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Abstract: Ab initio calculations with various basis sets (of double-f quality augmented by polarization functions) were per­
formed on SCF level, and with the inclusion of electron correlation, for the molecules H3NO, H3PO, H2SO, HCIO, and ArO, 
some isomers such as H2NOH, H2POH, and HSOH, some fluorine-substituted compounds such as H2P(O)F, and the corre­
sponding oxygen-free molecules. The results are analyzed in terms of binding energies for the XO bonds, contributions of 
dAOs to the bonds, effective charges, and overlap populations (according to Mulliken and Heinzmann-Ahlrichs). The most 
relevant geometrical parameters are optimized and computed dipole moments are given. Conclusions are drawn concerning 
the nature of the XO bond in the various compounds. Although there are large differences, e.g., between H3NO and H3PO, 
all these bonds are essentially semipolar of the type X+-O-. dAOs have a significant contribution in H3PO, H2P(O)F, and 
H2SO, but it is not justified to regard them as valence AOs. The isomers H2NOH, H2POH, and HSOH are lower in energy 
than H3NO, H3PO, and H2SO, respectively, although the energy difference of the pair H2POH/H3PO is very small. The XO 
bond is stabilized both by CH3 and F substitution, though the stabilization mechanisms are quite different. A comparison to 
bonding in phosphoranes and related compounds is also made. For H3N, H3P, H3NO, and H3PO the correlation energy is ana­
lyzed. 

I. Introduction 

A two-center, two-electron covalent bond between two 
partners (atoms or molecules) A and D is called "semipolar" 
or "dative" if the two binding electrons are contributed by one 
partner, say A, rather than one electron by either partner as 
in ordinary covalent bonds. The formation of a semipolar bond 
is often formulated in two steps: (a) transfer of one electron 
from the "donor" D to the "acceptor" A, (b) formation of an 
ordinary bond between A - and D+. This two-step picture is 
borne out in formulations such as 

H 3 P + -C-H 2 ; R 3 N + - O " ; " C = O + ; R 3 B " - C + = O 
For particularly strong semipolar bonds there has recently 

been some tendency to formulate them as double bonds, e.g., 
i-iii, as in those days of valence theory when the octet rule was 
not yet discovered. 

O 
Il 
C 

O = C = N i = C = O 9 
Il Il 
C O = S = O 
Il Il 
O O - R3P=CH2 

i ii iii 
In writing R3P=O rather than R3P+—O - one claims that 

P is in a pentavalent valence state with hybrid AOs that involve 
dAOs. By reasons of symmetry a P=O "double bond" in 
R3P=O, if it is present, must be basically different from a 
double bond in, say, H2CO and it should rather be referred to 
as a partial triple bond.' 

There is also a formal analogy between the semipolar bond, 
say in H3PO, and the bonding situation in phosphoranes like 
PH3F2 or other electron-rich compounds. In normal-valent 
compounds one O atom can formally be replaced by two F 
atoms. If one accepts the same principle for electron-rich 
compounds, H3PO and H3PF2

2 should be related in the same 
way as H2CO and H2CF2. Assuming no d participation the 
axial FPF bond is a three-center, two-electron bond, that in a 
VB picture can be represented as 

F - P + H 3 F - F + P H 3 F -
or 

F - ' / 2 . . . P + 1 H 3 . . . F - ' / 2 

which is, in fact, in close analogy to the semipolar bond in the 
formulation H3P+-O - and shows that O - is formally replaced 
by 2F-' /2 . 

As for the bonding in phosphoranes there are two extreme 
views to describe the bond in phosphine oxides and related 
compounds: (a) in terms of semipolar bonds (analogous to the 
three-center, four-electron bonds) without referring to dAOs 
of P; (b) in terms of ordinary covalent bonds constructed from 
appropriate hybrids that involve dAOs. 

Since the situation (a) corresponds to zero population of 
dAOs and (b) to a dAO population equal to unity, the actual 
dAO population is an important parameter for a character­
ization of the bonding situation. We have seen2 that in the 
phosphoranes the dAO contribution is significant but much 
smaller than required by the hybridization model. For phos­
phine oxides and related systems the following questions arise: 
(1) Which is the best description for the bonds that are con­
ventionally called semipolar? In particular, are these bonds 
single, double, or what else? (2) How important is dAO par­
ticipation? (3) How can one explain differences between 
"weak" bonds as in H3NO or HClO and "strong" bonds as in 
H3PO or H2SO or even very strong bonds as in F3PO, etc.? (4) 
Do all members of the isoelectronic series H3PO, H2SO, 
HClO, and ArO exist? 

The recipe of this study is similar to our previous one.2 We 
performed ab initio calculations with and without dAOs on the 
X atom (X = N, P, S, etc.) and compared both the energies and 
the population analyses from the respective calculations. We 
also looked carefully at differences between X atoms from the 
first row (N) and the second row (P). 

Both the energy increments due to dAOs and the Mulliken3 

populations are to some extent basis dependent. Hence we used 
different reference basis sets and tried to get "stable" results. 
Nevertheless absolute figures should not be taken too literally 
and trends should be regarded as more important. In addition 
to the Mulliken-population analysis, we have also used the 
recent population analysis of Heinzmann and Ahlrichs,4 the 
results of which depend much less on the basis size. 

We also tried to get reliable values for the binding energies 
of the molecules that we studied. We have optimized the rel­
evant geometrical parameters and have also calculated some 
physical properties such as dipole moments. 

II. Review of Previous Studies 
A few studies concerning the role of dAOs on phosphorus 
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in phosphine oxides or sulfur in sulfoxides have been published. 
The state of this problem up to 1963 has been reviewed by 
Hudson.5 Early model calculations were mainly concerned 
with the problem that spectroscopic 3d AOs of P or S are too 
"diffuse" in order to overlap appropriately with orbitals of the 
partners. So mechanisms were looked for that allow for a 
"contraction" of the d AOs.6'7 Semiempirical EHT calcula­
tions including d AOs were performed8-9 before ab initio 
quantum chemistry attacked the problem of the nature of the 
XO bond and of d AO participation in amine oxides,10-" 
phosphine oxides,12"18 sulfoxides,l9-20 and related compounds 
such as methylenephosphorane,21 sulfate and phosphate 
ions,22-23 and esters.24 Two CNDO studies"'20 are included 
in this list, because they are somewhat related to the ab initio 
work. 

Comparative studies of the bonding situation in different 
semipolar XO bonds have so far been limited to investigations 
of the effect of fluorine'6-17 or methyl substitutions'3'18 on the 
PO bond, to a comparison of the PO bond in H3PO with the 
PB bond in H3PBH3,'5 to the comparison of the NO bonds in 
H3NO, H2NO, and HNO,10 or to a comparison of H3PCH2 
and H3PCH3

+.2' Several investigators were interested in 
H3PO or F3PO as model systems for the bonding of PH3 or PF3 
to transition-metal ions.12-17 

It is known that, if one wants to get significant results con­
cerning the effect of d AOs, both on the energy and on the 
populations, one has to start from a reference basis which is 
sufficiently close to saturation in its s and p parts. Otherwise 
the d AOs try to compensate defects of the s-p basis and the 
role of d AOs is overestimated owing to spurious contributions. 
Unfortunately most of the previous studies do not satisfy the 
requirement of a near-saturated (sp) basis; e.g., Hillier et 
al 12,13,17 u s e a " m j n j m a i " Sp basis and get for H3PO a total 
SCF energy of -412.690 au. The basis set of van Wazer et 
al.14-18 is slightly larger and yields -414.356 au for H3PO. 
These total energies for H3PO differ from that of the Veillard 
group15-16 of -417.317 au by ~5 (~3000 kcal/mol) and ~3 
au, respectively. The total SCF energies obtained in the present 
paper differ from those of the Veillard group by 0.1 au and in 
fact only these two sets of calculations are directly comparable 
and liable to be free from spurious d effects. 

