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The reactions of SSXY to XSSY (X or ¥ F, Cl, Br, 1) have been studied at B3LYP/6-3t+G(2df) and
MP2/6-311+G(2df) levels based on B3LYP/6-311#G(2df) optimized geometries. There are two pathways

(X or Y atom transferring) for each reaction of SSXY to XSSY(X or=YF, Cl, Br, I). The “Atoms in
Molecules” theory has been applied to analyze the topological characteristics of electron density distribution
along the reaction path. (a) The-S—X or S—S—Y ring structure transition region (STR) is contributed to
S(1)X or S(1)-Y bond formation and S(2)X or S(2)-Y bond annihilation. The STR and structure transition
state (STS) are defined. (b) Comparing the two pathways of each SSXSSY (X, Y = F, ClI, Br, I)
reaction, X or Y atom transferring, the broader the STR is, the later the STS appears, and the pathway is
easier. (c) When X linked to the same S site of a three-member ring{%, S-S—CI, S—S—Br, or S—S—

), the ring STR becomes broader and the STS appears later according to the sequerc& oEXBr, and

I. And in these cases, for exothermic reactions, the higheA#(@—TS1) is, the broader the STR is and the
later the STS appears. (d) When the same Y atom linked to different three-member-1$1gxSthe STR
becomes broader and the STS appears later according to the sequenee lef &l, Br, and | in the ring.

And in these cases, for exothermic reactions, the loweNBEP—TS?2) is, the broader the STR is and the
later the STS appears.

I. Introduction or more nuclei have been discussed. We put forward the concept
of STR and STS. For clarity, the traditional transitional state

1-7 i i i i . . . .
The AIM theory; " which is rooted in quantum mechanics, 5t s the maximum on the reaction pathway is called the
generates a variety of important concepts, such as the C”t'cal“energy transition state” (ETS).

points, bond path, the gradient path of electron density, and 5 o o their importance in atmospheric chemistry and

Laplacian of electron density. In the past several years, the AIM biochemistry, the disulfides XSSX and respective isomers;SSX
theory has been widely applied to study the electronic structures(X = H, CHs, F, Cl, etc.) were actively studie&-3" Although
of molecgles, chgmlcal bolr;ds, an'd chemical reacﬂqi*fs. most $X, systems exist in the disulfide form (XSSK, sym-
Alt_hough in some |nstancl_=,"§ the existence of a bond critical metry), isomeric thiosulfoxide structures (SSXs symmetry)
point (BCP) is not a sufficient condition for the presence of g 3150 found. The two isomers of disulfur difluoride (i.e., FSSF
bonding interactions, the AIM theory plays particular predomi- and SSK) have been isolated, identified, and confirni&ct?

nance in describing the changes of the chemical bond along\yhen the $F, and CISSCI were mixed, the compound SSFCI
the reaction patf.*On the basis of catastrophe theéfBader a5 hroduced. Until now, there are few studies on the SSXY
et al. pointed out that for a simple ABC system a two- .4 isomers XSSY (X or ¥= F, Cl, Br, 1)3839

; - : - n
dimensional cross section of the structure diagram can be useda In this paper, the reactions of SSXY to XSSY (X or=YF,

to predict the existence of conflict-type and bifurcation-type Cl, Br, I) have been studied. The aim of this :
o X , Br, . paper is to extend
6 m
mechanisms.© The reaction path from FON to FNQwas our previous works—13to SSXY and XSSY model isomeriza-

Mion reactions, focusing on the changing trends of the bifurcation-
type ring STR and the corresponding STS in the framework of
the AIM theory, to understand more about the relationship

|n|tt|o calcglatlo?s:[_ and ft?r? eblectjron density inalﬁsﬁ andhthet between topological characteristics of electron density distribu-
hature and evolution of the bonds were monitored throughout 4, anq the energy variation along the reaction, to explore the

the reaction and related to the accompanying changes in thechanging trends of the width of the STR and the position of
behavior of the charge density at the BCPs and in the propertiesthe STS with different atoms linked to the same three-membered
of the individual atoms. In our previous works;'* some typical ring or different three-membered rings linking with the same
reactions have been studied, emphasizing the structure change
along the reaction pathways. The T-shaped conflict structure
transition state (STS) that includes a bond path linking a nuclear Il. Methods of Calculation
and a BCP as well as the kind of bifurcation type ring structure
transition region (STR) enveloped by some bond paths and three The DFT (B3LYPf%!calculations have been carried out with
the Gaussian 98 package of prograthssing the 6-31%+G-

*To whom correspondence should be addressed. E-mail: (2df) basis set. For the element iodine, the quasirelativistic
sjzheng@mail.hebtu.edu.cn. effective core potentials (ECPs) basis*3atas used, which
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the viewpoint of topological analysis of electron density. The
reaction of lithium amide with methatfewas studied with ab
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Figure 1. Structure changes of SSX¥- XSSY (X, Y =F, Cl, Br, I) #7 Py
reactions. & e F N |- SSFCl—FSSC
2 £ - §SCL—CISSCI

includes two of the most important relativistic effects, the mass § *° VALARSE
velocity and Darwin contributions, and it has been used = 3s-
successfully in calculating ionization energies and reaction & sl
energies?4344The d polar functions were split int@;(dpolar) g
= 0.604 andaz(dpola) = 0.151 in this work. 2 2

