
J. Am. Chem. Soc. 1991, 113, 779-786 779 

Are Any Ten-Valence-Electron HXY Species Bent in the 
Ground State? Ab Initio Optimized Energies and Shapes of 
HBO, HBS, HAlO, HAlS, and HCS+ and Their Isomers 

Erach R. Talaty,* Yanchu Huang, and Melvin E. Zandler 

Contribution from the Department of Chemistry, Wichita State University, 
Wichita, Kansas 67208. Received June 4, 1990 

Abstract: The potential energy surfaces of the HBO--HOB, HBS--HSB, HAlO-HOAl, HA1S--HSA1, and H C S + - H S C + 

systems, each containing ten valence electrons, were explored by ab initio molecular orbital calculations. Since Walsh's rules 
predict that all of the energy minima should be linear, and since no nonlinear forms of these molecules or ions have been detected 
experimentally, it is interesting that theoretical calculations reveal some of them to be distinctly bent in their ground state. 
The five systems were studied at a minimum of nine uniform levels of theory with basis sets as large as 6-311 G(2d,2p), i.e., 
triple-f plus double polarization, and with incorporation of frozen-core and full-core electron correlation at the perturbation 
orders MP2, MP3, and MP4. The geometry of each stationary-point structure was fully optimized at all levels. At our "best" 
level of theory, i.e., MP2/6-31 lG(2d,2p), HSB, HSAl, and HSC+ are strongly bent, HOB is more weakly bent, HOAl is minutely 
bent, while HCS+ , HBO, HBS, HAIO, and HAlS are al' linear. All but HSC + lie in a deep energy well with respect to 
intramolecular HXY-HYX isomerization. We predict that HSB, HSAl, and HOB should exist as bent molecules under sufficiently 
isolated conditions, and, if one of these molecules is experimentally realized, it could become the first observed nonlinear 
ten-valence-electron HXY-type species. 

Introduction 

One of the predictions of Walsh's rules is that molecules of the 
class HXY having ten valence electrons should be linear in their 
ground states.1 Some examples of isomeric pairs of molecules 
or ions that conform to this rule, according to theoretical studies, 
are HCN--HNC,2"1 6 H C O + - H O C + , 9 1 7 - 2 0 and HNSi-HSiN. 2 1" 2 9 
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Interest in such molecules was no doubt stimulated by the ob
servation of several of them in interstellar space, for example, 
H N C , 3 0 3 1 HCO + , 3 2 ' 3 3 HOC + , 3 4 and HCS + . 3 5 In each of these 
cases, laboratory or astronomical characterization was preceded 
by and aided by theoretical predictions. 

With the object of determining whether other molecules or ions 
of the type H X Y containing ten valence electrons would also 
exhibit linear equilibrium geometries, and of calculating the 
relative energies of the isomeric HXY and H Y X structures and 
the potential energy barriers separating them, a systematic ex
ploration of the ab initio Hartree-Fock STO-3G potential energy 
surfaces for the H X Y - H Y X rearrangement of some 42 H X Y 
systems was conducted by us between 1979 and 1984.36 Atoms 
X and Y were selected from elements of the first and second rows 
of the periodic table such that the resulting H X Y species were 
neutral or singly or doubly charged. In that exploration, we located 
some 76 minima of which 29 H X Y species appeared to be non
linear. At the inception of that study, no other theoretical in-
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vestigation had suggested the existence of any bent molecule of 
this type. In fact, to this date, there is no report of an experi
mentally confirmed nonlinear HXY molecule or ion containing 
ten valence electrons. 

One of the nonlinear molecules that appeared to be distinctly 
bent at the STO-3G level was HSC+, lying 69.2 kcal/mol above 
the linear HCS+, and separated from it by an intramolecular 
isomerization barrier of 22.5 kcal/mol.36a A contrasting result 
was reported by Bruna, Peyerimhoff, and Buenker,37 who char
acterized HSC+ to correspond to a linear saddle point instead of 
a minimum, located about 110 kcal/mol above HCS+ by ab initio 
calculations without and with configuration interaction. In order 
to investigate whether our bent STO-3G structure of HSC+ was 
a valid prediction, we carried out further calculations at system
atically higher levels of theory. Our recent results (Table I) agree 
with those of Wong, Nobes, and Radom38 and Tao,39 in that a 
bent local minimum exists at all levels of theory for HSC+, but 
that there is little or no barrier for isomerization of bent HSC+ 

to linear HCS+ when large basis sets are used along with electron 
correlation. 

Since the barrier to isomerization of HSC+ to HCS+ almost 
disappears in going from calculations at the STO-3G level to 
higher levels, it is of interest to investigate whether any molecule 
or ion of the type HXY is bent. With this object in mind, we 
describe here ab initio calculations on HBS, HBO, HAlS, and 
HAIO and their isomers. In order to obtain a valid comparison 
of these systems with one another as well as with the HCS+ system, 
each set of molecules was investigated at a minimum of nine 
uniform levels of theory, without and with polarization functions, 
and by utilizing different degrees of electron correlation. Such 
a comparison is not currently available in the literature, although 
varying types of calculations have been reported for HBS,40"46 

HBO,47"53 and HAlO.48 The present calculations on HAlS are 
the first to be reported. 

Method and Results 

A VAXstation-2000 computer was used to perform calculations by 
means of the GAUSSIAN 86 program.54 Completely optimized geom
etries were determined in all cases either by using the OPT command 
available in the program or, when the capacity of the disk storage was 
exceeded, by sequential optimization of each of the two or three variable 
parameters. Basis sets as large as 6-31 lG(2d,2p) at the RHF and MP2 
levels and 6-31G" at MP3 and MP4(SDTQ) levels were utilized. 
Harmonic vibrational frequencies were also calculated, usually at the 
MP2(full core)/6-31G** level, serving to furnish energy corrections for 
zero-point vibrational energy (ZPVE) and to verify the nature of sta
tionary points on the potential energy surfaces as equilibrium structures, 
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Figure 1. Relative energies (uncorrected for ZPVE) of the four forms 
of five HXY systems. Barrier energies are in parentheses. 

transition structures, or higher-order saddle points. Following conven
tional procedure, the ZPVEs were all scaled by 0.93;55'56 however, cor
rection in energies to account for ZPVE in no case changed any of our 
conclusions. Not included in the correction for the non-minimum 
structures is the translational zero-point energy corresponding to the 
missing vibrational degree of freedom. 

