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Abstract

Mechanism of the reaction between Criegee compound (CH200) and Propargyl! radical (CsHs) has been
studied by using the density functional theory DFT/M06-2X in conjunction with the 6-311++G(3df,2p) basis set
for both optimization and single-point energy calculations. The calculated results indicate that mechanism of
the CsH3 + CH200 reaction can occur in two different directions: H-atom abstraction and/or addition. As a
result, 11 various products have been created from this reaction; in which, P10 (OCHCHCHCHO + H) is the
most thermodynamically stable product and the reaction path leading to the P7 (CH2z-[cyc-CCHCHOOQ] + H)
product is the most energetically and kinetically favorable channel.
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Toém tat

Co ché cia phan tmg giita hop chét Criegee (CH-00) véi gbc Propargyl (C3H3) da dwoc nghién ciu bang
céch st dung ly thuyét phiém ham mat dé6 DFT/M06-2X két hop véi bé co sé& 6-311++G(3df, 2p) dé tbi wu héa
va tinh toén nang lwong diém don. Két qua tinh toan chi ra réng co ché cua phén (ing CsHs + CH200 c6 thé
x3y ra theo hai huéng khac nhau: tach nguyén tir H hodc cong hop. Két qua 1a, 11 san phém khac nhau da
duwoc tao ra tir phén ung nay; trong do, P10 (OCHCHCHCHO + H) la san phdm bén nhét vé mat nhiét déng
va duong phan ting dén dén sén phdm P7 (CHo- [cyc-CCHCHOO] + H) la kénh thuén loi nhat vé mét ndng

lwong va déng hoc.
T khoéa: DFT, CsHs, M06-2X, 6-311++G(3df,2p)

1. Introduction

Criegee compounds [1] are known to be carbonyl
oxides generated in the ozonolysis of unsaturated
hydrocarbons; their atmospheric fate plays a vital role
in determining the oxidative effect of the atmosphere
and its ability for free radical generation and secondary
organic aerosol formation [2]. In the atmosphere,
Criegee can interact with atmospheric species such as
H,O, SO,, HCOOH, and C;H; and unimolecular
isomerization and decomposition to create OH [2].
Inferences about the roles of Criegee compounds were
originally based on indirectly predicted rate
coefficients, and there has been no consensus on
whether the crucial reaction of stabilized Criegee
species in the troposphere is with propargyl radicals
[2,3]. Propargyl radicals have been found to be
available in flames with an amount of abundance
because they are very stable in the pyrolysis process
and their reactions with molecular oxygen occur
slowly [4]. In terms of structure, propargyl radical has
two isomer configurations known as CH,-C=CH and
CH,=C=CH. Each frame contains a single electron in
an orbital at the head or terminal carbon atom and two
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weak © bonds. The reactivity of the propargyl radical
with species in the troposphere is therefore predicted
to be extremely high. It is worth noting that exploring
the reaction of Criegee compound with propargyl
radical is especially critical because of the abundance
of propargyl radical in the atmosphere and due to the
bimolecular reactions of stabilized Criegee species in
the atmosphere are the major processes in the
formation of aerosols [5,6], which scatter sunlight and
affect earth's radiative balance [7]. In particular, the
oxidation of sulfur dioxide via stabilized Criegee
species is an important source of sulfuric acid [8],
which plays a crucial role in aerosol nucleation.

To our best knowledge, so far, no studies have
been performed on the reaction of Criegee compound
with propargyl radical. Hence, in order to have a more
comprehensive view of this reaction, its mechanism
will be examined thoroughly in this study based on the
structures of all species involved which were
optimized at the M06-2X/6-311++G(3df,2p) level of
theory and single-point energy calculations at the same
level. The next study will provide new insight into how
the dominant atmospheric reaction processes of the
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Criegee compound vary with altitude, depending on
temperature and pressure. Thus, the results in this and
further papers are of interest both for atmospheric
chemistry and computational chemistry.