The geometries of the reactants, transition states, and product% ol
presented were fully optimized at the level of theory mentioned x
above, with constraine@s symmetry for SSX (X = F, Cl, Br, g Rt
I) and C, for XSSX (X = F, Cl, Br, I). Vibrational analyses 10 4
were used to check the nature of the stationary points. The i
reaction path has been followed by using Fukui’s theory of the T am—
intrinsic reaction coordinate (IRC) methddn mass-weighted o
internal coordinates going in the forward and reverse directions 42 40 8 B 4 2 0 2 4 6 B 10 12 14
from the transition state with the step size of 0.01 (dfAbphr. Reaction coordinate /(amu)'“bohr

Energies of the stationary points are calculated at the B3LYP/
6-311++G(2df) and MP2/6-31++G(2df) levels based on the ~ Figure 2. Potential energy curves of SSCh¢ XSSCI (X = F, Cl,
B3LYP/6-311+G(2df) optimized geometries. The topological Br ) reactions. [The energies of product XSSCHk, Cl, Br, ) are
analyses have been performed on B3LYP/6-B1G(2df) given as zero]

densities, using the AIM 2000 prograthThe molecular graphs
(Figure 1 and 3) along the IRC pathways were plotted by using
the AIM 2000 progrant®

reaction, the transition states via F atom transferring are named
TS1 and those via X transferring are named TS2; in the SSCIX
— XSSCI (X = F, CI, Br, I) reaction, the transition states via
Cl atom transferring are named TS1 and those via X transferring
are named TS2; in the SSXBr XSSBr (X =F, Cl, Br, I)

A. Geometrical Description and Potential Energy Curves. reaction, the transition states via Br atom transferring are named
Calculations on geometries of the reactants SSXY, products TS1 and those via X transferring are named TS2; in the SSXI
XSSY (X, Y =F, Cl, Br, 1), and transition states TS1 and TS2 — XSSI (X =F, ClI, Br, |) reaction, the transition states via |
(see Figure 1) have been performed at the theoretical levelsatom transferring are named TS1 and those via X transferring
described in the methodology. The optimized geometries of are named TS2, respectively.

SSX (X = F, ClI, Br, 1) belong toCs symmetry and XSSX (X For the SSFX— XSSF reaction (see Table 1a), the Sbond

= F, Cl, Br, I) belong toC, symmetry. The geometries of the length in reactants SSFX (¢ F, CI, Br, 1), TS1, TS2, and
other reactants, products, and all of the transition sates belongproducts XSSF (%= F, Cl, Br, 1) becomes longer according to
to C; symmetry. IRC calculations were carried out to validate the sequence X F, Cl, Br, and I. The same trends exist in the
the connections of reactants SSXY, transition states, and SSCIX — XSSCI, SSXBr— XSSBr, and SSXI— XSSI
products XSSY (X, Y= F, Cl, Br, I). Along all the reaction reactions (see Table 1).

paths, there is no breakage of the S bond. When X and Y The energy of reactants, TS1, TS2, and products was
are different atoms, there are two transition states (TS1land TS2)summarized in Table 2. For SgF> FSSF isomerization,
for each SSXY— XSSY (X, Y =F, Cl, Br, |) reaction, one is B3LYP/6-31H+G(2df)//B3LYP/6-311+G(2df) and MP2/6-
on the X transferring pathway, and the other is on the Y 311++G(2df)//B3LYP/6-311%+G(2df) calculated energy dif-
transferring pathway. ferences of SSFto FSSF are—1.42 and 5.07 kcal/mol.

The geometric parameters are presented in Tabted ifar Reference 31 gives a QCISD/6-BG**//MP2/6-31G*+ZPE
SSXY — XSSY reactions (X, Y= F, Cl, Br, ), respectively. energy difference of-4.8 kcal/mol, and it is found that SgF
For comparison, in the SSFX> XSSF (X = F, Cl, Br, 1) and FSSF isomers have similar energies and FSSF is more stable

I1l. Results and Discussion
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TABLE 1: Geometry Parameters of the Stationary Points of the Reactions (a) SSFX> XSSF (X = F, Cl, Br, 1), (b) SSCIX —
XSSCI (X = F, Cl, Br, 1), (c) SSXBr — XSSBr (X = F, Cl, Br, 1), and (d) SSXI — XSSI (X = F, Cl, Br, 1)2