In each of the five HXY systems investigated, the properties of four 
separate structures or forms were determined. These forms will be re
ferred to in the rest of this paper as forms 1-4. Form 1 is an energy 
minimum corresponding to the linear HXY structure, that is, HCS+, 
HBO, HBS, HAlO, and HAlS. Form 2 represents the isomeric HYX 
equilibrium structure. This form is bent in all cases except HOAl, which 
is bent only at some levels of theory. Form 3 is the transition state or 
first-order saddle point (one imaginary frequency) separating forms 1 and 
2 and thus represents the top of the barrier to rearrangement, that is, an 
"isomerization barrier". Form 4 corresponds to a forced linear HYX 
geometry. Except for unusual cases where form 2 is linear (HOAI), form 
4 represents a second-order saddle point (two imaginary frequencies), the 
only importance of which is to assess a "bending energy", viz., the in
crease in energy in changing from bent form 2 to forced linear form 4. 
In the remainder of this paper, the terms "isomerization barrier" and 
"bending energy" will have the above meanings. 

At the top of Tables I and Il are displayed the relative energies (un
corrected for ZPVE) and completely optimized structures, respectively, 
of forms 1-4 of the HCS+ system. Also included in Table I are the 
calculated total energies (in hartrees) of the bent CSH+ cation (form 2) 
at the various levels of calculation along with the ZPVE of the four 
species. In the same tables are also shown analogous calculations for the 
HBO, HBS, HAIO, and HAlS systems. In the table of relative energies 
(Table I), increasing amounts of indentation are employed to visually 
indicate increasing order of incorporation of electron correlation, e.g., 
RHF, MP2, MP3, MP4. All bond lengths are given in angstroms and 
all bond angles in degrees. Semiempirical MNDO calculations are in
cluded for comparison with the ab initio results. Table III contains the 
calculated harmonic vibrational frequencies and zero-point energies of 
the various forms of the five systems mentioned above. 

Schematic energy profiles representing intramolecular rearrangements 
on the five HXY potential energy surfaces are shown in Figure 1. For 
this purpose, we have used the results obtained with our largest basis set 
(i.e., triple-f with double polarization) at a moderate level of electron 
correlation (i.e., second-order perturbation theory); namely, the MP2/ 
6-31 lG(2d,2p) level. Although we have obtained some completely op
timized structures at even higher levels, such as MP4(Full Core)/6-
31G(d,p) and MP4(Frozen Core)/6-31 lG(2d,2p), we could not find 
compelling reasons to investigate all systems at these rather high levels. 
Hence, calculations at the MP2/6-31 lG(2d,2p) level, which were per
formed for all five of the HXY systems in all four forms, will be referred 
to in the rest of the paper as our "best" calculations. All but the HAI-
S-HSAI system were calculated at the MP2(Full Core) level. 

Proton affinities, bond lengths, and energies of the five XY-type dia
tomic structures corresponding to the five HXY systems are recorded in 
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Figure 2. RHF/6-31 lG(2d,2p) orbital energies of five valence orbitals 
and three lowest virtual orbitals plotted versus the angle of the hydrogen 
atom from the midpoint of the BO bond in the system HBO--HOB. 
Circled points correspond to forms 1-4. 

Table IV at selected levels of theory up to our "best" calculations. The 
negatively charged diatomic ions are unknown experimentally, but the
oretical estimations of several of the proton affinities were reported.S7,58 

Table V depicts the variation of the MOPAC MNDO bond order of the 
XY bond in going progressively from form 1 to form 4. Also shown for 
comparison are the bond orders of the corresponding diatomic XY 
species. 

The angle dependence of the RHF/6-311 G(2d,2p) orbital energies of 
the five highest occupied and three lowest unoccupied orbitals in the 
HBO-HOB system are plotted in Figure 2. 

Discussion 

Before the publication of Wong, Nobes, and Radom,38 we had 
investigated the HCS+-HSC+ potential energy surface at many 
of the same levels they reported. We have verified their results, 
which were all obtained at the frozen-core level of electron cor
relation, and have extended their study to include calculations at 
MP4(Full Core)/6-31G** and MP2(FU)/6-31 lG(2d,2p) levels. 
A similar detailed study at uniform levels of theory is being 
reported here for the HBS, HBO, HAlO, and HAlS systems. 

By a careful exploration of the potential energy surfaces of these 
five systems using our previous ST0-3G results as a guide, we 
have located two minima in each of the five systems at all levels 
of theory. When our "best" calculations are used, five of the ten 
minima consist of distinctly bent structures, viz., HSB, HSAl, 
HOB, HOAl, and HSC+. However, as discussed later, the 
"isomerization barrier" and "bending energy" vary considerably 
among the five systems with the result that HSB and HSAl lie 
in deep energy wells with respect to "bending energy", HOB lies 
in a distinct but shallower well, HOAl lies in an extremely shallow 
well, and HSC+ is separated from the isomeric thioformyl cation, 
HCS+, by a minute barrier, at best. The remaining five of the 
ten minima, viz., HCS+, HBS, HBO, HAlO, and HAlS, were 
shown to exhibit linear geometries by exploration of the potential 
energy surfaces calculated at our "best" level. 

On the HCS+ potential energy surface, the linear HCS+ 

structure (form 1) represents the global minimum. The linear 
forms of HBS and HBO and the bent forms of HOAl and HSAl 
constitute global minima on their respective "best" potential energy 
surfaces. All are separated from their higher-energy isomers by 
a large "isomerization barrier", and all but HSAl lie considerably 
lower in energy than their respective isomeric equilibrium 
structures (HSAl is lower in energy than HAlS by only 1.8 
kcal/mol when our "best" results are used). 

The location of all of the global minima in deep energy wells 
with respect to isomerization suggests that the existence of the 
corresponding molecules or ion could be verified by experimental 

(57) Peterson, K. A.; Woods, R. C. J. Chem. Phys. 1989, 90, 7239. 
(58) Botschwina, P.; Sebald, P. J. MoI. Spectrosc. 1985, /, 110. 

techniques or astronomical observation. Indeed, HCS+ has been 
observed both in interstellar space35 and in the laboratory;59 HBO 
has been detected by infrared absorption in matrix isolation ex
periments60 and as a transient intermediate by microwave spec
troscopy;61,62 and HBS has been the subject of several spectroscopic 
studies.63"69 

A consideration of the higher-energy isomeric forms shows that 
all but HSC+ lie in deep potential wells with respect to isomer
ization and should also exist. The "isomerization barriers" at our 
"best" level of calculation for the global minima forms HCS+, 
HBO, HBS, HOAl, and HSAl are 84.8, 79.4, 82.7, 81.7, and 49.3 
kcal/mol, respectively. Corresponding "isomerization barriers" 
for the higher-energy forms HSC+, HOB, HSB, HAlO, and HAlS 
are 0.2, 27.9, 11.8, 45.0, and 47.6 kcal/mol, respectively. 

