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Abstract. The gas phase reaction between dimethylsulfide (DMSO) and hydroxyl rad-
ical (OH) without and with a single water molecule are investigated employing the
quantum chemical calculations at the b3lyp/aug-cc-pvtz and mp2/aug-cc-pvtz levels
of theory, respectively. We have been given five paths of OH radical with DMSO (A
, B, C, D and E). The geometries and computed energies not only indicate that water
molecule produces a catalytic effect for path A and path B, but produces a negative ef-
fect for path C, path D and path E. We also give the rate constants to support the above
result. We can draw the conclusion that water molecule can influence the reaction
process, through forming new molecular compounds.

PACS: 31.15.A-,31.15.E-, 34.50.Lf
Key words: water molecule, catalytic, rate constant, reaction mechanism

1 Introduction

Dimethyl sulfoxide (DMSO) is an important intermediate product of dimethyl sulfide
(DMS) in the atmosphere and has been observed in marine atmosphere [1-6]. In addition,
the dimethyl sulfoxide (DMSO) is produced in the reactions of dimethyl sulfide (DMS)
with other surrounding compounds such as OH, CIO, BrO, and 1O [7-9]. Furthermore,
dimethyl sulfoxide (DMSO) has been identified as a great importance compound to be
released into the atmosphere by ocean phytoplankton [10-15]. It’s the largest natural
contributor of sulfur in the troposphere and plays the major role in the global sulfur cycle
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[16-21]. Therefore, dimethyl sulfoxide (CH3S(O)CHs) can make significant influence on
the earth’s radiation balance and climate system.

Dimethyl sulfoxide (DMSO) can react with many common oxidants such as O3, OH,
CIO, Cl and NOs in the gas phase [22-26]. In the troposphere, the most important day-
time oxidant is the hydroxyl radical (OH) [27, 28] and the night principal oxidant is NOs
radicals [29, 30]. The reactions of DMS and DMSO with OH in the gas-phase is the fo-
cus of many researchs and a large amount of data has been given both experimentally
[31-38] and theoretically [39-46]. It suggested that the reaction of gas-phase can occur
in two distinct pathways: addition-elimination process and hydrogen abstraction pro-
cess with distinct reaction products. The products of hydrogen abstraction process is
CH3SOCH, (DMSO*) + H,O. The H-abstraction channel for the reaction between DMSO
and OH radical have been studied in the absence and presence of a single water molecule
by Jergensen et al. indicating that adding a water can stabilize the transition state and
lower the reaction barrier [39]. Water is an important component of earth’s atmosphere.
Many studies have shown that a single water molecule can serve as a catalyst for some
gas-phase reactions [47-63]. Water molecule can affect the reaction process through form
hydrogen bonded complexes with other molecules such as O3 ---H,O [64], HNO;3---H,O
[65], SO3---Hy0 [66], CH3CHO- --H,O [67] and HySOy - --HO [68] in the atmosphere. Be-
yond that there is study proved that the concentration of the HO---H;O complex in the
tropospheric is estimated to be 5.5x 10~* molecule cm 3 [55]. It's necessary to take a deep
knowledge that water vapor plays in gas phase reactions and the reaction of HO---H,O
with DMSO also should be taken into account.

Path A, path B, path C, path E and path D have been studied in previous literatures
[24, 37-39] ,but there aren’t reports for the path B, path E and path D with water. In this
work we will analyze the formation of hydrogen-bonded complexes between DMSO and
OH in presence of one water molecule and give five paths ( path A, path B, path C, path
E and path D) of the reaction by OH radical with DMSO. In addition, we will report the
results of the investigation of reactions A, B, C, D and E and give the rate constants. At
last, a kinetic study will be reported, the five paths reactions results without water are
compared with those with water, respectively, to illustrate the catalytic effect of a single
water . The reaction of DMSO and OH with an single water (reactions A, B, C, D and E)
as follows

