kinetic rate constant, the Kinetic and Statistical
Thermodynamical Package (KiSThelP) (50) was used to
calculate the rate coefficients of unimolecular (kyn;, in
s~ ") and bimolecular (k,, in cm® molecule™"s™") reactions
from the transition state theory (TST) (57). Eckart (52)
tunneling correction has been used for rate constant
correction:

exp(H7 % /kgT)

Keckart(T) = keT

j p(E) exp(—E/ksT) dE (8)

where kg denotes the Boltzmann constant, h is the Plank
constant, AH; *° represents the zero-point corrected
activation enthalpy in the forward direction, and p(E) is
the transmission probability through the corresponding
1D barrier at energy E. The total partition function for a
molecule in its ground state can be calculated from (50):

Qotal = Qrot X Quib X Qelectr X Qgrans 9

where Qotr Quibr Qelectr, aNd Qyans are the rotational,
vibrational, electronic, and translational partition func-
tions. The rotational and vibrational partition functions
can be calculated from the second derivatives of the
energy in terms of the nuclear coordinates. The transla-
tional partition function depends on the molecular mass,
pressure, and temperature of the gas, while the elec-
tronic partition function Qgjectr Can be extracted from:

Qelectr = Z ge exp(—Eq/ksT) (10)

where g is the degeneracy and E. is the electronic
energy of the molecule (the difference between the
energies of the ground state and exited state in the
molecule).

The oxidation mechanism of the IPA reaction with OH
radicals proceeds via a two-step reaction mechanism
(53,54). First, the OH radical approaches the IPA mol-
ecule, and some activated pre-reactive (van der Waals)
complexes are formed because of the columbic attrac-
tion between separated reactants. These complexes
are more energetic and stable than the separated reac-
tants. The activated pre-reactive complex (pre-RC)
undergoes unimolecular conversion via different tran-
sition states to produce a post-reactive complex (post-
RC) that ends with two separated products, P and H,0.
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These reactions can be formulated as follows:

Step 1:PA + OH* kk: [IPA...OH]*

-1

Step 2[IPA...OH]* &> P + H,0

where kypa 1 onpre-rc) IS the forward rate constant for
the first step (in cm®molecule™'s™"), while k, and k_;
are the forward and reverse unimolecular reaction rate
constants (in s™).

A steady-state analysis of the hydrogen abstraction
process yields the effective kinetic rate constant (kef)
as (49,55)

Keff = % (11
Despite the fact that the energy barrier for k_; is around
the same height as that for k,, the entropy change for
the reverse reaction (pre-RC—IPA + OH) is considerably
greater than that for formation of the product (pre-
RC—P) which can be attributed to the high values k
over ky. This agrees with the previous results of
removal of H atom from many aromatic compounds
(27,53,56,57).

The total rate constant may be rewritten as.

ket = Ke.ky (12)

with K.=k;/k_; the equilibrium constant for fast pre-
equilibrium between the reactants and the pre-reactive
complex, the effective rate coefficient for the studied
reactions are given by (49)

keff = Kp(RT) k2 (13)

where K. is the equilibrium constant involving concen-
trations and K, is the partial pressure equilibrium con-
stant, where K,=K. (RN2" and An is the difference

C1
w
.y@ = » (& -
\* &
2N
il \
C3
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between the number of moles of gaseous products
and reactants and equals 0 and —1 for unimolecular
and bimolecular reactions, respectively.

The equilibrium constant involving concentrations
(Ko) is given by (50)

Qprc ( Eprc — Eipa — EOH)
Ko = —<PRC eyp( ——PRCTEPATROR) gy
© 7 Qpa-Qon P RT 14

To give a more quantitative insight into the evolution of
the regioselectivity for the considered effective rate
coefficients, which are obtained utilizing TST at a
pressure of 1 bar and temperatures ranging from 253
to 373 K, the following is given:

R() = kest(D)/ Y kest(i) (15)
i=1

3. Results and discussion
3.1. Energetic and thermodynamic parameters

As a result of C; — O bond rotation, the IPA molecule has
four stable conformers: C1, C2, C3, and C4. Investigation
of these structures at the ROCCSD(T)/cc-pVTZ, and
ROCBS-QB3//M06-2x/cc-pVTZ levels shows that the C1
conformer is the most stable structure, while the C2,
C3, and C4 conformers have higher energies 11.33
(10.26), 53.58 (52.85) and 31.87 (32.41) kJ mol™", respect-
ively, at the ROCBS-QB3 and ROCCSD(T) (in parentheses)
levels relative to the €1 conformer. Therefore, this study
will be based on the most stable C1 conformer unless
otherwise mentioned. The optimized structures of IPA
conformers and their relative energies are collected in
Figures 2 and 3, respectively.