() SSFX— XSSF (X=F, Cl, Br, I)

reactant SS S(2x-F S(2-X FS(2)S(1) XS(2)S(1) XSSF ref
SSk 1.8744 1.6391 1.6391 108.0 108.0 98.0
(1.877) (1.656) (1.656) (107.5) (107.5) (98.5) 47
SSFCI 1.8812 1.6507 2.1508 107.6 110.5 101.5
(1.640) (2.030) 48
SSFBr 1.8826 1.6529 2.3437 107.6 111.2 102.3
SSFI 1.8867 1.6616 2.5438 107.9 112.0 101.9
TS1 (S-S—Fring) S-S S(2-F S(2r-X FS(2)S(1) XS(2)S(1) XSSF
SSkR— FSSF 1.8414 2.2729 1.6227 67.0 110.0 88.9
SSFCI— FSSCI 1.8566 2.2673 2.0802 67.6 112.2 92.4
SSFBr— FSSBr 1.8586 2.2696 2.2568 67.6 112.9 93.0
SSFI— FSSI 1.8705 2.2636 2.4192 67.9 112.3 87.6
TS2 (S-S—Xring) S-S S(2)-F S(2)-X FS(2)S(1) XS(2)S(1) XSSF
SSk— FSSF 1.8414 1.6227 2.2729 110.0 67.0 88.9
SSFCI— FSSCI 1.8533 1.6267 2.8101 109.7 72.4 92.9
SSFBr— FSSBr 1.8594 1.6306 29774 109.5 73.7 94.1
SSFI— FSSI 1.8677 1.6326 3.2503 109.3 75.8 97.2
product S-S S(A)>-F S(2-X FS(1)S(2) XS(2)S(1) XSSF ref
FSSF 1.9110 1.6621 1.6621 108.2 108.2 88.0
(1.877) (1.656) (1.656) (107.5) (107.5) (98.5) 47
FSSCI 1.9331 1.6570 2.1190 107.3 110.0 87.7
FSSBr 1.9346 1.6559 2.2921 107.2 110.6 87.8
FSSI 1.9540 1.6523 2.4575 106.5 110.3 87.6
(b) SSCIX— XSSCI (X=F, Cl, Br, I
reactant SS S(2)y-Cl S(2-X CIS(2)S(1) XS(2)S(1) XSSCI
SSFCI 1.8812 2.1508 1.6507 110.5 107.6 101.5
SSCh 1.8901 2.1599 2.1599 109.9 109.9 106.1
SSCIBr 1.8924 2.1582 2.3542 109.8 110.6 107.2
SSCII 1.8970 2.1625 2.5627 109.9 111.3 107.0
TS1 (S-S—Cl ring) S-S S(2y-Cl S(2-X CIS(2)S(1) XS(2)S(1) XSSCl
SSFCI— FSSCI 1.8533 2.8101 1.6267 72.4 109.7 92.9
SSC}— CISSCI 1.8698 2.8125 2.0830 73.2 111.9 96.7
SSCIBr— CISSBr 1.8718 2.8184 2.2583 73.2 112.6 97.6
SSClI— CISSI 1.8831 2.8118 2.4294 73.5 112.8 98.3
TS2 (S-S—Xring) S-S S(2)-Cl S(2)-X CIS(2)S(1) XS(2)S(1) XSSCI
SSFCI— FSSCI 1.8566 2.0802 2.2673 112.2 67.6 92.4
SSC}— CISSCI 1.8698 2.0830 2.8125 111.9 73.2 96.7
SSCIBr— CISSBr 1.8756 2.0874 2.9797 111.8 74.5 98.0
SSClI— CISSI 1.8842 2.0876 3.2401 111.6 76.5 99.6
product S-S S(1)-Cl S(2)-X CIS(1)S(2) XS(2)S(1) XSSCI ref
FSSCI 1.9331 2.1190 1.6570 110.0 107.3 87.7
CISSCI 1.9577 2.1037 2.1037 109.2 109.2 87.1
(1.931) (2.057) (2.057) (108.2) (108.2) (84.1) 47
CISSBr 1.9592 2.1021 2.2756 109.1 109.7 87.0
CISsSI 1.9802 2.0939 2.4365 108.3 109.4 87.1
(c) SSXBr— XSSBr (X=F, Cl, Br, )
reactant SS S(2y-Br S(2-X BrS(2)S(1) XS(2)S(1) XSSBr
SSFBr 1.8826 2.3437 1.6529 111.2 107.6 102.3
SSCIBr 1.8924 2.3542 2.1582 110.6 109.8 107.2
SSBh 1.8945 2.3510 2.3510 110.6 110.6 108.4
SSBrl 1.9010 2.3552 2.5507 110.9 111.3 107.8
TS1(S-S—Brring) S-S S(2y-Br S(2-X BrsS(2)S(1) XS(2)S(1) XSSBr
SSFBr— FSSBr 1.8594 29774 1.6306 73.7 109.5 94.1
SSCIBr— CISSBr 1.8756 2.9797 2.0874 74.5 111.8 98.0
SSBp — BrSSBr 1.8777 2.9853 2.2631 74.5 1125 99.0
SSBrl— BrSSl 1.8894 2.9775 2.4321 74.9 112.5 98.8
TS2 (S-S—Xring) S-S S(2y-Br S(2-X BrS(2)S(1) XS(2)S(1) XSSBr
SSFBr— FSSBr 1.8586 2.2568 2.2696 112.9 67.6 93.0
SSCIBr— CISSBr 1.8718 2.2583 2.8184 112.6 73.2 97.6
SSBp— BrSSBr 1.8777 2.2631 2.9853 1125 74.5 99.0
SSBrl— BrSSl 1.8864 2.2632 3.2440 112.3 76.6 99.8
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product ss S(1)-Br S(2-X Brs(1)s(2) XS(2)S(1) XSSBr ref
FSSBr 1.9346 2.2921 1.6559 110.6 107.2 87.8
CISSBr 1.9592 2.2755 2.1021 109.7 109.1 87.0
BrSSBr 1.9614 2.2736 2.2736 109.7 109.7 87.1
(1.980) (2.240) (2.240) (105.0) (105.0) (83.5) 49
BrsSl 1.9819 2.2629 2.4323 108.8 109.3 86.2
(d) SSXI— XSSI (X=F, Cl, Br, I)
reactant sSs S(2)-I S(2)-X 1S(2)S(1) XS(2)S(1) XSSl
SSFI 1.8867 2.5438 1.6616 112.0 107.9 101.9
ssclil 1.8970 2.5627 2.1625 111.3 109.9 107.0
SSBrl 1.9010 2.5507 2.3552 111.2 110.9 107.8
SSh 1.9076 2.5508 2.5508 111.9 111.9 107.5
TS1 (S-S—Iring) S-S S(2)-I S(2)-X 1S(2)S(1) XS(1)S(2) XSSl
SSFI— FSSI 1.8677 3.2503 1.6326 75.8 109.3 97.2
SSCli— CISSI 1.8842 3.2401 2.0876 76.5 111.6 99.6
SSBrl— Brssl 1.8864 3.2440 2.2632 76.6 112.3 99.8
SShL—ISSI 1.8986 3.2256 2.4276 77.0 112.3 97.5
TS2 (S-S—X ring) S-S S(2)- S(2)-X 1S(2)S(1) XS(2)S(1) XSSl
SSFI— FSSI 1.8705 2.4192 2.2636 112.3 67.9 87.6
SSCll— CISSI 1.8831 2.4294 2.8118 112.8 735 98.3
SSBrl— Brssl 1.8894 2.4321 2.9775 112.5 74.9 098.8
SShL—ISSI 1.8986 2.4276 3.2256 112.3 77.0 97.5
product ss S(1)-I S(2)-X 1S(1)S(2) XS(2)S(1) XSSl
FSsSI 1.9540 2.4575 1.6523 110.3 106.5 87.6
CISSI 1.9802 2.4365 2.0939 109.4 108.3 87.1
Brssl 1.9819 2.4323 2.2629 109.3 108.8 86.2
ISSI 2.0041 2.4169 2.4169 108.4 108.4 85.3

