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Ab initio investigations of the equilibria between
trichlorothioacetyl chloride, tetrachlorothiirane,
and trichloroethenesulfenyl chloride, their reactants
and decomposition products

KIM V. PEDERSEN, HENRIK CHRISTENSEN, IRENE SHIM* and
ALEXANDER SENNING

Department of Chemistry, Technical University of Denmark, Building 207,
DK-2800 Kgs, Lyngby, Denmark

(Received 10 November 2003, In final form 22 January 2004)

Trichlorothioacetyl chloride (1), tetrachlorothiirane (2), and trichloroethene-
sulfenyl chloride (3) and the equilibria between them have been investigated
by ab initio Hartree—Fock (HF), Mgller—Plesset second order perturbation
(MP2) calculations, and by Gaussian-3 theory, G3 (MP2). Transition states
of the isomerization reactions have been identified. Also investigated were
possible reactions leading to the isomers and their possible decomposition
products. The results show that the unobserved isomerization reactions are
feasible.

Keywords: Ab initio HF, MP2, and G3 (MP2) calculations; Transition
state; Activation energy; Trichlorothioacetyl chloride; Tetrachlorothiirane;
Trichloroethenesulfenyl chloride

1. Introduction
Trichlorothioacetyl chloride (1) is stable only in the dark in dilute solutions, while
tetrachlorothiirane (2) and trichloroethenesulfenyl chloride (3) are stable compounds at
room temperature [1]. The possible chemical equilibria between the three compounds are
shown in figure 1, but none of the suggested isomerization reactions have been observed
experimentally [1].

Compound 1 photodimerizes to trans-2,4-bis(trichloromethyl)-2,4-dichloro-1,3-dithietane,
trans-4 (scheme 1) (2.1) [2]. In principle, 1 could also dimerize to cis-2,4-bis(trichloromethyl)-
2,4-dichloro-1,3-dithietane, cis-4 (2.2). The fluorine analog of 1, trifluorothioacetyl fluoride,
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Figure 1. Possible equilibria between 1, 2, and 3, along with the atom numbering of 1.
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SCHEME 1 Dimerization reactions 1 — trans-4 and 1 — cis-4.

photodimerizes by forming almost equal amounts of trans-2,4-bis(trifluoromethyl)-2,4-
difluoro-1,3-dithietane and cis-2,4-bis(trifluoromethyl)-2,4-difluoro-1,3-dithietane [3].

Compound 1 has been synthesized (scheme 2), the initial reaction (3.1) is a radical reaction
between tetrachloroethene (5) and sulfur dichloride (6) to produce pentachloroethanesulfenyl
chloride (7) [4]. Compound 7 is then reduced with SnCl, to produce 1 [2], reaction (3.2).

Compound 2 can be synthesized from singlet dichlorocarbene (10) and thiophosgene (11)
[scheme 3] [5], and can be desulfurized with phosphorus trichloride at room temperature to
give 5 (scheme 4) [5]. As shown in scheme 5, compound 3 is prepared by chlorination of
bis(1,2,2-trichloroethenyl) disulfide (14) [6].

cl
cl cl cl e J
N ./ v (C¢HsCOO), \
c=c + S e GC—Cicl ()
c’ hel /
Cl Cl
5 6 7
cl
a ! s C S
c—c/ + SC, <~ — l}c—c” + SnCly (3.2)
Cl/ \"Cl Cl"4 \Cl
ol ci
7 8 1 9

SCHEME 2  Synthesis of 1.
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SCHEME 3  Synthesis of 2.
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SCHEME 4 Desulfurization of 2.
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SCHEME 5 Synthesis of 3.