In previous studies the differences and relations between the 
NO, the PO, and the SO semipolar bonds were not analyzed, 
nor were the pairs of isomers H2NOH/H3NOand H2POH/ 
H3PO compared. Geometry optimizations of the molecules 
studied have not been performed so far; in particular the in­
fluence of d AOs on the geometry was not analyzed. Alterna­
tives to the Mulliken population analysis3 were only considered 
by Lischka21 in his study of H3PCH2; the Heinzmann-Ahl-
richs4 population analysis has not been used so far. Previously 
to this paper binding energies of the XO bonds have not been 
calculated. Only in ref 14 and 19 SCF atomization energies 
are reported, but they have hardly any relation to measurable 
quantities. Finally, in the present paper for the first time cal­
culations are reported that go beyond the SCF approximation, 
i.e., that take account of correlation effects. Such studies have 
so far been limited to the parent hydrides NH3,25 PH3, H2S, 
etc.26 

III. Method and Basis Sets 

Most calculations were done in the SCF approximation, a 
few selected calculations also with the inclusion of electron 
correlation in the CEPA-PNO and PNO-CI schemes.27-28 

The PNO-CI is a configuration interaction method including 
all doubly excited Slater determinants with respect to a leading 
configuration that can be constructed within a given basis. This 
is done in terms of pair natural orbitals (PNOs) which allow 
a considerable reduction of the secular problem. The C EPA-
PNO method corrects the incorrect particle number depen-

Chart I 

N 

0.60 

O 

0.60;« 1.25 

F 

0.50 

P 

0.57 
1.0; 0.3 

S 

0.55 

Cl 

0.60 

Ar 

0.70 

"0.60 was used in semipolar bonded oxygen compounds. 

denceof the CI method. It is no longer strictly variational, but 
gives usually better results than CI. The computer program 
described in ref 28 was used. 

The basis sets are of similar quality as those in our previous 
study of the phosphoranes.2 The basis sets without polarization 
functions were a 3s Huzinaga29 basis for H in the contraction 
(2,1) for H3N, H2NOH, and H3NO and a 4s basis in the 
contraction (3,1), otherwise, a (7s/3p) basis in the contraction 
(4,1,1,1/2,1) for N, O, and F and a (10s/7p) basis in the 
contraction (4,6 X 1/3,1,1,1) for P, S, Cl, and Ar. In view of 
the partial negative charges on O and F the basis sets for these 
atoms were augmented by flat s and p functions (rj = 0.1). 

As polarization functions30 a p set with 77 = 0.65 was used 
for H (r? = 0.50 for SH bonds) and d sets for N, O, F, P, S, Cl, 
and Ar with r\ varying between 0.5 and 0.7; only for O in 
H2POH and HSOH r\ = 1.25 was used. The d exponents are 
collected in Chart I. 

Basis sets of different size differ in the number of polariza­
tion functions. 

IV. Total Energies and Calculation of Binding Energies 
All total energies calculated with various basis sets are 

collected in Tables IA (SCF energies) and IB (CEPA ener­
gies). We are particularly interested in the binding energy of 
the XO bond in the different compounds and it might have 
been desirable to compute potential curves as functions of the 
XO distances. At first glance this should not be too difficult 
since on dissociation of the XO bond no electron pair is broken 
(it always remains with X) and SCF calculations should be 
sufficient. However, such a computed potential curve disso­
ciates to X (e.g., PH3) in its ground state and to O in a 
ls22s22p.v

22p>,2 quasi-closed-shell valence state (z is the XO 
axis), which is a linear combination of the lowest' Dg and the 
1Sg states of oxygen. One could, on performing MC-SCF 
calculations (which we plan), enforce the dissociation to ' D8 
(the lowest singlet state). The ground state of O is, however, 
3P8 and the ground state of, say, H3PO is a triplet state 
(probably repulsive) for large R but a singlet state (attractive) 
for small R. These two curves cross somewhere unless the 
crossing is avoided by spin-orbit coupling. 

Anyhow, calculation of a potential curve does not really help 
to compute the binding energy which has to be referred to both 
H3P and O in their ground states. Now, among the species 
H„X, H„XO, and O the most difficult one to compute is the 
oxygen atom with its 3P ground state, whereas both HnXO and 
H„X are usually (except for ArO) good closed-shell singlet 
states. 

In the reactions 

R„X + 0 - R „ X O (1) 
a significant change of the correlation energy occurs and one 
ought to know the correlation energy very accurately or be able 
to extrapolate the computed correlation energies to 100%. In 
order to avoid these difficulties we rather considered the re­
action 

R„XO + H2 — R„X + H2O (2) 
in which only closed-shell species occur and where the corre­
lation energy does not change much. From the energy of re­
action 2 we can deduce that of reaction 1 by comparing it with 
the known De of the reaction 

O + H2 — H2O (3) 



Table I. Total Energies (Negative, in au) 

basis H3N H2NOH H 3 NO H3P H2POH H3PO H 2PF H2POF H2S H2SO HSOH HCI HCIO 

without 
pol fclns 

P(OKp(F)* 
P(H) 
P(OKp(F), 

P(H) 
P(OKp(F), 

d(X)* 
P(OKp(F), 

d(X).d(0) , 
d(F) 

P(OKp(H), 
P(FKd(X) 

P(OKp(H), 
P(FKd(X), 
d(0) ,d(F) 

P(OKp(H), 
2d(X),d(0) 

without 
pol fclns 

P(OKp(F) 
P(H) 
P(O)1P(F), 

P(H) 
P(OKp(F), 

d(X) 
P(OKp(F), 

d(X),d(0) , 
d(F) 

P(OKp(H), 
P(FKd(X) 

P(OKp(H), 
P(FKd(X), 
d(0) .d(F) 

P(OKp(H), 
2d(X),d(0) 

56.0906 ' 

56.0906 
56.1278' 
56.1278 

56.1091' 

56.1091 

56.1311' 

56,1311 

56.213 35 

56.212 35 

56.282 48 

56.282 48 

130.7675' 130.7307rf 342.3332^ 
A. SCF 

130.7880' 130.7713d 342.3332 417.0866^ 417.0090«' 44l.0653 r f 515.7687*" 
130.8058' 130.7636«' 342.3785» 
130.8270' 130.8042» 342.3785 417.1357'' 417.0763" 441.0981«' 515.8084^ 

130.8175' 130.7882° 342.3776»' 441.1394«' 

130.8378' 130.8073^ 342.3776 4l7.1686 r f 4I7.I770"" 441.1478'' 515.9726«' 

130.8454' 130.8157» 342.3967° 417.1818» 417.1657»" 441.1615« 515.9301» 
342.3971« 

130.8574' 130.8287° 342.3967 417.1946« 417.1976» 441.1615 515.9874/ 
342.3971 

342.4012/ 417.2007/ 417.2123/ 

B. CEPA 
131.00771 130.96241 342.41876 

131.03841 131.02154 342.41876 417.29065 417.22252 441.26418 516.06639 
342.494 58 
342.494 58 

342.504 41 

131.18396 131.15199 342.50441 417.47266 417.46706 441.418 13 516.40731 

342.555 07 417.453 77 417.436 84 

342.555 07 417.51724 

342.56999 417.54262 417.53778 

398.5533» 

398.5533 
398.5902» 
398.5902 

398.5874^ 

398.5874 

398.6019° 

398.6019 

398.628 38 

398.628 38 

398.734 IO 

398.734 IO 

473.1632«' 

473.2335» 

473.2998«' 

473.2848^ 

473.3143" 

473.366 71 

473.613 62 

473.2689^ 

473.3093^ 

473.3325^ 

473.3399^ 

473.3586« 

473.464 21 

473.526 40 

473.658 83 

473.623 27 

473.686 97 

459.9482«' 

459.9482 
459.9710° 
459.9710 

459.96790, 

459.9679 

459.9780° 

459.9780 

460.009 44 

460.009 44 

460.120 97 

460.120 97 

534.5319«' 

534.5565^ 

534.5860«' 

534.5831»' 

534.5967° 

534.710 24 

534.905 10 

"Geometry optimized in the respective basis. ' A t the CEPA minimum. 'At the SCF minimum. ''Geometry as in the next larger basis. 
p(F) refer to "flat" functions on O and F. *X = N, P, S, Cl. 