An examination of the relative energies of forms 2 and 4 in 
Table I of the various HYX species show that HSC+, HSB, and 
HSAl are distinctly bent in our "best" results, e.g., "bending 
energies" are 21.6, 22.5, and 14.7 kcal/mol, respectively. HOB 
is weakly bent with a "bending energy" of 3.6 kcal/mol, whereas 
HOAl has an extremely minute "bending energy" of 0.1 kcal/mol. 
Note that the bending frequencies of HOAl in Table III are a 
very low 115 cm"1 at the MP2(FU)/6-31G** level and 183 cm"1 

at the MP2(FU)/6-311G** level. 
The degree of bending in the bent structures, as measured by 

the bond angles of form 2, is least in all cases at the RHF/3-21G 
and RHF/6-31G levels. It increases by inclusion of polarization 
functions and increases even more at correlated levels of theory. 
HSB and HSAl are noteworthy in being substantially bent, the 
bond angles being 85° and 89°, respectively, in our "best" cal
culations. As expected from the low "bending energy" of HOB, 
its bond angle is 121° at the same level of calculation. The 
remaining two molecules exhibit a large variation of the equi
librium bond angle with the level of calculation. Reminiscent of 
the Hammond principle, the degree of bending of HSC+ generally 
increases as the "isomerization barrier" decreases at higher levels 
of theory. 

HOAl exhibits a unique and interesting dependence of its 
equilibrium geometry on the level of theory. As shown in Table 
I, this molecule is linear in all calculations employing the 6-3IG** 
basis set, with or without correlation. Especially peculiar is the 
bent geometry at the RHF/6-3IG* level but not at the RHF/ 
6-31G or RHF/6-31G** levels, albeit the RHF/6-31G* "bending 
energy" is very small (0.04 kcal/mol). This result suggests a very 
flat potential energy surface and prompted us to investigate the 
shape of HOAl at more levels. It is linear at the RHF/6-31 IG** 
level but not at the RHF/6-31 lG(2d,2p) level. Also, although 
the MP2(FU)/6-31G** geometry is linear, the molecule is bent 
at the MP2(FU)/6-311G** and MP2(FU)/6-311G(2d,2p) (i.e., 
"best") levels. The "bending energies" at the latter two levels are 
0.038 and 0.115 kcal/mol, respectively, at the corresponding HOAl 
bond angles of 161.2° and 148.6°. The potential energy surface 
is essentially flat over a bond angle range of some 50° at our "best" 
level! The energy varies less than 0.2 kcal/mol over the bond angle 
range of 180-133°. 

Although the greatest separation in energy between forms 1 
and 2 of the five systems considered is encountered in the HCS+ 

system, the "isomerization barrier" for the unimolecular rear-
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Table I. Relative Energies of Four HXY Forms and Absolute Energy and HYX Bond Angle of Form 

method basis 

H - C - S * - - C — S— H* 
MNDO 
RHF/ST0-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G" 
MP4(FC)/6-31G»* 
MP4(FU)/6-31G** 
RHF/6-311G"* 
MP4(FC)/6-311G** 
RHF/6-311G(2d,2p) 
MP2(FU)/6-311G(2d,2p)» 

.93»ZPVE 

H-B-0--B—0—H 
MNDO 
RHF/ST0-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6-31G" 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP3(FU)/6-31G** 
MP4(FC)/6-31G** 
MP4(FU)/6-31G** 
RHF/6-311G** 
MP4(FU)/6-311G" 
RHF/6-311G(2d,2p) 
MP2(FU)/6-311G(2d,2p)» 
MP4(FC)/6-311G(2d,2p) 

.93*ZPVE 

H— B-S- -B — S-H 

MNDO 
RHF/ST0-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
RHF/6-311G(2d,2p) 
MP2(FU)/6-311G(2d,2p)'' 

.93*ZPVE 

H-Al—O--Al-0—H 
MNDO 
RHF/ST0-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6 -31G" 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
RHF/6-311G** 
MP2(FU)/6-311G" 
RHF/6-311G(2d,2p) 
MP2(FU)/6-311G(2d,2p)' 

.93»ZPVE 

H-Al—S--Al- S— H 
MNDO 
RHF/STO-3G 
RHF/3-21G 
RHF/6-31G 

form 1 

H — C — S * 

-89.10 
-69.11 
-79.77 
-76.04 
-71.83 
-70.40 

-88.20 
-79.49 

-81.87 
-82.44 

-68.77 
-77.86 

-68.67 
-84.57 

8.37 

H—B-O 
-17.31 
-71.31 
-38.04 
-39.91 
-47.30 
-43.15 

-56.25 
-47.73 
-48.13 

-52.98 
-53.42 

-41.34 
-50.31 

-40.36 
-51.45 

-48.39 
8.50 

H — B — S 

-38.68 
-85.20 
-70.58 
-70.56 
-67.81 
-65.94 

-76.02 
-69.23 

-71.55 
-62.73 

-70.95 
7.39 

H-Al—O 
38.68 
44.93 
67.59 
71.40 
51.07 
55.37 

37.46 
50.69 

33.74 

52.38 
36.75 

5.22 

H-Al—S 
9.04 
7.05 
6.63 
8.31 

relative energies, kcal/mol 

form 3 
H / \ 

C-S* 
28.13 
22.60 
21.29 
22.30 
13.21 
11.19 

0.38 
2.97 

2.01 
1.95 

9.39 
1.55 

9.60 
0.19 

(4.50) 
H / \ 

B-O 
73.58 
48.95 
58.11 
59.01 
44.94 
47.65 

26.36 
32.27 
32.09 

27.32 
27.15 

48.39 
27.93 

48.28 
27.91 

28.47 
(5.34) 

H 
/ \ 
B-S 

36.67 
37.44 
32.83 
32.63 
28.63 
28.13 

11.89 
15.07 

12.82 
26.89 

11.77 
(4.05) 

H /\ 
Al-O 

106.89 
104.31 
116.85 
124.07 
108.33 
112.49 

82.70 
90.50 

77.80 

110.48 
81.73 
(3.88) 

H / \ 
Al-S 

61.09 
83.03 
65.24 
66.48 

form 2 
H* 

c-s7 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 
5.21 

H 

B - o ' 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
7.86 

H 
B - S ' 

0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
5.51 

H 

A i - d 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
6.91 

H 
Al-S' 

0.00 
0.00 
0.00 
0.00 

form 4 

C — S — H * 

5.09 
35.56 
19.46 
21.87 
39.70 
39.53 

20.53 
27.67 

15.51 
15.63 

40.49 
17.49 

43.24 
21.64 
(4.77) 

B — O — H 

0.00 
2.62 
0.15 
0.04 
3.92 
4.02 

3.11 
3.71 
3.49 

3.59 
3.38 

4.31 
4.39 

4.69 
3.64 

4.13 
(7.41) 

B — S — H 

5.26 
39.35 
17.42 
18.06 
31.08 
30.87 

22.48 
24.53 

21.24 
34.11 

22.52 
(4.59) 