DMSO:--H,0 (C1A)+OH—DMSO*+2H,0O  (1A)
DMSO- --H,O (C1B)+OH—DMSO*+2H,O  (1B)
DMSO- --H,0 (C1C)+OH—DMSO*+2H,0  (1C)
DMSO-: --H,O (C1A)+OH—CH3SO(OH)+CH; (1D)
DMSO- --H,0 (C1A)+OH—CH;SO+CH;0H  (1E)
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2 Computational details

All the electronic structure calculations are performed using the Gaussian 09 programs
[69]. The geometric structure of all the reactants, pre-reactive complexes(M), transition
states (TS), product complexes (PC) and products are optimized at the b3lyp/aug-cc-
pvtz and wb97xd/aug-cc-pvtz level of theory and the relevant frequencies are calcu-
lated at the same level to prove the characters of the transition states with one imaginary
frequency and desired reactants , pre-reactive complexes, product complexes and prod-
ucts without imaginary frequency. Jorgensen et al. had optimized the similar reaction of
DMSO+OH+H;0 using the b3lyp /aug-cc-pvtz level of theory and the results was excel-
lent agreement with the experimental results [39].

In order to obtain the reliable relative energies, single point energies are refined using
the mp2/aug-cc-pvtz method at the b3lyp/aug-cc-pvtz-optimized geometries. Because
basis sets of the method could be more complex than the MP2/cc-pVTZ that Jergensen
et al. has used , the calculated results are provided in Table 1 which indicates that the the
mp2/aug-cc-pvtz/ /b3lyp/aug-cc-pvtz theoretical method can exactly produce the bind-
ing energy of the DMSO:- - - OH complex than that obtained at the mp2/cc-pvtz/ /b3lyp/aug-
cc-pvtz theoretical approach.

The reaction of DMSO and hydroxyl radical can proceed via five different channels.
To obtain the global reaction rate constant for the five paths at 298 K, we applied the
conventional transition state theory (CTST)

K(T) :kak——exp[—(ETs—ER)/ka]

where k is the transmission coefficient, Qrs and Qg are the standard molar partition func-
tion per unit of volume for the transition states and the reactants, respectively, taken from
the quantum mechanical calculations. kj is the boltzmann’s constant, / is the Planck’s
constant, and ¢ is the symmetry factor. Ers and Ey is the energy of the transition state
and the reactants, the difference of Ers—Ep is the barrier energies. Taking into account
K, the one-dimensional Wigner [44] correction

1 ho,

where the v is the imaginary frequency of the transition state.

3 Results and discussion

In the present work we discuss the five reactions of DMSO+OH in the absence and pres-
ence of one water molecule. We give the energy profiles and corresponding structures
without water for the DMSO and OH reactions in Fig. 1, Fig. 3 and Fig. 5. The energy
profiles and corresponding structures with water are demonstrated in Fig. 2 and Fig. 4.
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Figure 1: The calculated potential energy profile without water at the mp2/aug-cc-pvtz//b3lyp/aug-cc-pvtz
level of theory (kJ/mol).

We use the symbols M, TS, and PC refer to the reactant complex, transition state and
product complex, the number 0 or 1 indicates the number of water molecules present in
the reaction. There are three paths that the OH radical can abstract hydrogen atom of
the methyl group at out-of-plane (path A and path B) or an in-plane ( path C) where the
plane is defined by the C-S-C atoms. The three types is refined like these: the hydrogen
(a) atoms is abstracted by OH is refined to path A , the following is the same that refined
path B and path C. The S---C bond breaking path is path D which is also an Sy 2 pathway.
Path E is an addition-elimination channel.

The energy of these reactions have been corrected for ZPVE. All the energy values for
the five paths are listed in Table 1 and Table 2. The energy barriers and the rate constants
for all the reaction are given in Tables 3 and 4.

