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The precise and rapid exploration of transition states (TSs) is a major challenge when studying atmo-
spheric reactions due to their complexity. In this work, a Monte Carlo Transition State Search Method
(MCTSSM), which integrates Monte Carlo sampling technique with transition state optimization methods
using an efficient computer script, has been developed for transition state searches. The efficiency and the
potential application in atmospheric reactions of this method have been demonstrated by three types of

Keywords: test suits related to the reactions of atmospheric volatile organic compounds (VOCs): (1) OH addition, (2)
xf;lgipchfrls OH hydrogen-abstraction, and (3) the other reactive group (e.g. Cl, O3, NO3), especially for the reaction of
VOCs B-pinene-sCI (stabilized Criegee Intermediates) with water. It was shown that the application of this
Bimolecular reactions method with effective restricted parameters has greatly simplified the time-consuming and tedious man-
OH radical ual search procedure for transition state (TS) of the bimolecular reaction systems.

Aerosol © 2015 Elsevier B.V. All rights reserved.

1. Introduction

Volatile organic compounds (VOCs) are essential components of
tropospheric chemistry and play a critical role in atmospheric
chemistry [1-4]. Goldstein and Galbally estimated that there were
10,000 to 100,000 different organic compounds in the atmosphere
[3]. Each VOC can produce a series of oxidized products through a
number of atmospheric degradation processes. The products
formed in the subsequent chemistry processes can contribute to
secondary organic aerosol (SOA) formation and growth [5-7] and
will thus directly impact air quality and the global climate
[8-10], as well as human health and the environment [11-13].
The reactions of VOCs are primarily initiated by OH, O3, NO3, and
Cl oxidants [14]. Among of them, the hydroxyl radical (OH) is
particularly important because it controls the removal of most
atmospheric pollutants, such as carbon monoxide (CO) and VOCs
[15,16]. These reactions are often accompanied by a series of sub-
sequent oxidation steps, such as alkyl, alkoxy, alkylperoxy and
Criegee intermediates reactions, which make the chemical trans-
formation mechanisms very intricate [1]. It is usually difficult to
obtain a clear picture of various reaction channels simply from
experimental studies and generally requires theoretical explana-
tion or predication.
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To explore reaction processes, where the rate-determining step
is particularly important, the elusive transition state structures
must be found. A transition state (TS) which can be determined
by searching for the first-order saddle points on potential energy
surfaces (PES), is the state corresponding to the highest energy
along a particular reaction coordinate and is essential for analyzing
the reaction path and rate. Usually, the determination of a TS is
performed via manual searching, which begins from guessing a
possible structure based on the reactant and product configura-
tions. The performance of manual searching typically requires
one should be familiar with the reaction mechanism and with good
chemical intuition. However, this is not true in most cases, espe-
cially for those unknown chemical reactions. In addition, chemical
reactions may contain multiple transition state structures and a
variety of intermediates exist on the reaction pathways due to
the complexity of the reaction systems. Even researchers special-
ized in chemical reactions may have difficulty in finding out all
transition states. To determine the correct transition states is usu-
ally a tedious, time-consuming, and error-prone process. Therefore,
a systematic and effective TS search method is urgently needed for
the automatic exploration of transition state structures.

In this work, we developed a simple and efficient method called
Monte Carlo Transition State Search Method (MCTSSM) which
combines the Monte Carlo sampling technique and the TS opti-
mization methods to determine the transition states of complex
atmospheric reactions. Similar to our successful Basin-Hopping
(BH) method with the Monte Carlo sampling technique and a local
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optimization method to obtain global minimum structures of
atomic and molecular clusters [17-25], the MCTSSM method start-
ed from a Monte Carlo randomly generated initial guess based on
the reactant configurations, and the initial guess was then opti-
mized via local TS optimization methods implemented in quantum
chemistry package like Gaussian [26]. MCTSSM can be combined
with Gaussian 09 [26] or DMol® [27,28]. In principle, any TS opti-
mization algorithm implemented in Gaussian or DMol® can be
employed in combination with the MCTSSM method. In the pre-
sent work, we chose the default Berny optimization algorithm
[29] implemented in Gaussian 09 for TS optimization. To save com-
putational cost, Hartree-Fock (HF) theory and Density Functional
Theory (B3LYP) with small basis set were chosen for initial TS opti-
mization. Then, all the TSs found from MCTSSM using HF or B3LYP
were re-optimized using the higher-level theory recommended in
the relevant literature for a particular system.