n B
99, % &
o > F9 .
.
9
C2
» 8
@, "
P

Figure 2. Optimized structures of IPA conformers C1, C2, C3, and C4.


http://mostwiedzy.pl

A\ MOST

6 M. A. ABDEL-RAHMAN ET AL.
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N ROCCSD(T)/cc-pVTZ

N W B (o))
o o o o
1 1 1 1

Relative energy (KJ/mol)

ik
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Figure 3. Relative energies of IPA conformers (in kJ mol~', ener-
gies calculated relative to the most stable conformer C1) at the
MO06-2x/cc-pVTZ, ROCBS-QB3, and ROCCSD(T)/cc-pVTZ levels of
theory.

The energetic and thermodynamic parameters at the
MO06-2x/cc-pVTZ level of theory were compared to
single-point energy calculations using the ROCBS-QB3
method (see Table 1). The energy differences between
the M06-2x approach and the ROCBS-QB3 results are
up to 0.93 kcal mol™" and appear to be in good agree-
ment (see also Table S2 of the supporting information).

According to the molecular structure of IPA (see Fig.
S1) and Scheme 1, it is expected that its bimolecular oxi-
dation mechanism by OH" will proceed via ten different
elementary hydrogen atom abstraction reactions. Fig. S1
depicts different optimized structures of pre-reactive
complexes (pre-RC), transition states (TS), post-reactive
complexes (post-RC), and products (P), along with the
oxidation reaction of IPA by OH’ radicals, while Table
S2 summarizes different thermodynamic parameters
AEyogk, AHaogk, ASaosk, AGoogk, and expectation values
< S?> before spin annihilation of IPA oxidation by OH"
calculated at the MO06-2x/cc-pVTZ and ROCBS-QB3
levels. The potential energy profile using the M06-2x
energies is shown in Figure 4. Investigation of the reac-
tion path indicates that when OH radicals attack the IPA
molecule, six different pre-reactive complexes can be
formed: pre-RCiiq1y Pre-RCqp, pre-RCi3q3ay Pre-RGy,
pre-RCiyqap;, and pre-RC4,. The pre-RCiqqy; OCCUrs
when Hy or H, is abstracted from the C; atom, while
the pre-RCyy3q3p takes place when H, is abstracted
from the C, atom, or when H, or Hg abstracted from
the C5 atom.

Similarly, pre-RCyqqp; occurs when Hy or Hg
abstracted from the C, atom, pre-RC,g proceeds Hg of
the C; atom, and pre-RC,, proceeds H, of the C, atom.

Table 1. Reaction and activation parameters (in k) mol™") for the studied pathways at the M06-2x/cc-Pvtz, and ROCBS-QB3 levels of

theory. (P=1 bar, T=298 K).

