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Abstract: Criegee Intermediate is a pivotal product of the alkene ozonation reaction, which exhibits
highly active chemistry. The substance under scrutiny can be decomposed by unimolecular
isomerization to generate an OH radical, or alternatively undergo a bimolecular reaction with most
species in the atmosphere. It is imperative to note that organic acids, which play a pivotal role in
preserving acid-base equilibrium within the atmosphere, are capable of undergoing a reaction with
SCI in the absence of any hindering barriers. In certain environments, the bimolecular reaction of SCI
with organic acid can be observed to compete with the reaction of SCI with H20. In this paper, the
bimolecular reaction of SCI with organic acid is investigated at CCSD(T)/CBS//M06-2X/def2-TZVP
level. The study obtained precise energies at near-complete basis sets and accurate reaction paths
using IRC calculations. The process of reactions is characterized by significant exothermicity, and the
products of hydroperoxides are notable for their stability, low decomposition rate, and minimal
energy requirement. These properties suggest a potential for these compounds to serve as a
substantial source of atmospheric SOA. The calculation of reaction rate coefficients was conducted
using transition state theory. The rate coefficients of CH200 with formic acid, syn-CHsCHOO with
formic acid, anti-CHsCHOO with formic acid, (CH3)2COO with formic acid, CH200 with acetic acid,
and CH200 with oxalic acid were 1.87 x 10-19, 1.59 x 10-10, 5.30 x 10-10, 1.26 x 1019, 2.09 x 10-1°and 7.16
x 101°cm?s1, respectively. All reactions were found to be rapid in nature. Of the six reactions studied
in this paper, CH200 reacting with oxalic acid was found to be the fastest.

Keywords: SCI; organic acid; bimolecular reaction; reaction path; reaction rate coefficient

1. Introduction

Gas-phase ozonation reaction is the most significant degradation pathway for unsaturated
alkenes in the atmosphere[1]. The reaction is known to generate a key product, Criegee Intermediate
(CI), which is a series of positively and negatively charged carbonyl oxidising biradicals with the
basic chemical formula (CR200). It is evident that the alkene ozonation reaction produces a
significant amount of exotherm, which results in the enrichment of CI molecules and subsequent
unimolecular isomerization decomposition. This process is a source of hydroxyl radical (¢ OH), which
is widely recognized as the most significant oxidant within the troposphere[2]. Furthermore, CI has
the capacity to release energy through collisions with surrounding molecules to form Stabilized
Criegee Intermediate (SCI), which undergoes a bimolecular reaction with atmospheric species such
as H20O, SOz, NHs, CO, COz, O3, RO, alcohol, aldehyde, ketone, alkene and so on[3-13].

Organic acid is an essential component of the tropospheric atmosphere, and its bimolecular
reaction with SCI has the potential to be a substantial source of secondary organic aerosol (SOA) [14].
A substantial number of studies have documented elevated reaction rates for the bimolecular
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reactions between organic acids (HCOOH and CHsCOOH) and SCI. For instance, Neeb[15] calculated
the rate coefficient for the reaction of CH200 with formic acid to be 14,000 times higher than that of
the reaction with water. Similarly, Tobias[16] determined the rate coefficient for the reaction of Cis-
SCI with formic acid to be 7,000 times higher than that of the reaction with water. Sipild[17] calculated
the ratio of the rate coefficients for the reaction of (CHs)2COO with organic acids and sulfur dioxide
to be 2.8-3.4. Welz[18] reported a kinetic study on the reaction of SCI with HCOOH and CH3COOH,
and the measured reaction rate coefficients were all greater than 10-1°cm? s, which is several orders
of magnitude larger than the earlier results of Johnson[19] (1x10-4cm? s') and Vereecken[20] (5x10-2
cm?® s1). These findings suggest that the bimolecular reaction with organic acids is an important decay
process for SCI and far more important than previously predicted. This result was subsequently
corroborated in Peltola's UV absorption spectroscopy experiment, wherein the coefficient exhibited
a linear negative correlation with temperature, independent of pressure changes[21]. The global
atmospheric model demonstrated that the bimolecular reaction of SCI and organic acid exerted a
substantial influence on ambient SCI and acid concentration in regions of the equator and northern
latitudes where human activities were prevalent[18]. The reaction of SCI with organic acids can
provide a pathway for the conversion of alkene to low volatile compounds, thus promoting the
formation of SOA.