2. Methods

In the present investigation the reactants and the products of reactions (1-6) have been studied
by ab initio Hartree—Fock (HF) and Mgller—Plesset second-order perturbation (MP2) calcula-
tions using the program SPARTAN [7]. In addition, Gaussian-3, G3 (MP2), calculations have
been performed using Gaussian 98 [8]. Initially, the geometry of each molecule was optimized
in HF calculations, and MP2 calculations were performed using the optimized geometries.
HF and MP2 calculations have likewise been employed to elucidate the rotational barriers
around the C—C bond in 1, and around the C—S bond in 3. HF, MP2, and G3 (MP2) calcu-
lations have been carried out to determine transition state structures for reactions (3.1) and
(4) in which SCI, and CCl, are added to the double bonds in ethylene and thiophosgene,
respectively. Furthermore, the reaction mechanisms involved in the possible isomerization
reactions (1.1-1.3) have been investigated by HF, MP2, and G3 (MP2) calculations. The tran-
sition state structures have been identified by one negative eigenvalue of the Hessian matrix.
These negative eigenvalues define reaction paths, and by following these paths it has been
verified that the reaction paths identified connect the reactants with the products. Mulliken
population analyses have been performed for both the stable molecules and the transition state
structures.

The effects of the basis sets have been elucidated in HF calculations by determining the
optimized geometries for 1 using five basis sets ranging from 3-21G(*) to 6—311 + G*. The
results are presented in table 1. Also included are the structural data obtained by geom-
etry optimization using full MP2 calculations. This method of optimization is employed
as part of the G3 (MP2) calculations. The calculations show that the structural data of 1
are not very sensitive to the basis set used. Excluding the smallest basis set, 3-21G(*), the
bond lengths deviate by, at most, 0.005 A and the angles by 0.4°. In the present work HF
and MP2 calculations were performed using the basis set 6-31G* for the atoms C, S and
Cl. However, for the reactions involving the tin atom, the basis set 3-21G(x) was used.



6ST'¢ YLI'E €LT'E AN 691°¢ L9T°€E Y (DID-S
1€6'C 868'C S68°C 668'C 668'C 806'C Y (DI1D-S
S80I G801 G801 $'801 7801 801 () (D=2 —~(O1D (DI~ ~D1D
¢80T 8'801 8'801 8801 8'801 6801 () (©I~)2~(1D “(@1O—(02~(1)D
TOI1 6601 6601 6'601 6601 L'601 () (©10-(0)0—-(D1D
8 TI1 7Tl €Il Il 7Tl €Il () (D~(@2~1)D
8111 YTl vTll STl (AR 1'ell (o) (@O~
86Cl 1921 79Tl 86Tl 6'STl 0921 () (WO~(1D—S
(Y44 SITl ¥ 1C1 9121 L'1TT 0cel (o) MID~1)D-S
9LL'1 LLL'T 9LL' 9LL'1 9LL' 88L'1 (y) (9102 (D10—~2)D
T9L1 €9L'T €9L'T 9L LT ELLT (y) (M1D—~(D
%Sl 8751 8751 6751 0SS°1 9%S'T (y) @2o—(DD
SeL'l SeL'l YEL'T 1€L1 1€L'1 I7L'1 () M1o—~1)0
8091 98S°T G8¢S'1 6851 88G°T €86°1 (¥) s<1)D
0TH80°C1— 60LYTTT— SS9ET 1T~ #8201 11— L¥660 11— S¥6050— ‘e 00gg+ (‘n°e) ASreug
«D1€-9 HD+11€9 «DIT1€-9 D+ 169 «DIE9 ()DTT-€
(1my ‘paziundo) ¢dIN
dH

" DT €-9 198 sIseq o) Sursn suone[nO[Ed ZJJA [[NJ UI PaUIL)qO S)NSAI AY) I8 PIPN[OUI O[SV "SJ3S SISEq SNOLIBA SUISN SUOIB[NO[ED JH Woly Sunnsal se | jo saxmonns paziundQ | dqeL,

1102 AJtenuer Gz ST :2T

IV papeo [uwmog



12: 15 25 January 2011

Downl oaded At:

AD initio Investigations of C,CL4S Isomers 115

The total energies of the compounds investigated are presented in the Appendix. The results
derived in MP2 and G3 (MP2) calculations for the stable species are shown in table Al
Correspondingly, the energies of the transition state structures identified are presented in
table ATl

3. Results and discussions
The discussion below is based on the structures obtained in full MP2 optimizations, and the
Mulliken populations are those derived using the basis set 6-31G*.