'Geometry from Pople et al. See ref 32. /Geometry as in the next smaller basis. Xp(O) and 
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Table II. XO Binding Energies" (kcal/mol) 

without* 
don X 

with' 
don X 

SCFrf 

IEPA^ 
IEPA' 
CEPA<* 
C\d 

SCF^ 
IEPArf 

IEPAf 

CEPA^ 
C\d 

H3NO 

37 
44 
43 
42 
36 

45 
57 
54 
53 
45 

H2NOH 

47 
51 
51 
52 
48 

64 
75 
72 
73 
64 

H3PO 

34 
43 
42 
38 
34 

108 
116 
113 
111 
105 

H2POH 

83 
82 
82 
5/ 
78 

103 
115 
113 
114 
108 

H2POF 

51 
59 
59 
54 
48 

124 
132 
129 
127 
118 

H2SO 

- 7 
- 3 
- 3 
-3 
- 6 

54 
62 
60 
59 
51 

HSOH 

59 
59 
58 
58 
56 

74 
89 
86 
87 
79 

HClO 

-24 
-29 
-29 
-27 
-29 

- 5 
3 
O 

- / 
- 9 

"These binding energies refer to the removal of an O atom in its 3P ground state; they are based on the minima of the potential surfaces rather 
than the zero-point levels. *These basis sets include flat functions on F and O. fAs b but additionally one d set on X and O. ̂ Calculated indirectly 
as explained in section IV. ^Calculated directly. 

Table III. Geometrical Parameters" 

'(XH) 
z(HXH) 
z(HXO) 
z(HOX) 
'(XO) 
/•(OH) 

'(XH) 
zHXH 
zHXO 
zHOX 
'(XO) 
'(XF) 
/•(OH) 
zFXO 
zdihedral 

"Parameters 

H3N 

1.000 
107.20 

H2PF 

1.418 
93.83 

1.608 

H2POF 

1.390 
105.30 
108.30 

1.467 
1.578 

117.30 

H2NOH 

1.044 
103.29 
104.50 
101.41 

1.427 
0.995 

H2S 

1.337 
93.59 

H3NO 

1.038 
105.90 

1.383 

HSOH 

1.337 

100.00 
107.85 

1.686 

0.949 

94.25 

optimized in this study are given in italics. Distances in angstroms; 

Table IV. Energy Lowering through d AOs" (au) 

d on N. P, S, elc. 
d on all atoms 

H3N H2NOH 

0.0033 0.0184 
0.0304 

H3NO 

0.0115 
0.0245 

H3P H2POH 

0.0186 0.0393 
0.0534 

H3PO H2PF 

0.0820 0.0413 
0.1142 0.0634 

H3P 

1.416 
92.51 

H2SO 

1.330 
93.00 

106.00 

1.515 

angles in degrees. 

H2P(O)F H2S 

0.1217 0.0117 
0.1790 

HCI 

1.274 

HSOH 

0.0306 
0.0493 

H2POH 

1.418 
93.49 
99.09 

110.35 
1.669 
0.949 

HClO 

1.260 

100.00 

1.737 

H2SO HCIO 

0.0513 0.0266 
0.0808 0.0402 

H3PO 

1.418 
101.6 

1.469 

ArO 

2.532 

ArO 

0.0004 
0.0007 

"Referred to calculations without d AOs but with p AOs on H included. 

The binding energies in Table II have mainly been obtained 
in this way. For these calculations the basis set for the hydrogen 
atoms in H2 and H2O always contained a p set with t\ = 
0.65. 

We have also computed the energy of reaction 1 directly, 
but only on the IEPA level, because SCF calculations of this 
difference would be meaningless and CI or CEPA calculations 
of open-shell states such as the 3P8 state of oxygen are at 
present not possible with our computer program. The results 
are also included in Table II. 

We point out that the CEPA values have to be regarded as 
the most reliable ones. 

V. Comparison of H3NO with H3N and H2NOH 

For "ordinary" molecules of first-row atoms d AOs have 
usually only a very small effect on the geometry, such that 
calculations without d AOs31 are meaningful. H3NO is not an 
"ordinary" molecule in this sense, since the NO bond length 
from a calculation without d AOs is 1.58 A3' but with d AOs 
only 1.38 A. (We have not tried to decompose the reduction 
of the NO bond length from that predicted by a single STO-3G 
into contributions of the different polarization functions that 
are included in our basis.) 

For (CH3)3NO an experimental bond length of 1.41 A was 
reported,32 while a typical value for genuine NO single bonds 

is 1.36 A.33 The geometrical parameters of our calculations 
are summarized in Table III. 

In spite of the strong influence of the d AOs on the NO 
distance the energy lowering due to d AOs is rather small (see 
Table IV) and even smaller than in the "ordinary" isomer 
H2NOH. The derivative of the energy contribution with re­
spect to the distance need hence not go parallel to the actual 
value of this contribution. 

Polarization functions on hydrogen and flat p functions on 
oxygen lower the energy more (see Table IA), but have little 
effect on the NO bond length and on the binding energy of 
H3NO or H2NOH compared to NH3 plus O. 

The Mulliken populations of d AOs which are collected in 
Table V support the conclusion reached from the energy low-
erings, namely, that d AOs have to be regarded as essentially 
"polarization functions", i.e., that no valence state involving 
d-type valence AOs is realized. Note that d AOs on O have 
similar populations as those on N. 

In all calculations that we have performed for H3NO and 
H2NOH, hydroxylamine had a lower energy than amine oxide. 
The difference in SCF calculations varied between 0.02 and 
0.04 au for different basis size. The best value for this differ­
ence is probably that from a CEPA calculation and a large 
basis. It amounts to 0.032 au » 20 kcal/mol. 

From Table II one sees that the CEPA value (large basis) 
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Table V. Mulliken Gross Populations of d AOs 

H3N H2NOH H3NO H3P H2POH H3PO H2PF H2P(O)F 

on N. P, S, etc. 0.01 0.05 0.08 0.08 0.15 0.30 0.13 0.36 
on O 0.05 0.05 0.01 0.05 0.05 

Table VI. Total Effective Charges from the Mulliken Populations 

H2N H2NOH H3NO H3P H2POH H3PO H2PF H2P(O)F 

H2S 

0.05 

H2S 

HSOH 

0.11 
0.01 

HSOH 

H2SO 

0.26 
0.05 

H2SO 

HClO 

0.08 
0.03 

HClO 

ArO 

0.00 
0.00 

ArO 

ca led 
without 
d 

calcd 
with 
d 

<?(0) 
q(X)° -0.08 
q(F) 
qiO) 
q(X) -0.16 
MF) 

-0.37 -0.57 
+0.01 +0.18 

-0.48 -0.76 
+0.08 +0.39 

+0.52 

+0.34 

-0.63 
+0.77 

-0.56 
+0.58 

-0.83 
+ 1.25 

-0.97 
+ 1.33 

+0.78 
-0.54 

+0.76 
-0.60 

-0.98 
+ 1.73 
-0.47 

-1.01 
+ 1.82 
-0.60 

+0.25 
-0.51 -0.58 -0.48 -0.06 
+0.47 +0.78 +0.41 +0.06 

-0.44 -0.92 -0.57 -0.06 
+0.05 +0.28 +1.05 +0.43 +0.06 

"X = N, P, S, Cl, Ar. 