3.1 Binary system

There are several studies have been reported for the reaction of DMSO+OH without wa-
ter [11, 39, 46]. In this work we will give five reaction paths of DMSO+OH: path A, path
B, path C, path E and path D with water and without water. The reaction without wa-
ter begins with the formation of the pre-complex (RCOA, RC0OB, RCOC, RCOD and RCOE)
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and proceed through the transition state (TSOA, TSOB, TSOC, TSOD and TSOE). All the
pre-complex and transition state without water are provided in Fig. 3. Compare to the
separated reactants, the reactant complexes (ME) is the most stable pre-complex with the
energy-49.9 k] /mol. Because of the a strong bond between the O atom in the OH radical
and the S in the S=O group with an O---S length of 1.913 A , beyond that there are weak
interactions between the oxygen atom in the OH radical and H atom in methyl groups
with 2.423 A.

From Table 1 we can easily draw that the energy barriers for the three path A, path D
and path E without water, Ea are 8.9 k] /mol, 106 k] /mol and -31.1 k] /mol calculated at
mp2/aug-cc-pvtz/ /b3lyp/aug-cc-pvtz level of theory ,respectively, in good agreement
with previous theoretical results (8.3 kJ/mol,116 k] /mol and -28 kJ/mol) by Gonzalez-
Garcia et al.[11]. Path D in absence of water have the biggest energy barry 106.7 kJ /mol
agreeing with previous theoretical results (111.6 k] /mol) [11]. The energy for products is
-49.3 kJ/mol, -173.8 k] /mol and -57.4 k] /mol for path A, path E and path D respectively,
also in good agreement with the results (-57 kJ/mol 161.8 kJ/mol and -62.8 k] /mol ) by
Gonzalez-Garcia et al.[11]. From above, we can see that the chosen calculation method in
this work is feasible.
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Figure 2: The calculated potential energy profile with water at the mp2/aug-cc-pvtz//b3lyp/aug-cc-pvtz level
of theory (kJ/mol).
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Figure 3: The optimized complexes and transition states without water at the b3lyp/aug-cc-pvtz level level of
theory.
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Table 1: The reaction and activated energy, enthalpies and free energies for the reactions of DMSO +OH with
zero-point correction included at 298 K (kJ/mol).

Species AH* AG* AE* AE’  AES
DMSO+OH 0 0 0 0 0
MOA 344 04 319 291 -435
TSOA -174 230 -128 -168 89
PCOA 942 654 945 921 -122.1
MOB - - - 48 21
TSOB -19 315 07 -85 248
PCOB 739 536 -77.0 - 880
MOC - - - 265  -46.5
TS0C 32 352 08 22 -156
PCOC 929 663 -935 915 -106.1
H20+DMSO* -65.6 722 -67.8 704 -49.4
TSD 625 963 645 404 1068
PCD -1944 -168.6 -1939 -198.1 -186.7
CH3SO+CH30H  -1745 -187.4 -1739 -181.7 -154.6
ME 341 44 312 499 253
TSE 275 111 241 273 311

CH3+CH3SO(OH) -56.5 -614 -574 -63.8 -73.0

# Calculated at the wb97xd/aug-cc-pvtz level of theory.
b Calculated at the b3lyp/aug-cc-pvtz level of theory.
¢ Calculated at the mp2/aug-cc-pvtz/ /b3lyp/aug-cc-pvtz level of theory.

3.2 Ternary system

The Reaction mechanism for DMSO has two possible initial reaction forms: H,O---DMSO
and H,O---OH. We have given three different hydrogen-bonded complexes formed with
DMSO and water (C1A, C1B, C1C), moreover, we give the calculated values for their geo-
metrical structure and relative energy with water are displayed in Fig. 2, Fig. 4 and Table
2. C1A is the main form in the sea surface [39]. So the path D and path E consider the
reaction of C1A + OH. Two of these paths have been recently reported in the literatures
and our results for path A are agree well with the reports values [39].