Despite the fact that SCI reacts with organic acids at rates that are close to the collision limit and
the reaction products may contribute significantly to SOA, related studies are scarce, and the results
of the reaction mechanism, reaction products, and reaction rate coefficients are still controversial. In
this paper, a high-precision theoretical study of the bimolecular reaction of SCI with organic acid was
investigated at CCSD(T)/CBS//M06-2X/def2-TZVP level[22]. The reaction system consists of the
bimolecular reaction between CH200 and formic acid, syn-CHsCHOO and formic acid, anti-
CH3CHOO and formic acid, (CH3).2COO and formic acid, CH200 and acetic acid, CH200 and oxalic
acid. The study of reactants with different conformations and numbers of carbon atoms will provide
a reference point for the future management of complex molecular reaction systems.

2. Computational Methods

All theoretical calculations in this paper were performed using the Gaussian 09 program.
Geometry optimisation, vibrational analysis and intrinsic reaction coordinate calculations (IRC) were
performed using the M06-2X method, which was developed by the University of Minnesota in
combination with the Ahlrichs def2 base set of def2-TZVP[23]. CCSD(T) coupled cluster methods, in
combination with cc-pVTZ and cc-pVDZ base set extrapolation, have been demonstrated to reach the
complete basis set (CBS) limit for single point energy[24,25]. It is evident that the single reference
method is not applicable to systems characterized by strong static correlation. The two radical
systems are paradigmatic examples of such systems. T1 diagnostics[26] (Eq. 1) were conducted for
CH:200, syn-CHsCHOO, anti-CHsCHOO, and C:H¢COO at the CCSD(T)/cc-pVDZ level prior to
calculation, yielding 0.043, 0.039, 0.040, and 0.034, respectively. The results obtained from the study
indicate that the single-reference method utilized is indeed feasible. This conclusion is supported by
the consistent value for CH200 that was observed in the literature[27]. Furthermore, Nguyen[28]
optimised the geometry of SCI by means of a complete active space self-consistent field (CASSCEF).
The results obtained demonstrated that both the bipartite and amphipathic contributions of SCI are
negligible.

Ty = =1t M)

As the biradical is found within the open-shell layer system, characterized by varying numbers
of ac and 3 electrons, the issue was resolved through the implementation of unrestricted open-shell
layer Hartee-Fock (UHF) or Kohn-Sham (UKS) calculations in the present study[29]. The calculations
employed the Pople-Nesbet equation to solve o and [3 orbitals separately; however, the spin
contamination that occurred during the calculations may lead to inaccurate predictions. It has been
previously observed that spin contamination in UHF-based coupled clusters is a relatively minor
issue that does not require significant consideration. The KS-DFT method introduces the
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wavefunction solely for the purpose of obtaining the exact electron kinetic energy, not the HF
approximation to the real wavefunction. Consequently, spin contamination does not possess exact
physical significance for the DFT, and the problem of spin contamination can be disregarded[30].

Geometrical optimization is employed to ascertain the force required to obtain the smallest point
of the potential energy surface of the system. Subsequent to convergence, the structure of the lowest
energy point of the system is obtained. Vibrational analysis is a method by which the thermodynamic
parameters of a reaction system can be obtained, and the frequency calculated thereby can determine
the transition state structure. It is evident that the transition state possesses a single imaginary
frequency, whilst the lowest energy structures of other compounds manifest as positive frequencies.
In the frequency calculation process, the frequency correction factor is considered to eliminate the
systematic error, and the base group of different methods varies numerically, usually between 0.9-
1.0[31,32]. The term 'IRC' refers to the path of the lowest energy of the two minimal points adjacent
to the continuous potential energy surface in the mass-weighted coordinates. IRC calculations
facilitate the observation of changes in the structure of the substance during the reaction, thereby
ensuring that the transition state is relevant to the reactants and products.