Table VII. Overlap Populations According to Mulliken 

H3N H2NOH H3NO H3P H2POH H3PO H2PF H2P(O)F H2S HSOH H2SO HCIO ArO 

0.06 

0.07 

PH5 

calcd p(XO) 
without p(XH) 
d piXF) 

calcd piXO) 
with piXH) 
d /KXF) 

0.77 

0.74 

0.54 
0.74 

0.60 
0.74 

-0.01 
0.73 

0.35 
0.79 

0.60 

0.63 

0.20 
0.61 

0.35 
0.64 

0.19 
0.63 

0.71 
0.75 

0.58 
0.02 

0.61 
0.09 

0.33 
0.72 

-0.16 

0.80 
0.82 
0.21 

0.59 

0.66 

0.17 
0.54 

0.31 
0.65 

-0.02 
0.55 

0.47 
0.63 

-0.16 
0.62 

0.11 
0.69 

Table VIII. Effective Charges from MAO Populations According to Heinzmann" and Ahlrichs 

H2NOH H3NO H2POH H3PO H2P(O)F H2SO HClO H3NF2* H3PF2* 

analysis 
without 
d 

analysis 
with d 

<?(0) 
MX) 
MH 
Cl(H) 
uaC7 

<7(0) 
9(X) 
<?(F) 
9(H) 
uac^ 

-0.23 
+0.04 

+0.07 
0.018 

-0.76 
+0.53 

+0.10 
0.024 

-0.40 
+0.49 

-0.13 
0.005 

-0.94 
+ 1.31 

-0.20 
0.050 

-0.78 
+ 1.12 

-0.16 
0.036 

-0.92 
+ 1.66 
-0.67 
-0.19 

0.054 

-0.77 
+ 1.40 
-0.61 
-0.19 

0.052 

-0.92 
+ 1.12 

-0.12 
0.070 

-0.84 
+ 1.03 

-0.10 
0.055 

-0.61 
+0.55 

+0.06 
0.017 

+0.90 
-0.62 
+0.13 

0.020 

+ 1.26 
-0.49 
-0.10 

0.033 

+ 1.15 
-0.4541 

-0.19 
0.046 

+0.81 
-0.24^ 
-0.10 

0.035 

"Based on calculations with polarization functions on all atoms. *From F. Keil, Thesis, Karlsruhe, 1976. CK. Ahlrichs and C. Zirz, private 
communication. rfUnassigned charge. eAxial H atom. 

Table IX. Bond Populations According to Heinzmann and Ahlrichs 

analysis 
without 
d 

analysis 
with 
d„ 

P(XO) 
MXH) 
MXF) 

MXO) 
MXH) 
MXF) 

H2NOH 

1.08 
1.29 

"See Table VIII, footnote b. 

H3NO 

1.11 
1.28 

H2POH 

1.09 
1.25 

H3PO 

1.50 
1.16 

1.78 
1.20 

H2P(O)F 

1.63 
1.18 
0.54 

1.94 
1.18 
0.66 

H2SO 

1.27 
1.17 

1.41 
1.19 

HClO 

0.70 
1.25 

H3NF2" 

1.36 
0.35 

H3PF2" 

1.34 
0.35 

for the binding energy of H2NOH with respect to H3N and 
0(3P) is De = 73 kcal/mol. Taking care of the change in 
zero-point energy, Do would be obtained and be a few kilo-
calories per mole smaller. The experimental value of Do is 60 
kcal/mol (as calculated from data in ref 34 and 35). For 
H3NO with respect to H3N and 0(3P) we get Dc = 53 kcal/ 
mol. 

From the Mulliken (M) overlap populations (MOP) in 
Table VII one concludes that—with d AOs included—the NO 
bond in H3NO is somewhat weaker than in H2NOH whereas 
according to the Heinzmann-Ahlrichs (HA) analysis the NO 
bond populations in the two molecules are nearly the same. 
Since the MOP become problematic for highly polar bonds the 
HA bond populations deserve more credit.36 (For more details 
concerning the HA analysis see section XIIl.) 

These data support the idea that the NO bond in H3NO is 
essentially "single", but also that without d AOs the bond is 
much weaker than a single bond. 

One sees from Tables VI and VIlI that the difference in the 
effective charges on N and O in H3NO (from calculations with 
d AOs) is 1.15 in the M and 1.29 in the AH analysis; the re­
spective values for H2NOH are 0.56 and 0.27. If we regard the 
latter values as representative of the charge transfer due to the 
difference in electronegativity we can conclude that an extra 
charge difference of 0.59 or 1.02 occurs in H3NO. Again, this 
is in agreement with the picture of a semipolar bond, though 
a literal semipolar bond would require a charge difference of 
2. 

If one likes an illustration in terms of resonance structures 
one has to think of a resonance between a semipolar bond and 
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no bond at all: 
H 3 N + - 0 | - * * H 3 N | 0 | 

Polarization functions stabilize the semipolar structure, 
probably in allowing for induction (i.e., polarization of the 
electrons by the electric charges), and raise its "weight". There 
is no indication for back-bonding. One can also regard H3NO 
as a charge transfer complex between H3N and O in its 
quasi-closed-shell valence state (see section IV). 

The computed dipole moments of the three molecules are 
given in Table X. Since these were obtained from SCF calcu­
lations the agreement with experiment is not fully satisfactory. 
Nevertheless we expect that the predicted rather large dipole 
moment of 5.9 D for H3NOiSnOt in error by more than 0.5 D. 
Millie and Berthier10 calculated a dipole moment of 5.67 D, 
which—in their calculation—is practically identical with the 
bond moment of the NO bond. They estimated that, due to the 
bond moments of the NC bonds, (CH3)3NO should have a 
dipole moment smaller by about 0.3 D, while the experimental 
dipole moment of (CH3)3NO is ~5 D.37 

VI. Study of PH3, H3PO, and H2POH 
The equilibrium geometry of PH3 was optimized with the 

large basis on both SCF and CEPA level. The CEPA result 
(see Table III) agrees well with experiment.38 For hydroxy-
phosphine H2POH and phosphine oxide H3PO the experi­
mental PH distance of PH338 was assumed, while the other 
geometrical parameters were optimized in the large basis on 
SCF level, considering C3t. symmetry for H3PO. In order to 
get an idea of the influence of d AOs on the PO bond in H3PO, 
it was optimized additionally without d AOs. The geometrical 
parameters are collected in Table III. (Calculations for H3PO 
without or with d AOs are compared at the respective optimum 
PO distances.) 

From Table IV we see that the energy lowering due to d 
functions is larger by about a factor of 5-8 in H3PO as com­
pared to H3NO, whereas the respective numbers of H2POH 
and H2NOH differ only by a factor of 2. The energy lowering 
due to the d AOs on P in H3PO amounts to 52 kcal/mol and 
is hence quite significant. 

Inclusion of the d AOs reduces the PO bond length in H3PO 
by 8% (see Table III). This reduction is, in spite of the larger 
d contribution in H3PO, smaller than the corresponding one 
in H3NO (13%). The PO bond length in H2POH (1.67 A) is 
close to that of the bridge bonds in P4O10 (1.63 A)33 and can 
be regarded as representative for a P-O single bond, whereas 
that in H3PO (1.47 A) is much shorter. (Note that the NO 
bond length in H3NO is not very different from that in 
H2NOH). The PO bond length optimized without d AOs (1.60 
A) is close to that of a single bond, which indicates that without 
d AOs the PO bond would be just single. The bond length op­
timized with d AOs (1.47 A) is in good agreement with the 
experimental value of r0 for (CH3)3PO (1.48 A) and not very 
different from the bond length in the PO molecule (1.45 A)38 

in which one can assume a bond order between 2 and 2.5. 
It is not so easy to decide whether H3PO or H2POH is lower 

in energy. The most refined calculations (with two d sets on 
P. one d set on O, and one p set on H, on CEPA level, i.e., with 
electron correlation) yield De = 114 kcal/mol for H3PO and 
Z)c = 117 kcal/mol for H2POH, both values with respect to 
H3P + 0(3P). We expect a larger zero-point energy for H3PO 
such that H2POH should be slightly more stable than H3PO. 
Neither of the two isomers has so far been isolated. 