The OH radical can attract on different H atom of the DMSO and make the bond of
C---S breaking in the presence of water molecular and absent water molecular. We will
analyze the influence of single water molecule on the reaction of DMSO+OH in this part.
Water can combine with DMSO and water giving rise to the formation of two possible
initial complexes DMSO---H,O and HO---H,O which can react with OH and DMSO
respectively to influence atmosphere. The reactant complexes (DMSO---OH:--H,0) of
H-abstraction channel are eight-membered ring structure with three hydrogen bonds.
The corresponding transition states TS1A, TS1B, TS1C responsible for the formation of
DMSO and water molecular are depicted in Fig. 4. The reactants may be DMSO and
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Table 2: The reaction and activated energy, enthalpies and free energies for the reactions of DMSO +OH +
H20 with zero-point correction included at 298 K (kJ/mol).

Species AH" AG* AE* AE"  AES
DMSO+H,0 0.0 0.0 0.0 0.0 0.0
H,O+OH 0.0 0.0 0.0 0.0 0.0

C1(H,O:--OH) -185 82  -154 -144 -16.0

C2(H,0---H,0) -141 113 121 -103  -62.2

C1A(DMSO---H,0) 34.7 -0.1 33.0 -254 -35.0
C1B(DMSO:---H,0) -11.7  -10.7 156 -5.5 -11.7
C1C(DMSO:---H,0) -27.8 59 264 218 -295

M1A -70.5 1.6 -65.5 554  -66.2
TS1A -582 194 -51.0 -478 -30.6
PC1A -127.1  -624 -125.3 -1169 -148.8
M1B -79.8 -4.5 -748 -183 -57.7
TS1B -174 532  -125 -232 -539
PC1B 0.0 0.0 0.0 -76.9  -93.8
MiC -64.2 4.7 -59.8 526 -61.9
TS1C -448 330 -37.7 -36.0 -233
PC1C -1240 -60.5 -1219 -1163 -135.2
2H,O+DMSO* -65.6 -722 678 -704 494
TS1D 333 1026 36.6 20.5 72.5
PC1D -2250 -161.9 -222.3 -220.8 -217.1
CH3SO+CH3;OH+H,O  -1745 -187.4 -173.9 -181.7 -154.6
MI1E -63.1 100 -59.0 613 -459
TS1E 544 220 488 -46.7 -60.7

CH3+CH3SO(OH)+H,O -56.5 -614 -574 -63.8 -73.0

 Calculated at the wb97xd /aug-cc-pvtz level of theory.
b Calculated at the b3lyp/aug-cc-pvtz level of theory.
¢ Calculated at the mp2/aug-cc-pvtz/ /b3lyp/aug-cc-pvtz level of theory.

the HyO---HO complex, or the DMSO:--H,O complex with the OH radical. Reaction
process is described in the potential energy profile presented in Fig. 4. From Table 1 and
Table 2, we can draw that energy barriers calculated at b3lyp/aug-cc-pvtz level of theory
are almost smaller than calculated at mp2/aug-cc-pvtz . The energy barriers for the five
paths with water is calculated with Ers—Ec; . Ecy refers to DMSO---H,O (C1A,C1B and
C1Q). energy barrier of path D with water and without water is the biggest one with the
energy 106.8k]/mol and 107.5 k] /mol.

3.3 Analysis

The energy profiles and corresponding structures for the five paths with water and with-
out water are showing in Figs. 1-5.
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Table 3: Rate constants K (cm3molecule™!s™1), imaginary frequencies(v) of each transition state(cm™1), the
one-dimensional tunneling correction (k) with Wigner and energy barriers (E) for five paths without water at
mp2/aug-cc-pvtz//b3lyp/aug-cc-pvtz level of theory.

