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The stability and isomerizations of GBO isomers have been investigated at B3LYP/6-311G(d,p), MP2/6-
311G(d,p), QCISD/6-311G(d,p), and CCSD(T)/6-311G(d,p) levels. Geometries of isomers and transition states
(TS) have been optimized at the B3LYP/6-311G(d, p) level. Vibration analysis and the intrinsic reaction
coordinate (IRC) calculated at the same level have been applied to validate the connection of the stationary
points. The four different methods give similar results: 11 isomers and 9 isomerization channels were found.
CH3SO and CH(S)OH are the most stable species among the 11 isomers. Furthermore, the breakage and
formation of the chemical bonds in isomerization reactions have been discussed by the topological analysis
method of electronic density. The “energy transition state (ETS)” and the “structure transition state (STS)”
of all the isomerizations have been found. The topological analysis shows that the relative positions of ETS
and STS are determined by reaction energy. The nonplanar four-member ring structure transition state (STS),
which was first found in this paper, extended the concept of ring STS.

1. Introduction 2. Computational Methods

With the rapid rise of economic development, acid rain has  The geometries of C§$0 isomers and transition states and
become one of the ten most serious problems which threatensome points on the potential energy surface were located by
the world environment. C$0 has been postulated as one of B3LYP/6-311G(d,p) calculations with second-order MP2/6-
the key intermediates in the DMS oxidation mechanisfnlt 311G(d,p), QCISD/6-311G(d,p), and CCSD(T)/6-311G(d,p)
may play an important role in the formation of acid rain because €nergy corrections. Harmonic frequencies were calculated to
the bond length of the €S bond is longer than that in GBZ characterize the stationary points. Starting from the transition

The principal mechanism of S@ormation has been suggested state, the reaction paths have been followed using Fukui’'s theory
to include a sequence of reactions of thesSB radical with of intrinsic reaction coordinate (IRC) methdih mass-weighted

0, NO,, and Q as well as the thermal decomposition of £H internal coordinates going in forward and reverse directions from
S0,.23 The properties and the reaction of the 43@ radical the transition state with the step size equal to 0.01 (&idaohr.

with NO, and Q@ have been studied by several grofip®.Until In Fh's wor K, the reaction paths vv.ere.traced out t?y the mass-
now, however, there has been no theoretical or experimentaI\;\;ﬁlglgtgiig:g:?rcg:gjr:&aétixc\ggcBtzignnosrivgrrzc'seifgﬂez
study on the stability and isomerizations of §3®© isomers. g ' b P

. . . using the GAUSSIAN 98 progradt. Molecular graph and
Thu;, a det.a|le.d knowledge about .structure,. Stab'l'tyf bonding, grad?ent path of electronic dgns%y of some points?n tﬁe reaction
and_|somer|zat|on properties of various S0 isomersis Very 5o piotted by program AIM 2006,
desirable and helpful for controlling the formation of acid rain.
In order to gain some insight into the character of :SB
isomers, in this paper, the stability and isomerization reaction
are investigated theoretically. The breakage and formation of 3.1, Isomers.We did a lot of work to search for possible
the bonds in the isomerization reaction paths have beenisomers on a potential energy surface considering diversified
discussed. The structure transition state and the structurestructural and conformational isomeric forms. Eleven isomers
transition region of the isomerization reaction have been found. are found to be energy minima with all real vibrational
The relationship between the topological characteristic of density frequencies. They are GHO, CH(S)OH, CH(OH)SH(1), CH-
distribution and the energy variation along the reaction path (OH)SH(2), CHOS, CH(O)SH(1), CH(O)SH(2), CH(O)SH(3),
has also been discussed. We hope that our computations mayH>S(O)H, and CHOSH. In these 11 isomers, CH(OH)SH(1),
provide useful information for understanding the properties of CH(OH)SH(2) are two different structures of CH(OH)SH, and