Many different strategies for finding TS have been suggested
[29-43]. The MCTSSM presented here differs from previous efforts
in two ways: (1) The Monte Carlo sampling technique and TS opti-
mization method (which is implemented in widely used quantum
chemistry package like Gaussian) are integrated via a computer
script. This manner is flexible and allows for changes to the script,
suggesting it can be easily improved in the future. (2) The initial
guesses are generated via Monte Carlo random sampling with sim-
ple parameters, and this gives the guarantee to find enough TSs.
The MCTSSM strategies on the combination of Monte Carlo sampling
technique and TS optimization method are summarized in Section 2.
Then examples of applications of the method are discussed in Sec-
tion 3. The reactions of OH radicals with the general atmospheric
VOCs are primarily considered to be the test suites. Other attack
group reactions, such as O3, NO3, Cl and H,0, are also studied. Addi-
tionally, the reaction of B-pinene-sCI (stabilized Criegee Intermedi-
ates) with water is chosen as a new system for testing.

2. Methods

Our successful Basin-Hopping method has been widely used on
structure exploration of atomic clusters and molecular clusters
[17-25]. Here we present a new method applying a Monte Carlo
sampling technique and TS optimization method for automatically
searching the TS for resolving complex atmospheric reactions. To
start TSs searching, only the reactant structures are needed as ini-
tial inputs for the Monte Carlo random sampling; a priori knowl-
edge of the products is not required. Fig. 1 shows the flowchart
of the method. The method for finding TSs can be summarized as
follows:

(1) Input the known reactants structure (Cartesian coordinates
of reactant A and reactant B) and some simple parameters.
(Sampling parameter R represents an initial distance
between atoms, M represents the number of TS searches.)

(2) Start from the given reactants structure, the initial random
guess is generated automatically via Monte Carlo sampling.

(3) Invoke Gaussian 09 (or other quantum chemistry package)
to optimize the initial guess with the key words “opt = (ts,
calcfc, maxcyc =500) freq” in our script and calculate the
frequency with low-cost electronic structure methods such
as HF or DFT (method and basis set are set by the users in
step (1)).

(4) Read the output frequencies. If the list of output frequencies
has only one imaginary frequency (IF), then the optimized
geometries with sampling parameter R=R’ are saved, and
R =R replaces R = Ry as the initial distance in the next cycle.
If not, sampling continues with parameter R = Ry until the
structure with only one IF is found.

Input reactant structure X,
sampling parameter R (R=R),
transition state(TS) number M

v

Monte Carlo Sampling )
by sampling parameter [¢—
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Fig. 1. Flowchart of the Monte Carlo Transition State Search Method (MCTSSM).

(5) Terminate the search. The TS searching number M is set to
terminate the search. M defined by the user is based on
the size of the system.

Sampling parameters are very important. The efficiency of the
MCTSSM depends heavily upon the effective sampling. The initial
guess generated via Monte Carlo sampling is completely random,
thus structures taken from Monte Carlo (MC) sampling are often
deviate from true TSs. As a result, the self-consistent field (SCF)
or TS optimization calculation often fails to converge, which adds
additional cost for finding the true TSs. Therefore, we introduced
some reasonable empirical parameters to constrain traditional
MC sampling. Such a sampling is not completely random and we
call it “restricted” or “constrained” MC sampling. “Restricted” MC
sampling can generate “higher quality” initial guesses which prob-
ably are located in the limited zone near the true TS.