MO06-2x/cc-pVTZ ROCBS-QB3
Species AEyg AH%508¢ AG®p08k AEyg AH®5081 AG®508k
IPA + OH 0.00 0.00 0.00 0.00 0.00 0.00
pre-RCiq, 1y —26.23 —28.71 3.51 —-19.12 —21.60 10.63
pre-RCyg -19.04 -21.53 9.16 -13.24 —15.72 14.97
pre-RCy, 34, 3p) —29.63 —-32.11 1.84 -15.93 —18.41 15.54
pre-RG, —4.96 —7.45 18.00 2.16 -0.32 25.13
pre-RCiaq, 4p) —4.99 —7.47 18.70 2.72 0.24 26.41
pre-RCyy —19.46 —-21.94 5.48 -14.99 -17.47 9.96
TSia,1y} 4.02 1.54 39.69 7.75 5.27 43.41
TS 6.17 3.69 43.00 9.04 6.56 45.88
TS, —-15.12 —17.60 20.48 —13.53 —16.01 22.07
TS3q 6.51 4.03 38.22 9.39 6.91 41.10
TS3p —4.11 —6.60 30.13 -1.17 —3.65 33.08
TS3y 7.57 5.09 39.67 11.00 8.52 43.10
TS4a 8.20 5.72 39.13 12.13 9.65 43.06
TSap 9.17 6.69 41.10 12.63 10.15 44.56
TSay —4.52 —7.01 3113 —1.56 —4.04 34.10
post-RCqq —104.61 -107.09 —73.01 —103.32 —105.80 -71.71
post-RCyg —97.00 —99.48 —70.70 —96.20 —98.68 —69.90
post-RG,, —104.26 —-106.75 —74.76 -102.72 —105.20 —73.22
post-RC, —103.29 —105.77 —76.35 —95.27 —97.75 —68.33
post-RCz, —72.50 —74.98 —49.41 —67.35 —69.83 —44.26
post-RCzp —-89.15 -91.63 —63.95 —85.42 —87.90 —60.22
post-RGs, —82.86 —85.34 —54.40 —74.65 —77.13 —46.19
post-RC4q —79.85 —82.33 —51.05 —73.23 -75.71 —44.44
post-RCsg —71.90 —74.38 —49.09 —67.86 —70.34 —45.05
post-RCyy —78.90 —81.38 —52.87 -71.41 —73.89 —45.37
P1+H,0 —79.19 —79.19 —81.44 —83.26 —83.26 —85.51
P2 +H,0 —79.28 —79.28 —91.37 —80.20 —80.20 —92.29
P3 +H,0 —61.38 —61.38 —67.37 —64.92 —64.92 —70.91
Piaq,apytH20 —60.24 —60.25 —65.66 —63.99 —63.99 —69.40
P4y, +H,0 —59.55 —59.55 —65.49 —63.15 —63.15 —69.09
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Scheme 1. Possible reaction pathways of H-atom abstraction from [PA.

These complexes are more stable than separated reac-
tants by —19.12 (-26.23), —13.24 (-19.04), —15.93
(—=29.63), 2.16 (—4.96), 2.72 (—4.99), —14.99 (—19.46) kJ
mol™" at the ROCBS-QB3 and M06-2x (in parentheses)
methods for pre-RCy;q,1y;, pre-RCyp, pre-RC3q3py Pre-
RCsy, pre-RCuqaqp;, and pre-RC,, respectively. The
pre-RCi14,1y; is the most stable complex following the
pre-RCi3q,3p by 3.2 and 3.4 kJ mol™' at the ROCBS-
QB3 and M06-2x methods, respectively. The stability of
these pre-RCs can be attributed to the long-range
Coulomb interactions between the two separated reac-
tants (58).

For transition state estimation, the calculated barrier
heights can be affected by the spin-orbit coupling of
the OH radicals (59,60). However, the spin—orbit coupling
of hydroxyl radicals can be depressed near the transition
state, which reduces the effect on structural and
vibrational frequencies. For the hydroxyl radical, the

spin—orbit coupling correction is 0.84 kJ mol™" (67),
which means all calculated energies were reduced by
0.84 kJ mol™".

Li et al. (62) have previously presented theoretical cal-
culations on the hydrogen abstraction reactions of MA
by OH, CHs, and HO,. They used sophisticated direct
dynamics computations to undertake comprehensive
research on the kinetics of these H-abstraction pro-
cesses. They evaluated various DFT methods to select
a suitable and efficient electronic structure calculation
approach for the reactions between MA and H/OH/
CH3/HO,; furthermore, Li et al. investigated the
impacts of different factors, such as variational effect,
multistructural torsional anharmonicity, and multidi-
mensional tunneling approximation, on rate constant
determinations. They also considered the influence
of OH" spin-orbit splitting on the reactant electronic
partition function for the reaction between MA and
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Figure 4. Energy profile (AEo, kJ mol~") for the reactions between IPA and OH' at the ROCBS-QB3 and ROCCSD(T)/cc-pVTZ (in par-
entheses) methods.
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OH'. Because the hydroxyl radical has two distinct spin—
orbit components, resulting in the observation of two
distinct sub-bands in ?Y — ° transitions (62), this
must be taken into account when studying the oxidation
of MA by OH'. While estimating the OH radicals in their
reactions involving CHF,OCF,CHF, + OH, Lily et al. (63)
took the splitting of the ground state into account. In
their rate constant estimates for the OH + CH reaction,
Li and Guo (64) also took the OH spin-orbit splitting
into account. Gruber and Czako (65) examined potential
energy curves for OH+ CH,;/C,Hg reactions with and
without spin-orbit corrections. They observed that
when OH reacts with CH4/C5Hg, the two doublet states
remain quasi-degenerate without taking spin—orbit
into account. With spin-orbit correction, the ground
and excited states have a minor energy difference and
are below and above the doublet states, respectively.
As a result, it is required to investigate the effect of
spin—orbit splitting on reaction rate constants (62).