I f one omits d AOs on P (or N) the binding energy of the PO 
bond is only 38 kcal/mol in H3PO and 81 kcal/mol in H2POH 
and rather close to that of the NO bond (42 and 52 kcal/mol, 
respectively). The difference between the N and P compounds 
is hence essentially due to the different role of d AOs. 

We have not performed calculations on (CH3)3PO. How­
ever, we expect a significant stabilization of the PO bond in this 
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molecule compared to the one in H3PO. We know, both from 
a theoretical study by Koch and Ahlrichs41 and from experi­
mental gas-phase electron affinities,42'43 that trimethyl sub­
stitution stabilizes PH4

+ relative to PH3 by 3 34 ' or even 40 
kcal/mol.42'43 This is partially due to a stabilization of the 
positive charge on P through methyl substitution, partially to 
a destabilization of P(CHs)3 as compared to PH3 via steric 
hindrance of the methyl groups and opening of the CPC 
angle41 (see also section XIII). 

Since the phosphorus atom carries a partial positive charge 
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in (CH3)3PO and since the steric hindrance argument for 
(CH3)3P applies as well, a stabilization of (CH3)3PO vs. 
(CH3)3P by ~20 kcal/mol as compared to H3PO vs. H3P is 
expected. We hence predict a binding energy for the PO bond 
in (CHj)3POOf roughly 135 kcal/mol. An experimental value 
of ~ 140 kcal/mol has been reported.40 

In H3PO the Mulliken population (see Table V) of the d 
AOs on P is 0.30 and hence comparable to that in PH3F2 
(0.20). However, the d population in H2POH is only smaller 
by a factor of 2 and the energy lowering due to the presence of 
d AOs is roughly proportional to the d AO populations (see 
Tables IV and V). 

The results of the Mulliken (M) and Heinzmann-Ahlrichs 
(HA) population analyses are again found in Tables VI and 
IX. The effective charges of both schemes are consistent with 
the picture that about one electron is transferred from P to O. 
The polarity of the PO bond is significantly larger in H3PO 
than in H2POH, where it is only determined by the difference 
of electronegativity. As in H3NO the charge transfer is not 
attenuated by the presence of d AOs. This is at first glance in 
disagreement with the idea that d AOs are mainly involved in 
back-bonding which is accompanied by a charge transfer in 
the direction opposite to that in the a bond. 

The effect of the d AOs on the <x and IT bonds in H3PO has 
been analyzed by Demuynck and Veillard.'5 They found a 
population of 0.14 for da and 0.22 for d7r. A total charge 
transfer of 0.7 electron from P to O was composed of a a 
transfer of 1.2 electrons and an opposite TT transfer of 0.5 
electron. (Their total d population of 0.36 differs from ours 
(0.30, see Table V) because the basis sets are not identical; with 
different basis sets our values varied between 0.29 and 
0.35). 

The presence of significant back-bonding—unlike in 
H3NO—is evident from the overlap population. In the M 
analysis (Table VII) H2POH and H3PO have practically the 
same overlap population for the PO bond (0.2) if no d AOs are 
included, whereas that of H3PO is twice as large as that of 
H2POH if d AOs are present. 

In the HA analysis the factor between the bond populations 
of the two molecules is only ~1.5, but significant as well. 

Bond length, bond energy, and bond population indicate that 
the PO bond in H3PO is significantly stronger than a single PO 
bond, though it is hard to formulate this result quantitatively. 
On the other hand, this bond has all the properties that one 
requires for a semipolar bond. 

The picture that the two "limiting" structures H3P=O and 
H3P+—O - are exclusive, i.e., that the bond is either semipolar 
or multiple must hence be given up. The presence of back-
bonding does not seem to attenuate the charge transfer char­
acteristic of a semipolar bond. 

With the large basis we find a force constant for PO stretch 
of 11.23 mdyn/A in H3PO and of 4.83 mdyn/A in H2POH. 
An experimental force constant of 8.25 mdyn/A has been re­
ported for (CH3)3PO. It is well-known44-45 that Hartree-Fock 
calculations overestimate force constants of multiple bonds. 

The computed dipole moments are given in Table X. Our 
values of 4.1 D for H3PO (it is rather basis dependent; without 
d AOs on O we get 4.5 D) can be compared with the 4.7 D of 
ref 15. The experimental dipole moment of (CH3)3PO is 4.34 
D.46 

VII. Substitution by Fluorine. H2PF and H2P(O)F 
For H2PF we took the PH distances and angles from the 

experimental geometries of H3P and F3P. The PF distance was 
optimized in the large basis. For H2P(O)F we started from the 
experimental geometry of H2PO2

- and optimized the PO and 
PF distances. The geometrical parameters are collected in 
Table III. 

The energy lowering due to d AOs (Table IV), the d popu­

lations (Table V), and the overlap populations (Tables VI-IX) 
in H2PF are very similar to those in H2POH. The energy 
lowering due to d AOs in H2P(O)F is approximately the sum 
of the respective values for H3PO and H2PF. Even the d pop­
ulation in H2P(O)F is to a rough approximation additive from 
the values in H3PO and H2PF. The binding energy of the PO 
bond in H2P(O)F is larger than that in H3PO (see Table I). 
The overlap population or bond order (Tables VII and VIIl) 
is significantly (25%) larger in H2P(O)F than in H3PO, which 
confirms that fluorine substitution stabilizes the PO bond. 

Somewhat surprising are the MOP for the PF bond. In 
H2PF it is nearly zero; in H2P(O) F it is negative if no d AOs 
are included and slightly positive with d AOs. The reason for 
this is obviously that the PF bonds are highly ionic and have 
only a small covalent contribution. The HA bond orders (Table 
VI) are somewhat smaller than for ordinary single bonds but 
are otherwise not exceptional. 

The PO bond length and the PO force constant (11.55 
mdyn/A) in H2P(O)F are comparable to those in H3PO. The 
PF bond length is slightly reduced in H2P(O)F with respect 
to H2PF; hence there is a mutual strengthening of PO and PF 
bonds. 

In the doubly fluorine substituted compound HP(O)F2 a still 
shorter PF distance (1.54 A) was observed.47 Since the PF 
distance (experimental48) in HPF2 is 0.02 A smaller than the 
(computed) PF distance in H2PF it is not unexpected that the 
PF distance in HP(O)F2 is 0.04 A smaller than in H2P(O)F. 
Dipole moments of H2PF and H2P(O)F are given in Table 
X. 

The trend of the effect of fluorine substitution is comparable 
to that found for triple substitution by Serafini et al.16 They 
observed an increase of the d population from 0.26 (H3PO) to 
0.50 (F3PO), a decrease of the a charge transfer (from 1.2 to 
0.9 electrons), and an increase of the IT back-transfer (from 
0.5 to 0.7 electron). 

VIH. Study of H2S, H2SO, HSOH, HCI, and HCIO 
The experimental geometry of H2S was used for the H2S 

unit in H2SO; the SO distance was energy optimized both with 
and without d AOs. For H2S the geometry was fully optimized 
with and without d AOs, for HSOH only with d AOs. The HCl 
distance in HClO was taken as the experimental distance in 
HCl, an HClO angle of 100° was assumed, and the ClO dis­
tance was optimized with d AOs. Without d AOs the potential 
energy curve turned out to be repulsive everywhere. The HCI 
distance in HCl was optimized with and without d AOs. The 
geometrical parameters are collected in Table III. (We have 
not studied the isomeric hypochlorous acid ClOH.) 

One sees from Tables IV and V that the energy lowering due 
to d AOs as well as the d population is somewhat smaller in 
H2SO than in H3PO but of the same order of magnitude, while 
HSOH behaves much like H2POH. 