aBond lengths in A and bond angles in deg.

TABLE 2: Energies of the Stationary Points (in kcal/mol) at the B3LYP/6-31H+G(2df) and MP2/6-31H-+G(2df) Levels Based
on B3LYP/6-311++G(2df) Optimized Geometries

S—S—Fring S-S—Xring
AE(R—P) AE(R—TS1) AE(P—TS1) AE(R—TS2) AE(P—TS2)
B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
SSk— FSSF —1.42 5.07 45.74 50.01 47.16 44.94 45.74 50.01 47.16 44.94
(—4.8y (43.0p
SSFCI— FSSCI —7.76 —3.32 41.61 44.32 49.37 47.64 30.97 35.93 38.73 39.25
SSFBr— FSSBr -8.40 -4.65 41.12 4351 49.52 48.16 27.23 30.62 35.63 35.27
SSFI— FSSI -10.56 -8.12 39.80 41.20 50.35 49.32 21.05 23.81 31.61 31.93
S—S—Clring S—-S—Xring
AE(R—P) AE(R—TS1) AE(P—TS1) AE(R—TS2) AE(P—TS2)
B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
SSFCI— FSSCI -7.76 -3.32 30.97 35.93 38.73 39.25 41.61 44.32 49.37 47.64
SSC}— CISSCI -12.88 -11.40 28.20 32.47 41.08 41.63 28.20 32.47 41.08 41.63
SSCIBr— CISSBr -13.17 -10.89 28.07 32.30 41.24 43.19 24.77 2751 37.94 38.40
SSCIll— CISssSlI -15.06 -14.07 27.29 30.90 42.36 44.97 18.93 20.97 34.00 35.04
S—S—Brring S-S—Xring
AE(R—P) AE(R—TS1) AE(P—TS1) AE(R—TS2) AE(P—TS2)
B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
SSFBr— FSSBr -8.40 -4.65 27.23 30.62 35.63 35.27 41.12 4351 49.52 48.16
SSCIBr— CISSBr -13.17 -10.89 24.77 27.51 37.94 38.40 28.07 32.30 41.24 43.19
SSBp — BrSSBr -13.37 -11.40 24.71 27.51 38.08 38.92 24.71 27.51 38.08 38.92
SSBrl— BrSSi -15.07 -14.22 24.12 26.31 39.19 40.52 19.13 21.39 34.20 35.60
S—S—lring S—S—Xring
AE(R—P) AE(R—TS1) AE(P—TS1) AE(R—TS2) AE(P—TS2)
B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2 B3LYP MP2
SSFI— FSSI -10.56 -8.12 21.05 23.81 31.61 31.93 39.80 41.20 50.35 49.32
SSCIlI— CISSI -15.06 -14.07 18.93 20.97 34.00 35.04 27.29 30.90 42.36 44.97
SSBrl— BrSSI -15.07 -14.22 19.13 21.39 34.20 35.60 24.12 26.31 39.19 40.52
SSL—ISSI -16.13 -16.22 19.26 21.06 35.39 37.28 19.26 21.06 35.39 37.28