At the ROCBS-QB3 and M06-2x (in parentheses) levels,
we have estimated the relative energies of all TSs ener-
gies for different routes, —13.5 (=15.1), —1.6 (—4.5),
-1.2 (—4.1), 7.8 (4.0), 9.0 (6.2), 9.4 (6.5), 11.0 (7.6), 12.1
(8.2), and 12.6 (9.2) kJ mol™" for H-abstraction from
Cy—Hy C—H,, GG—Hp Ci—Hq or CGG—H,, C;—Hg,
C3—Hy G—H,, G4—Hg and C4—Hg bonds, respect-
ively. From the past results, it is clear that H atom
abstraction from C,, H, of C4 and Hg of C, are the
most kinetically favorable routes with negative energy
barriers and have comparable energies at ROCBS-QB3
and MO06-2x levels. The preferable H-abstraction from
these sites can be attributed to the hydrogen bond
stabilization of the transition state. The obtained ener-
gies at the M06-2x level differ from those of ROCBS-
QB3 by 4.5-13.7 kJ mol™' for pre-RCs, 1.6 —3.9 kJ
mol~" for TS states, 0.8 — 8.0 kJ mol™" for post-RCs, and
0.9-4.1 kJ mol™" for separated products. The high
energy gap can be attributed to the high spin contami-
nation <S°> of the DFT/M06-2x method during the oxi-
dation reactions. Inspection of T; diagnostics (Table S2)
reveals high relative values for TSs 0.022 — 0.029, fol-
lowed by 0.016 — 0.017 for products, 0.015 —0.016 for
post-RCs, and 0.014 — 0.015 for pre-RCs.

At both the ROCBS-QB3 and M06-2x levels (see Table
S2 of the SI), all reactions are exothermic (AH < 0) and
exoergic (AG<0). The most exothermic and spon-
taneous reaction channel is P1 (AH=-83.3 and AG=
—85.5 kJ mol™") followed by P2 (AH=—80.2 and AG =
—92.3 kJ mol™). The high stability of the P1 radical
can be attributed to the resonance of the m_o bond
with the free electron of the CH, radical, while the stab-
ility of P2 can be attributed to the interaction of the
oxygen lone pairs of an electron with the adjacent free

GREEN CHEMISTRY LETTERS AND REVIEWS . 9

electron of the central C-atom. Inspection of AS® for
pre- and post-reactive complexes and transition state
structures indicates negative values, which may be
related to combining two moles of separated reactants
to produce only one mole of a complex, while in final
products AS° signs are slightly positive (0.01 —0.04 kJ
mol™") which can be attributed to the existence of an
unsaturated radical.

According to Hammond'’s postulate (66), for a chemi-
cal reaction, the endothermicity or exothermicity of the
reaction can be attributed to the lateness (L) of the
selected transition state. The transition state encounters
a shorter forming bond late, and the reaction is
endothermic, while the transition state contains a
shorter breaking bond early, and the reaction is exother-
mic. The numerical value of lateness (L) can be calcu-
lated from Table 2:

L = BreaCt — B-rresact (-I 6)
B _ BTS
prod prod

Breact is the bond lengths of the breaking C-H bond in
the IPA and Bgoq is the forming H-O bond in H0.
Breact and Bl are the bond lengths of the C-H bond
breaking and the H-O bond forming in the transition
state, respectively. In the case of L> 1, the transition
state structure is product-like and the reaction is
endothermic, while in the case of L 1 the transition
state structure is reactant-like and the reaction is
exothermic. The geometrical parameters of transition
state structures and the L parameters for the bimolecular
reaction of IPA with OH radicals at the M06-2x/cc-pVTZ
level are given in Table 3. The results indicate that all
reactions are strongly exothermic and consistent with
the data given in Figure 4.

3.2. Frontier molecular orbitals (FMO) reactivity
indexes

Softness and hardness are related to the reactivity and
stability of chemical molecules. Hardness shows the
ability of chemicals to resist polarization. The less

Table 2. Geometrical parameters (A) of transition state
structures and L parameters for the bimolecular reaction of
IPA with OH radicals at the M06-2x/cc-pVTZ level of theory.