It is evident that the limited size of the base group employed in practice gives rise to the base
group incompleteness error during the calculation process. In general, the incompleteness error is
known to decrease with an increase in the size of the base group, eventually converging.
Consequently, it is possible to extrapolate the results of smaller basis groups to larger or even CBS by
obtaining the mathematical form of the convergence trend. In this paper, the SCF energy and the
correlation energy are extrapolated by a three-point formula and a two-point formula, respectively,
to finally obtain the post-HF electron energy close to the CBS.

The rate coefficients of the reaction system are calculated using the Gibbs free energy, with
calculations based on transition state theory (TST) and a correction for the tunnelling effect.

3. Results and Discussion

In the present study, the reaction of four conformational isomers of SCI with organic acids was
considered, and their optimized structures at M06-2X/def2-TZVP level are shown in Figure 1. It has
been established that the molecules under consideration contain the same COO functional group.
Furthermore, the substituents on the C atom are considered to be two hydrogen atoms, one hydrogen
atom, one CHs and two CHas. In consideration of the relative orientation of the O-O bond in relation
to the C-CHs bond, two distinct conformational isomers of cis and trans were taken into account. For
cis-SCI, hydrogen transfer reactions are more likely to occur due to the orientation of the C-CHs bond
towards the O-O bond. Conversely, for trans-SCI, the terminal oxygen is farther away from the
hydrogen atom on the 3-carbon, and it is relatively difficult to carry out the isomerization reaction.
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Figure 1. The optimised structure of SCI, as well as the charge distribution (a) CH200; (b) syn-CH3CHOQO; (c)
anti-CHsCHOO; (d) C:HsCOO), is demonstrated here.

By comparing the parameters with those in the literature, we confirm that the geometrically
optimized results represent the real SCI structure. To illustrate this, consider the example of CH200.
The detailed bond length and bond angle information is shown in Table 1. The differences are
primarily manifested in the fact that different methods correspond to different potential energy
surfaces, and the energies of molecules on different potential energy surfaces are different.
Consequently, the steady state structures corresponding to the ground state energies are not exactly
the same. When evaluated in comparison to extant literature, the outcomes of this study are found to
be within the margin of error. Consequently, the results of optimizing the biradical system at the
MO06-2X/def2-TZVP level are deemed reliable.

Table 1. The following study will examine the optimised structural information of CH200, which has been
obtained by M06-2X/def2-TZVP level, and compare this with information already documented in the existing

literature.

Experimental[3 CCSD(T)/aug-cc- CCSD(T)/ANO1[

Parameters 3] pV5Z[33] 6] This study
Bond O-O (&) 1.345 1.341 1.342 1.338
Bond O-C 1272 1.268 1277 1.270
(cis) Bond C-H 1.094 1.082 1.085
(trans) Bond C-H 1.088 1.079 1.082
Angle 0-O-C 118.02 117.95 118.00 118.95

(deg.)

(cis) Ar(l)gle HG 11706 118.62 118.68
(trans)Angle H-C- ) o) 114.86 115.86

O
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3.1. Electron Energy and Thermodynamic Parameters

In order to eliminate the base group incompleteness error to the greatest extent possible, this
study obtained post-HF electron energies (including SCF energies and electron correlation energies)
close to CBS by base group extrapolation. It is demonstrated that, for the Dunning's correlation-
consistent basis group cc-PVnZ, the SCF energy satisfies the following equation:

Escr(L) = Escp(00) + A x exp™®VE (2)

In this equation, L denotes the highest angular momentum of the basic functions. The
parameters A and a are to be determined, and ESC_(F()) is the desired SCF energy under CBS. The
functions cc-pVDZ and ccpVTZ are 2 and 3, respectively. A related study has shown that « is equal
to 4.42 for L of 2 and 3, meaning that the actual extrapolation only needs to calculate the cc-pVDZ

and cc-pVTZ energies twice[34].