The binding energy of the SO bond in H2SO (Table II) is 
comparable to that of the PO bond in H3PO. The analogy 
between H3PO and H2SO is also found for the effective 
charges (Tables VI and VIII) and the overlap populations from 
the calculations in which d AOs are included. If we rely more 
on the HA analysis we have to conclude that the charge 
transfer in H2SO is nearly the same as in H3PO and that the 
bond order is only slightly smaller. Hence like in H3PO the 
bond is at the same time semipolar and partially multiple. 

The SO bond in HSOH is an ordinary (though polar) single 
bond as is the PO bond in H2POH. In all calculations HSOH 
is lower in energy (by ~20 kcal/mol with d AOs and ~70 
kcal/mol without d AOs) than H2SO. Like for H3PO, methyl 
substitution should stabilize H2SO significantly. In fact 
(CH3)2SO is a stable compound while H2SO and HSOH are 
unknown. 

In going from H2SO to HClO the bonding situation 
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changes. Energy lowering, d population, charge transfer, and 
XO bond orders are much closer to those in H3NO than to 
those in H2SO or H3PO. 

The binding energy of the ClO bond is extremely small. 
While the XO bonds in H3PO and H2SO are shorter than 
single XO bonds the ClO bond in HClO (1.74 A) is longer than 
a ClO single bond (1.71 A).38 

A pictorial description of bonding in HClO would therefore, 
as in H3NO, rather be a superposition of a "structure" with 
a semipolar bond and one with no bond. One sees from Table 
V11 that in the calculations without d AOs on S (or Cl) nega­
tive MOP for H2SO and HClO are found, and also that the 
MOP for the SO bond (as for the NO bond in H3NO) is 
practically zero. Negative overlap populations for semipolar 
(dative) bonds have been observed previously by other au­
thors,50'53 probably first by Valdemoro50 in a study of the 
N-*0 bond as a two-electron, two-center problem. Inclusion 
of d AOs changes the MOP to positive ones (Table VII). We 
have already mentioned that (without d AOs) we get a negative 
MOP even for the PF bond in H2P(O)F. 

IX. Concerning the Possible Existence of ArO 
While for HClO a distinct local minimum of the energy was 

found in SCF calculations, which indicates that HClO is at 
least stable with respect to dissociation into HCl + oxygen in 
its quasi-closed-shell 1 s22s22px

22p;>
2 valence state, only a very 

shallow minimum was found for ArO. In order to be sure that 
this minimum was not artifact due to basis superposition errors, 
we performed "counterpoise" calculations in which for each 
subsystem the full supersystem basis was used and the sum of 
these energies was subtracted from the supersystem values. A 
flat local minimum of the energy at ~2.53 A with a depth of 
0.44 kcal/mol still remained. 

We then performed an SCF calculation for the lowest triplet 
state of ArO for which a fully repulsive curve was obtained. 
At the singlet minimum of 2.53 A the triplet state was lower 
than the singlet state by 69 kcal/mol. With the same basis the 
SCF energy of the 3P state of O is 30kcal below the 1D state 
and 75 kcal/mol below the quasi-closed-shell valence state. 

We conclude with some certainty that ArO, if it exists, is not 
stable with respect to dissociation into Ar and O in their ground 
states, not even with respect to dissociation into the lowest 
singlet states of both Ar and O. We cannot exclude that the 
lowest singlet potential curve has a local minimum near 2.53 
A and a barrier at some larger distance before the potential 
curve goes down to approach the limit Ar (1S) + 0(1D). More 
refined calculations, best of MCSCF type, are necessary to 
settle this question. We note that the sum of the van der Waals 
radii of Ar and O is 4.74 A; a local energy minimum near 2.53 
A, if it turns out to be correct, would correspond to a chemical 
bond (though in a metastable state) rather than to a van der 
Waals interaction. 

In the context of the present study we are interested in the 
importance of d AOs. One can see from Tables IV and V that 
the energy lowering due to d AOs is extremely small and the 
d population is practically negligible (though without d AOs 
there would be no local energy minimum in our potential 
curve). The charge transfer (0.06 electron) is small, but non-
negligible; the same is true for the overlap population 
(0.07). 

X. Orbital Energies and Ionization Potentials 
Since in this study we performed systematic calculations on 

a series of related molecules with basis sets of equal and rather 
good quality we regard it as worthwhile to publish the orbital 
energies (Table XI). In view of Koopmans' theorem54 they can 
be correlated with experimental ionization potentials and they 
may be useful for other purposes. Table XI is self-explanatory 
and we do not want to discuss the interrelation of the orbital 

energies in the various molecules. We do, however, want to 
make one comment on the inner-shell ionization potentials 
(especially those of the 2p electrons of P) in H3P and H3PO. 
Perry et al.55 have recently claimed that the observed shifts of 
these ionization potentials allow the conclusion that d AOs on 
P do not play a significant role. We have therefore studied to 
which extent the 2p orbital energies are affected by d AOs. One 
sees from Table XI that the 2p orbital energies in H3P are not 
changed significantly by the inclusion of d AOs in the basis. 
In H3PO d AOs on P decrease the 2p orbital energies by about 
1 eV, although with d AOs the P atom has a slightly larger 
positive charge. The shift from H3P to H3PO is 3.7 eV without 
d AOs and 2.8 with d AOs. For the shift from (CH3)3P to 
(CH3)3PO Perry et al.55 observed 1.9 eV. Although the pairs 
H3P/H3PO and (CH3)3/(CH3)3PO are not directly compa­
rable (see section VI), we conclude that d AOs are necessary 
to account correctly for the chemical shift, but also that it is 
very dangerous to base conclusions concerning the d partici­
pation in bonds on observed shifts in the inner-shell ionization 
potentials. 

XI. Localized Orbitals and Discussion of Pair Correlation 
Energies 

For all the molecules studied the canonical Hartree-Fock 
orbitals were transformed to localized orbitals according to the 
criterion of Boys.56 As expected localized MOs for the same 
bonds in different molecules are very similar. As is well-known 
(see, e.g., ref 44) straightforward application of the Boys cri­
terion to multiple bonds leads to banana-type bent bonds unless 
one imposes some cr-7r separation. Lischka21 in his study of 
H3PCH2 had a natural choice of symmetry plane in terms of 
which a and 7r MOs of the PC bond could be defined. He found 
that the highest occupied MO (HOMO) was of 7r type and 
mainly localized in the PC bond. He then applied the Boys 
criterion only to the remaining MOs. 

In H3PO there is no such natural plane of symmetry and no 
reason to leave the HOMO out of the localization procedure. 
We therefore got three equivalent banana bonds between P and 
O (rather than two as in the case of H3PCH2 if one includes 
the HOMO) somewhat like in acetylene, but with the differ­
ence that all three bananas are localized mainly on the oxygen 
atom such that they could as well be classified as lone-pair AOs 
of an O 2 - subunit. There is an additional genuine lone pair of 
O opposite to the PO bond. This result is consistent with the 
picture that there is a partial triple PO bond, although it should 
not be taken too literally. In H3NO, where back-bonding is 
unimportant, only a partial single bond should be present, and 
in fact Boys localization yields a localized MO of the NO bond, 
localized mainly on N and three lone pairs of O opposite to the 
NO bond. The localized orbitals are illustrated schematically 
in Figure 1. 

The total valence shell correlation energy can be represented 
as a sum of orbital pair contributions (that sum up to the IEPA 
correlation energy) plus pair coupling terms. We have collected 
the IEPA pair contributions for NH3, H3NO, PH3, and H3PO 
in Table XII. Unfortunately our results are not directly com­
parable to those given by Lischka for H3PCH2 because he 
imposed a a-ir separation and because he included p AOs on 
the H atoms in his correlation calculations. 