Different from traditional Basin-Hopping (BH) method, which
allows each atom to move independently, here we consider that
the reaction system consists of two molecules, that is reactant A
(such as OH radical) and reactant B (such as dimethyl ether). Gen-
erally, we designated reactant A (such as OH radical) as attacking
molecule which attacked towards reactant B and rotate randomly
around B (such as dimethyl ether), but the relative positions of
atoms in A are fixed, and it is the same for molecule B. So the
MCTSSM moves each molecule as an entirety, and that is to say,
the relative positions of atoms in the same molecule are kept fixed.
Sampling parameter R represents an initial distance between
atoms which has been defined in step (1). In principle, there are
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N(N — 1)/2 distances R;; between atom i and atom j, where N is the
number of atoms, while not all the N(N — 1)/2 R;; are considered.
For a specific reaction system, we can also designated atom i from
reactant A as attacking atom and atom j from reactant B as
attacked atom, which makes the initial guesses close to the zone
near the true TS more easily. For example, in the H atom abstrac-
tion reaction of 1-Butene + OH, the attack atom is O from OH radi-
cal and the attacked atom is H from 1-Butene molecule.
Separations between atom i and atom j that are too larger or too
small will result in a failure of the optimization and require addi-
tional computation cost. Typically, Ry is an initial approximate val-
ue that is often set between 1.0 and 2.0 A. For example, if the Ry is
set to 1.2, then the MCTSSM started random sampling around the
distance of 1.2 A, such as 1.19, 1.18 or 1.21. After TS optimization, if
the program found the structure with only one IF. Then the opti-
mized structural parameter R’ (such as R’ =1.23) will be saved
and R =R’ replaces R =Ry as the initial distance in the next cycle.
The rough Ry is adjusted to the appropriate value. In other words,
the sampling parameter R is adaptive. However, it will take much
more time for MCTSSM to get the appropriate value and the effi-
ciency of searching reduced greatly if the Ry deviate too far from
the optimal value. For not missing some important TSs, we often
perform MCTSSM for several runs with different Ry. Using this
strategy, our method could find TSs more easily and quickly. The
TS searching number M is defined to terminate the search. For
example, if M = 10, the program does not stop running until it finds
10 TSs. However, if the value of M is large enough, the program will
repeatedly find the same TSs, and if M is set to only 1, many TSs
will be lost. To solve this issue, we can perform MCTSSM for several
runs until no new TS structures are found. In this study, three
searches have been performed and the value of M ranges from
small to large (Table 3). The total number of the different TSs found
is obtained from three searches which guarantees not missing
some key TSs.

MCTSSM can be combined with Gaussian 09 and invokes TS opti-
mization algorithm implemented in Gaussian 09 in step (3). To find
the transition states within a short period of time, low-cost electron-
ic structure methods were selected for initial TS searches. Higher-
level calculations usually give higher accuracy but come at a

significantly higher computational cost. Thus, for our TS search
method, HF and B3LYP levels of theory were chosen for TS initial
optimization and frequency computation. TSs obtained from HF
and DFT methods with small basis set are rough structures and
further higher-level structural optimization should be followed. To
verify the TSs found by MCTSSM, all the TS structures were re-
optimized using the higher-level theory recommended in the rele-
vant literatures. Cartesian coordinates of all the TS structures
obtained in the initial search from MCTSSM and the re-optimized
TS structures at a higher level can be found in Supplementary
material.

3. Results and discussions

The following three types of test suites consisting of 13 reac-
tions were chosen for verifying the utility of MCTSSM, as summa-
rized in Tables 1 and 2. The size of the test system ranges from 7 to
30 atoms. Basis sets ranging from 3-21G to 6-311++G(d,p) are used
along with either wave function theory (HF) or density functional
theory (B3LYP). In each case, simple input parameters were used
(i.e., one structure of reactant A + reactant B, sampling parameters,
and a TS optimization method), and a wide variety of TSs were
rapidly found. To confirm the structures obtained from MCTSSM
searches, all the TSs were re-optimized using the level of theory
suggested in the relevant references (Tables 1 and 2). Cartesian
coordinates of all the TSs obtained in the initial search from
MCTSSM and the re-optimized TSs at a higher level afterward, as
well as the vibrational frequencies of them can be found in Supple-
mentary material. The number of Monte Carlo samplings, the num-
ber of TSs found, and the average time are listed in Table 3. As
shown in Table 3, over 50% initial guesses generated by restricted
Monte Carlo sampling lead to successful TSs for most reactions.
The number of TSs found is determined by the parameter M (TS
searching number) set by the users. However, among the struc-
tures found, some of them are identical or wrong TSs by checking
the imaginary frequency vibrational modes and intrinsic reaction
coordinate (IRC) calculations. The number of unique TS structures
is given in parenthesis (Table 3). For example, in the case of the

