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Ab initio Valence Bond Study on AB-type Molecules. A Description
for XH (X=Li, Be, B, C, N, O, F) and XF (X=Li, Be, B)
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Ab initio valence bond method is employed to quantitatively study
the concepts of ionic resonance energy and ionicity of a chemical
bond in the cases of hydrides XH (X =Li, Be, B, C, N, O, F)
and fluorides XF (X =Li, Be, B). By establishing the relationship
between resonance and stability, and comparing the calculated ion-
icities with Pauling’s earlier estimations in the above diatomic
molecules, the merits of Pauling’s classical resonance theory were
demonstrated at the ab initio level.

Keywords valence bond theory, ionicity, electronegativity

Introduction

The qualitative description of the bonding features of
molecules is of basic interests to the structural chemists. In
this important area, Pauling made the most outstanding con-
tributions by proposing and developing a series of concepts,
such as resonance, hybridization, electronegativity as well as
covalent character and ionicity of a chemical bond.' These in-
tuitive and fundamental concepts have given remarkable impe-
tus to the development of chemistry. With the advent of the
modern computational chemistry, it is valuable to justify these
concepts with ab initio valence bond (VB) approaches, ad-
vantages of which have been demonstrated by the recent stud-
ies on the breaking and forming of chemical bonds.?® Con-
cerning the AB-type diatomic molecules of only a single
bond, Pauling suggested that one might describe each of them
either with two resonant VB structures ( A-B, A* B~ or
A~ B*, depending on the relative electronegativities of two
atoms A and B) or with a covalent bond of partial ionic char-
acters. As the core of the resonance theory, Pauling also pro-
posed that the resonance between the two VB structures will
stabilize the molecule. If one of the two extreme structures is
of a larger bond energy than the other, the more stable reso-
nance structure is supposed to contribute more to the ground
state than the less stable one. Clearly, the resonance of the
two resonance structures will result in the actual bond energy
of the ground state stronger than that of any individual reso-
nance structure. In an attempt to investigate the resonance
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effect of VB structures at ab initio VB level, in this work we
will evaluate the ionic resonance energies and the ionicities of
hydrides XH (X = Li, Be, B, C, N, O, F) and fluorides
XF (X =1i, Be, B) based on a spin-free VB theory, called
bonded tableau unitary group approach (BTUGA).!%1¢ Fyr-
thermore, a careful description about the bonding features of
these diatomic molecules will be presented.

Methodology
Bonded tableau unitary group approach (BTUGA)

As a simple spin-free VB method, BTUGA!®® is identi-
cal to the classical Heitler-London-Slater-Pauling (HLSP) ap-
proach and a bonded tableau (BT), which is a state function
of a system and used to describe a resonance structure, is e-
quivalent to an HLSP wavefunction. Thus, BTUGA is much
closer to classical concepts and ideas of chemistry than any
other many-body theory based on the molecular orbital (MO)
theory. For an N electron system, a BT is defined as

O(E) = Aelfl (k)
= el Ly (1) up(2) -+ uy (N)] (1)

where A; is a nommalization constant, eEf] is a standard pro-
jection operator of symmetric group for the irreducible repre-
sentation and u; is a one-electron basis function. Also, if the

spin quantum number of the system is S, [A] = [21—2\1_5,
12%] is an irreducible representation of permutation group
Sy. In fact, the above BT corresponds to a VB structure
where two one-electron bases u,;_; and u,; overlap to form a
bond (i< N/2- S and if uy; _; = uy;, the ‘bond’ is a lone
electron pair) and the last 2s one-electron orbitals are un-
paired. As a consequence, the wavefunction of the system
can be expressed as a superimposition of all possible BTs (or
resonance strcutures) , namely
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v, = 2 C,-in(k) (2)

The structural weight of a BT &;(%) in the ¥; can be de-
fined as

Ti(k) = 2] CaCuSu (3)

where Sy, is the overlap integral between BTs ®; (k) and
o, (1).
The normalization condition requires

DIT(k) =1

k=1

where M is the number of linearly independent BTs.