Reaction v k K E
DMSO+OH
TSOA 1103 2.1854 4.9x10-16 8.9
TSOB 640 1.399 8.54x10-10 -24.8

TS0C 1394 2.896 1.48x10-11 -15.6
TSO0D 759  1.5608 9.49x10-33 106.8
TSOE 266 1.0692 1.99x109 -30.9

Table 4: Rate constants K (cm®molecule™s™1), imaginary frequencies(v) of each transition state(cm™1), the
one-dimensional tunneling correction (k) with Wigner and energy barriers (E) for five paths with water at
mp2/aug-cc-pvtz//b3lyp/aug-cc-pvtz level of theory.

Reaction v k K E
C1A+OH

TS1A 1121 22233 1.02x107% 44
TS1D 782 15956 7.18x1073% 107.5
TS1E 271 1.0718 8.61x10°10 257
DMSO+C1

TS1B 466 12118 1.4x1078  -423
TS1C 1425 29766 2.453x1071 6.2

From Fig. 3 and Fig. 4, we can draw that each reaction complex (M) has a cyclic hy-
drogen bond structure with a strong hydrogen bond interaction between DMSO, OH and
H>O. The water molecule is not only a proton donor that strongly donating a proton to
the O atom but also an acceptor that strongly accepting a proton from the DMSO. So
proton transfer occurs.

We can obtain that energy barrier is different among path A, path B, path C, path D
and path E in the absence and presence of a single water molecule . Path A and path B are
similar which are different from path C. The energy barrier of path A with water is found
to be 1.05 kJ/mol lower than 8.9 kJ/mol without water, similarly, the energy barrier of
path Bwith water is -10.1 k] /mol lower than -5.93 k] /mol without water. On the contrary,
it is 1.4 kJ/mol with water bigger than -3.73 kJ/mol without water for the path C. Path
A and path B indicate that the single water has influence on reducing the reaction barrier
in agree with previous studies [39], path C is unlikely to happen. It’s same to path D and
path E, the energy barrier of the two paths with water are 25.7 k] /mol and -6.5k]/mol,
however, it’s 25.5 k] /mol and -7.4k] /mol for the two paths without water. From above,
we can draw that the single water has negative influence on the path D and path E, for
the energy barriers increased when the water molecule added.

So we can obtain that the water is only catalyst for path A and path B. The atmospheric
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Figure 4: The optimized complexes and transition states with water at the b3lyp/aug-cc-pvtz level level of
theory.
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importance of these complexes is worth considering after the above analysis. It allow us
to estimate the rate constant of path A, path B, path C, path D and path E with the tem-
perature 298 K as listed in Table 3 and Table 4. It helps to estimate the effects of the single
water molecule added and the kinetic is carried out in terms of the canonical transition
state theory (CTST). The rate constant for path A and path B with water are increased as
one water molecule added, even the path B with water is eight hundred times than that
without water. The rate constant of SN2-type reaction (path D) is Almost no change ,for
the results 7.18 x 10~ cm®*molecule~!'s~! with water and 9.49 x 10~3* cm3molecule ~!s~ 1.
The rate constant of the S---C bond breaking reaction (path E) without water is from
1.99x 1072 em3molecule's~! reduced to 8.61x 10~ Y cm®molecule~!s~!. All are corre-
sponding to the energy barriers information. When the energy barriers reduced as added
one water molecule , the rate constant is increased.

4 Conclusions

The reactions of OH with dimethyl sulfoxide without and with water are employing high
level theoretical methods and leads to the following conclusions:

(1) For this reaction we list five different kinds of elementary processes in this article.
We have given the structures and energy of pre-reactive compounds , transition states
and the release of the products . We also give the energy barrier for all the reaction. The
results of the kinetic study for the naked reaction show a quite good agreement with the
theory results from the literature.

(2) Water molecule can reduce the energy barriers in path A and path B. The energy
barriers of path C, path D and path E is increased with the single water added.

(3) We have given the behavior of the rate constant respect to the temperature of
298 K which are proved that the water molecule can influence the reaction process. The
rate constant is increased when one molecule added for path A and path B, instead, it is
reduced as one water molecule adding for path C, path D and path E.
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