the CHSO radical and stimulate further studies on it. CHy(0)SH(1), CH(O)SH(2), CH(O)SH(3) are three different
structures of CRL{O)SH. In order to discuss the isomerization
* Author to whom correspondence should be addressed at Institute of of the 11 isomers, 9 |nterconyer3|on t_rans_ltlon states are found
Computational Quantum Chemistry, College of Chemistry, Hebei Normal t0 have and only have one image vibrational frequency. The
University, Yuhua Road, Shijiazhuang, 050016, P. R. China. Tel/Rz36 geometry parameters of isomers and transition states (TS) on
311 86269217. E-mail: sjzheng@mail hebtu.edu.cn . the reaction potential energy surface are optimized and shown
Hebei Normal University. . . . . . .
in Figure 1. The corresponding energies are listed in Table 1.

* Tianjin Institute of Power Sources.
8 Chinese Academy of Sciences. The reaction potential energy surfaces are shown in Figure 2.

3. Results and Discussion
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Figure 1. Geometries of the isomers and transition states (bond length: A; bond angle and dihedral angle®)jlegree(

From Table 1, it appears that some disagreements betweerCH,(O)SH(3) (76.3)> CH,SOH (86.6)> CH,OSH (146.6)>
the order of energies of the obtained 11 isomers do exist for CH,S(O)H (218.5). The values in parentheses are relative
the B3LYP/6-311G(d,p), QCISD/6-311G(d,p) and CCSD(T)/ energies in kJ/mol with reference to $D. It is very clear
6-311G(d,p) and MP2/6-311G(d,p) methods. However, it is that CH(S)OH and CHSO are the most stable geometries;;CH
evident that the QCISD/6-311G(d,p) and CCSD(T)/6-311G(d,p) OSH and CHS(O)H are unstable compared to other isomers
energies orderings of the obtained 11 isomers are in generalbecause of their high relative energy.
agreement with that of MP2/6-311G(d,p). CCSD(T)/6-311G-  Nine interconversion transition states are obtained, and their
(d,p) energies are to be used in the following discussion. structures are shown in Figure 1. By means of isomers and

Generally, the species with lower total energy has higher transition states, a schematic PES is plotted in Figure 2.
thermodynamical stability. Thus, the theromodynamical stability =~ As shown in Figures 1 and 2, the lowest-lying £8)OH
order for these isomers is G{$)OH (—18.9) > CH3SO (0.0) and CH(O)SH(1) can convert easily to each other via TS5 for
> CH(OH)SH(2) (22.0)> CH(OH)SH(1) (27.5)> CH30S which the energy is 143.7 kJ/mol, but notice that the energy of
(43.0) > CHy(O)SH(1) (65.8) > CHy(O)SH(2) (69.2) > CHy(O)SH(1) is 84.7 kd/mol higher than that of g8)OH, It
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TABLE 1: Energies (Ee), Zero-Point Energy Correction (ZPE), and Relative Energy E) for the Various Compounds

total energy Eei) (a.u.)

relati ve energ YHe) (kJ/mol)