aValues from ref 31 calculated at the QCISD/643%**//MP2/6-31G*+ZPE level.
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Figure 3. (a) Molecular graphs of SSFC+ FSSCI reaction. (b) Molecular graphs of Sg€t CISSCI reaction. (¢) Molecular graphs of SSCIBr
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at low temperature. Then, the B3LYP/6-31-+G(2df)//B3LYP/
6-311++G(2df) calculated energy is better than the MP2/6-
311++G(2df)//B3LYP/6-31H+G(2df) calculated energy in
this case.

For SSF, — FSSF isomerization, B3LYP/6-3%HG(2df)//
B3LYP/6-31H+G(2df) and MP2/6-31%-+G(2df)//B3LYP/6-

the products XSSCI (X F, Cl, Br, I) are given as zero. From
Figure 2 and Table 2, the energy difference from the transition
state to the product in these reactions also shows a trend: for
the Cl atom transferring pathway (Figure 2a), the increasing
sequence oAE(P—TS1) in reaction path (a) is as % F, Cl,

Br, and |, while for the X transferring pathwapE(P—TS2)

311++G(2df) calculated energy barriers are 45.74 and 50.01 in reaction path (b) decreases in the sequence K, Cl, Br,

kcal/mol. Reference 31 gives a QCISD/6+43&**//MP2/6-
31G*+ZPE energy barrier of 43.0 kcal/mol, while experimen-
tally (refs 22 and 35) FSSF isomerizes to $8kth heating at

T > —80 °C, thus indicating that both isomers are connected
by a low-energy transition state, which is in disagreement with
our calculated 45.74 kcal/mol and the QCISD/6+&**//MP2/
6-31G*+ZPE calculated 43.0 kcal/mol from ref 31. This

and I.

The above changing trends are applicable in the other
processes of SSFX- XSSF, SSXBr— XSSBr, and SSXi—
XSSI (X = F, CI, Br, I) shown in Table 2.

B. Structure Changes on Reaction PathwaysFigure 3
shows the changes of the structure and topological properties
of SSCIX— XSSCI (X = F, ClI, Br, I) reactions. For the Cl

suggested that the isomerization might proceed via a bimolecularatom transferring process (SSCh& TS1 — XSSCI), there
mechanism in which lower transition states, as explained in exists the S S—CI three-membered-ring structure. For the X

reference 31, are conceivable.

For the reactions of SSFEt+ FSSCI, SSFBr~ FSSBr, and
SSFI— FSSI, the energy barrier of F atom transferring is higher
than that of Cl, Br, and | atom transferring, respectively; for
the reactions of SSCIBf>~ CISSBr and SSCIt— CISSI, the
energy barrier of Cl atom transferring is higher than that of Br
and | atom transferring, respectively; for the SSBfIBrSSI
reaction, the energy barrier of Br atom transferring is higher

atom transferring process (SSCh¢ TS2 — XSSCI), there
exists the S S—X three-membered-ring structure. For each of
the titled processes, accompanied by the X or Y atom transfer-
ring, there exists a-SS—X or S—S—Y three-membered-ring
structure. (See Figure 4 and Tables 5 and 6 in the Supporting
Information.)

To distinguish the reaction coordinate in different pathways,
in the SSFX— XSSF (X=F, Cl, Br, 1) reaction, the reaction

than that of | atom transferring. Then it can be concluded that coordinate via F atom transferring is nam®&dand that via X

for the X transferring pathway and Y transferring pathway of
SSXY — XSSY (X, Y =F, Cl, Br, I) isomerization reactions,

the energy barrier of the heavier atom transferring is lower

than that of light atom transferring. That is, heavier atom
transferring is easier than light atom transferring in the
isomerization reactions SSXY> XSSY (X, Y = F, Cl, Br,
.

From Table 2, for the SSCIX> XSSCI (X=F, Cl, Br, 1)

transferring is name&,. Similarly, in the SSCIX— XSSCI (X

= F, Cl, Br, I) reaction, the reaction coordinate via Cl atom
transferring is name&, and that via X transferring is named
S; in the SSXBr— XSSBr (X = F, Cl, Br, 1) reaction, the
reaction coordinate via Br atom transferring is nanSgénd
that via X transferring is name®; in the SSXI— XSSI (X =

F, CI, Br, I) reaction, the reaction coordinate via | atom
transferring is name&, and that via X transferring is named

reactions, generally, both the Cl transferring pathway and the S, respectively.