H-atom abstraction  Breact BYS Borod B, L parameter
Hia /HTV 1.0845 1.2171 0.9589 1.2890 0.40
Hig 1.0845 1.2016 0.9589 1.3244 0.32
H, 1.0900 1.1663 0.9589 1.4021 0.17
Hsq 1.0899 1.1813 09589 1.3727 0.22
H3l3 1.0879 1.1997 0.9589 1.3248 0.30
Hsy 1.0906 1.1778 0.9589 1.3862 0.20
Haq 1.0903 1.1794 0.9589 1.3819 0.21
Hag 1.0894 1.1846 09589 1.3611 0.24
H4V 1.0879 1.1994 0.9589 1.3249 0.30
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Table 3. Calculated excitation energies (eV), wavelengths (nm),
and oscillator strength (a.u.) of pre- and post-reactive complexes
at the TDDFT-MO06-2x/cc-pVTZ//M06-2x/cc-pVTZ level.

Oscillator
Excited Excitation Wavelength strength
Structure state No energy (eV) (nm) (a.u.)
pre-RCqa, 19y 1 0.3155 3930.19 0.0000
2 4.2792 289.73 0.0017
3 6.6175 187.36 0.0000
pre-RCyg 1 0.2647 4684.30 0.0000
2 4.3708 283.66 0.0022
3 6.2259 199.14 0.0000
pre-RCe, 30, 3p) 1 0.2497 4966.30 0.0000
2 4.2815 289.58 0.0019
3 6.5166 190.26 0.0000
pre-RGs, 1 0.3642 3403.84 0.0000
2 6.2646 197.91 0.0000
3 6.4213 193.08 0.0000
pre-RCuq, ap) 1 0.3544 3498.19 0.0000
2 4.6849 264.65 0.0026
3 6.2594 198.08 0.0000
pre-RCsy, 1 0.3051 4064.28 0.0000
2 4.3346 286.03 0.0022
3 6.2246 199.18 0.0000
post-RCyq 1 4.4939 275.89 0.0000
2 5.4546 22730 0.0342
3 7.3275 169.20 0.0000
post-RCqg 1 41622 297.88 0.0000
2 5.4098 229.19 0.0362
3 7.3312 169.12 0.0000
post-RGy, 1 4.5229 27412 0.0000
2 5.4956 225.60 0.0337
3 7.1112 174.35 0.0001
post-RC, 1 6.3281 195.93 0.0000
2 6.4527 192.14 0.0003
3 7.0000 177.12 0.0020
post-RCsq 1 6.2845 197.29 0.0000
2 6.4452 192.37 0.0000
3 6.9513 178.36 0.0017
post-RCzp 1 6.4658 191.75 0.0000
2 6.5881 188.19 0.0000
3 7.1265 173.98 0.0024
post-RGs, 1 6.4144 193.29 0.0000
2 6.6277 187.07 0.0000
3 7.0541 175.76 0.0024
post-RCsq 1 6.2259 199.14 0.0000
2 6.4102 193.42 0.0000
3 6.9114 179.39 0.0019
post-RCsp 1 6.2661 197.87 0.0000
2 6.4359 192.65 0.0000
3 6.9434 178.56 0.0021
post-RCyy 1 6.4305 192.81 0.0000
2 6.6185 187.33 0.0000
3 7.0941 174.77 0.0024

polarizable molecules are the harder ones, and vice
versa. Soft molecules are considered reactive, polariz-
able, and less stable, while hard molecules are non-
polarizable, unreactive, and more stable. Tables S3 and
S4 collect the global reactivity descriptors of IPA (elec-
tronic potential, softness, hardness, and electrophilicity)
and local atomic descriptors (Fukui functions for the
nucleophilic, electrophilic, and free radical attacks, hard-
ness, and electrophilicity). The softness of IPA is 2.4635
a.u. which is close to that of similar ketones (67). This
data indicates that IPA is more polarizable and reactive
than ketones. In this study, the reactions of IPA with
OH radicals involve free radical attacks, so the estimation

of the Fukui function for the free radical attack, f°, is
important. The susceptibility to free radical attack of C,
(f°=0.1092) is greater than that of C; (f°=0.0878), C,4
(f°=0.0186), and C5 (f°=0.0184).