A l - O — H 

0.00 
5.48 
0.00 
0.00 
0.04 
0.00 

0.00 
0.00 

0.00 
0.00 

0.04 
0.19 

0.11 
(6.91) 

A l - S — H 
5.39 
27.31 
8.14 
8.31 

V 

angle, deg 
form 2 

116.7 
92.4 
99.3 
99.3 
88.2 
86.9 

60.5 
77.5 

71.6 
71.2 

83.9 
67.2 

84.5 
62.4 

180.0 
123.7 
151.6 
160.8 
121.4 
122.2 

121.0 
120.3 
120.6 

120.5 
120.5 

121.8 
116.2 

122.0 
121.4 

120.4 

111.8 
92.7 
100.4 
100.5 
93.3 
92.8 

86.0 
87.5 

86.7 
91.1 

84.5 

180.0 
113.2 
180.0 
180.0 
155.0 
180.0 

180.0 
180.0 

180.0 
180.0 

161.2 
148.5 

148.6 

112.9 
94.1 
105.0 
106.7 

Talaty et al. 

energy, hartree 
form 2 

336.00" 
-430.749972 
-433.290941 
-435.415242 
-435.495885 
-435.500359 

-435.743255 
-435.748414 

-435.770086 
-435.784608 

-435.533804 
-435.817047 

-435.541740 
-435.943225 

-50.96" 
-98.713264 
-99.545324 
-100.054986 
-100.090775 
-100.098414 

-100.349289 
-100.352515 
-100.359631 

-100.366185 
-100.373319 

-100.128357 
-100.457815 

-100.135016 
-100.459036 

-100.446186 

45.88" 
-417.989487 
-420.585170 
-422.637642 
-422.684015 
-422.688158 

-422.890073 
-422.900715 

-422.912673 
-422.726120 

-423.091796 

-61.09" 
-313.411765 
-315.668450 
-317.360850 
-317.381951 
-317.389744 

-317.634594 
-317.630038 

-317.642377 
-317.427797 

-317.823219 
-317.434649 

-317.863074 

21.65" 
-632.745974 
-636.761333 
-639.980680 
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Table I (Continued) 

method basis 

RHF/6-31G* 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
RHF/6-311G(2d,2p) 
MP2(FC)/6-311G(2d,2p)4 

.93*ZPVE 

form 1 

3.99 
6.00 

2.22 
6.67 

4.56 
4.98 

1.76 
4.99 

relative energies, kcal/mol 

form 3 

65.20 
66.88 

49.67 
50.97 

47.10 
66.26 

49.33 
(3.14) 

form 2 

0.00 
0.00 

0.00 
0.00 

0.00 
0.00 

0.00 
5.07 

form 4 

16.71 
16.62 

14.63 
15.55 

15.07 
18.39 

14.67 
(4.47) 

angle, deg 
form 2 

96.4 
95.8 

89.5 
90.2 

89.6 
93.3 

88.6 

energy, hartree 
form 2 

-640.020505 
-640.024692 

-640.214450 
-640.217854 

-640.226808 
-640.070230 

-640.269599 

"Heat of formation in kcal/mol for form 2. '"Best" calculation. 'AU energies uncorrected for zero-point vibrational energy. 

rangement of HSC+ is smallest. This barrier decreases from about 
22 to 11 kcal/mol upon inclusion of polarization functions, and 
then it nearly disappears upon inclusion of electron correlation 
(e.g., the barrier is 0.2 kcal/mol in our "best" results, the smallest 
value to be reported thus far). This observation corroborates the 
conclusion38 that HSC+ is unlikely to be detected experimentally. 

A comparison of the relative energies of forms 2 and 3 in Table 
I reveals that the other bent molecules also exhibit a marked 
variation of this barrier with the level of theory employed. In 
general, there is a small but consistent reduction of the height 
of the barrier upon inclusion of polarization functions, but a much 
bigger diminution (10-30 kcal/mol) of the barrier by further 
incorporation of electron correlation so that the overall barrier 
reduction from RHF/6-31G calculations to our "best" calculations 
is quite large. However, despite such large reduction in height, 
the "isomerization barrier" remains large for HOB, HSB, HOAl, 
and HSAl. Among the different correlated levels, MP3 calcu
lations always indicated a distinctly higher value of both the 
"isomerization barrier" and the "bending energy" than the closely 
comparable MP2 and MP4 calculations. These results, particu
larly those for the HCS+ system, emphasize the fact that inclusion 
of electron correlation is essential for gauging the relative heights 
of "isomerization barriers" of these ten-valence-electron HXY 
systems. 

The geometries of the various species depicted in Table II show 
some variation with the level of theory. Because very few of these 
species have been studied experimentally (only form 1), it is 
difficult to decide which level of calculation is most suited for 
structural predictions. However, on the basis of what few com
parisons with experimental values can be made, it appears that 
MP3 results give the best estimates of observed geometries. MP2 
calculations overestimate the lengths of XY bonds and MP4 
calculations overestimate them even more. This trend has been 
reported previously for HCS+38 and is now encountered in all of 
the systems investigated in this paper. 

The harmonic vibrational frequencies assembled in Table III 
were calculated at generally higher levels than those in the lit
erature. 38'39'46 If Table V can be used as a guide to the type of 
bonding in the various forms of HXY (vide infra), then a decrease 
in the stretching frequency of the XY bond is to be expected when 
form 1 is compared with form 2, as is observed in Table III, 
column 5. Although the bending frequencies follow the same 
pattern, HOAl is noteworthy in exhibiting remarkably low values, 
below 200 cm"1, whether linear or bent. This observation is 
consistent with HOAl being linear at many levels of calculation 
in contrast to HSAl and HOB. 

A comparison of the "best" calculated bond lengths of the 
diatomic XY species in Table IV with the corresponding XY bond 
lengths for the triatomic species in Table III shows that the bond 
length of the diatomic system is consistently longer than that of 
form 1 but shorter than that of form 2. HOAl exhibits the smallest 
such difference. The "best" proton affinity of CS in Table IV 
(193.1 kcal/mol) is very close to the best previous theoretical 
estimate (191 kcal/mol),38 after correction for the zero-point 
energy (ZPVE) difference of 7.1 kcal/mol from Table III. The 
proton affinities of BO" and BS" are also in general agreement 
with those reported previously at the MP4 level.57 However, note 
the iarge difference between the values calculated at the triple-^ 
double-polarization level [i.e., MP2/6-31 lG(2d,2p) level] com

pared to the double-£" single-polarization level (i.e., MP2, MP3, 
and MP4/6-31G** levels). Since CS is the only diatomic species 
for which an experimental value of proton affinity is available 
(recent value of 188 kcal/mol70), one cannot decide which level 
of theory will be generally suitable for reproducing experimental 
values. 