species B3LYP  ZPE (a.u.) B3LYP(corr) MP2 QCISD CCSD(t) B3LYP MP2 QCISD CCSD(t)
CHsSO —513.3332 0.0399 —513.2933 —512.4497 —512.4888 —5125041 0.0 0.0 0.0 0.0
CH:0S —513.3163 0.0416  —513.2747 —512.4391 —512.4734 —512.4877 48.8 27.8 40.4 43.0
CH,OSH —513.2750 0.0361 —513.2389 —512.3983 —512.4338 —512.4482 1427 134.8 144.3 146.6
CH,SOH —513.2984 0.0379 —513.2605 —512.4215 —512.4560 —512.4711 86.0 74.0 86.0 86.6
CH,S(O)H —513.2490 0.0356 —513.2134 —-512.3729 —512.4056 —512.4208 209.6 201.4 2182 2185
CHy(O)SH(1) —513.3053 0.0380 —513.2672 —512.4217 —512.4649 —512.4790 68.4 73.4 62.7 65.8
CH,(S)OH —513.3338 0.0416 —513.2923 —512.4649 —512.4972 —5125113 2.6 —39.9 —220 -—-189
CH(OH)SH (1) —513.3168 0.0376 —513.2792 —512.4458 —512.4792 —512.4936 37.0 10.2 25.2 27.5
CHy(O)SH(2) —513.3038 0.0361 —513.2677 —512.4226 —512.4642 —512.4777 67.1 71.0 64.5 69.2
CH(OH)SH (2) —513.3197 0.0374 —513.2823 —512.4479 —-512.4812 —512.4957 28.8 4.7 19.9 22.0
CHyO)SH(3) —513.3020 0.0356 —513.2664 —512.4193 —512.4616 —512.4750 70.6  79.7 71.3 76.3
TS1 —513.2151 0.0382 —513.1769 —512.3166 —512.3656 —512.3822 305.3 349.1 3231 319.7
TS2 —513.2361 0.0342 —513.2019 -—512.3542 —512.3895 —512.4066 239.7 250.5 260.4 255.7
TS3 —513.2463 0.03447 —513.2119 -—512.3476 —512.4002 —512.4165 2135 267.8 2324 229.8
TS4 —513.2047 0.0325  —-513.1722 —-512.3111 —-512.3522 -512.3714 317.6 363.5 358.3  348.1
TS5 —513.2761 0.0355 —513.2406 —512.3934 —512.4322 —512.4493 138.2 147.7 148.4 143.7
TS6 —513.2553 0.0328  —513.2226 —512.3773 —512.4124 —512.4290 1854 189.9 200.4 197.0
TS7 —513.1765 0.0300 —513.1465 —512.2748 —512.3075 —512.3468 3855 458.8 4755 412.6
TS8 —513.2536 0.0327  —513.2209 -—512.3753 —512.4108 —512.4273 189.9 195.1 2046  201.4
TS9 —513.2231 0.0331 —513.1900 —512.3433 —512.3749 —512.3927 271.0 279.1  298.7 292.2
400 curves of all reactions are listed in Figure 3. The ETS, STS,
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Figure 2. Schematic potential energy surface of £ system at
CCSD(T)/6-311G(d,p) level.

is easier for CH{O)SH(1) to convert to CKHS)OH, so CH-
(S)OH is the most stable. GHO could convert to Ck¥DS, CH-
SOH, and CHS(O)H via the energy barrier of 319.7, 229.8,
and 292.2 kJ/mol, respectively. Because of the high energy
barrier and because the energies of;08, CHSOH, and
CH,S(O)H are all higher than that of GHO, CHSO should
exist stably and may be experimentally observed. The third
stable isomers are CH(OH)SH(1) and CH(OH)SH(2); CH(OH)-
SH(1) can convert to CHO)SH (2) via TS6 and TS7 and CH-
(OH)SH(2) can convert to CHO)SH (3) via TS8, because of
the high isomerization barriers of TS8 and because the energy
of CH,(O)SH (2) and CHO)SH (3) are 41.7 and 54.3 kJ/mol
higher than those of CH(OH)SH(1) and CH(OH)SH(2), respec-
tively. CH(OH)SH(1) and CH(OH)SH(2) should be stable too.
As discussed above, G{$)OH, CHSO, CH(OH)SH(1), and

CH(OH)SH(2) are more stable than other isomers. The energies

of other isomers are higher than those of these four isomers,
especially the energies of GBSH and CHS(O)H are 146.6
and 218.5kJ/mol higher than that of %D, respectively.
Because of the higher energies of the two isomers;@HH
and CHS(O)H are unstable.

3.2. Topological Analyses of Electronic Density on IRC
Paths. Topological studies on reaction paths can provide very

useful information about the reaction. And topological studies '

and transition state region are also found and listed in Figure
3.