3.3. Excited state calculations

The oxidation reaction mechanism of IPA and the
excited OH radicals was investigated using the time-
dependent density functional theory TDDFT-MO06-2x/
Ccc-pVTZ//M06-2x/cc-pVTZ level. The obtained wave-
lengths, vertical excitation energies, and oscillator
strengths of different pre- and post-reactive complexes
are given in Table 3.

Based on the obtained results in Table 3, the pre-
RCp3a3py Pre-RCig, pre-RCyy, pre-RCiqqy are quite
more photolyzed than the pre-RCyq4g; and pre-RCs,
because of the first excited state energies. These
results agree with the obtained relative energies on
the potential energy diagram (Figure 4). To reach the
st excited state, the ground pre-RCyqqyy pre-RCyg,
pre-RCp303pn  Pre-RCsy, pre-RCuqag and  pre-RCyy,
require 30.44, 25.54, 24.09, 35.14, 34.20, and 29.44 kJ
mol™', respectively.

The most dominant kinetic route P2 and thermodyn-
amic route P1 (from H, abstraction) require 610.61 and
433.62 kJ mol™', respectively, which are too large for
their ground state energies, proving that the oxidation
reaction of IPA by OH' occurs in the ground state
rather than the excited state.

3.4. Chemical kinetic rate constants

The bimolecular rate constants for all elementary H-
abstraction pathways are estimated by using the TST
in connection with the Eckart tunneling coefficient at
the studied temperatures and a pressure of 1 bar,
which are summarized in Table 4. In this table, theoreti-
cal rate constants can also be compared with available
experimental data (7,79-24). Table 4 collects the
effective TST rate constants for the oxidation of IPA
with the OH radicals at a temperature ranging from
253 to 373 K using ROCBS-QB3 energies. Based on the
obtained results, rate constants using the three
different methods are comparable and exhibit a positive
temperature dependency; in addition, the total rate con-
stant increases with the increase in temperature. It is
noted that the Eckart tunneling values of all hydrogen
atom abstractions are large at low temperatures (Table
S5). At T=298 K and P=1 atm, the total computational
bimolecular TST rate constant using ROCBS-QB3 ener-
gies is 5.37x 107" cm® molecule™ s~ which is close
to the available experimental data.
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Table 4. Effective TST rate constants (in cm® molecule™'s™" unit) for oxidation of IPA by OH radicals over temperatures 253 — 373 K at the M06-2x/cc-pVTZ level of theory.

T(K) k(TS1 a) k(TS1 B) k(TS1 Y) k(TSZ) k(TSch) k(TSS B) k(TSSv) k(TS4u) k(TS4B) k(TS4v) kexp.

253 20x107" 7.1%x107 89x 107" 34x107"° 12x107" 1.7x 107" 3.7%x107™ 48x107 25%x107™ 7.5% 107" (6.31+0.30) x 1072 (24)
(6.46 +0.06) x 1072 (24)

263 72%x107"3 6.4x107" 7.1%x107"3 26x1071° 12x107" 13%x 107" 41x107" 53x107" 27x107" 62x 107" (5.56 +0.07) X 1072 (24)

273 59%107" 6.0x107 59%107" 2.0x1071° 12x107"3 1.1x 107" 45%x107" 59%107* 3.0%x 107" 52x 107" (477 £0.14) x 1072 (24)

283 50%x 107" 56x107* 50% 107" 15%107"° 13%x107"3 8.8x 1072 50%x 107" 6.5%x107* 33%x107™ 45x107"2 (434+0.08) x 1072 (24)

293 44x107" 54x107" 43x107" 1.2%x107° 13x107" 74x107"? 54x107" 7.2x107" 3.7x107" 39x107"?

298 41%x107" 53x107" 41%x107" 1.1x107° 14x107"3 6.9x107"2 57%x107™ 75%x107" 39%x107™ 36x 107" (3.12£0.29) x 107 "% (295 K) (19)
(3.72£0.29) x 1072 (296 K) (1)
(3.77 £0.29) x 1072 (24)
(3.80 +0.07) x 1072 (24)
(3.85+0.10) x 107'% (24)
(3.75+0.12) x 1072 (24)
(3.96 £0.10) x 1072 (25)
(3.98+0.18) x 1072 (25)

303 39%x107" 52x107" 39%x107" 1.0x107° 14x107"3 6.4x107"2 6.0x107" 79%107" 41%x107" 34x% 107" (3.08+0.84) x 107'% (21)
(3.0+0.8) x 1072 (20)