One sees, especially from the smallness of the interorbital 
contributions, that the localized MOs are rather well localized 
on H3N (H3P) or O. Only interpair contributions between two 
MOs of the same subunit contribute significantly to the cor­
relation energy. 

XII. Comparison of H3NO and H3PO with H3NF2 and 
H3PF2 

Comparison of the populations collected in Table V with 
those of Table V of ref 4 shows striking similarities of the va-
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Table XI. MO Energies (eV) of H3P and H3PO with and without d AOs0 

H3P(C311) 

Ia,(IsP) 
2a,(2sP) 
le(2PP) 

3a,(2pP) 
4a i 
2e 

5a, 

C31, 

Ia1 
2a i 

Ie 

3a, 

Cs 

la' 
2a' 

3a' 
4a' 
la" 
5a' 
6a' 

7a' 
8a' 
2a" 
9a' 

3a" 
10a' 

Clo 

Ia1 

2a, 
Ib2 

3a, 
lb, 

4a, 

2b2 
5a, 
2b, 

withd* 

-2175.28 
-203.75 
-146.24 
-146.24 
-146.19 

-23.57 
-14.26 
-14.26 
-10.23 

H3N 

-422.76 
-30.85 

-16.67 
-16.67 

-11.14 

H2PF 

-2177.09 
-717.76 

-205.31 
-147.81 
-147.78 
-147.75 

-44.15 

-23.78 
-18.90 
-18.60 
-18.03 

-14.24 
-10.43 

H2S 

-2502.12 

-243.70 
-180.38 
-180.36 
-180.30 

-26.50 

-15.85 
-13.29 
-10.20 

Cs 

la' 
2a' 
3a' 
4a' 
5a' 
6a' 
la" 
7a' 
8a' 
9a' 

10a' 
2a" 

11a' 
3a" 

12a' 
13a' 
4a" 

without dc 

-2175.19 
-203.61 
-146.10 
-146.10 
-146.07 

-23.29 
-14.18 
-14.18 
-10.36 

Cs 

la' 
2a' 
3a' 
4a' 
la" 
5a' 
6a' 
2a" 
7a' 

H2P(O)F 

Cs 

la ' 
2a' 
3a' 
4a' 
la" 
5a' 
6a' 
7a' 
2a" 
8a' 
9a' 
3a" 

10a' 

•2179.74 
-719.26 
-559.82 
-207.70 
-150.31 
-150.27 
-150.26 

-45.97 
-36.37 
-24.47 
-20.63 
-20.39 
-19.51 
-16.86 
-15.53 
-13.16 
-12.45 

H3PO (Cj0) 

la i ( l sP) 
2a,(lsO) 
3ai(2sP) 
4a,(2pP) 
le(2pP) 

5ai 
6a< 
2e 

7a, 
3e 

H2NOH 

-561.47 
-425.33 
-38.14 
-29.09 
-18.19 
-18.09 
-16.74 
-12.75 
-11.25 

L^ coy 

\ff 

la 
3(7 
lir 

4(T 
5(T 
2TT 

H2SO 

-2505.99 
-559.49 
-247.29 
-183.98 
-183.97 
-183.92 

-36.69 
-26.84 
-18.46 
-16.85 
-15.01 
-11.96 
-10.81 

HCl 

-287.24 
-218.08 
-217.99 
-217.99 

-30.05 
-16.60 
-12.53 
-12.53 

with d* 

-2198.54 
-559.91 
-207.40 
-149.97 
-149.92 
-149.92 

-35.12 
-24.71 
-16.49 
-16.48 
-14.46 
-11.85 
-11.85 

C3D 

Ia1 
2a, 
3a, 
4a) 
Ie 

5a, 
2e 

C1 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 

Cs 

la' 
2a' 
3a' 
4a' 
5a' 
la" 
6a' 
7a' 
8a' 
2a" 
9a' 

10a' 
3a" 

without dc 

-2178.18 
-559.47 
-206.31 
-148.89 
-148.88 
-148.88 

-35.96 
-23.58 
-16.38 
-16.38 
-15.39 
-12.49 
-12.49 

H 3NO 

-558.62 
-428.30 

-37.39 
-29.79 
-20.21 
-20.21 
-15.91 
-10.53 
-10.53 

HClO 

-560.90 
-290.47 
-221.29 
-221.24 
-221.20 

-35.79 
-30.21 
-19.12 
-15.85 
-15,36 
-12.48 
-11.72 

HSOH 

-2503.49 
-561.78 
-244.95 
-181.63 
-181.58 
-181.53 

-37.83 
-25.94 
-19.02 
-16.71 
-15.23 
-12.59 
-10.79 

"At the respective equilibrium geometries. *p(0), p(H), d(P), d(O) (see Table IA). cp(0), p(H). 

lence AO populations of phosphorus in H3PO and H3PF2 (in pronounced: 
both molecules referring to the largest basis): 

H3PO: s114 p2-23 d030 

H3PF2: s1-13 p 2 0 3 d0-34 

which means that the "valence state" of P must be rather 
similar in these two electron-rich molecules. 

The analogy between H3NO and H3NF2 is somewhat less 

H3NO^1 2 7P3 2Sd0 '0 8 

H 3 N F 2 : S1.22p2.98d0.06 

There is one important difference in the pairs H3NO/H3PO 
and H3NF2/H3PF2. Without d AOs H3NO and H3PO have 
nearly the same binding energy for the XO bond; that in H3PO 
is stabilized by d AOs by about 70 kcal/mol (40 kcal/mol by 
d AOs on P alone), that of H3NO by only ~10 kcal/mol (7 



Wallmeier, Kutzelnigg / Nature of the Semipolar XO Bond 

Table XII. Pair Correlation Energies" 

h 
n 
'hh' 
'hn 
3hh' 
3hn 
O 

'ho 
'ho' 
'no 
'oo' 
3ho 
3Ho' 
•'no 
3oo' 

H3N 

0.0240 (3X) 
0.0221 (IX) 
0.0068(3X) 
0.0083 (3X) 
0.0109(3X) 
0.0127(3X) 

H3NO 

0.0262(3X) 
0.0274(1X) 
0.0077 (3X) 
0.0068(3X) 
0.0115(3X) 
0.0103(3X) 
0.0209 (3X) 
0.0006 (6X) 
0.0007 (3X) 
0.0081 (3X) 
0.0110(3X) 
0.0012(6X) 
0.0014(3X) 
0.0133(3X) 
0.0159(3X) 

H3P 

0.0198(3X) 
0.0247(1X) 
0.0026(3X) 
0.0046 (3X) 
0.0045 (3X) 
0.0063 (3X) 

H3PO 

0.0209(3X) 
0.0188(1X) 
0.0028 (3X) 
0.0006(3X) 
0.0043 (3X) 
0.0011 (3X) 
0.0208 (3X) 
0.0012(6X) 
0.0006 (3X) 
0.0102(3X) 
0.0127(3X) 
0.0019(6X) 
0.0011 (3X) 
0.0149(3X) 
0.0181 (3X) 

"These sum up to the IEPA correlation energy. The following ab­
breviations have been used for the localized MOs: h = XH bond, n = 
lone pair of X or X-O bond, o = lone pair of O. a means intraorbital 
contribution of the MO a, 'ab and 3ab singlet and triplet interorbital 
contributions of the MOs a and b. 

kcal/mol by d AOs on N). The d AO contribution is hence 
decisive for the difference between H3NO and H3PO. 

The binding energies of H3NF2 and H3PF2 (with respect 
to planar NH3 or PH3) differ already by M 20 kcal/mol if no 
d AOs are included while the extra stabilizing effects of d AOs 
on P are similar as in H3PO and H3NO. 