3.2.1. Changes in Structure Determined by the Topology of
the Electron DensityAccording to the topological analysis of
electronic density in the theory of AINF19 electron density
o(r¢) is used to describe the strength of a bond and Laplacian
of the electron densityM?o(rc)) describes the characteristic of
the bond. In general, the larger the valueo@f;), the stronger
the bond. The field o¥2p(r.) < 0 is a charge-accumulated area,
andV2p(rc) > 0 is a charge-dispersed area. The Lapla&igs
(ro) is the sum ofly, 4,, and4s, and4; is one of the eigenvalues
of the Hessian matrix of electronic density. If a critical point
has two negative and one positive eigenvalue, it is called (3,
—1) or the bond critical point (BCP). If a critical point has two
positive and one negative eigenvalue, it is callediB) or the
ring critical point (RCP), which indicates that a ring structure
exists.

In the nine isomerization reaction, a three-membered ring

transition structure, a four-membered ring transition structure,

and a T-shape transition structure exist inﬁEbT—Sl> CH30S,

CHgoST—SZ> CH,OSH, and CH(OH)SH(laTil CH3(O)SH(2),
respectively. The Topological properties are listed in Tabte$ 2
for every reaction, respectively. Gradient paths of the electronic
density or the molecular graph are plotted for some points along
the reaction path and displayed in Figures&4 respectively.

In the CHSO — CH30S process, the electronic density
(ro) at the BCP of the €S bond becomes smaller and smaller,
which indicates that the €S bond becomes weaker and weaker,
and at last it is broken. The Laplaciarfp(rc) at the BCP of
the C-S bond increased from0.2829 to 0.1061, which shows
that the character of the-€S bond turns from covalent to ionic.
As the reactions proceed, thé ) at the BCP of the €0 bond
becomes larger and larger, which indicates that théd®ond
becomes stronger and stronger, and then@% comes into
being. The change of Laplaciafto(rc) at the BCP of the €O
bond shows that the ionic-60 bond turns to a covalent bond

on some typical reactions have been carried out by some authorg" CHs0S.

in recent yeard®1” For each isomerization reaction, the
topological analysis was carried out on the electronic density
of some points along the reaction path. The potential energy

For the CHSO — CH30S process, from C}$0 to S, =
—0.74, the C-S bond path becomes more and more bent. In
the region ofS, = —0.73 toS, = +0.34, the RCP appears, and
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Figure 3. Potential energy curves of the isomerization reactions.

a C—0-—S three-membered ring exists. As the reaction proceeds,the 4, eigenvalue of the RCP begins to decrease. F&n+
the 1, eigenvalue of the RCP increases, and at the poirfg,of +0.35, the C-S bond disappears and then the-@ bond
= —0.06, it reaches a maximum. After the point%f= —0.06, becomes stronger, and then §&»$ forms.
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TABLE 2: Topological Characters of BCP and RCP of the
Ring Transition Region on the CH;SO — CH3;0S Pathway
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TABLE 3: Topological Characters of BCP and RCP of the
Ring Transition Region on the CH;0S — CH,OSH Pathway