X transferring pathway are exothermic, and the increasing

sequence amount of releasing heat is as X, Cl, Br, and [;
the activation energy decreases as=X, Cl, Br, and I. The
potential energy curves of SSCh¢ XSSCI (X=F, ClI, Br, I)

For the ClI atom transferring in the SSF& TS1— FSSCI
process, from SSFCI to the ETSS; & 0.00), the S(2)-Cl bond
becomes more and more weak and the bond path becomes more
and more bent. A§; = +0.01, the S(1)-Cl bond forms and a

reactions are displayed in Figure 2, in which the energies of S—S—CI three-membered-ring structure appears. After that point
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the electron density(r;) at the BCP of the S(2)Cl bond
becomes smaller ang(rc) at the BCP of the S(3)Cl bond
becomes larger, which indicates that the S{@) bond becomes
weaker and the S(£)Cl bond becomes stronger. At the point
S = +0.60, the S(2)-Cl bond will be broken and the-S5—

Cl three-membered-ring structure will disappear. After that point

the S(1)-Cl bond becomes stronger and stronger, and at last

FSSCI forms. For the F atom transferring in the SSFCTS2

— FSSCI process, at the poiSt = +0.11, the S(1}F bond
forms and a S S—F three-membered-ring structure appears. At
the pointS; = +0.52, the S(2)F bond will be broken and the
S—S—F three-membered-ring structure will disappear. After that

point the S(1)-F bond becomes stronger and stronger, and at

last FSSCI forms.
For the ClI atom transferring of the SSCH TS — CISSCI

process, the SS—CI three-membered-ring structure exists in  S(2)-Cl bond

the region ofS= +0.07—+0.76. For the Cl atom transferring
in the SSCIBr— TS1— CISSBr process, the-SS5—Cl three-
membered-ring structure exists in the region & =
+0.07—+0.76. For the Br atom transferring of the SSCiBr
TS2 — CISSBr process, the -SS—Br three-membered-ring
structure exists in the region & = +0.03—+0.87. For the
Cl atom transferring in the SSCH TS1— CISSI process, the
S—S—ClI three-membered-ring structure exists in the region of
S = +0.14—+0.87. For the | atom transferring of the SSCII
— TS2 — CISSI process, the -SS—1 three-membered-ring
structure exists in the region & = +0.06—+1.04.

The structure changes of the reactions SSFXSSF, SSXBr
— XSSBr, and SSXI— XSSI are similar with those of the
SSCIX— XSSCI (X=F, ClI, Br, I) process. (See Figure 4 in
the Supporting Information.)

C. Definition of STR and STS. For each of the titled
reactions, with the transferring of X or Y atom, there exists a
S—S—X or S—S—Y three-membered-ring bifurcation-type
structure. In our previous worké;3we put forward the concept

of STR and STS. In the ring STR, the structure where the RCP

has the maximum eigenvalug of the Hessian matrix of

electron density was defined as the STS. For the bifurcation-

type ring-shaped structure, we can give the definition of the
STR as the region from the formation to the annihilation of the
ring structure, with the eigenvalue of RCP from zero (or close

to zero) to maximum and to zero (or close to zero); the STS in
STR is defined as the structure where the eigenvaja the
RCP reaches the maximum (the vector which has the
eigenvaluel; is in the ring plane and tangential to the moving
orientation of the RCP).

Take the Cl atom transferring of the SSFEITS1— FSSCI
process as an example, at the poinSpf= +0.01, where the
S(1)-Cl bond is formed and the RCP just appears, ithat
RCP of the S-S—Cl ring structure is 0.0015 (close to zero). In
the STR of§; = +0.01—~+0.29,4, of S—S—CI RCP increases
continuously. At the poing; = +0.29,1, at RCP of the SS—

Cl reaches the maximum value 0.0063. After this point,the
at RCP begins to decrease. At the p@nt= +0.60, where the
S(2)-Cl bond will be broken and RCP will disappedy at
RCP of the S S—Cl is 0.0013 (close to zero). The region®f

= +0.01—+0.60 is the region from the formation to the
annihilation of the ring structure, with eigenvaldg of RCP
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TABLE 3: Topological Properties Associated with BCPs
and RCPs of the SSFCI— FSSCI Reaction Pathway

g\,b pc A ld A 2d A 3d V2 pe
S—S—Cl three-membered-ring structure
S(1)-Cl bond +0.01 0.0291 —0.0221 —0.0010 0.1169 0.0938
+0.10 0.0294 —0.0225 —0.0054 0.1169 0.0890
+0.29 0.0303 —0.0234 —0.0098 0.1171 0.0839
+0.40 0.0308 —0.0240 —0.0118 0.1174 0.0816
+0.60 0.0320 —0.0251 —0.0149 0.1181 0.0781
S—S—Clring +0.01 0.0291 —0.0222 0.001% 0.1170 0.0963

+0.10 0.0293 —0.0226
+0.20 0.0294 —0.0230
+0.28 0.0295 —0.0233
+0.29 0.0295 —0.0233
+0.30 0.0295 —0.0233
+0.40 0.0294 —0.0236
+0.60 0.0292 —0.0242

+0.01 0.0321 —0.0284 —
+0.10 0.0316 —0.0277 —
+0.29 0.0306 —0.0265 —
+0.40 0.0300 —0.0259 —
+0.60 0.0292 —0.0245 —

S—S—X (X = F) three-membered-ring structure
S(1)-F bond +0.11 0.0488 —0.0463 —0.0080 0.2467 0.1924
+0.20 0.0494 —0.0472 —
+0.27 0.0499 —0.0479 —
+0.40 0.0509 —0.0494 —
+0.52 0.0519 —0.0509 —