Table 1
Test suite of OH radical reactions used for MCTSSM.
OH-initiated reaction Number of atoms Initial search Further TS optimization Ref.
Basis set Theory Basis set Theory
DME H atom abstraction 9 6-31G UHF 6-311++G(d,p) MO05-2X 50
Skew-1-butene H atom abstraction 14 6-31+G(d) UHF 6-311G(d,p) BH&HLYP 52
Syn-1-butene H atom abstraction 14 6-31++G(d,p) UHF 6-311G(d,p) BH&HLYP 52
Pinonaldehyde H atom abstraction 30 6-31G UHF 6-31Gx MP2 60
Halogen substituted propene OH addition 11 6-31G UHF cc-pVTZ BH&HLYP 63
B-pinene OH addition 28 6-31G UHF 6-31G(d) MP2 62
Table 2
Test suite of other attack group reactions used for MCTSSM.
Other attack group reactions No. of atoms Initial search Further TS optimization Ref.
Basis set Theory Basis set Theory
CH3CN + Cl - CH,CN + HCl 7 3-21G UHF 6-311G(d,p) BH&
HLYP 7
H,S + NO3 — HNO3 + SH 7 6-31G UHF 6-311++G(3df,3pd) B3LYP 71
H,S + NO3 — H,SO + NO, 7 6-311++G(d,p) UB3LYP 6-311++G(3df,3pd) B3LYP 71
Ethylene + O3 — POZ 9 6-31G RHF 6-311G(2d,d,p) B3LYP 72
Isoprene + O3 — POZ 16 6-31G RHF 6-311G(2d,d,p) B3LYP 72
B-pinene-CI1 + H,O — CgH4C(OH)OOH 28 6-31 + G(d) RHF 6-311 + G(2d,p) MO06-2X This work
B-pinene-CI2 + H,O — CgH14C(OH)OOH 28 6-31 +G(d) RHF 6-311 + G(2d,p) MO06-2X This work
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Performance of MCTSSM integrates Monte Carlo sampling technique with TS optimization algorithm.

Reaction 1 2 3 Average time
NO. of NO. of TS NO. of NO. of TS NO. of NO. of TS (min)
samplings® found® samplings® found” samplings® found”

DME H atom abstraction 4(75%) 3(3) 8(75%) 6(3) 16(56%) 9(3) 5

Skew-1-butene H atom abstraction 16(50%) 8(8) 21(76%) 16(8) 37(65%) 24(8) 7

Syn-1-butene H atom abstraction 10(80%) 8(8) 23(70%) 16(10) 30(80%) 24(10) 26

Pinonaldehyde H atom abstraction 22(73%) 16(13) 38(60%) 23(16) 42(71%) 30(16) 60

Halogen substituted propene OH 6(50%) 3(2) 8(75%) 6(2) 12(75%) 9(2) 8

addition

B-pinene OH addition 4(100%) 4(2) 10(80%) 8(4) 16(75%) 12(4) 41

CH3CN + Cl H atom abstraction 2(100%) 2(1) 4(100%) 4(1) 8(75%) 6(1) 1

H,S + NO3 H atom abstraction 4(50%) 2(1) 5(80%) 4(1) 10(60%) 6(1) 5

H,S + NO; O atom abstraction 4(50%) 2(1) 6(67%) 4(1) 11(73%) 8(1) 120

Ethylene ozonolysis 4(100%) 4(1) 9(89%) 8(1) 14(86%) 12(1) 2

Isoprene ozonolysis 6(67%) 4(1) 13(62%) 8(2) 19(63%) 12(2) 11

B-pinene-CI1 water addition 7(57%) 4(2) 14(57%) 8(4) 18(67%) 12(4) 36

B-pinene-CI2 water addition 8(50%) 4(2) 13(62%) 8(4) 16(75%) 12(4) 38

@ Initial guesses (%) of the total number of samplings converge to the TSs is in parentheses.