Egop(o0) = Escr(M)xexp™ N -Egcp(N)xexp~®VM (3)
scr(®) = JR— —

The abovementioned quantities are designated as Esce(M) and Esce(N), respectively, where M

and N correspond to the highest angular momentum of the two calculations, with M > N.

As the correlation energy converges slowly with the basis group, extrapolation is necessary. The
equation is expressed as follows:

Ecorr(L) = Ecopr(0) + A % L7F (4)

The parameter 3, which is pre-fitted, has a value of 2.46 when L is 2 and 3. The two-point formula

for calculating the CBS correlation energy can be expressed as:
Ecorr(NXNP—Ecorr(M)xMF
Ecorr(oo) = ¢ )XN/;_M!; ) (5)
As illustrated in Table S1, the electron energy of the CBS electron energy, Ecss, which is the sum

of Esce(ee) and Ecorr(), is shown. The table lists the electron energies of the reactant (R), the pre-
reaction complex (PRC), the transition state (TS), and the product (P) in the reaction system,
respectively.

Upon completion of the vibrational analysis, the thermodynamic quantities are outputted in
accordance with the standard RRHO (rigid rotor/harmonic oscillator) model. In the context of finite
temperatures, the thermodynamic data can be expressed as a sum of the electron ground state energy
and thermal contributions, i.e.

U(T) = U(0) + [U(T) — U(0)] = &,1, + ZPE + AUy_r (6)
H(T) = H(0) + [H(T) — H(0)] = &,;, + ZPE + AHy_r (7)
G(T) = G(0) + [G(T) — G(0)] = €,y + ZPE + MGy (8)

In this equation, €ce denotes the electron energy, ZPE represents the zero-point vibrational
energy, and AU(0—T), AH(0—T), and AG(0—T) are the thermal contributions to the internal enthalpy,
enthalpy, and free energies, respectively. The thermodynamic data have been calculated based on the
resonance approximation model; therefore, the frequency correction factor must be considered.
According to the literature, the correction factor employed in this paper is 0.9754[32]. In order to
ensure the statistical convenience of the data, the output thermodynamic data were obtained and
analyzed by Shermo software[35]. The detailed parameters are shown in Table 52.

3.2. Reaction Path

Assuming that the standing point energy of the separated reactants is zero, the energy
distribution of the bimolecular reaction system of SCI and organic acid at 298 K along any reaction
coordinate direction is shown in Figure 2. As demonstrated by the figure, the bimolecular reaction of
SCI and organic acid can be spontaneous at room temperature. Initially, a stable hydrogen bond is
formed between the terminal oxygen atoms of SCI and the hydrogen atoms on the carboxyl group of
organic acid, resulting in a reaction complex. During the reaction, the structure of organic acid
undergoes a flipping process, whereby the oxygen atoms bonded to the hydrogen atoms move
towards the carbon atoms of SCI, thereby forming a transition state structure. Following the crossing
of the reaction potential barrier, the hydroxide bond on the carboxyl group of the organic acid is
broken. At this point, the hydrogen atom forms a new hydroxide bond with the terminal oxygen
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atom of the SCI, and the oxygen atom is added to the carbon atom of the SCI. This process results in
the generation of product hydroperoxide ester compounds.
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Figure 2. The energy diagram of the biomolecular reaction between SCI and organic acid along the reaction
coordinates is presented at a temperature of 298K. It was hypothesized that the reaction would be at a state of
energy equilibrium. The energies of the separated molecules are expressed in blue (in kJ/mol). The standing
point structures represent, from left to right, the reactant, the reaction complex, the transition state, and the
product. The following reactions were investigated: (a) CH200 + CHOOH; (b) syn-CHsCHOO + CHOOH; (c)
anti-CHsCHOO + CHOOH; (d) (CHs)2COO + CHOOH; (e) CH200 + CHsCOOH; (f) CH200 + C2H4Os.