One reason for carrying out this study was to assess the level 
of theory required to confidently predict structures and energies 
of small isomeric systems. For this reason we include semi-
empirical results at the MNDO level, calculated by means of 
MOPAC.71 Although MNDO was not expected to perform well 
for these species, consistent parameters were not available for all 
atoms at the superior AMI or never PM3 semiempirical levels. 

The bond lengths from MNDO are far shorter than our "best" 
calculations, agreeing best with the STO-3G level, which is known 
to give rather poor predictions compared to the split valence 3-2IG 
level and higher levels. The semiempirical bond angles were 
generally too large, yielding in the extreme a linear HOB structure. 
The relative MNDO energies of the four HXY-HYX forms were 
qualitatively correct, but quantitatively very poor. 

Especially interesting are the MOPAC MNDO XY bond or
ders, presented in Table V, as a function of the angle made by 
the hydrogen atom from the midpoint of the XY bond. Notice 
that the X-Y bond order decreases by approximately one bond 
in going from form 1 to form 2 (or 4). The quasi-Lewis structures 
shown at the top and bottom of the Table V are intended to 
indicate posssible bonding patterns. While the bond order of 
HCS+ is near 3, that of HBO and HBS is near 2.5, that of HAlO, 
HAlS, and HSC+ is near 2.0, that of HOB and HSB is near 1.5, 
and that of HOAl and HSAl is near 1.0. One might speculate 
that the lower bond order results in an increase of electron pop
ulation on the O and S atoms leading to increased nonlinear p2 

(90°) bonding instead of linear sp bonding. From this viewpoint, 
the linearity of HOAl at several levels is surprising. 

Calculations at a reasonably high level as reported in Tables 
I and II are essential in gauging the usefulness of earlier qualitative 
theories of shapes of molecules,72 such as those of Walsh,1 

Schnuelle and Parr,73 and VSEPR theory.74"76 From orbital 
overlap arguments, Walsh stated that the energies of the five filled 
valence-shell molecular orbitals of molecules of the type discussed 
in the present paper should either increase in energy or remain 
unchanged when the HXY angle varies from 180° and 90°, and 
hence he concluded that all HXY species having ten valence 
electrons should be linear in their ground states. However, it is 
the total energy and not the sum of the orbital energies that 
determines the shapes of molecules (the difference being a large 
contribution from electron repulsion that changes in subtle ways 
with bond angle). 

An examination of Figure 2 for the HBO-HOB system shows 
that although the various RHF/6-31 lG(2d,2p) orbital energies 

(70) Smith, D.; Adams, N. E. / . Chem. Soc, Faraday Trans. 2 1987, 83, 
149. 

(71) Stewart, J. J. P. MOPAC 4.0, QCPE, Indiana University, Bloom-
ington, Indiana 47405. 

(72) Burden, J. K. Molecular Shapes; Wiley: New York, 1980. 
(73) Schnuelle, G. W.; Parr, R. G. J. Am. Chem. Soc. 1972, 94, 8974. 
(74) Gillespie, R. J.; Nyholm, R. S. Q. Rev., Chem. Soc. 1957, / / , 339. 
(75) Gillespie, R. J. J. Chem. Educ. 1963, 40, 295. 
(76) Gillespie, R. J. Angew. Chem., Int. Ed. Engl. 1967, 6, 819. 
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Table II. Fully Optimized Bond Lengths and Angles for the Four Forms of Five HXY--HYX Systems 
form 1 form 3 

HCS -HSC /?HC RQS "HC "CS "SH /CSH RCS 

form 2 

"sH /CSH 
form 4 

" c s "sH 

MNDO 
RHF/STO-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G»* 
MP4(FU)/6-31G** 
RHF/6-311G** 
MP4(FC)/6-3llG** 
RHF/6-311G(2d,2p) 
MP2(FU)/6-311G(2d,2p)" 
best estimated* 

1.0685 
1.0999 
1.0679 
1.0718 
1.0739 
1.0750 
1.0798 
1.0774 
1.0826 
1.0816 
1.0753 
1.0880 
1.0713 
1.0769 
1.080 

1.4351 
1.4683 
1.4952 
1.4977 
1.4542 
1.4541 
1.4941 
1.4753 
1.5083 
1.5069 
1.4521 
1.5048 
1.4493 
1.4893 
1.475 

1.3683 
1.3167 
1.4335 
1.3804 
1.2705 
1.2624 
1.3305 
1.3010 
1.3165 
1.3172 
1.2687 
1.3374 
1.2891 
1.3832 

1.5574 
1.6076 
1.6100 
1.6108 
1.5318 
1.5306 
1.5673 
1.5550 
1.5834 
1.5822 
1.5298 
1.5853 
1.5307 
1.5756 

1.5785 
1.6748 
1.6960 
1.6647 
1.6279 
1.6391 
1.5292 
1.5663 
1.5605 
1.5563 
1.6510 
1.5658 
1.6383 
1.5255 

51.74 
47.25 
51.31 
49.82 
47.30 
46.79 
50.88 
49.27 
49.51 
49.62 
46.82 
50.23 
47.86 
52.95 

1.5986 
1.6644 
1.6723 
1.6750 
1.6087 
1.6074 
1.5907 
1.6091 
1.6276 
1.6266 
1.6014 
1.6208 
1.6029 
1.5973 

1.3238 
1.3656 
1.3786 
1.3755 
1.3502 
1.3549 
1.4247 
1.3723 
1.3883 
1.3885 
1.3668 
1.4113 
1.3641 
1.4374 

116.74 
92.37 
99.34 
99.27 
88.19 
86.89 
60.49 
77.51 
71.60 
71.16 
83.87 
67.24 
84.53 
62.41 

1.5460 
1.5732 
1.5991 
1.6049 
1.5509 
1.5515 
1.5904 
1.5681 
1.6745 
1.6712 
1.5488 
1.6596 
1.5507 
1.5957 

1.3297 
1.3722 
1.3677 
1.3716 
1.3607 
1.3607 
1.3756 
1.3663 
1.3755 
1.3747 
1.3654 
1.3806 
1.3632 
1.3834 