(4)

Ionic Resonance Energy and Ionicity

The resonance structures of a AB-type molecule can be
classified by three sets, namely A-B, A" B* and A*B~,
which can be represented with I, II and III, respectively. We
define the ionic resonance energy A as:

A= D(I+1I1+10) - D(I) (5)

where D(I+ 11+ III) is the dissociation energy derived from
the calculations with all three sets of VB structures, and D
(I) is the dissociation energy estimated without taking the in-
teraction of the ionic structure into account, e. g., D(I) is
the dissociation energy of the covalent structure I.

According to Pauling’ s postulation, we may describe the
single bond in AB as a covalent bond with partial ionic char-
acters. In the VB calculations, VB structures II (A~ B*)
and IIT (A* B~ ) represent two kinds of ionic VB structures

where the directions of the electron -transfer are opposite to
each other. As a result, pure ionicity of the bond can be ob-
tained by the following two steps: (1) to evaluate the struc-
tural weights of II and III after performing the VB calculation
with all three types of VB structures; (2) to normalize the
covalent weight and finally derive the ionicity. Therefore we
define the ionicity of the bond A—B as:

l TII - TIIII

=T 1 Ty- Tl

(6)
where Ty, Ty and Ty are the structural weights of the sets I,
Il and I, respectively.

Computational details

In this work, the 6-31G basis set was used. To reduce
the VB computation efforts, we employed the frozen-core ap-
proximation by freezing the 1s orbitals of the atoms other than
hydrogen. In the VB wavefunctions, atomic hybrid orbitals
(AHOs) are taken as one-electron orbitals to ensure an un-
ambiguous definition of a covalent or an ionic bond. Five
atomic hybrid orbitals are adopted in VB calculations and they
are denoted as X(2s), X(2p,), X(2p,), X(2p,) and H
(1s), and are represented by using Arabic numbers 1 to 5,
respectively. The number of the overall canonical configura-
tions of the symmetry of the ground state is 8, 14, 19, 15,
14, 10, 8 for XH (X=Li, Be, B, C, N, O, F), respec-
tively, and the bonded tableaux which contribute to the
ground states are listed in Table 1. To check whether the
3BTs, e. g., the first column of the bonded tableaux are
good enough to describe the ground states of these hydrides,
we performed multi BT (MBT) calculations with all possible
BTs to compare with the 3BT calculations.

Table 1 Bonded tableaux which contribute to ground states

Molecule VB structure Bonded tableau
Li-H la5]]15
LiH Li*H- |55]
Li-H* [11]{22][33| 44|14
11| |44]|15|]45|[22]|33
Be-H s |15 ‘4”1”5 ’5'
55|55
‘e
BeH Be*H L s
11| ]44]|22]]22]133]33
-1+
Be"H 4 |1 1 |14 |1 ‘4
44| (22| |33][11]|[22]]33
B-H 15/(15|/]15] (45 45’45
55| 55| [55||55|]|s5
. ore
BH B*H 14/ 11| (44| ]22](33
B-1* 221133 |11]]11 11‘22”22“44
14| (14| {44]|]22]133] (44| 33|33
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Molecule

VB structure

Bonded tableau
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C*H-
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"
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55
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2
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1
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1
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1
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11
22
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45

55
11
33

11
33
44
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44
15

55
22
44

33
44
15

55
33

44

55
22
14

55
33
14

OH

O-H

O*H~

O H*

i1
22
45
3

55
11
22
3

11
22
44
3

11
22
35

55
11
44

22
44
35

55
22
44

22
44
15

55
22
13

55
22
14

F-H

F*H™

F*H"

11
22
33
45

55
11
22
33

11
22
33
44

22
33
44
15

55
11
22
44

55
11
33
44

55
22
33
44

55
22
33
14

Xiamen package'” was used for all VB calculations in
this paper. The experimental values were taken as the equi-
librium bond lengths of the diatomic molecules studied in this