Welz[18] utilised multiplexed photoionization mass spectrometry to ascertain the rate
coefficients of the bimolecular reaction of syn- and anti-CHsCHOO with CHOOH. indicated that the
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rapid reaction of SCI with HCOOH could make a significant contribution to global atmospheric
chemistry. However, the reaction products were not identified. Liu[36] employed the technique of
photoionization mass spectrometry in order to detect the occurrence of a single-molecule
heterogeneous reaction of CHsCHOQ, the result of which was the production of VHP, and to do so
he used formic acid as the catalyst. In this paper, quantitative calculations were performed, revealing
that hydroperoxides are the most stable products of the bimolecular reaction between SCI and
organic acids. This finding is in accordance with the results reported by Cabezas, which lends further
credence to the stability of hydroperoxides over VHP, both kinetically and thermodynamically[37].

It has been established that the reaction between CH:00 and formic acid yields
hydroperoxymethyl formate (HPMF), which subsequently undergoes dehydration to formic acid
anhydride (FAA)[38]. The findings of the present study demonstrate that HPMF is more stable at
room temperature. This suggests that the bimolecular reaction products of SCI and organic acids are
not short-lived as originally thought, but are more condensable than the reactants and have lower
vapor pressures. This property is more conducive to SOA formation.

The internal energy changes in the reaction pathway were quantified, with the following
definitions: stabilization energy (Eswb), representing the energy difference between the pre-reaction
complex and the reactant; activation potential (Ea), representing the energy difference between the
transition state and the pre-reaction complex; and reaction energy (AE), representing the energy
difference between the product and the reactant, as shown in Table 2. It has been demonstrated that
the bimolecular reaction between SCI and organic acids can be carried out spontaneously at room
temperature. Furthermore, the activation potential for the reaction of cis-SCI is higher than that of
trans-SCI, and the change in reaction energy tends to decrease with the increase in the number of
methyl substituents in the reactants. In addition, the reaction energy of cis-SCI is lower than that of
the trans-structure. This is attributable to the increased stability provided by the presence of methyl
substituents, while the cis structure exhibits greater stability in comparison to the trans structure due
to ring tension.

Table 2. The following tables present the stabilization energies, activation barriers and reaction energies (in

kJ/mol) for the biomolecular reaction between SCI and organic acid at a temperature of 298 K.

Reaction Estab E. AE
CH200+CHOOH -46.066 16.640 -205.430
syn-C+CHOOH -81.091 51.899 -180.447
anti-C-+ CHOOH -59.583 27.113 -201.992
(CH5)2COO+ CHOOH -62.284 33.283 -175.839
CH200+CHsCOOH -47.152 16.152 -206.577
CH200+C2H4On -36.120 19.291 -178.809