+0.11 0.0488 —0.0464
+0.20 0.0490 —0.0470
+0.26 0.0491 —0.0475
+0.27 0.0491 —0.0475
+0.28 0.0491 —0.0476
+0.30 0.0492 —0.0477
+0.40 0.0492 —0.0484

0.0048 0.1172 0.0994
0.0060 0.1176 0.1006
0.0063 0.1180 0.1010
0.0063 0.1181 0.1011
0.0063 0.1182 0.1012
0.0059 0.1190 0.1013
0.0013 0.1226 0.0997
0.0150 0.1297 0.0863
0.0136 0.1290 0.0877
0.0105 0.1275 0.0905
0.0083 0.1266 0.0924
0.0014 0.1239 0.0980

0.0133 0.2489 0.1884
0.0164 0.2503 0.1860
0.0214 0.2530 0.1822
0.0254 0.2557 0.1794
0.0077 0.2419 0.2032
0.0102 0.2421 0.2053
0.0107 0.2430 0.2062
0.0107 0.2432 0.2064
0.0107 0.2434 0.2065
0.0106 0.2439 0.2068
0.0092 0.2473 0.2081

+0.52 0.0490 —0.0497 0.0019 0.2570 0.2092
S(2y-F bond +0.11 0.0518 —0.0562 —0.0245 0.2821 0.2014
+0.20 0.0511 —0.0550 —0.0214 0.2791 0.2027
+0.27 0.0505 —0.0541 —0.0187 0.2766 0.2038
+0.40 0.0497 —0.0524 —0.0129 0.2713 0.2060
+0.52 0.049¢ —0.0504 —0.0029 0.2620 0.2087

a3 reaction coordinate in units of (anmi®) bohr.? (+) forward
direction of the reaction pathawa¥p: the electron density! A;:
eigenvalues of the Hessian Matrixv?p: Laplacian of electron density.
fThe formation of the ring structure with a singularity in the density.
9 The maximum, eigenvalue of the Hessian matrfkThe annihilation
of the ring structure with a singularity in the density

In the F atom transferring of the SSFEt TS2 — FSSCI
process, at the point & = +0.11, the eigenvalug; of the
newly formed S-S—F RCP is close to zerolf = 0.0077). In
the region of$;, = +0.11-+0.27,4, of S—S—F RCP increases
continuously. At the poing, = +0.27,1, of the RCP reaches
the maximum. After this poinf,, of the RCP begins to decrease.
As the reaction gets to the poist= +0.52,1, of the of S-S—F
ring RCP is close to zerd{ = 0.0019) again. Then, the region
of $ = +0.11~+0.52 is the STR and the poif{ = +0.27 is
the STS of the F atom transferring for the SSFEIFSSCI
process.

D. Relationship between the Width of the STRs, the
Position of the STSs, and the Preference of the Reaction
Pathway. Table 4 gives the starting point, the ending point,
and the width of the STR as well as the position of STS for
each of the titled processes.

from 0.0015 (close to zero) to 0.0063 (maximum) and to 0.0013  Comparing each row of Tables 2 and 4, it can be concluded
(close to zero)i, at the S-S—CI RCP of the poin, = +0.29 that for each reaction of SSX¥> XSSY (X, Y =F, Cl, Br, 1),

has the maximum value 0.0063. Therefore, the region of the width of the STR for the heavier atom transferring is broader
S = +0.01—+0.60 is the STR and the poilgy = +0.29 is than that of the light atom transferring, and the STS of the
the STS of the Cl atom transferring for the SSFEIFSSCI heavier atom transferring appears later than that of the light
process. atom transferring. It is worthy of noting that in Section IIl.A
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TABLE 4: Width of the Structure Transition Region (STR) and the Position of the Structure Transition States (STS)

S—S—F three-membered ring

-$5—X three-membered ring

STR STS STR STS

SSk — FSSF +0.00—+0.34 (0.34} +0.13 +0.00—+0.34 (0.34) +0.13

SSFCI— FSSCI +0.11—+0.52 (0.41) +0.27 +0.01—+0.60 (0.59) +0.29

SSFBr— FSSBr +0.06—+0.52 (0.46) +0.28 +0.01~+0.75 (0.74) +0.36

SSFI— FSSI +0.16—+0.65 (0.49) +0.40 +0.01~+0.92 (0.91) +0.44
S—S—Cl three-membered ring -S5—X three-membered ring

STR STS STR STS

SSFCI— FSSCI +0.01—~+0.60 (0.59) +0.29 +0.11~+0.52 (0.41) +0.27

SSC}— CISSCI +0.07-+0.76 (0.69) +0.40 +0.07—+0.76 (0.69) +0.40

SSCIBr— CISSBr +0.07—+0.76 (0.69) +0.41 +0.03—+0.87 (0.84) +0.43

SSCIlI— CISsSI +0.14—+0.87 (0.73) +0.49 +0.06—+1.04 (0.98) +0.54
S—S—Br three-membered ring -S5—X three-membered ring