2. Computational Methods

The density functional theory (DFT) with the
common MO06-2X [9,10] functional in conjunction
with the 6-311++G(3df,2p) basis set were used to
figure out the mechanism for the title reaction. In this
work, the geometries optimized by the M06-2X/6-
311++G(3df,2p) method were utilized for the
establishment of the potential energy surface (PES).
The correlative parameters including vibrational
frequencies, moments of inertia, and zero-point
vibrational energies (ZPVE) were obtained at the same
method. All species in the system were classified
based on their vibrational analysis. Of which, the local
minima such as reactants, intermediates, and products
have all positive frequencies while each saddle point
like a transition state contains an imaginary frequency.

predictions were employed to verify the validity of
transition states. The MO06-2X/6-311++G(3df,2p)
relative energies of all points were then refined by the
single-point energy calculations using the M06-2X/6-
311++G(3df,2p) + ZPVEs level of theory. The ZPVE
values were corrected by a factor of 0.971. The
Gaussian 16 software package was utilized to optimize

and compute single-point energies for all species in
this system.

3. Results and Discussions

As stated above, all species involved in the title
reaction were optimized at the MO06-2X/6-
311++G(3df,2p) level of theory. The detailed
mechanism of the system describing all reaction
channels is graphically plotted in Fig. 1. It is easy to
see that many bimolecular products including
4 molecular products (P1, P3, P8, and P11) and
7 radical products (P2, P4, P5, P6, P7, P9, and P10)
can be formed when CH>OO attacks propargyl

radicals.
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Fig. 1. The potential energy surface of the CH,OO + C3;Hj3 reaction calculated at the M06-2X/6-311++G(3df,2p)

+ ZPVE level of theory. (Energies are in units of kcal/mol).
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From those products, the P1 (HCCCH + CH;00)
radical product was generated by the H-abstraction
channel going via the TOP1 transition state located at
an energy level of 42 kcal/mol above the reactants,
while other products were created by the addition
channels going through two main adducts, namely IS1
and IS2 as shown in Fig. 1. The TOP1 geometric
structure optimized at the M06-2X method shows that
a hydrogen atom is abstracting from the CH, group of
propargyl radical at the distance of 1.5 A and is coming
to the CH,OO carbon atom at the loose bond length of
1.2 A. This abstraction is characterized by an
imaginary frequency of ~1100i cm™ existing in the
TOP1 harmonic oscillator modes.

The two adducts, IS1 (CHCCH2CH:0-) and IS2
(CH2CCHCH;0,), can supply many isomers and/or
final products P2 - P11 via the isomerization and/or the
direct dissociation/decomposition processes. It should
be noted that the two addition channels leading to IS1
and IS2 are both barrierless reaction paths and these
two isomers have similar formation probability due to
their relative energies are the same values of -46.2 and
-45.9 kcal/mol, respectively. The P2 product can be
directly created from IS1 by cutting off the C-O bond
without going through any first-order saddle point. The
oxygen molecule together with the linear radical
CH>CH,CCH holds an energy level of over
11 kcal/mol below the entrance channel. In addition to
P2, five other isomer products namely IS3, IS5, IS8,
IS10, and IS13 have also been directly produced from
IS1 by the isomerization processes of IS1 — IS3,
IS1 — IS5, IS1 — IS8, IS1 — IS10, IS1 — IS13
proceeding via the transition states T1/3, T1/5, T1/8,
T1/10, and T1/13 with relative energies of -18.3, -4.7,
25.4, -27.5, and -29 kcal/mol, respectively. It is not
difficult to realize that T1/8 is the highest saddle point
compared to the four remaining ones, thus the IS8
isomer and P8 (C,H, + CH,CHOO, -22 .4 kcal/mol) are
less favorable products of the title reaction. If three
isomers 1S3 (-43.9 kcal/mol), IS5 (- 34.8 kcal/mol),
and IS8 (-12 kcal/mol) are generated by the H-shift
processes, the two isomers IS10 (a six-membered ring)
and IS13 (a five-membered ring) are produced by the
ring-closure processes. These two ring structures have
the same formation probability because their relative
energies are -45.1 and -45.4 kcal/mol and the two
transition states T1/10 and T1/13 connecting them
with the IS1 adduct are also similar, being -27.5 and
-29 kcal/mol, respectively. The two radical products
P5 (OH + CHCCH,CHO) and P6 (CHCCHCHOOH +
H) were created after forming the IS3 and IS5
intermediates. The first product was formed by the
decomposition process, IS3 — PS5, occurring via the
T3P5 transition state located at 7.2 kcal/mol below the
singlet entrance point, while the second one was
produced by the IS5 — P6 dissociation process going
through the T5P6 transition state situated at the
-0.2 kcal/mol energy level, ¢f. Fig. 1. Compared to the
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reaction path forming the P6 product, the reaction
channel forming the PS5 one is more advantageous in
energy due to the energy barrier heights of T1/5 and
T5P6 on the first channel are larger than those of T1/3
and T3P5 on the second channel (41.5 and 34.6 vs. ~28
and 36.7 kcal/mol). Accordingly, the PS5 product is also
more sustainable than the P6 product (-71.6 vs.
-3 kcal/mol). Two other intermediates 1S9 and IS11
were also created from IS10 and IS13 via the saddle
points T10/11 and T13/9, respectively. The T10/11 is
the transition state of a 2,3-H-shift with the distances
C(2)-H and C(3)-H of 1.3 and 1.32 A, respectively,
characterized by an imaginary frequency of
1706i cm™!, while the T13/9 is the transition state of a
1,3-H-shift process with the distances C(1)-H and
C(2)-H of 1.47 and 1.42 A, respectively, described by
a negative frequency of 2288i cm’!.