The structural changes of SCI with organic acids during the reaction are shown in Figure 3, from
a-f representing the reactions CH.00 + CHOOH, syn-CH:CHOO + CHOOH, anti-CH:CHOO +
CHOOH, (CHs3)2COO + CHOOH, CH200 + CHsCOOH and CH200 + C:HiOs, respectively. As
illustrated in Figure 1, during the reaction, the distances of the hydrogen and oxygen atoms on the
carboxyl group of the organic acid from the oxygen and carbon atoms at the end of the SCI change,
respectively. In contrast, the other atoms primarily undergo changes in bond angles and dihedral
angles. The distances between the hydrogen atoms on the carboxyl groups of the organic acids and
the SCI-terminal oxygen atoms in the reaction complexes ranged from 1.59-1.69 A, forming more
stable hydrogen bonds. The distances of oxygen and carbon atoms were found to be closer to the
trans SCI, with values ranging from 2.82 to 2.87 A. In contrast, the interatomic distances between the
two atoms of the cis SCI were determined to be 3.18 and 3.17 A. These findings suggest that the trans
SClI is more likely to form a reactive complex with the organic acid. In comparison with the reactants,
the bond lengths within the two fragments of the reactive complexes remain relatively constant, with
hydrogen bonding primarily responsible for maintaining structural stability.
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As the reaction occurs, the reaction structure reaches the transition state, which is defined as the
highest energy point on the reaction path. The interaction of the two molecules in the transition state
becomes closer, and the hydrogen and oxygen atoms on the carboxyl group of the organic acid are
further distanced from the oxygen and carbon atoms at the end of the SCI, respectively. It is evident
that the distances between the hydrogen and oxygen atoms decrease in proportion to the increase in
the number of carbon atoms. Concurrently, the distances between the oxygen and carbon atoms
increase in proportion to the increase in the number of carbon atoms. Furthermore, the cis
isomerization is closer to the interatomic distances than the trans isomerization.

The formation of new bonds is indicative of the creation of the reaction product, as illustrated in
the figure. The formation of new H-O and O-C bonds is evident in the product. The H-O bond length
is measured at 0.97 A, which is considered the standard H-O chemical bond length. The O-C bond
length increases with the complexity of the product.

1.42

Q ______ 286J

0.97

1.44

1.44
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Figure 3. The structural and bond length alterations that occur during the biomolecular reaction between SCI
and organic acid are illustrated from left to right by the reaction complex, transition state and product. The
following reactions were investigated: (a) CH200 + CHOOH; (b) syn-CHsCHOO + CHOOH; (c) anti-CH:CHOO
+ CHOOH; (d) (CH3)2COO + CHOOH,; (e) CH200 + CH3COOH,; (f) CH200 + C2H4Oa.

3.3. Reaction Rate Calculations

Transition state theory (TST) posits that thermodynamic equilibrium is established between the
reactants and the activated complexes, and that the system undergoes partitioning into products
without reverting to the reactants[39,40]. The fundamental expression is predicated on the partition
function Q, which predicts the reaction rate coefficient at a specified temperature and infinite

pressure. In the case of bimolecular reactions, the following equation can be used:
kTST — 5 kBT Qrs/(NaV) -AV*/(kpT)
7 Th Qa/Navyxes/Nan) ©)
In this equation, ks denotes Boltzmann's constant, h represents Planck's constant, and Qrs, Qa,

and Qs are the coordination functions of the transition state and the two reactants, respectively. Na
signifies Avogadro's constant, V denotes the volume, and AV* represents the height of the potential
barriers. The difference in U of the TS and the reactants is indicative of the reaction path simplicity,
denoted by o. This is defined as the ratio of the number of rotational symmetries of the reactants to
the transition state, and is determined by the molecular point group of the structure.

The quantum effect is responsible for the occurrence of the tunnelling effect, which is defined as
the transmission of particles through a potential barrier, when the particle's kinetic energy is less than
the barrier's potential energy. The effect is more pronounced for lighter particles, particularly in
reactions involving hydrogen transfer, which are not negligible. The tunnelling effect enables the
particle to react without passing through the potential barrier, thereby reducing the reaction
activation energy. This results in an increased reaction rate coefficient. The effect of tunnelling on the
reaction is quantified by calculating the transmission coefficient k (transmission coefficient) in the
TST calculation, and the result corrected for tunnelling can be obtained by multiplying k with the
reaction rate coefficient obtained by TST.