313 3.5%x107"3 51%x107 3.5%x 107" 82x107" 15%107"3 57%x107"2 65x107* 86x107* 45%x107" 3.1%x 107"

323 32x107" 51x107" 32x107" 6.9x107" 1.6x 107" 51x107"2 7.1x107" 9.4x107" 49x107™ 28x107"2

333 30%x107" 51x107" 3.0%x107" 59%107" 1.6x107"° 46x107"? 7.7%x107™ 1.0x107" 54%107" 26x107"2 (2.92 +£0.05) x 1072 (24)

343 28%x107"3 51%x107 28x107" 51%x107" 17x107"3 42x107"? 83x107™ 1.1x107" 59%107" 24%107"2

353 27%x107" 51x107" 27%x107"3 44x107" 1.8x107" 3.9%x107"2 20%x107™ 1.2x107" 6.4%107" 22x107"2 (2.64+0.06) x 1072 (24)

363 26x107"3 52x107" 26x107"3 39x107" 1.9% 107" 3.6x107"2 9.7x107™ 13%x107" 7.0x 107" 21x107"2

373 25%x107" 52x107" 25%x107" 34x107" 20%x107" 34x107"2 1.0x107" 14x107"3 76x107" 1.9%107"? (249 +0.08) x 1072 (372 K) (24)

(2.53£0.09) x 1072 (372 K) (24)
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Figure 5. Arrhenius plot of the obtained TST bimolecular rate constants using the M06-2x approach (P =1 bar) versus experimental

data (24).

Based on the computed M06-2x energy profiles and
related vibrational frequencies, the TST calculation
yielded Eckart tunneling correction, k(T) values for the
examined pathways (see Table S5 of the SI). These
results reveal that the tunneling factor’s effects are
effective in determining the reaction rate in the
studied temperature ranges. Also, the forward and
reverse unimolecular rate constants (in s™') using TST
for oxidation of IPA by OH radicals over the studied
temperature ranges at the MO06-2x/cc-pVTZ level are
summarized in Table S6 of the Sl. The results reveal
that the backward chemical paths of the studied reac-
tions are much faster than the forward chemical path-
ways. As a result, to evaluate the possibility of the
examined reactions here, the subsequent reactions of
the corresponding adducts in these reactions should
be taken into account. TST estimations for unimolecular
(k>) and effective bimolecular (k.¢) rate constants were
performed over temperature ranges of 253 —373K
and a pressure of 1 bar, and the obtained effective
rate coefficients were compared with the available
experimental data. (see Table 4).

Figure 5 shows an Arrhenius plot of the obtained TST
values for the effective rate constants of the studied path-
ways. The oxidation pathways involving TS3q, TS4q, and
TS4PB species are positively dependent on temperature,
while the opposite is true for other pathways involving
TS1a, TS1B, TS1y, TS2, TS3[B, TS3y, and TS3y species. It is
worth noting that, in line with available experimental

data (7,79-24), TST effective rate coefficients for the domi-
nant pathway involving TS2 species are negatively
dependent on temperature, which is a consequence of
negative activation energies for the first bimolecular reac-
tion steps. The TST results suggest that the effective rate
constants, ket(TS2) are much larger than the effective rate
constants for other reaction pathways, by factors ranging
from 10 to 13600. As a result, the production of a water
molecule and the P2 radical will dominate the overall
reaction mechanism under atmospheric pressure and at
temperatures ranging from 253 to 373 K.

Table 5 represents the contribution of different H
abstractions during the oxidation of IPA by OH radicals at
a pressure of 1 bar and over temperature ranges of 253 —
373 K. The results indicate the dominance of H-atom
abstraction from the —CH group as the main H-abstraction
reaction. The total rate constant for H-atom abstraction
from the -CH3C(=0)- site (C; atom) can be calculated
from the sum of the individual rate constants of the three
H-atom abstraction pathways, H, Hg, and H,, k;=k
(TS1)+k(TS1g)+k(TS1y), Similarly, for H-atom abstraction
from —CH—(C, atom), k,=k(TS,), out-of-plane —CH; (C3),
ks = k(TS30)+k(TS3)+k(TS3)), and in-plane —CHs (Cy), ka=k
(TS4e)+k(TS4g)+k(TS4,). The overall rate constant for the
reactions between IPA and OH’, kita=ki+ko+ks+ky,
and the branching ratio (BR)) = k; /kiota, Where i=1— 4,

Based on the M06-2x method’s calculated branching
ratios, the primary hydrogen removal atom from IPA
through transition states TS2, TS3[3, and TS4y is expected
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Table 5. TST Branching ratios for all studied combustion reactions between IPA and OH radicals using the M06-2x method.