3.1 Reactions (2)-(6)

Table 2 presents the reaction energies for reactions (2)—(6) as derived in MP2 and G3 (MP2)
calculations. Also included are the reaction enthalpies and Gibbs energies obtained in the
G3 (MP2) calculations. Table 2 shows that all the reactions studied are exothermic. The MP2
results, AE, are from single point calculations using the HF optimized geometries, and AE,
are from optimizations performed in full MP2 calculations. The deviation between the AE and
AE, amounts to at most 7 kJ mol~!. The discrepancies between the A E..s derived in MP2 and
in G3 (MP2) calculations are due to both the basis set corrections and the correlation energies.
In Gaussian-3 theory various empiric and non-empiric corrections are included to derive the
final results. Thus, the zero-point energy is based on the frequencies derived in HF calculations,
but scaled by the factor 0.8929. Furthermore, the ideal gas law is used to derive the enthalpies
and the Gibbs energies. While the A H's differ at most by 2kJmol~! from the A Egs, and by
at most 7kJmol~! from the AE,s, the AGs differ considerably from AE. and AE,. This
is mostly attributed to differences in entropy, which is especially evident when the reactions
result in a change in the number of molecules, as in reactions (2.1), (2.2), (3.1) and (4).

The thermodynamically most stable isomer, 1, is stable only in the dark. This is due to
the dimerization that occurs according to reaction (2.1). The dimers of 1, trans-4 and cis-
4, in reactions (2.1) and (2.2) are both thermodynamically stable relative to 1, by 57 and
48 kI mol ™', respectively; trans-4 is more stable than cis-4. The difference between their A Es
is 10kI mol™!, and between their A Haog 15 and AGoog1ss 9kImol™!. These results deviate
from those of the fluorine analogs where the cis compound is more stable than the trans
compound, but only by 1kJmol~! [9]. Results for the chlorine compounds, trans-4 and cis-4,
are consistent with the fact that only trans-4is observed in the dimerization reaction. Compound

Table 2. Reaction energies (AE), enthalpies (AH), and Gibbs energies (AG) (kJ mol~!) of reactions (2)—(6) as
derived in MP2 and G3 (MP2) calculations.

MP2 6-31G*
HF geometry MP2 geometry G3 (MP2)
frozen core full

Reaction —AE —AEe —AEc —AEO —AH293.15 —Anggv]S
2.1 100 107 129 122 123 57
2.2 89 96 119 113 114 48
3.1° 89 91 84 80 81 28
3.2 (295)°

4 295 300 254 242 244 187
5 53 56 73 71 70 73
6 22 17 11 11 13 21

aDihedral angle C-C-S—CI, © = 84.3°. PBasis set 3-21G(*).
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trans-4 has a planar 1,3-dithietane ring. According to both HF and MP2 calculations on 1,3-
dithietane the geometry of the 1,3-dithietane ring in frans-4 is almost identical to that of the
parent 1,3-dithietane. However, the 1,3-dithietane ring in cis-4 is slightly puckered with one
C atom 9.9° out of the plane formed by the other C atom and the two S atoms. In trans-4
the distance between the closest Cl atoms in the cis position, i.e. one bound directly to the
1,3-dithietane ring and one in the trichloromethyl group, is 3.640 A. This distance lies between
those observed in cis-4, for which the bending of the 1,3-dithietane ring results in the two
closest Cl atoms in the cis trichloromethyl groups being 3.440 A apart, while the two Cl atoms
directly bound to the 1,3-dithietane ring are 3.840 A apart.

Investigations of the reactions leading to 1, (3.1) and (3.2), show that reaction (3.1) producing
7 is exothermic. For this reaction the activation energy, the enthalpy and the Gibbs energy,
AE;F, AH§98'15, and AG§98.15’ were derived as 155, 154, and 198 kJ mol~!, respectively. The
reduction of 7 with SnCl, produces 1.

The most exothermic reaction studied is reaction (4), which leads to 2. For this reaction the
activation energy, AGgq 5, is determined as only 32 kJ mol~!, implying that the reaction will
proceed to form 2 when the correct orientation of the reactants is achieved.

Phosphorus trichloride reacts exothermically with 2 to produce tetrachloroethene (5)
[reaction (5); AGagg 15 = 73kImol™!].