In this paper, the Skodje-Truhlar method is employed to obtain the transmission coefficient[41].
The method delineates two parameters, a and {3:

a=— (10)

T him@w*)
1

B = (11)

- kpT
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When <a,

0= Bl e oe v
When a<p,

K(T) = ﬁ‘%a{exp[(ﬁ —a)(aV* — V)] - 1} (13)

In this theoretical framework, Im(v*) is defined as the transition state imaginary frequency
rate, AV* is expressed as the transition state minus the U of the reactants, and V is assigned a value
of 0 in exothermic reactions and is defined as the product minus the U() of the reactants in absorptive
reactions.

The TST formula, based on the partition function, can be converted to a form based on the free
energy barriers. This alternative form is more convenient to use and has a clearer physical meaning.

An
KTST — 0%(%) e ~AGO%/(kpT) (14)

In the context of an n-molecule reaction, the change in the number of moles is represented by
the symbol An, which is equivalent to n—1. The difference in the standard free energy of the transition
state and the reactant free energy barrier is denoted by AG®*. The gas-phase standard state pressure,
denoted Py, is defined as 1 bar.

The reaction rate coefficients for the bimolecular reactions of SCI with organic acids were
calculated by transition state theory and then compared with the literature values, as shown in Table
3. Itis evident that, in general, the rate of reaction of SCI with organic acids is rapid, with all reactions
exhibiting a rate greater than 10° cm? s. For CHOOH, the fastest reaction is with anti-CHsCHOO,
followed by CH200 and cis SCI. Of the six reactions studied in this paper, CH200 has been found to
exhibit the highest rate of reaction with oxalic acid. It is important to note that, since oxalic acid
possesses two carboxyl groups, and since the reaction can be carried out on any of these groups, the

calculations should be made by multiplying the obtained reaction rate results by a factor of two.

Table 3. The biomolecular reaction rate coefficient between SCI and organic acids has been calculated by

transition state theory and obtained from the literature.

Reaction rate coefficient (cm3s?)

SCI species Organic acids Experimental Theoretical References
CH00 HCOOH (1.140.1) x 10-10 [18]
CH200 HCOOH (1.14+0.06) x 10-10 [42]
CH00 HCOOH 1.87 x 1010 this study
CH200 CHsCOOH (1.3£0.1) x 10-10 [18]

[42] Error! R
CH=:00 CHsCOOH (1.47+0.09) x 10-10 eference source
not found.
CH200 CHsCOOH (1.25+0.3) x 10-10 [43]
CH200 CHsCOOH (1.3£0.3) x 10-10 [44]
CH=00 CHsCOOH 2.09x 10-10 this study
syn-CHsCHOO HCOOH (2.5+0.3) x 10-10 [18]
syn-CHsCHOO CHsCOOH (1.740.5) x 10-10 [18]
syn-CHsCHOO HCOOH 1.59 x 10-10 this study
anti-CHsCHOO HCOOH (5+3) x 1010 [18]
anti-CHsCHOO CHsCOOH (2.5+0.6) x 10-10 [18]
anti-CHsCHOO HCOOH 5.30 x 10-10 this study
(CHs):CHOO HCOOH (3.1+0.2) x 10-10 [42]
(CHs):CHOO CHsCOOH (3.1£0.2) x 10-10 [42]
(CH3)2CHOO HCOOH 1.26 x 1010 this study
CH200 C2HisOn 7.16 x 1010 this study

4. Conclusion
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Organic acids represent a significant component of the atmospheric troposphere, and their
bimolecular reaction with SCI has been identified as a potential catalyst for the formation of
atmospheric SOA. The global atmospheric modelling suggests that the bimolecular reaction between
SCI and organic acids exerts a significant effect on the ambient SCI and acid concentrations in the
regions near the equator and at northern latitudes where human activities are intensive.