> The number of unique TS structures is in parenthesis.

¢ The average time of MCTSSM spends in finding every TS structure. Computations were performed using 2 core.
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Fig. 2. Energy profile of the potential energy surface of the OH hydrogen abstractions from dimethyl ether (DME) obtained at the M05-2X/6-311++G(d,p) level. The energies
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H atoms, C atoms, and O atoms are color coded in white, grey, and red, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)

reaction of dimethyl ether (DME) H atom abstraction, upon per-
forming the MCTSSM for the second time, 8 initial guesses were
generated and 6 (3 unique) TS structures were found. Table 3 also
indicates that the calculation time cost increases with number of
atoms and is relevant to the choice of HF or DFT levels of theory.
For instance, the average calculation time of MCTSSM spends on
the H,S+NOs; O atom abstraction reaction at the UB3LYP/6-
311++G(d,p) level is more than that of H,S + NO; H atom abstrac-
tion reaction at the UHF/6-31G level with the same atoms. Various
reactions will be discussed in detail below.

3.1. H atom abstraction reactions

A test suite that consists of 3 OH hydrogen abstraction reactions
was chosen in this study, and the corresponding theoretical meth-
ods and basis sets are summarized in Table 1. For the systems of

the H-abstraction reactions, we designate the attack atom O from
OH radical and the attacked atom H from VOCs. The Ry is often
set between 1.1 and 1.3 A for the H-abstraction reactions. Various
transition state structures from different reaction sites of parent
molecular hydrogen were obtained using the MCTSSM. Moreover,
new TS structures were found (that had not been found in previous
research).

3.1.1. Dimethyl ether (DME)

Ethers are used worldwide and considerable amounts of ethers
are released into the atmosphere. Dimethyl ether (DME) is one of
the most studied ethers that reacts with OH radicals [44,45]. There
are 3 different TSs corresponding to H atom abstractions of dimethyl
ether found in the three runs of MCTSSM (Table 3). The structures of
TSs found are depicted in Fig. 2. From Fig. 2, one can easily observe
that there are two types of H atoms (1-H and 2-H), which are
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Table 4
Reaction barriers relative to isolated reactants electronic energies with zero-point correction (ZPE) included (in kcal mol~') at different levels of theory.
Levels energy kcal mol™' MP2/6-311++G(d,p) B3LYP/6-311++G(d,p) MO05-2X/6-311++G(d,p) MO06-2X/6-311++G(d,p)
DME-TS1 5.916 —1.650 1.696 1.517
DME-TS2 4478 —5.282 —0.068 -0.134
DME-TS3 5.064 —4.948 0.782 0.582
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categorized by their positions. The earliest calculation by Good and transition states with the reaction occurring with out-of-plane and
Francisco [46] identified a single transition state for this H atom in-plane geometries. Atadinc et al. [48] and El-Nahas et al. [49] were
abstraction. Subsequent calculations [47-49] recognized two able to differentiate between two different out-of-plane abstraction
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pathways corresponding to DME-TS2 and DME-TS3 (Fig. 2). It can be
seen that, just for the relative simple reaction system, researchers
could hardly find out all transition states easily. It is very inspiring
that our code can find all of the three TSs when running only once
(see Table 3). The energy of a TS structure has a considerable impact
on rate constants; if a TS structure is missed, it may lead to a large
discrepancy between the calculated rates constants and the mea-
sured rates constants. The transition states of DME + OH searched
using MCTSSM were further optimized at the MO05-2X/6-
311++G(d,p) level. The geometries of DME-TS1 and DME-TS2 are
in agreement with those reported in the literature [50]. We also
labeled out the electronic energies with the zero-point energy
(ZPE) correction of DME TSs. The energies of DME-TS1, DME-TS2,
and DME-TS3 relative to the energies of reactants are 1.696 kcal/-
mol, —0.068 kcal/mol, and 0.782 kcal/mol, respectively.