eigenvalues of the Hessian Matrix

eigenvalues of the Hessian Matrix

bond b P /11 /12 A.g 2pc bond b P A.l )Lz A.g 2pc
RCP —0.73 0.0688 —0.0818 0.0079 0.2886 0.2147 RCP -1.01 0.0528 —0.0587 0.0105 0.2302 0.1820
—0.50 0.0698 —0.0836 0.0210 0.2697 0.2070 —0.80 0.0570 —0.0657 0.0694 0.2200 0.2237
—0.40 0.0710 —0.0857 0.0368 0.2467 0.1977 —0.60 0.0599 —-0.0708 0.1122 0.2063 0.2476
—0.30 0.0720 —0.0873 0.0489 0.2273 0.1890 —0.40 0.0616 —0.0742 0.1486 0.1889 0.2633
—0.20 0.0728 —0.0886 0.0599 0.2093 0.1806 —0.30 0.0620 —0.0754 0.1636 0.1800 0.2682
—0.10 0.0735 —0.0894 0.0690 0.1927 0.1723 STS —-0.24 0.0622 —0.0758 0.1683 0.1777 0.2702
STS -0.06 0.0742 —0.0898 0.0790 0.1662 0.1553 —0.15 0.0621 —0.0762 0.1618 0.1860 0.2716
ETS 0.00 0.0744 —0.0896 0.0769 0.1614 0.1487 ETS 0.00 0.0614 —0.0757 0.1447 0.1803 0.2493
+0.10 0.0741 -—0.0885 0.0660 0.1610 0.1386 +0.20 0.0592 —-0.0729 0.1177 0.2114 0.2562
+0.20 0.0737 —0.0870 0.0497 0.1665 0.1292 +0.50 0.0532 —0.0639 0.0675 0.2124 0.2160
+0.34 0.0209 —0.0133 0.0012 0.0913 0.0792 +0.77 0.0456 —0.0543 0.0068 0.2021 0.1541
C—0O CHsSO C-O0 CHOS 0.2385 —0.4081 —0.3999 0.4216 —0.3865
—0.73 0.0689 —0.0813 —0.007% 0.3074 0.2185 —1.01 0.2647 —0.4910 —0.4772 0.4993 —0.4688
—0.30 0.0742 —-0.0897 —0.0414 0.3377 0.2066 0.00 0.2813 —0.5516 —0.5237 0.5997 —0.4757
—0.06 0.0852 —0.1098 —0.0771 0.3533 0.1664 +0.77 0.2781 —0.5295 —0.4860 0.7109 —0.3047
0.00 0.0878 —0.1147 —0.0841 0.3545 0.1557 CHOSH 0.2699 —0.5108 —0.4378 0.8308 —0.1178
+0.10 0.0917 —0.1222 —0.0947 0.3564 0.1395 C—H CH;OS 0.2819 —0.7692 —0.7393 0.5407 —0.9677
+0.20 0.0951 —0.1290 —0.1040 0.3577 0.1246 —1.01 0.2576 —0.6532 —0.6342 0.4872 —0.8002
+0.34 0.1002 —0.1392 —0.1173 0.3596 0.1032 —0.50 0.1742 —0.3668 —0.3653 0.3694 —0.3627
CHOS 0.2385 —0.4081 —0.3999 0.4216 —0.3865 —0.24 0.1340 —0.2556 —0.2493 0.3192 —0.1857
C—S CHSO 0.1813 —0.2935 —0.2698 0.2804 —0.2829 0.00 0.1029 —0.1798 —0.1670 0.2918 —0.0550
—0.73 0.0925 —0.1093 —0.1023 0.2031 —0.0085 +0.50 0.0589 —0.0835 —0.0569 0.2415 0.1011
—0.30 0.0877 —0.1018 —0.0896 0.1985 0.0071 +0.77 0.0456 —0.0554 —0.0066G 0.2041 0.1427
—0.06 0.0801 —0.0909 —0.0647 0.1953 0.0397 CH,OSH
0.00 0.0786 —0.0890 —0.0586 0.1951 0.0475 S—H CH;0S
+0.10 0.0764 —0.0861 —0.0484 0.1945 0.0608 —1.01 0.0528 —0.0597 —0.0098 0.2361 0.1665
+0.20 0.0747 —0.0840 —0.0377 0.1937 0.0721 —0.50 0.0831 —0.1192 —0.1081 0.2832 0.0559
+0.34 0.0726 —0.0831 0.0058 0.1839 0.1061 —0.24 0.1082 —0.1751 —0.1668 0.2938 —0.0481
CH;0S 0.00 0.1367 —0.2486 —0.2320 0.3014 —0.1792
S-O CHsSO 0.2493 —0.3820 —0.3210 1.1841 0.4811 +0.50 0.1948 —0.4064 —0.3642 0.2906 —0.4800
—0.73 0.1881 —-0.2508 —0.2165 0.2620 —0.2052 +0.77 0.2108 —0.4461 —0.392% 0.2594 —0.5796
—0.30 0.1875 —0.2497 —0.2157 0.2622 —0.2032 CH,OSH 0.2150 —0.4495 —0.3857 0.2103 —0.6249
—0.06 0.1868 —0.2480 —0.2134 0.2642 —0.1971 S-O0 CHOS 0.1891 —0.2248 —0.1998 0.4873 0.0627
0.00 0.1868 —0.2477 —0.2127 0.2655 —0.1949 —-1.01 0.1681 —0.2564 —0.2082 0.2983 —0.1662
+0.34 0.1865 —0.2460 —0.2097 0.2715 —0.1841 0.00 0.1623 —0.2418 —0.1950 0.2925 —0.1443
CH;OS 0.1891 —0.2248 —0.1998 0.4873 0.0627 +0.77 0.1646 —0.2509 —0.2021 0.2978 —0.1552