HBO-HOB 
form 1 

" H B " B O " H B 

form 3 

" B O "oH /BOH " B O 

form 2 

" O H /BOH 
form 4 

" B O ^OH 

MNDO 1.1413 1.1736 1.2840 1.2348 1.4745 55.73 1.2531 0.9295 180.00 1.2531 0.9285 
RHF/STO-3G 1.1421 1.1757 1.2677 1.2366 1.3672 58.01 1.2922 0.9768 123.76 1.2470 0.9622 
RHF/3-21G 1.1590 1.2105 1.3063 1.2568 1.4425 57.39 1.3128 0.9550 151.63 1.3037 0.9508 
RHF/6-31G 1.1551 1.2004 1.3236 1.2472 1.4074 59.45 1.3033 0.9382 160.84 1.2991 0.9365 
RHF/6-31G* 1.1667 1.1853 1.2793 1.2184 1.4036 57.89 1.2997 0.9508 121.44 1.2727 0.9377 
RHF/6-31G" 1.1649 1.1855 1.2724 1.2173 1.4109 57.35 1.2977 0.9462 122.17 1.2734 0.9335 
MP2(FU)/6-31G** 1.1632 1.2171 1.3031 1.2581 1.3144 60.82 1.3126 0.9649 120.97 1.2883 0.9517 
MP3(FC)/6-31G** 1.1637 1.2026 1.2914 1.2446 1.3550 59.39 1.3112 0.9616 120.27 1.2859 0.9476 
MP3(FU)/6-31G** 1.1631 1.2015 1.2906 1.2434 1.3527 59.44 1.3089 0.9606 120.63 1.2836 0.9468 
MP4(FC)/6-31G** 1.1651 1.2246 1.3055 1.2659 1.3236 60.50 1.3197 0.9649 120.51 1.2954 0.9518 
MP4(FU)/6-31G** 1.1644 1.2233 1.3053 1.2644 1.3213 60.59 1.3173 0.9644 120.46 1.2930 0.9510 
RHF/6-311G** 1.1632 1.1796 1.2769 1.2103 1.4163 57.53 1.2888 0.9457 121.78 1.2653 0.9342 
MP4(FU)/6-311G** 1.1694 1.2162 1.3119 1.2561 1.3357 60.73 1.3092 0.9654 116.18 1.2844 0.9521 
RHF/6-311G(2d,2p) 1.1632 1.1794 1.2749 1.2096 1.4160 57.46 1.2866 0.9437 122.03 1.2599 0.9316 
MP2(FU)/6-311G(2d,2p)° 1.1617 1.2092 1.3083 1.2486 1.3242 61.05 1.3002 0.9611 121.44 1.2748 0.9491 
MP4(FC)/6-311G(2d,2p) 1.1665 1.2164 1.3129 1.2571 1.3345 60.79 1.3083 0.9620 120.44 1.2824 0.9499 
experiment'' 

HBS-HSB 

1.1667 1.2007 
form 1 

" H B " B S " H B 

form 3 

" B S " S H /BSH " B S 

form 2 

"sH /BSH 
form 4 

" B S " S H 

MNDO 
RHF/STO-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6-31G** 
MP2(FU)/6-31G" 
MP3(FC)/6-31G" 
MP4(FC)/6-31G*» 
RHF/6-311G(2d,2p) 
MP2(FU)/6-311G(2d,2p)a 

1386 
1445 
1590 
1612 
1670 
1661 
1671 
1667 
1696 
1645 
1667 

1.4801 
1.5351 
1.6177 
1.6309 
1.5969 
1.5972 
1.6035 
1.5989 
1.6163 
1.5922 
1.6027 

1.2767 
1.3222 
1.4180 
1.4043 
1.3412 
1.3312 
1.3651 
1.3563 
1.3684 
1.3376 
1.3780 

1.5915 
1.6594 
1.7256 
1.7339 
1.6689 
1.6661 
1.6940 
1.6921 
1.7118 
1.6583 
1.6899 

1.7707 
1.6625 
1.7191 
1.7136 
1.6868 
1.6949 
1.5772 
1.6082 
1.5878 
1.7105 
1.5981 

44.23 
46.91 
48.62 
48.07 
47.11 
46.66 
49.17 
48.45 
48.83 
46.76 
49.46 

1.7017 
1.7947 
1.8923 
1.8963 
1.8309 
1.8299 
1.8085 
1.8161 
1.8232 
1.8188 
1.8110 

1.2970 
1.3326 
1.3549 
1.3577 
1.3329 
1.3335 
1.3383 
1.3402 
1.3429 
1.3337 
1.3434 

111.83 
92.74 
100.37 
100.47 
93.33 
92.79 
85.97 
87.49 
86.71 
91.14 
84.53 

1.6303 
1.6948 
1.8454 
1.8582 
1.8059 
1.8060 
1.7736 
1.7773 
1.7907 
1.7993 
1.7803 

1.2880 
1.3256 
1.3397 
1.3445 
1.3313 
1.3292 
1.3481 
1.3446 
1.3559 
1.3292 
1.3513 

experiment'' 

HAlO-HOAl 

1.1690 1.5996 
form 1 

" H A I " A I O " H A I 

form 3 

" A I O " O H /AlOH " A I O 

form 2 

" O H /AlOH 
form 4 

" A I O " O H 

MNDO 
RHF/STO-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
RHF/6-311G** 
MP2(FU)/6-311G** 
RHF/6-311G(2d,2p) 
MP2(FU)/6-311G(2d,2p)« 

1.4800 
1.4732 
1.5685 
1.5667 
1.5592 
1.5572 
1.5609 
1.5567 
1.5690 

1.5528 
1.5587 

1.3859 
1.5466 
1.6045 
1.6244 
1.5722 
1.5724 
1.6294 
1.5945 
1.6667 

1.5641 
1.6162 

1.4919 
1.5249 
1.6422 
1.6521 
1.6148 
1.6129 
1.6134 
1.6174 
1.6269 

1.6083 
1.6126 

1.5291 
1.6345 
1.6715 
1.6911 
1.6201 
1.6198 
1.6437 
1.6478 
1.6707 

1.6050 
1.6307 

1.6661 
1.8569 
2.0017 
1.9902 
1.9305 
1.9319 
1.7989 
1.9151 
1.8136 

1.9103 
1.7955 

55.47 
51.31 
52.17 
52.57 
53.23 
53.14 
55.67 
53.36 
55.49 

53.60 
55.91 

1.5701 
1.6961 
1.6590 
1.6930 
1.6818 
1.6692 
1.6878 
1.6815 
1.6906 
1.6716 
1.6904 
1.6725 
1.6893 

0.9208 
0.9880 
0.9493 
0.9370 
0.9398 
0.9331 
0.9511 
0.9464 
0.9512 
0.9330 
0.9506 
0.9329 
0.9499 

180.00 
113.19 
179.98 
179.97 
154.99 
179.92 
179.98 
179.86 
179.84 
180.00 
161.20 
148.48 
148.58 

1.5701 
1.6082 
1.6590 
1.6928 
1.6718 
1.6693 
1.6879 
1.6813 
1.6906 
1.6716 
1.6850 
1.6581 
1.6757 