The three transition states identified for OH + DME reported by
Carr et al. [51] are connected by internal rotation and are not inde-
pendent. DME-TS1 and DME-TS3 are conformers of the lowest-en-
ergy saddle point DME-TS2 [51]. The aim of our method is to find
the transition states as many as possible including different con-
formers of the transition state, and the code is proved useful and
effective. To verify the geometry of DME-TS3, the TSs were also
optimized at the MP2/6-311++G(d,p), B3LYP/6-311++G(d,p), MO05-
2X/6-311++G(d,p) and M06-2X/6-311++G(d,p) theory levels. The
single-point energies with zero-point correction (ZPE) included of
TSs at the various levels are listed in Table 4. It can be seen that
DME-TS3 is closer in energy to DME-TS2 than that of DME-TS1 at

various theoretical levels (MP2, B3LYP etc.). This is due to that
the minor difference between DME-TS2 and DME-TS3 caused by
the orientation of the OH group.

3.1.2. 1-butene

Butene is the smallest alkene that possesses isomers. For
1-butene, there are two rotational conformers in skew (C;) and
syn (C;) forms, respectively. We selected skew-1-butene and syn-
1-butene for testing; the results are shown in Figs. 3 and 4, respec-
tively. Because each conformer contains eight different hydrogens
(allylic, vinylic and alkyl hydrogens) according to their different
positions, the transition state structures that were searched using
MCTSSM were found to include eight TS structures (at least) for
each conformer. Interestingly, when we increased the transition
state searching number (M), the program found more structures
regarding the hydrogen atom H-10 and H-11 in the reaction of
syn-1-butene with OH. TS3 and TS5 of syn-1-butene with OH were
not found in the first search maybe M was not sufficiently large.
The TS1 and TS2 in the reaction of syn-1-butene with OH displayed
in Fig. 4 are consistent with the prediction from the theoretical
studies by Sun and Law [52]. As they discussed, TS1 is an OH rota-
mer of TS2. Similarly, TS3 and TS5 are OH rotamers of TS4 and TS6,
respectively, which were not mentioned previously.

3.1.3. Pinonaldehyde
o-pinene is one of the most abundant terpenes emitted into the
troposphere, and pinonaldehyde (C;oH;60;) is the main oxidation
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product of a-pinene [53,54]. Pinonaldehyde has a several-hour life-
time and will react with OH and NOjs radicals [55,56]. There are
already several experimental and theoretical investigations on
the reactions of pinonaldehyde with OH radicals [57-60]. We
chose the pinonaldehyde (C;0H;60-) H atom abstraction reaction
by the OH radical for testing. In the first run of MCTSSM, the num-
ber of initial guesses by Monte Carlo sampling was 22, and 73% ini-
tial guesses converged successfully with one imaginary frequency.
However, there were some duplicate structures and 13 different
TSs were found (Table 3). In the second run, the 3 more different
TSs were found. In the third run, 16 different TSs were found as
the same as the second run. All the 16 different TSs are presented
in Fig. 5. Due to the large size of the reaction system which con-
tains 30 atoms, it spent much more time to find the exact TSs than

H;r e,

the small reactions (Table 3). All the TSs searched at HF/6-31G level
were further optimized at MP2/6-31G*.