Chlorination of 14 in reaction (6) leads to 3 (scheme 5). The energy released in this reaction
amounts to 21 kI mol~!. Compound 14 consists of two facing —SCIC=CCI, groups; the dihe-
dral angle C—S—S—C has been determined as 74.3°, and the S—S bond length is 2.08 A.

3.1.1 Transition state structures of the addition reactions (3.1) and (4). Reactions (3.1)
and (4) represent additions to double bonds. In (3.1) SCI, is added to the C=C double bond
of ethylene, and in (4) CCl, is added to the C=S double bond of thiophosgene.

For reaction (3.1) the transition structure presented in figure 2 was identified. The dis-
placement vectors of the imaginary frequency show that the distance between one C atom of
tetrachloroethene and the S atom of sulfur dichloride decreases considerably during the vibra-
tion defined by the imaginary frequency. The incipient bond is formed between one C atom of
tetrachloroethene and the S atom of sulfur dichloride by interactions between the HOMO of
5 and the LUMO of 6.The S and the C atoms that become bound in 7 are 1.99 A apart. This
distance is approaching the final bond length of 1.84 A in 7. The distance between the chlorine
atom and the C atom to which it becomes bound in 7 is 2.75 A, i.e. considerably longer than
the final bond length 1.77 A in 7. The chlorine atom has acquired a charge of —0.44e.

&-04de
Cl._ 24 al
VTS
2.75\
! / 1.99
cldtc
Clz w
Cl Cl

Figure 2. Transition state in reaction (3.1), TS (3.1); distances in A.

The transition state structure for reaction (4) as obtained in MP2 (full) calculations is shown
in figure 3. The optimized distance between the C atom of CCl, and the S atom of S=CCl, is
2.00 A when derived in HF calculations, but this increases to 2.49 A in MP2 (full) calculations.
Consequently, further investigations are needed to fully clarify the nature of the interaction
between CCl, and S=CCl,. However, during the vibration defined by the imaginary frequency
the C atom of 10 and the S atom of 11 approach each other, indicating that the structure
represents an early transition state with an incipient bond between these two atoms. Altogether,
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Cl
Ne—Cl
2.49}

I
162 ~Cl

Figure 3. Transition state in reaction (4), TS (4); distances in A.

only slight changes in the geometries of the interacting molecules have occurred. The CCl,
molecule is in a plane almost parallel to that of the S=CCl, molecule, with the C—Cl bond
and the S—C bonds almost parallel. The two C atoms are 3.20 A apart, more than twice the
final 1.50 A in 2, and the angle C—S—C is 105.1°. The reaction appears to be non-concerted.

3.2 Rotational barriers of 1 and 3

Rotational barriers around the C—C bond in 1, and around the C—S bond in 3 have been inves-
tigated by optimizing the geometry subject to constraining the appropriate dihedral angle in HF
calculations. Frozen core MP2 calculations were performed for the HF optimized geometries.

The rotational barrier of 1 is 13.2kJ mol~!. This is considerably larger than the barrier for
the analogous fluorine compound (5.3 kJ mol™ ! ). The rotational barrier in 1 is, however, similar
to that of ethane, and thus, at room temperature, there is essentially free rotation around the
C—Cbondin 1.

The rotational barrier around the C—S bond in 3 (31.2 kJ mol~!) shows that rotation around
the C—S bond is hindered at room temperature. The most stable conformation of 3 has a
dihedral angle C(2)—C(1)—S—CI(1) of 111°. The sizable rotational barrier is connected with
the change of symmetry from C; to Cs. Thus, in the C species the HOMO is anti-bonding
between the C—C bonding 7 orbital and a lone pair on the S atom. As the symmetry changes
the HOMO becomes a delocalized bonding orbital extending over the two C atoms and over
the S atom. Figure 4 shows the rotational barrier for 3 along with a definition of the dihedral
angle.