0.9208 
0.9680 
0.9494 
0.9371 
0.9375 
0.9331 
0.9510 
0.9465 
0.9512 
0.9330 
0.9497 
0.9302 
0.9475 

form 1 form 3 form 2 form 4 

HAlS-HSAl *A1S R HAl MIS /AlSH " A R. SH /AlSH " s 
MNDO 
RHF/STO-3G 
RHF/3-21G 
RHF/6-31G 
RHF/6-31G* 
RHF/6-31G** 

1.3898 
1.4742 
1.5697 
1.5701 
1.5616 
1.5598 

1.8027 
1.8973 
2.0656 
2.0667 
1.9920 
1.9921 

1.4812 
1.5540 
1.6861 
1.6952 
1.6543 
1.6497 

1.8685 
2.0267 
2.1761 
2.1792 
2.0750 
2.0728 

1.9866 
2.1134 
2.2772 
2.2795 
2.2043 
2.2093 

45.06 
44.03 
44.42 
44.62 
45.36 
45.18 

2.0277 
2.1749 
2.3643 
2.3725 
2.2680 
2.2663 

1.2928 
1.3283 
1.3546 
1.3562 
1.3334 
1.3330 

112.90 
94.13 

105.00 
106.69 
96.35 
95.78 

1.9515 
2.0588 
2.2761 
2.2877 
2.2096 
2.2088 

1.2823 
1.3163 
1.3369 
1.3403 
1.3247 
1.3227 
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Table II (Continued) 

HAlS-HSAl 

MP2(FU)/6-3IG** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
RHF/6-311G(2d,2p) 
MP2(FC)/6-311G(2d,2p)" 

form 1 

^ H A l 

1.5601 
1.5601 
1.5643 
1.5543 
1.5599 

""Best" calculation. 'Reference 59. c] 

^ A l S ^ H A l 

2.0042 1.6457 
1.9990 1.6520 
2.0179 1.6586 
1.9903 1.6429 
2.0170 1.6473 

form 3 

^ A l S ^ S H 

2.0753 2.0945 
2.0827 2.1395 
2.0995 2.1155 
2.0632 2.2106 
2.0824 2.1053 

Reference 61. ''Reference 68. 

Table III. Harmonic Frequencies Calculated by MP2(FU)/6-

molecule 

H-C-S + 

H-S-C + 

C-S 

H-B-O 

H-O-B 

B-O-

H-B-S 

H-S-B 

B-S" 

H-Al-O 

H-O-AK 

Al-O" 

H-Al-S^ 

H-S-Al 

Al-S-

form 

1 
3 
2 
4 

1 
3 
2 
4 

1 
3 
2 
4 

1 
3 
2 
4 

1 
3 
2 
4 

31G** 

frequencies 

bending 

767.2 

(225.7i) 

785.0 

(438.6i) 

702.8 

(583.20 

406.0 

115.0 
115.0 

465.5 

(548.00 

767.2 
(785.8i) 
435.1 

(225.7i) 

785.0 
(1753.7i) 

570.0 
(438.6i) 

702.8 
(1644.7i) 

549.6 
(583.2i) 

406.0 
(1210.40 

115.0 
115.0 

465.5 
(1290.Ii) 

431.8 
(548.0i) 

ZAlSH RMS 

46.49 2.2344 
46.04 2.2378 
46.34 2.2419 
45.05 2.2624 
46.33 2.2626 

," cm-1 

form 2 

•KSH 

1.3370 
1.3385 
1.3418 
1.3315 
1.3394 

stretch 

1404.1 
1269.1 
1189.4 
1123.0 
1313.6 

1831.0 
1681.2 
1419.3 
1497.1 
1709.1 

1225.4 
1027.3 
810.2 
835.6 

1022.6 

1039.8 
1082.7 
869.7 
869.7 
938.3 

717.6 
603.9 
533.1 
446.5 
610.7 

3358.2 
2115.4 
2292.4 
2466.5 

2994.7 
2334.9 
3918.6 
4080.2 

2929.0 
2025.2 
2783.2 
2619.0 

2071.7 
1837.6 
4094.4 
4094.4 

2110.0 
1757.3 
2847.0 
2917.8 

/AlSH 

89.53 
90.15 
89.55 
93.35 
88.61 

form 4 

^ A I S 

2.1747 
2.1758 
2.1813 
2.2130 
2.2055 

ZPVE,4 

kcal/mol 

9.00 
(4.84) 
5.60 

(5.13) 
1.88 

9.14 
(5.74) 
8.45 

(7.97) 
2.44 

7.95 
(4.36) 
5.92 

(4.94) 
1.46 

5.61 
(4.17) 
7.43 
7.43 
1.34 

5.37 
(3.38) 
5.45 

(4.81) 
0.87 

^SH 

1.3296 
1.3297 
1.3334 
1.3221 
1.3325 

"Values in parentheses represent imaginary frequencies. 'Translational zero-point energy not included. 'Frequencies calculated at the MP2-
(FU)/6-31 IG** level for the bent form 2 of HOAl are 183.1, 864.9, and 4065.7, and for the forced linear form 4 they are (143.Ii), (143.Ii), 870.9, 
and 4081.5. 'All HA1S--HSAI frequencies calculated at the RHF/6-31G** level. 

at optimized bond lengths change as the bond angle is varied, no 
uniform conclusions similar to those of Walsh are discernible. 
Similar plots for other systems at other levels provide even less 
insight. One point of interest is that the degenerate ir orbitals 
of linear HBO represent the HOMO, whereas the similar de
generate orbitals of HOB are substantially lower than the HOMO. 
This indicates that there may be a significant change in the relative 
importance of the w bond in going from form 1 to form 2, as 
suggested in the discussion of the MOPAC bond orders above. 

Concluding Remarks 

The question we posed in the title of the present paper can now 
be answered more definitively, namely, Are any ten-valence-
electron HXY species bent in the ground state? In contrast to 
the near disappearance at higher levels of the substantial STO-3G 
"isomerization barrier" for the bent HSC+ cation, the small 
RHF/6-31G "bending energy" for HOB increases to 4.1 kcal/mol 
at the MP4(Frozen Core)/6-31 lG(2d,2p) level while the very high 
STO-3G "isomerization barrier" to HBO is greatly reduced, but 
still remains at a large value of 28.5 kcal/mol at this level. HSB 
and HSAl remain substantially bent at the highest levels of 
calculation, lying in energy wells at least as deep as 10 kcal/mol 
in our "best results". However, HOAl loses its large STO-3G 
"binding energy" and becomes linear or is very weakly bent at 
higher levels. The variation of potential energy with bending angle 
for HOAl is so remarkably flat that there is little possibility for 
specific determination of its linearity or noniinearity. 