Branching ratios

T(K) TSla TS1PB TS1ly 152 TS3a TS3B TS3y TS4a TS4B TS4y
253 0.25 0.02 0.24 92.75 0.03 4.64 0.01 0.01 0.01 2.05
263 0.26 0.02 0.25 92.55 0.04 4.63 0.01 0.02 0.01 2.21
273 0.27 0.03 0.27 91.87 0.06 5.05 0.02 0.03 0.01 2.39
283 0.30 0.03 0.30 91.11 0.08 5.35 0.03 0.04 0.02 2.73
293 0.33 0.04 0.32 90.55 0.10 5.58 0.04 0.05 0.03 2.94
298 0.34 0.04 0.34 90.40 0.12 5.67 0.05 0.06 0.03 2.96
303 0.35 0.05 0.35 90.13 0.13 5.77 0.05 0.07 0.04 3.06
313 0.38 0.06 0.38 89.23 0.16 6.20 0.07 0.09 0.05 3.37
323 0.41 0.07 041 88.50 0.21 6.54 0.09 0.12 0.06 3.59
333 0.45 0.08 0.45 87.74 0.24 6.84 0.11 0.15 0.08 3.87
343 0.48 0.09 0.48 86.98 0.29 7.16 0.14 0.19 0.10 4.09
353 0.53 0.10 0.53 86.03 0.35 7.63 0.18 0.23 0.13 4.30
363 0.57 0.1 0.57 85.23 0.42 7.87 0.21 0.28 0.15 4.59
373 0.62 0.13 0.62 84.23 0.50 8.42 0.25 0.35 0.19 4.7

to be 84.23 -92.75%, 4.64-8.42% and 2.05-—4.71%,
respectively. As can be seen from Figure 6 and Table 5,
at the M06-2x method (P=1 bar and T=298K), the
branching ratio for the pathway involving TS2 species
decreases gradually with increasing temperature, while
the opposite is true for other pathways (involving TS3f3
and TS4y species).

Conclusions

This study utilized the M06-2x method and cc-pVTZ basis
set to investigate the gas phase reaction mechanism of
OH-initiated isopropyl acetate (IPA) oxidation. Geometries
were optimized, and frequencies were analyzed for all
stationary points on the potential energy surfaces. The
energies of these stationary points were then inspected
using the ROCBS-QB3 method on the optimized geome-
tries at the M06-2x/cc-pVTZ level at a pressure of 1 bar
and over temperature ranges of 253 — 373 K.

Consistent with the available experimental data,
because of the formation of a pre-reactive van der Waals
(VdW) molecular complex [IPA ... OHJ’, the corresponding
transition state lies below the isolated reactants, hence an
effective negative activation energy of around —15.12
(=13.53)kJmol~" on the pathway leading to the CH3C(O),.
C'(CH3),, radical at the M06-2x (ROCBS-QB3) method.

The energy profiles obtained from the calculations
were used to determine the kinetic rate constants and
branching ratios under atmospheric pressure using tran-
sition state theory. The data revealed that the hydrogen
atom removal from the C, position of the IPA produces
the most abundant product, which is attributed to the
hydrogen bond stabilization of the transition state, and
is under kinetic control of the reaction. These findings
were consistent with the available experimental rate
constants and support the validity of the two-step reac-
tion scheme proposed by Singleton and Cvetanovic (49).
The calculated branching ratios also suggest that the
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Figure 6. Branching ratios for accumulative H-abstraction along with the IPA oxidation and OH radicals.
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regioselectivity of the primary reaction pathway
decreases as the temperature increases. The obtained
results can be summarized as follows:

[1] The order of H-abstraction reactions from IPA by the OH’,
as determined from energy barrier calculations, is TS; <
TS4y <TS3p < TSp1q, 1y <TS1p < TS3q < TSzy < TS4< TSap.

[2] Based on condensed Fukui functions, the suscepti-
bility to free radical attack is in the order of C;, >
Ci>C>G.

[3] All of the reactions investigated are thermodynamic
in nature, with H-abstraction from the C; position
(CH5-C=0) and C, position (C — H) being the most
exothermic reactions.
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