Some other effect hence plays a more important role than 
the difference in the d AO contribution. The difference in the 
ionization potentials of planar PH3 and NH3 may account for 
a difference of ~70 kcal/mol2 but ~50 kcal/mol (120 - 70) 
still lack an explanation. If one remembers2 that NH3F2 has 
only a saddle point for Z)3/, geometry (with /-(NF) = 1.7 A) and 
is stabilized by relaxation to a Cn- structure (essentially an ion 
pair NH3F+/F~) with only one F atom in the first coordination 
sphere (r(PH) = 1.40 A) and the second F atom at a distance 
of 2.00 A from the P atom, one realizes that there is not enough 
space around N for five ligands and that steric reasons are 
mainly responsible for the nonexistence of pentavalent nitro­
gen. For F3NO there are, of course, no serious steric problems 
even if the NO bond can be regarded as multiple.57 

XIII. Discussion and Conclusions 

The difference in stability of H„XO and Hn YO depends on 
the difference in the ionization potentials (IP) of HnX and 
Hn Y and on the different contribution of the d AOs. The for­
mer is responsible for the different ability of X or Y to carry 
a positive charge, the latter for the amount of back-bonding. 
Since the IPs of H3N (10.6 eV) and H3P (8.9) in their tetra-
hedral equilibrium configurations differ little, the different d 
AO contribution is the dominating effect for the difference in 
the pair H3NO/H3PO. (For the pair H3NF2/H3PF2 where 
the IPs of planar H3N (~10 eV) and planar PH3 (~7 eV) are 
relevant, the difference in the IPs has a larger effect.4) 

The stabilization of the semipolar PO bond by both the 
electron-donating CH3 group and the electron-withdrawing 
F is based on two different mechanisms. The CH3 stabilizes 
the R3P+ part of the molecule, as it lowers the IP (H3P, 10.6 
eV; (CH3)3P, 8.6 eV) and as it stabilizes R3PH+, and thus 
makes the charge transfer easier, without much affecting the 
PO bond (i.e., its bond length, force constant, etc.). The fluo­
rine substitution destabilizes the R3P+ part of the molecule (IP 
of F3P, 12.3 eV58), but by withdrawing electrons from P it 
lowers the energy of d AOs and enhances the possibility of 
back-bonding, which does strengthen the PO bond. 

In forming a semipolar bond between R3X and O one has 
to consider that only R3X is, in its ground state, "prepared" 
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Figure 1. Schematic representation of the localized MOs in H3NO and 
H3PO. 

for bonding, while O has formally first to be promoted from 
the 3P state to its quasi-closed-shell valence state. This "pro­
motion energy" is of the order of 75 kcal/mol. The conditions 
for the possibility of the formation of a charge-transfer complex 
(semipolar bond) between RnX and O are therefore more se­
vere than between RnX and BH3. For BH3 or other electron 
acceptors even a small charge-transfer interaction with the lone 
pair of RnX leads to complex formation.59'60 For O this is only 
possible if the charge-transfer interaction is larger than the 
promotion energy. If the energy gain does not allow oxygen to 
be promoted to its valence state it can only react in its lowest 
3P or ' D states as electron acceptor in which state it is much 
less effective than in the quasi-closed-shell valence state. The 
reason for the possible nonexistence of HClO and ArO lies 
probably there. 

Although RnX does not need electronic promotion in order 
to form the complex, there is nevertheless some kind of pro­
motion energy, namely, one associated with a change of in­
ternal geometry. In fact the HPH angle is ~92.5° in H3P, but 
~102° in H3PO. Opening of the HPH angles from their value 
in H3P to that in H3PO requires ~20 kcal/mol. There is 
practically no change in the CPC angle on going from (CH3)3P 
to (CH3)3PO and hence no promotion energy of (CH3J3P 
necessary. 

This is another way of looking at the difference in the 
binding energies in these two molecules, namely, as essentially 
a difference in promotion energy. The relevance of this idea 
due to Gibbs61 for explaining the differences in the proton 
affinity of (CH3)3P and (CH3)3PO has been analyzed in the 
original context by Ahlrichs and Koch.4 

The decreasing stability of the XO bonds in the series H3PO, 
H2SO, HClO, ArO is obviously related to the increasing ion­
ization potentials and decreasing proton affinities in the series 
H3P, H2S, HCl, Ar. All these oxides can, however, be stabi­
lized by substitution with CH3 or—to a larger extent—with 
F, OH, or O - . This is convincingly demonstrated by the exis­
tence and stability of orthophosphoric acid, (HO)3PO, the 
sulfite ion, SO3

2- , and chlorous acid, (HO)ClO. Moreover, 
it seems that two semipolar XO bonds attached to the same X 
as in (CHs)2SO2, (HO)2SO2, or HOClO3 stabilize each other. 
The mechanism of this extra stabilization would deserve a 
special quantum-chemical study. 

In the discussion of the importance of d AOs the question 
whether they should be regarded as "valence AOs" or just as 
"polarization functions"30 has played a big role. Of course, the 
d AOs are just basis functions chosen such as to minimize the 
energy. They are localized in the same region of space as the 
s and p AOs with which they interact and are very different 
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from the rather "diffuse" spectroscopic d AOs. 
The question whether the d AOs only serve to allow for a 

deformation (polarization) of the s- or p-type valence AOs or 
whether they are valence AOs themselves can to some extent 
be answered by application of the Heinzmann-Ahlrichs pop­
ulation analysis.4 This analysis has two main features. 

1. Different basis sets are used for the calculation of the 
electron density (via a conventional ab initio SCF method) and 
its analysis. For the analysis a special minimal basis set of 
MAOs (modified atomic orbitals) is constructed (the members 
of which are linear combinations of the original basis func­
tions). The actual charge distribution cannot be expressed 
exactly in terms of the MAOs; there always remains an "un-
assigned charge". The MAOs are, however, determined such 
as to minimize the unassigned charge. 

2. In the analysis only quantities are used that are expecta­
tion values of the density operator, which guarantees optimum 
independence of the original basis set. 

If the unassigned charge is sufficiently small (i.e., « 1 ) one 
can say that the chosen set of MAOs is sufficient to describe 
the bonding situation in the given molecule. If, on the other 
hand, the unassigned charge gets close to 1 or even larger, this 
is an indication that the MAO basis has to be extended to in­
clude additional valence AOs. 

We see from Table VIII that for a minimal MAO basis the 
unassigned charge is 0.02 electron in H2NOH, H3NO, 
H2POH, and HClO but close to 0.05 in H3PO, H2POF, H2SO, 
and PH5. When one extends the MAO basis to include a d AO 
on P (or S) the unassigned charge is only insignificantly re­
duced (while the populations of the other MAOs are, of course, 
changed). We conclude that the traditional valence AOs of s 
and p type are, when appropriately deformed, able to describe 
the bonding in all molecules studied in this paper. They are 
slightly poorer for the electron-rich molecules, but even for 
them there is no indication of a "valence extension". "Back-
bonding" then means simply that the TT AOS of O - are strongly 
polarized toward H„X+. 

We finally want to comment on the isoelectronic series 
H3PO, H3PNH, H3PCH2, H3PBH3. Several published cal­
culations l5'60'62 have confirmed that in H3PBH3 a rather pure 
semipolar cr bond without noticeable it back-bonding is real­
ized; the same is true for H3PCH3

+.21 In H3PCH2 there is 
back-bonding between the lone pair of the -CH 2

- group and 
d AOs on P, hence there is a partial double bond. In H3PO the 
two lone pairs of O can participate in back-bonding with cor­
responding d AOs of P, hence there is a partial triple bond. 
H3PNH should be somewhere in between. The effect of d AOs 
in H3PO is, according to this qualitative argument, expected 
to be twice as large as in H3PCH2. Comparison of our results 
for H3PO with Lischka's for H3PCH2 shows, however, nearly 
the same energy lowerings due to d AOs on P and very similar 
total d populations. The relatively higher d contribution in 
methylenephosphorane is probably due to the fact that the 
RCH2

- ion has a stronger tendency to get rid of part of the 
negative charge than RO - . 
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