Thus, out of the various species in the five systems examined 
at a reasonably high level of theory, we have located three 

molecules, viz., HSB, HSAl, and HOB, that are distinctly bent 
and possess a sufficiently high isomerization barrier to predict 
with some degree of confidence that in a sufficiently isolated state 
these molecules should exist with bent geometry. HSAl has the 
additional advantage of being the global minimum, thus making 
detection of the bent HSAl molecule as likely or even more likely 
than the linear HAlS molecule lying 1.8 kcal/mol higher in energy 
in our "best" calculations. No previous ab initio calculations of 
this type have been reported for HSB and HSAl and no previous 
such calculations on the other species were performed in which 
geometries were completely optimized at all levels. Also, there 
is no previous report of the extreme flatness of the potential energy 
curve with respect to bond angle in HOAl. 

After a review of all of the results at correlated levels, it appears 
that MP2 and MP4 calculations are similar in their predictions 
but both yield results that are somewhat different from MP3 
calculations. Although MP3 may be more accurate for bond 
lengths and angles, the similarity of MP2 and MP4 results suggests 
that MP2 may be sufficient with a large enough basis set to make 
reasonably confident predictions. For the molecules and ions 
studied, no serious error in prediction would occur from using the 
much less computationally intensive MP2/6-31G** level of theory 
rather than our "best" calculations or the higher-level MP3 and 
MP4 calculations. Inclusion of some electron correlation is es
sential to correctly predict "isomerization barriers" and "bending 
energies" for these systems, but it affords little improvement in 
bond lengths and angles. 

At this point, it may be worthwhile to review the conclusions 
of our earlier extensive STO-3G study36 of HXY-HYX systems 
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Table IV. 
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Bond Lengths, Energies, and Proton Affinities of Five XY Systems' 

method basis 

C-S 
RHF/3-21G 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
MP2(FU)/6-311G(2d,2p)° 

B-O" 
RHF/3-21G 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
MP2(FU)/6-311G(2d,2p)° 

B-S" 
RHF/3-21G 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
MP2(FU)/6-311G(2d,2p)" 

Al-O-
RHF/3-21G 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
MP2(FU)/6-311G(2d,2p)" 

Al-S-
RHF/3-21G 
RHF/6-31G** 
MP2(FU)/6-31G** 
MP3(FC)/6-31G** 
MP4(FC)/6-31G** 
MP2(FC)/6-311G(2d,2p)" 

^XY 

C-S 
1.5636 
1.5197 
1.5445 
1.5317 
1.5723 
1.5413 

B-O" 
1.2526 
1.2770 
1.2546 
1.2433 
1.2626 
1.2422 

B-S-
1.7336 
1.7069 
1.6997 
1.7008 
1.7152 
1.6980 

Al-O" 
1.6313 
1.6096 
1.6693 
1.6315 
1.7243 
1.6556 

Al-S" 
2.1611 
2.0905 
2.0902 
2.0858 
2.1050 
2.1112 

energy, hartrees 

C-S 
-433.122928 
-435.304316 
-435.557681 
-435.551933 
-435.579635 
-435.758863 

B-O" 
-98.986552 
-99.539760 
-99.803200 
-99.795971 
-99.815246 
-99.931927 

B-S" 
-420.095907 
-422.175256 
-422.378351 
-422.381117 
-422.395160 
-422.595253 

Al-O" 
-315.032021 
-316.766537 
-317.036698 
-317.012372 
-317.050487 
-317.265069 

Al-S" 
-636.235784 
-639.486078 
-639.676127 
-639.673334 
-639.685068 
-639.737299 

proton affinity,' 

H-C-S + 

185.20 
193.42 

(-7.1) 204.66 
202.78 
201.38 
200.27 

H-B-O 
388.68 
393.71 

(-6.7) 398.93 
396.96 
398.70 
382.21 

H-B-S 
377.58 
387.79 

(-6.5) 397.13 
395.30 
396.29 
382.54 

H-Al-O 
331.78 
335.70 

(-4.3) 337.71 
336.91 
337.67 
338.50 

H-Al-S 
323.18 

(-4.5) 331.99 
335.59 
335.01 
335.39 
332.25 

Talaty et al. 

kcal/mol 

H-S-C+ 

105.44 
123.02 

(-3.7) 116.45 
123.29 
119.52 
115.71 

H-O-B 
350.64 
350.56 

(-6.0) 342.68 
349.24 
345.72 
330.77 

H-S-B 
307.01 
321.86 

(-4.5) 321.11 
326.07 
324.73 
311.59 

H-O-Al 
399.38 
391.06 

(-6.1) 375.17 
387.60 
371.42 
375.25 

H-S-Al 
329.80 

(-4.6) 338.00 
337.81 
341.68 
339.95 
334.02 

""Best" calculation. 'Values in parentheses represent zero-point vibrational energy corrections calculated at the level indicated. The correction for 
bent HOAl calculated at the MP2(FU)/6-31 IG** level is -6.0. cAll energies uncorrected for zero-point vibrational energy. 

Table V. MOPAC MNDO Bond Order of the XY Bond in Five XY and Five HXY Species as a Function of Hydrogen Angle from the 
Midpoint of the XY Bond 

angle 

0.0" 
30.0 
60.0 
90.0» 

120.0 
150.0 
180.0'' 

H-C-

: C = S : 
2.53 

-S+ 

H — C ^ S ^ 
2.84 
2.82 
2.67 
1.94 
1.82' 
1.90 
2.02 

: C = S -- H + 

H-B-

: B = 0 -
2.28 

H-B=S 
2.45 
2.44 
2.36 
1.70 
1.43 
1.47c 

1.57 

: B ^ O -

O 

=6: 

- H 

H-B-S 

:B=S> 
2.09 

H - B = S : 
2.49 
2.46 
2.22 
1.39 
1.30c 

1.29 
1.36 

:B—S—H 

H-Al-O 

:Al=Or 
2.17 

H - A l = 
2.18 
2.18 
2.18 
1.33 
1.09 
1.10 
1.17' 

:A1—O-

=0: 

-H 

H-Al-S 

: A l = S r 

2.07 

H - A l = S : 
2.25 
2.25 
2.22 
1.07 
1.04c 

0.99 
0.98 

:A1—S—H 
1 Form 1. 'Approximate form 3. 'Approximate form 2. dForm 4. 

containing ten valence electrons. At this level, it appeared that 
for X less electronegative77 than Y, (1) HXY (i.e., form 1) is 
linear, while (2) HYX (i.e., form 2) may be bent, especially if 
Y is an element of the second row of the periodic table. The "best" 
results in the present paper as well as other recent reasonably high 
level calculations39 are in agreement with these conclusions. 
However, ab initio calculations at a high level for more HXY-
-HYX systems or more experimentally observed structures are 

(77) Simons, G.; Zandler, M. E.; Talaty, E. R. J. Am. Chem. Soc. 1976, 
98. 7869. 

needed before the general validity of these conclusions can be 
ascertained. A study of several of the other HXY systems con
taining ten valence electrons, previously surveyed with STO-3G, 
is well under way with the MP2/6-31G** level of theory and, 
where necessary, higher levels of theory. 
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