Relative energy

(kJ mol™)
35
30
25
Cl Cl1
\ /
20 C@@)=C(1)
o’ \S
15
Cﬂ)
10 3
5
0

0 20 40 60 80 100 120 140 160 180

Dihedral angle
C(2)-C(1)-S-CI(1)
(degrees)

Figure 4. Rotational barrier around the C—S single bond in 3 as derived in MP2 calculations. Also shown is 3 with
the dihedral angle C(2)—C(1)—S—ClI(1) equal to 0°.
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The rotational barrier around the C—S bond in 3 (figure 4) is remarkably different from the
corresponding potential for the fluorine analogue. The latter potential is much less asymmetric,
with a barrier of 42.6 kI mol~! at 180° and of 38.0 kJ mol~! at 0°, and the minimum is located
at the dihedral angle 97°. Compound 3 appears to be stabilized in the planar geometries by
electronic interaction between the negatively charged Cl atom attached to S and a slightly
positively charged Cl atom attached to C. The stabilization is larger at a dihedral angle 180°
than at 0°. At 180° the C1—S group and the Cl atom are attached to the same C atom while at
0° the C1—S group and the CI atom are attached to neighbouring C atoms.

3.3 Isomerization reactions 3 — 1,3 — 2, and 2 — 1
Simultaneously with the present work the fluorine analogs of the isomerization reactions
(1.1-1.3) have been investigated [9].

Table 3 shows the relative energies of the isomers, 1-3 with three characteristic conforma-
tions of 3. The thermodynamically most stable compound is 1, but the energy differences are
small, much smaller than those of the corresponding fluorine compounds [9]. The results of
the G3 (MP2) calculations reveal that 3 is only 5kJmol~! less stable than 1. The lowering of
the energy of 3 relative to 1 is especially due to the basis set corrections and the correlation
energy included in the G3 (MP2) method.

Transition state structures for the isomerizations 3 — 1,3 — 2, and 2 — 1 have been
identified (schemes 6-8, respectively). Table 4 shows the activation energies resulting from
MP2 and G3 (MP2) calculations.

The energies presented in table 4 indicate that it is possible for 3 and 2 to rearrange into
1, but the activation energies of the isomerization reactions are relatively high, i.e. 189 and
237 kJ mol !, respectively. Compound 3 can in principle also rearrange into 2, but this reaction
is unlikely since the energy barrier is 191 kI mol~!, comparable to that of the rearrangement
to 1, and, in addition, this reaction is endothermic by 17 kJmol~!.

The transition state structure involved in the rearrangement 3 to 1, TS (1.1) scheme 6, is
appreciably polar. According to the Mulliken population analysis the CI atom that is attached
to Sin 3 and to C in 1 has acquired the charge —0.50 e. The distance between this Cl atom and
the S atom has increased from 2.05 A in 3 to 2.81 A in TS (1.1). Thus, the Cl atom is closer
to the C atom to which it finally becomes attached, i.e. 2.70 A, than to the S atom where it
was originally attached, but the distance between Cl and C is still much larger than the final
1.76 A in 1. The C—S distance has decreased from 1.74 A in 3 to 1.65 A in TS (1.1). This
is close to its final value of 1.61 A in 1. The C atoms are 1.43 A apart, which is in between
the 1.36 A of 3 and the 1.55A of 1. The dihedral angle C—C—S—Cl in TS (1.1) is 56.9°.
Although the transition state structure indicates that the moving Cl atom is only weakly bound,
the displacement vectors defined by the imaginary frequency show that the Cl atom during this
vibration approaches the C atom to which it becomes bound in 1.

The reaction appears to be initiated by rotation around the C—S bond, thereby overcoming
part of the activation energy. The reaction then proceeds as electrons flow from the C=C double
bond to the C—S single bond, resulting in one weakly bound Cl atom with a negative charge
that attacks the C atom to which it finally becomes bound.

The transition state, TS (1.2), identified for the isomerization 3 — 2 is shown in scheme 7.
According to Mulliken population analysis the transition state is polar with a charge of —0.69 e
on the Cl atom that moves from S to C. The moving Cl atom is 2.71 A from C and 2.76 A from
S, but the displacement vectors defined by the imaginary frequency show that the CI atom
during this vibration is approaching the C atom to which it becomes bound in 2.