STR STS STR STS

SSFBr— FSSBr +0.01~+0.75 (0.74) +0.36 +0.06—+0.52 (0.46) +0.28

SSCIBr— CISSBr +0.03—+0.87 (0.84) +0.43 +0.07—+0.76 (0.69) +0.41

SSBp — BrSSBr +0.01~+0.87 (0.86) +0.42 +0.01—~+0.87 (0.86) +0.42

SSBrl— BrSSli +0.12—+1.01 (0.89) +0.53 +0.06—+1.04 (0.98) +0.54
S—S—I| three-membered ring -SS—X three-membered ring

STR STS STR STS

SSFI— FSSI +0.01~+0.92 (0.91) +0.44 +0.16—+0.65 (0.49) +0.40

SSCIlI— CISSI +0.06—+1.04 (0.98) +0.54 +0.14—+0.87 (0.73) +0.49

SSBrl— BrSsSli +0.06—+1.04 (0.98) +0.54 +0.12-+1.01 (0.89) +0.53

SSL—ISSI +0.14—+1.16 (1.02) +0.62 +0.14—+1.16 (1.02) +0.62

aValues in parentheses are the width of the structure transition regions.

we have concluded that the heavier atom transferring is easierchanges of each group of the SSXYTS1— XSSY (X, Y =
than the light atom transferring in each reaction of SSXY F, Cl, Br, 1) processes.
XSSY (X, Y =F, Cl, Br, ). Therefore, for each reaction of For the Cl atom transferring of the SSCtx TS1— XSSCI
SSXY — XSSY (X, Y =F, Cl, Br, I), the broader the STRis, (X =F, Cl, Br, I) processAE(P—TS1) increases according to
the later the STS appears, and the pathway is easier. the sequence of ¥= F, Cl, Br, and I, the STR broadens
E. Changing Trends of the Width of STR and the Position according to the sequence of %X F, CI, Br, and |, and the
of the STS with Different Atoms Linked to the Same Three- position of the STS appears later also according to the sequence
Membered Ring. For the F atom transferring process in SSFX of X = F, Cl, Br, and |. The conclusion can be applicable to
— TS1— XSSF (X=F, Cl, Br, 1), the S-S—F three-membered  the F atom transferring of the SSF* TS1— XSSF process,
ring exists. When different X= F, Cl, Br, and | linked to the Br atom transferring ofthe SSXB+ TS1— XSSBr process,
same S site of the-SS—F three-membered ring, the width of and | atom transferring of the SSX+ TS1— XSSI process.
the ring STR is 0.34, 0.41, 0.46, and 0.49 and the position of In the exothermic reactions, when differentxF, Cl, Br, and
the STS is+0.13, +0.27, +0.28, and+0.40, respectively. I linked to the same S site of a three-membered ring$SF,
Therefore, according to the sequence of=X4, Cl, Br, and | S—S—ClI, S—S—Br, or S—S—1), the higher theAE(P—TS1) is,
linked to the same S site of the-S—F three-membered ring,  the broader the ring STR is, and the later the STS appears.
the width of the ring STR becomes broader and broader and F. Changing Trends of the Width of STR and the Position
the position of the STS appears later and later. of STS with Different Three-Membered Rings Linked with
From Table 4, for the CI atom transferring process in the Same Atom.For the X (X=F, ClI, Br, I) atom transferring
SSCIX— TS1— XSSCI, the Br atom transferring process in process in SSFX> TS2— XSSF, the F atom is linked to the
SSXBr— TS1— XSSBr, and the | atom transferring process S site of S-S—X three-membered ring. When x F, Cl, Br,
in SSXI— TS1— XSSI (X = F, Cl, Br, 1), the width of the and I, the width of the SS—X ring STR is 0.34, 0.59, 0.74,
ring STR and respective STS have the same trends. and 0.91 and the position of the STSH#6.13,+0.29,+0.36,
For a three-membered ring{S—F, S—-S—CI, S—-S—Br, or and-+0.44, respectively. Therefore, with the F atom linked to
S—S—1), different atoms linked to the same S site of the ring the same S site of the-55—X three-membered ring, according
are influential to the width of the STR and the position of the to the sequence of % F, Cl, Br, and |, the ring STR becomes
STS. The above-discussed-S—F, S—S—CI, S—S—Br, and broader and broader, and the position of the STS appears later
S—S—I ring STR and respective STS have the same trends: and later.
according to the sequence of=XF, Cl, Br, and | linked to the From Table 3, Table 4, and Supporting Information Table 5,
same S site of a three-membered ring & F, S-S—Cl, S—S— for the X (X = F, CI, Br, I) atom transferring processes in
Br, or S—S—I), the width of the ring STR becomes broader SSCIX— TS2— XSSCI, SSXBr— TS2— XSSBr, and SSXI
and broader and the position of the STS appears later and later— TS2— XSSiI, the width of the ring STR and respective STS
Comparing the columnAE(P—TS1) of Table 2 with columns ~ have the same trends.
STR and STS of Table 4, it can be concluded that the width of ~ When the same atom Y linked to different three-membered
the STR and the position of the STS are related to the energyrings S-S—X (X = F, Cl, Br, 1), the influential effect of the
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