CHOSH 0.1781 —0.2492 —0.2040 0.2683 —0.1849

23 reaction coordinate in unit of (am¥) bohr.? A minus sign
denotes reverse direction of the reaction; a plus sign denotes forward
direction of the reactiorf. V?p: Laplacian of electron density.The
formation of the ring structure with a singularity in the densftyhe
formation or annihilation of the ring structure with a singularity in the
density.

The three-membered ring structure also exists in the
process of CHSOH —=+ CH,S(O)H, CH(OH)SH(1)—>
CHy(O)SH(2), CH(OH)SH(2) T8 CHy(O)SH(3), and
CH3SO = CH,S(O)H. The *“energy transition states”,

“structure transition structure”, and “structure transition region”

are shown in Figure 3.

In the CHBOST—82> CH,OSH process, the electronic density

p(r¢) at the BCP of the €H bond becomes smaller and smaller,

a3 reaction coordinate in unit of (ami® bohr.? A minus sign
denotes reverse direction of the reaction; a plus sign denotes forward
direction of the reactiorf. V?o: Laplacian of electron density.The
formation of the ring structure with a singularity in the densftyhe
formation or annihilation of the ring structure with a singularity in the
density.

density. That is, the density at the newly appearing BCP of the
S—H bond and the RCP of the-@0—S—H ring have the same
value atS, = —1.01. From Table 4, it can be seen that the
eigenvalue of the BCP of the-314 bond and the associated
curvature of the RCP of the-80—S—H are closed to zero,
and they have equal magnitude and opposite signs. In the region
of § = —1.01 to—0.24, thel, eigenvalue of the SH BCP

and the RCP decrease and increase, respectively. After the point

and the electronic density(r) at the BCP of the SH bond of § = —0.24, thed, eigenvalue of RCP begins to decrease.
becomes larger and larger, which indicates that théi®ond As the reaction gets to the point where the BCP of theHC
becomes weaker and weaker, and at last it is broken. In thebond and the RCP merge to form another singularity in the
meantime, the SH bond becomes stronger and stronger, and density at the poin& = +0.77. (From Table 3, it can be seen
then CHOSH comes into being. The Laplaciaio(ro) at the that the two curvatures will have almost equal magnitude and
BCP of the G-H bond increased from-0.9677 to 0.1427,  Opposite signs.) Then, thie eigenvalue of the BCP of the-€H
which shows that the character of the-8 bond turns from  bond and the associated curvature of the RCP of th©€
covalent to ionic. The Laplacia¥?o(r) at the BCP of the SH S—H ring are close to zero. After the poi& = +0.77, the
bond decreased from 0.1665+®.6249, which shows thatthe ~C—H bond is broken.
character of the SH bond turns from ionic to covalent. Itis worth pointing out that the C, O, S, and H atoms which
In the CHOS — CH,OSH process, a €0—S—H four- form the four-membered ring structures are not in the same plane
membered ring structure exists in the regiorSpf= —1.01to s in the former stud§??* The C atom is displaced from the
S, = 4+0.77. The formation of the €0—S—H four-membered ~ H—0O—S plane by about 17.4 degrees. A similar four-membered

ring structure occurs with the formation of a singularity in the ring structure exists in C}$0 = CH,SOH and
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TABLE 4: Topological Characters of BCP and RCP of the Ring Transition Region on the CH(OH)SH(1)}— CH,(O)SH(2)
Pathway