3.2. OH radical addition reactions

OH radical addition is a typical and important reaction in atmo-
spheric chemistry, and most transition states in such reactions are
formed with an OH attack on the double bond. A series of reaction
systems, from simple to complex, have been chosen for test. We
designate the attack atom O from OH radical and the attacked atom
C from VOCs. The R, is often set between 1.6 and 1.8 A for the OH
radical addition reactions. The transition states obtained using
MCTSSM are in good agreement with previous theoretical studies
for the clear addition sites [61-64]. Particularly important is that

2.

o’o
H e

LY

Fig. 7. Transition state structures corresponding to Cl, NOs, H,S and Os attack on acetonitrile, NO3, H,S and alkenes calculated using MCTSSM at the HF/3-21G, HF/6-31G,

B3LYP/6-311++G(d,p), and HF/6-31G levels of theory, respectively.
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Fig. 8. Structure optimizations of reactants, transition states, and products were calculated at the M06-2X/6-311+G(2d,p) level. Initial TSs searching of B-pinene sCI1+H,0
were performed at the HF/6-31+G(d) level. For convenience, H atoms, C atoms, and O atoms are color coded in white, grey, and red, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

the desired transition state structures were found within a very
short time, and the method only requires reactant structures as
prerequisites.

3.2.1. Halogen-substituted propene

Hydrochlorofluorocarbons (HCFCs) have small but non-negligi-
ble ozone depletion potentials because they contain chlorine [65].
However, due to the efficient scavenging of HCFCs by OH radicals
in the troposphere, the ability of HCFCs to destroy stratospheric
ozone is negligible [63]. OH radicals react with unsaturated HCFCs
primarily via OH radical addition to the C=C double bond. The
reaction of CF3CClI=CH, with OH was chosen for testing, and the
corresponding transition structures of OH radical addition to
halogen-substituted propene are shown in Fig. 6(A). The geometries
of TSs were found with low-level theoretical methods and a small
basis set. TS structures were further optimized at the BH&HLYP/
cc-pVTZ level of theory, and the results are in agreement with the
literature [63].

3.2.2. B-pinene

Biogenic VOCs play a dominant role in the chemistry of the low-
er troposphere and atmospheric boundary layer [66]. As one of
most abundant terpenes in the troposphere, B-pinene contributes
significantly to the origin of tropospheric ozone and fine organic
aerosols [61,62]. The degradation of pinenes is initiated primarily
by OH radical addition to the C=C double bond [61]. Fig. 6(B)
shows the geometries of TS structures corresponding to four
pathways. These transition states obtained at the HF/6-31G level
using MCTSSM were further optimized at the UMP2/6-31G(d) level
(Table 1). It is shown that the optimized TS structures are in
agreement with the literature [62].

3.3. Other attack group reactions

To further test MCTSSM, we chose other common attack groups
in the earth’s atmosphere such as chlorine, NOs, O3, and H,0
[67-72]. We did not specify the attack atom and the attacked atom
for other attack group reactions. The optimal Rg value is unknown
for us and we only guess an initial rough value. All of the TSs found
when performing MCTSSM for several runs with different Ro. The
corresponding reactions, theoretical methods and basis sets are
given in Table 2. It is noteworthy that the reactions of B-pinene sta-
bilized Criegee Intermediates (B-pinene-sCI) + H,0, to the best of
our knowledge, have not been studied. For the simple reaction of
chlorine with acetonitrile, it takes only an average of 1 min to find
the transition state at the HF/3-21G. We also applied the HF/3-21G
level search for an NO3; hydrogen abstraction reaction with H,S,
and MCTSSM ran three times for repeat searching but could not
find the transition states. Thus, we changed the basis sets from
3-21G to 6-31G and found the desired TSs. For the H abstraction
from H,S by O, we attempted to find the corresponding transition
states using the same Hartree-Fock (HF) method. However, it was
difficult to find the desired transition states. B3LYP-DFT method
was chosen instead of HF which has been used before, and was
proved to be effective in finding the transition state. Therefore,
for different reaction systems, one needs to select the appropriate
method and basis set. Usually, low-level theoretical methods and a
small basis set for the initial search are suggested in order to com-
plete the transition state structures search in the shortest amount
of time. The transition state structures of other attack group reac-
tions such as NOs, H,S, and O3 are shown in Fig. 7.