From IS2 (CH,CCHCH:0,), similarly, five
isomers (IS3, 1S4, 1S6, IS7, 1S9) and the P3 final
product can be directly produced by the isomerization
and decomposition processes IS2 — 1S3, IS2 — IS4,
IS2 — IS6, 1S2 — 1S7, IS2 — IS9, and 1S2 — P3
going via the transition states T2/3, T2/4, T2/6, T2/7,
T2/9, and T2P3 with relative energies of -12.5, 14,
16.3, -29, -33.4, and -25.8 kcal/mol, respectively. Of
those transition states, the T2/4 and T2/6 ones take up
very high relative energy values in comparison with
the remaining ones. Hence, the isomers 1S4, IS6, IS12
and the bimolecular products P4 and P9 are considered
to be less favorable. IS12 (-59 kcal/mol) was formed
from the IS6 — IS12 isomerization process via the
T6/12 transition state with the 18 kcal/mol energy level
above the entrance channel. Both the channels going
from 1S4 to P4 and from IS12 to P9 are the barrierless
exit reaction paths with the dissociation energies of 5.6
and 45.7 kcal/mol, respectively, calculated at the M06-
2X/6-311++G(3df,2p) level of theory. This indicates
that either O-loss or O»-loss lead to the final radical
products as P4 and P9. The P4 (CH,CCH,CHO + O)
product is more favorable than the P9 (CH,CHCHCH
+ O) product because the saddle points T2/6 and
T6/12 on the channel forming P9 are higher than the
T2/4 transition state on the path producing P4.
However, the P4 is less thermodynamically stable than
the P9 by about 8.5 kcal/mol (-5 vs. -13.5 kcal/mol).
Both channels proceeding from the reactants (C3Hs +
CH,00) to P4 and P9 are exothermic processes. The
IS3 isomer is generated from IS1 via the T1/3 saddle
point as mentioned above, it is also produced from IS2
through the T2/3 transition state. Although both T1/3
and T2/3 display a movement of a hydrogen atom from
the CH, group to the outermost oxygen atom, the
relative energy of the former TS is nearly 6 kcal/mol
lower than the latter TS, indicating that the IS1 — IS3
process is made easier than the IS2 — IS3 channel.
After forming the cyclic intermediate state known as
IS7 (cyc-CH,CCHCH»00, -46.1 kcal/mol), the isomer
IS11 (OCH>CHCHCHO, -106 kcal/mol) was also
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created by the ring-opening process via the T7/11
transition state located at the energy of 5.6 kcal/mol
under the reactants. The T7/11 contains only one
imaginary  frequency of  1675.3754i cm’'
corresponding to two simultaneous processes of a
1,2- H-shift and an O - O bond breaking with the bond
lengths C(1) - H, C(2) - H, and O - O recorded at the
transition structure as 1.32, 1.33, and 1.52 A,
respectively. The IRC scanning result which is
graphically plotted in Fig. 2 shows that T7/11 is
connecting between the IS7 and IS11 intermediates.

As stated above, the IS11 isomer can be created
by the IS1 — IS10 — IS11 isomerization instead of the
IS2 — IS7 — IS11 channel. These two channels are
competitive with one another due to the transition state
which they have to pass hold the same energy levels,
T1/10 (-27.5 kcal/mol) ~ T2/7 (-29 kcal/mol) and
T10/11 (-4 kcal/mol) ~ T7/11 (-5.6 kcal/mol).