eigenvalues of the Hessian Matrix

bond b P }.1 j.z 13 2pc
C-O CH(OH)SH(1) 0.2766 —0.5664 —0.4582 0.7087 —0.3160
—0.50 0.2045 —0.3814 —0.3573 0.4185 —0.3201
—0.30 0.1362 —0.2266 —0.2166 0.4248 —0.0184
—0.20 0.0600 —0.0698 —0.0663 0.2393 0.1032
—0.15 0.0515 —0.0581 —0.0347 0.2189 0.1260
—0.12 0.0528 —0.0679 —0.0314 0.2260 0.1268
C—BCP(H-0O) —-0.11 0.0555 —0.0754 —0.0446 0.2372 0.1171
C-H —0.10 0.0592 —0.0847 —0.0585 0.2505 0.1073
—0.05 0.0941 —0.1727 —0.1548 0.3551 0.0276
0.00 0.1645 —0.3698 —0.3475 0.4293 —0.2880
+0.10 0.2778 —0.7784 —0.7611 0.5891 —0.9503
+0.20 0.2895 —0.8077 —0.8038 0.5860 —1.0256
+0.30 0.2888 —0.8024 —0.7904 0.5785 —1.0143
+0.40 0.2830 —0.7776 —0.7603 0.5586 —0.9793
+0.50 0.2755 —0.7469 —0.7267 0.5427 —0.9309
+0.60 0.2695 —0.7238 —0.7020 0.5328 —0.8930
CH2(O)SH(2) 0.2663 -0.7105 —0.6899 0.5286 —0.8718
H-0 CH(OH)SH(1) 0.3656 —1.7795 —1.7416 1.0168 —2.5043
—0.50 0.3629 —1.7506 —1.6995 1.0039 —2.4463
—0.20 0.3620 —1.7095 —1.6596 0.9964 —2.3727
—0.11 0.3452 —1.6329 —1.5932 0.9686 —2.2575
0.00 0.1596 —0.4118 —0.3768 0.7754 —0.0133
+0.05 0.0933 ——0.1748 —0.1390 0.5089 0.1950
+0.09 0.0662 —0.0968 —0.0511 0.3639 0.2120
O—BCP(C-H) +0.10 0.0630 —0.0868 —0.0386 0.3282 0.2028
c-0 +0.11 0.0612 —0.0800 —0.0347 0.2985 0.1838
+0.15 0.0630 —0.0774 —0.0571 0.2615 0.1270
+0.30 0.1097 —0.1769 —0.1580 0.3820 0.0471
+0.50 0.2541 —0.4897 —0.4707 0.3947 —0.5658
+0.70 0.3101 —0.6577 —0.6200 0.8170 —0.4607
CHy(O)SH(2) 0.3122 —0.6649 —0.6269 0.8345 —0.4573

23 reaction coordinate in unit of (amdbohr.” A minus sign denotes reverse direction of the reaction; a plus sign denotes forward direction
of the reaction® V?p: Laplacian of electron density.

5=0.00(ETS)

Figure 4. Contour maps of electronic density and gradient path of density surface $§#@H CH;OS reaction & represents bond critical point,
and @ represents ring critical point).

CH,OSH I CH,SOH. The S atom is displaced from the In the CH(OH)SH(l)T—SJ> CHx(O)SH(2) process, from CH-
C—H—0O plane and the C atom is displaced from the®-S (OH)SH(1) to& = —0.12, the SO bond becomes more and
plane about 14.3 and 25.7 degrees, respectively. It is the firstmore weak, the bond path becomes more and more bent, and
time we found out that the four atoms which formed the four- the S-O bond path slides along the-® bond. At the point
membered ring structures are not in the same plane. Our studyS; = —0.11, there is a bond path between sulfur atom and the
results extended the concept of four-membered ring structuresBCP of the O-H bond. After that point, the SH bond formed.
from one plane to a near-plane. Then, the G-H bond path begins to slide along the-8 bond,
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Figure 5. Contour maps of electronic density and gradient path of density surface &+ CH,OSH reaction & represents bond critical
point, and® represents ring critical point).
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Figure 6. Molecular graph of CH(OH)SH(L)> CHx(O)SH(2) reaction.