In this chapter, a theoretical study of the bimolecular reaction between SCI and organic acids is
carried out by Gaussian 09 quantitative calculations with high accuracy at the CCSD(T)/CBS//M06-
2X/def2-TZVP level. The reactions encompass the bimolecular reactions of CH200 and formic acid,
syn-CHsCHOO and formic acid, anti-CH3CHOO and formic acid, (CHs3)2COO and formic acid,
CH200 and acetic acid, and CH200 and oxalic acid. The structures of these reaction transition states
were found, and the structures of the reaction complexes and products were obtained by means of
reaction coordinate IRC calculations.

Organic acids represent a significant component of the atmospheric troposphere, and their
bimolecular reaction with SCI has been identified as a potential catalyst for the formation of
atmospheric SOA. The global atmospheric modelling suggests that the bimolecular reaction between
SCI and organic acids exerts a significant effect on the ambient SCI and acid concentrations in the
regions near the equator and at northern latitudes where human activities are intensive.

In this chapter, a theoretical study of the bimolecular reaction between SCI and organic acids is
carried out by Gaussian 09 quantitative calculations with high accuracy at the CCSD(T)/CBS//M06-
2X/def2-TZVP level. The reactions encompass the bimolecular reactions of CH200O and formic acid,
syn-CHsCHOO and formic acid, anti-CH3CHOO and formic acid, (CHs3)2COO and formic acid,
CH200 and acetic acid, and CH200 and oxalic acid. The structures of these reaction transition states
were found, and the structures of the reaction complexes and products were obtained by means of
reaction coordinate IRC calculations.

The single-point energies were calculated at the CCSD(T)/cc-pVDZ and CCSD(T)/cc-pVIZ levels
and extrapolated to the results under the complete basis group by the two-point formula. The
thermodynamic quantities were output based on the standard RRHO model, and the thermodynamic
parameters were corrected with a frequency correction factor. The path of the bimolecular reaction
of SCI with organic acids along arbitrary reaction coordinates was obtained by using the variation of
the internal energy of the standing point structure. Analysis of the stabilization energy, activation
potential and reaction energy revealed that the reaction can proceed spontaneously at room
temperature accompanied by a large amount of exotherm. It has been established that the activation
potential barrier for the reaction occurring in cis-SCI is higher than that in trans-SCI, and that the
reaction energy change tends to decrease with the increase of the number of methyl substituents of
the reactants. In addition, the reaction energy of cis-SCI is lower than that of the trans-structure. The
increase in the number of methyl substituents in the substance is indicative of enhanced stability.
Conversely, the cis structure is more stable than the trans structure due to reduced ring tension.

The alterations in the reaction structure of SCI and organic acid bilayers are predominantly
manifested in the oxygen and carbon atoms at the terminus of SCI and the hydrogen and oxygen
atoms on the carboxyl group of the organic acid. As the reaction progresses, the H-O bond of the
organic acid is broken, the hydrogen atom forms a new hydrogen bond with the terminal oxygen
atom of SCI, and the oxygen atom forms a new C-O bond with the carbon atom of SCI, ultimately
forming hydroperoxyl esters. It is evident that, due to their high degree of stability, hydroperoxides
are capable of playing a significant role in the formation of SOA.

The article also calculates the rate coefficients of the bimolecular reactions of SCI and organic
acids by transition state theory for CH200 and formic acid, syn-CHsCHOO and formic acid, anti-
CH3CHOO and formic acid, (CH3)2COO and formic acid, CH20OO and acetic acid, and CH200 and
oxalic acid, respectively, with rate coefficients of 1.87 x 109, 1.59 x 1019, 5.30 x 10-19, 1.26 x 10-19, 2.09x
10%and 7.16 x 10°cm?s’, respectively. All reactions were found to occur at extremely rapid rates. In
the case of reaction with CHOOH, anti-CHsCHOO was found to be the most rapid, followed by
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CH:200 and cis-SCI. In the present study, the rate of reaction of CH200 with oxalic acid was found
to be the fastest among the six reactions examined.

Supplementary Materials: The following supporting information can be downloaded at the website of this

paper posted on Preprints.org.
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