The activation energies of reactions 3 — 2 and 3 — 1 are similar, 191 and 189kJ mol ™!,
respectively. This is consistent with the changes of the molecular geometries that have occurred.
Thus, it is noted that in both transition state structures the C—C distance is 1.43 A and the C—S
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Table 4. Activation energies, (AE H, enthalpies (AH;"Q& 15), and Gibbs energies (AG%& 15) (kI mol~!) derived in
MP2 and G3(MP2) calculations for the isomerization reactions between the C,ClyS isomers.

MP2 6-31G*
HF geometry =~ MP2 geometry G3 (MP2)
Transition frozen core full
Reaction state AE} AE} AE}  AE}  AHbg,s AGhgis
351 TS (1.1) 201 194 191 185 184 189
352 TS (1.2) 198 194 193 188 187 191
21 TS (1.3) 297 275 248 243 244 237
3.1 TS (3.1) 184 181 155 153 154 198
4 TS (4) —40 -9 —17 —13 —14 32
cl cl C{ /Cl el /c1
1.43 : 155
>C1—_3EC}/\ cl _“ /CE _______ C\\l 65 ———A‘ \/C C\LG] (11)
1.7 cr o R
Cl S{OS 270 S cl S
o281 1
8:-0.50 e
TS (1.1)

SCHEME 6 Transition state structure in the isomerization 3 — 1; distances in A.

c1\ /Cl cl cl
136 /. - 150 &
/C:C N7 Cl E— S 1.2)
Cl 7305 ci 1.80 “C]
3 2
TS (12) 5:-0.69
SCHEME 7 Transition state structure in the isomerization 3 — 2; distances in A.
cl cl cl Cl Cl Cl
Ty —= Neotis o - Ns S (1.3)
Clﬁ‘ STsoc1 / \1s67 T cf 1.61\S
Cl 2.58\\ /.’2.19
2 Cl 1
8:-031e
TS (1.3)

SCHEME 8 Transition state structure in the isomerization 2 — 1; distances in A.

distance is 1.65 A in TS (1.1) and 1.64 A in TS (1.2). To reach the transition state in reaction
(1.2) the C=C double bond is partly broken while the C—S bond has acquired some double
bond character. In addition, the C—C—S angle has changed from 125.8° in 3 to 78.2° in TS
(1.2). Altogether, the moving Cl atom appears to be weakly bound, and this reaction could
possibly occur through an ionic intermediate.
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The transition state in reaction (1.3) [TS (1.3), scheme 8] indicates that the S atom is moving
towards one C atom while the Cl atom is moving towards the other C atom in an apparent
one-step process. In the transition state the S atom and the closest C atom are 1.67 A apart.
This is approaching the final C—S$ distance in 1 (1.61 A). In the transition state the distance
between the moving Cl atom and the C atom where it was originally attached in 2 has increased
from 1.75 to 2.19 A, but it is still 2.58 A from the C atom to which it becomes attached in 1
(bond length 1.76 A). According to the Mulliken population analysis the moving CI atom has
acquired the charge —0.31 e. Thus, the transition state TS (1.3) is the least polar of the three
transition states identified. The C—C distance (1.45 A) is shorter than that of both 2 (1.50 A)
and 1 (1.55A), indicating that the C—C bond has acquired some double bond character as
the C—S bond is broken. According to the displacement vectors defined by the imaginary
frequency it appears that the reaction proceeds from the transition state as the Cl atom slides
along the C—C bond.

All the transition states identified are appreciably polar, but the energies of the proposed
transition states are lower than the totally ionic states by 477, 415 and 479 kI mol~! for the
transition states TS (1.1), TS (1.2) and TS (1.3), respectively. Polar solvents will stabilize both
the polar transition states and, especially, the totally ionic states. The influence of solvents has
not been the subject of the present investigation, and thus further studies are needed to clarify
this matter.

The structures of the transition states identified for reactions (1.1-1.3) strongly resemble
those identified for the analogue reactions of the fluorine compounds.

Our calculations are consistent with the fact that all three isomers, 1-3, exist as stable
compounds. Furthermore, the isomerization reactions (1.1-1.3), which have not been observed
experimentally, are feasible.
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Total energies of the compounds investigated (tables Al and AII).
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