Criegee intermediates (carbonyl oxides) are key intermediates
in the ozonolysis of alkenes in the atmosphere. There have been
many studies on the bimolecular reactions of stabilized CI (sCI)
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Fig. 9. Structure optimizations of reactants, transition states, and products were calculated at the M06-2X/6-311+G(2d,p) level. Initial TSs searching of B-pinene sCI2+H,0
were performed at the HF/6-31+G(d) level. For convenience, H atoms, C atoms, and O atoms are color coded in white, grey, and red, respectively. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this article.)

with NO,, SO,, and CO [73-76], and most are small sCI (one to four
carbon atoms). Small CI such as CH,00 will not be stabilized to a
significant extent at atmospheric pressure, while larger CI with
more carbons can be stabilized [1]. The reaction of sCI with water
is often considered a major loss process for an atmospheric sCI in
most instances. B-pinene-sCl are relatively heavily substituted
Criegee intermediates and stabilize for approximately 40% at
1 atm. pressure [77]. Therefore, to learn the fate of B-pinene-sCI
in the atmosphere can be very important.

It is well known that when sCI reacts with water, a-hydroxy
hydroperoxides are primarily generated [74,78,79]. The reactions
of the stabilized Criegee intermediate and H,O which produce
o-hydroxy hydroperoxides proceed as shown in reactions (1a)
and (1b) [79]:

R, /o H“o"H“
— R, ¥ O
>‘° M (1a)
Rz R2
RC
#
H H
H__H
RO 0 Mot R, ono/ou
g — NP >L 1b
>—o 0 |7 g (1b)
Rz R2
TS

For B-pinene-sCI, there are two isomers, anti-sCl and syn-sCl. To
improve the searching efficiency for the complex reactions, we des-
ignated O atom from water as the attack atom and C atom from
Criegee intermediate as the attacked atom. The MCTSSM found 4
transition states for each isomer. Further structure optimizations
of the transition states were calculated using the Density Functional
Theory (M06-2X) method with the 6-311+G(2d,p) basis set. The
corresponding TS structures are shown in Figs. 8 and 9. To confirm
that the transition states connect the hydroxy-hydroperoxide chan-
nel, intrinsic reaction coordinate (IRC) calculations were performed
at the M06-2X/6-311++G(2d,p) level, and the products were used to
verify the correct transition states that connect the hydroxy-
hydroperoxide reaction path. The corresponding hydroxy-hy-
droperoxide products calculated at the MO06-2X/6-311++G(2d,p)
level are also listed in Figs. 8 and 9. They were obtained by optimiz-
ing the final structures from IRC calculations at the products side.

4. Conclusions

In this work, an efficient method called MCTSSM for transition
states searching by combing the Monte Carlo sampling technique
with a transition state optimization method has been presented.
It provides a new approach to automatically find TSs in an efficient
manner via a computer script and with simple input parameters
not heavily reliant on human intuition. The introduction of some
effective constraints such as Ry can greatly increase the efficiency
of the MCTSSM for specific reactions such as OH addition reactions.
The ability for the TS searching is demonstrated in three types of
test suits related to the reactions of atmospheric volatile organic
compounds (VOCs): (1) OH addition, (2) OH hydrogen-abstraction,
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and (3) the other reactive group (e.g. Cl, O3, NOs3). As shown in the
present study, MCTSSM is very powerful in the systematic TS
search for atmospheric reactions. The method could not only find
the structures of TSs previously reported, but find some new TSs
within a short period of time. The potential application in atmo-
spheric reactions of this method has been further demonstrated
by studying the reaction of pB-pinene-sCI (stabilized Criegee Inter-
mediates) with water, which has not been reported.

The MCTSSM can be easily combined with many quantum
chemistry packages such as the Gaussian, DMol?, and so on. In this
work, Berny optimization algorithm implemented in Gaussian 09
has been invoked for TS optimization. In the future, some other
TS optimization algorithms implemented in quantum chemistry
packages will be employed in our method. At present, MCTSSM
focuses on atmospheric bimolecular reactions. Unimolecular reac-
tions such as isomerization or elimination, and the three-body
reactions involvement of the third body such as H,O and HCOOH
as a proton transfer catalyst are not considered and will be imple-
mented soon.
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