and at the point of§, = +0.10, there is a bond path between positive curvature lying in the plane) has the trend of zero to
the oxygen atom and the BCP of the-B bond. AfterS = maximum to zero. We refer to the maximum Hessian Matrix
+0.10, an O atom linksota S atom and the-SO bond formed. Az of the RCP as STS and to the traditional transition state that
Then the SO bond becomes stronger and stronger and-CH is the maximum on the energy surface as the energy transition
(O)SH(2) formed. state (ETS).

3.2.2. Structure Transition State and Structure Transition  Both kinds of structure transition states appear in the nine
Region.When an old bond is broken and a new bond is formed, jsomerization reaction. A three-membered ring structure appears
the structure transition state (STS) and structure transition region;, the five isomerization, a four-membered ring structure in the
(STR) will appear®2 There are two kinds of STS. One is @ {yree isomerization, and the T-shaped STS exists in one
kind of T-shaped conflict structure transition state that includes somerization. We observed that@t= —0.11 andS. = +0.10

a bond path linking a nucleus and a bond critical point (BCP). TS7 .
We call it the first kind of structure transition state. The other for CH(OH)SH(1) = CHy(O)SH(2) are T-shaped conflict

is a kind of bifurcation-type ring structure transition enveloped S15S- There is a bifurcation-type thrg_e-membered_ring structure
by some bond paths and three or more nuclei. As the RCP justifansition region for these processek= —0.73 oS = +0.34
appears, the RCP is very close to the BCP of the newly formed for CH3SO—— CH30S process$ = —0.54 toS= —0.20 for
bhond. As thhe pror(]:ess proceeds, tr;]e RCP mfoves tho th;r ceénter:]r 0EH,SOH T4 CH,S(O)H processS = +0.04 toS = +0.08

the ring. When the RCP goes to the BCP of another bond, this TS6 _

bond is broken and the ring disappears. From the ring’s for CH(OH)SH(L) CHZ(%%SH(Z) processs = +0.04 1S
appearance to its disappearance, called the structure transitio™ 7008 for CH(OH)SH(2)— CH(O)SH(3) process, andl

region, thel, eigenvalue of the Hessian Matrix of the RCP (the = —0.41 toS= —0.19 for CH;SOE CH,S(O)H process.
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Four-membered ring structure transition region for these pro-
TS2

cesses.§ = —1.01 to§, = +0.77 for CHOS— CH,OSH

processS= —1.08 toS = —0.48 for CI—!;SOT—S3> CH,SOH
process, an®&= —0.80 toS= +0.91 for CH;OSHE CHo-

SOH process. In the eight transition structure regin—=
—-0.06,%=-0.24,3=—-0.70,4=—-0.41, = +0.12,$6
= +0.06,S8 = +0.06, and® = —0.31 are the STS points of
these processes.

Figure 3 also gives the position of the STS, ETS, and the
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of STS is not the position of ETS. In the GSBDT—Sl> CH30S,
CH(OH)SH(1)=2 CH,(0)SH(2), CH(OH)SH(11 > CH,-
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4. Conclusions

(1) For the CHSO system, 11 isomers are located.;SB),
CHa,(S)OH, CH(OH)SH(1), and CH(OH)SH(2) are stable in the
11 isomers, and the other 7 isomers are unstableQSH and
CH,S(O)H are the most unstable isomers.

(2) There are two kinds of STS in the isomerization

reactions: the T-shaped conflict STS and the three- and four-

membered ring STS.
(3) The near-plane four-member ring STS is found in our
study. It is the first time we found that atoms which form the
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ring STS are not in the same plane. Our finding extended the Peng, C. Y.; Nanayakkara, A.; Gonzalez, C.; Challacombe, M.; Gill, P. M.

concept of ring STS.
(4) The position of STS is not the position of ETS. The lower
the reaction energy is, the nearer the STS is to the ETS.
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