The radical product P10 (OCHCHCHCHO + H)
and the bimolecular product P11 (CHCHCHO
+ CH20) have been established just after forming the
IS11 intermediate. If the P10 product has to overcome
the T11P10 transition state, the P11 product must
proceed via the T11P11 first-order saddle point. As
can be seen from Fig. 1, those TSs are dog-eat-dog
with each other because the T11P11 relative energy
value is only 2 kcal/mol higher than the T11P10 energy
level (-83 vs. -85.3 kcal/mol). Therefore, their
formation probability is considered to be the same in
ordinary conditions of temperature and pressure. In
addition, the P10 is the most stable production energy
and its relative energy value is lower than that of the
P11 product about 6.5 kcal/mol computed at the M06-
2X/6-311++G(3df,2p) level of theory. The last isomer
IS9 can be generated both from IS1 via (T1/13, T13/9)
and IS2 via T2/9 as mentioned above. Because the
energy level of T13/9 is larger than that of T2/9 about
38 kcal/mol (4.5 vs. -33.4 kcal/mol), indicating that the
IS2 — IS9 isomerization process is more favorable
than the IS1 — IS13 — IS9 channel. From the IS9
intermediate state, the P7 product can be formed by the
1S9 — P7 dissociation process going via the tight T9P7
transition state holding only one negative frequency of
~552i cm™!'. The geometric structure of T9P7 reveals
that one hydrogen atom is leaving far away from the
CH: group in the five-membered ring of IS9 at the long
distance of about 2.1 angstrom. This process needs to
be supplied activation energy of approximately 40
kcal/mol to pass over the position of the T9P7 saddle
point to come to the P7 radical product. It is worth
noting that the channel starting from the
Cs;H; + CH200 point via two isomers (IS2, IS9) and
two transition states (T2/9, T9P7) to the P7 product is
the most energetically and kinetically favorable
channel and it is also an exothermic reaction path with
the energy released by about 34 kcal/mol. The
structures of all species involved in this channel are
therefore selected to display in Fig. 3.
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Fig. 3. Geometric structures of all species on the most
favorable channel of the C3Hs + CH>OO reaction
optimized at the M06-2X/6-311++G(3df,2p) level of
theory.

To enhance the reliability of this study, the
relative energies of all bimolecular products of the title
reaction were compared to the experimental reported
data cited from two reliable database resources NIST
and ATcT as shown in Table 1. It can be seen that all
values predicted in the present work are about
3 - 6 kcal/mol lower than the available literature data
from NIST and ATcT, which are suitable due to the
deviation of the M06-2X method was proved to be
about 5 - 6 kcal/mol in comparison with experimental
data. However, for further kinetic calculations, those
values should be refined at a high level of theory such
as CCSD(T) or CASSPT2.
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Table 1. Comparison between the present relative
energy values and the available literature data.

Products This study NIST/ATcT
Pl 28.0 332+1.2
P2 -11.4 -85+1.9
P3 -28.0 -25.6£2.0
P4 -5.0 -1.5+1.3
P5 -71.6 -65.2+0.2
P6 -3.0 1.2+0.5
P7 -33.6 -295+1.3
P8 -22.4 -16.2+2.1
P9 -13.5 -8.7+0.8
P10 -90.0 -853+1.1
P11 -83.5 -789+ 14

4. Conclusion

In the present theoretical study, the potential
energy surface for the CH,OO + C3Hs reaction has
been mapped out. The reactants, intermediate states,
transition structures, and products of this reaction were
optimized by using density functional theory M06-2X
with the 6-311++G(3df,2p) basis set. Single-point
energies for all species involved were also computed
at the same level as shown in Fig. 1. The constructed
detailed PES shows that the mechanism of the title
reaction contains 11 main channels and many sub-
channels, 13 intermediate states, 24 transition states,
and 11 bimolecular products. The mechanism also
reveal that only one reaction path proceeds via H-
abstraction process leading to the bimolecular product
P1 (HCCCH + CH,00), the remaining channels occur
via an addition mechanism resulting in the P2 - P11
products. The most stable product, OCHCHCHCHO +
H, and the lowest channel in energy, C;Hs + CH.OO
— 1S2 — IS9 — P7 CH;-[cyc-CCHCHOO] + H, were
also identified in this study. The relative energies of all
products were also compared with the available
literature values collected from NIST and ATcT,
which indicates that the present results are in
reasonable agreement with the NIST/ATcT values.
The predicted data of this work will be a reliable
reference for further theoretical and experimental
investigations in the near future.
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