Results and discussion

Energies and structural weights of XH (X = Li, Be, B, C,

paper, which are listed in Table 2. N, 0, F)

i 1 -1 .
Table 2 Experimental bond lenghs (10" nm) The total energies of the MBT and the 3BT calculations
are listed in Table 3. Furthermore, MP2 and HF energies are

presented for comparisons. It is clear from Table 3 that the

LH BeH BH CH NH OH FH LF BeF BF
1.5951.343 1.233 1.120 1.038 0.971 0.917 1.564 1.361 1.311
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3BT energies are even lower than the MP2 energies and es-
sentially identical with the MBT energies in the cases of AB-
type molecules. In other words, using only 3BTs can recover
the electron correlation energies completely. Thus, the fol-
lowing results and discussions based on the 3BT calculations
are reliable and convincing.

Table 3 Total energies obtained from 3BT, MBT, MP2 and HF calcu-

lations.
Energy (a.u.)
Molecule
3BT MBT MP2 HF

LiH -7.99495 -7.99496 -7.99141 -7.97927
BeH -15.15514 -15.15514 -15.15876 - 15.14298
BH -25.12121 -25.12121 -25.14680 -25.10897
CH -38.26499 -38.26499 -38.33762 - 38.25167
NH —54.88588 —54.88588 -—54.90622 - 54.83562
OH -75.37961 -75.37961 -75.45144 -75.36326
FH —-100.00222 -100.00222 -100.11108 -99.98341

To explore the relationship between resonance and sta-
bility in the hydrides, we performed VB calculations with se-
lected VB structures in the following seven cases: (1) 1BT
with structure I; (2) 1BT with structure II; (3) 1BT with
structure III; (4) 2BT with structures II + III; (5) 2BT with
structures 1+ II; (6) 2BT with structures 1+ III; (7) 3BT
with structures I+ II + III. Fig. 1 shows the trends of energy
variations based on the various VB calculations relative to the
3BT energies. The structural weights derived from the 3BT
calculations are pictorial in Fig. 2.
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Fig. 1 Relative energies of XH (X =Li, Be, B, C, N, O, F)
with various resonance structures. Energies of I+ II + III
are set to zero as reference.

It can be generally summarized from Fig. 1 that the res-
onance among VB structures will stabilize molecules, which
is in accordance with Pauling’s ideas. Fig. 1 clearly mani-
fests that in all the seven hydrides, the covalent resonance
structure is of lower energy than the ionic structures. For the
molecules LiH, BeH and BH, the energy of the ionic struc-
ture IT (X*H") is lower than that of T (X~ H*). Corre-

spondingly, the structural weights are of the order I (X-H) >
M(X*H )>II (X "H*), e.g., normally the more sta-
ble the resonance structure is, the larger the structural weight
is, or, the more the resonance structure will contribute to the
ground state of the molecule. On the other side, the larger
structural weight of I (X*H™~ ) compared with IIl (X" H*)
as shown in Fig. 2 implies that the electronegativities of the
atoms Li, Be and B are lower than that of the hydrogen
atom. Therefore, we can use two resonance structures I (X-
H) and II (X* H™ ) to describe the molecules LiH, BeH
and BH.

0.9
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Fig. 2 VB structural weights versus various diatomic molecules.

In contrast to the cases of LiH, BeH and BH, for the
molecules NH, OH and FH, the energies of Il (X~ H*)
are lower than those of II (X* H™ ). Correspondingly, the
structural weight of I (X-H) is the largest and the structural
weight of I (X* H™ ) is the smallest. This result is also in
agreement with the conventional electronegativity rule, e.
g ., the electronegativities of the atoms N, O and F are
higher than that of the hydrogen atom. We can thus employ
the resonance structures of [ {X-H) and IIT (X" H*) to de-
scribe the molecules NH, OH and FH. Among the hydrides
of the second row elements, CH is of some specific features.
From Fig. 2, we can find that the structural weights of
C H* and C*H"™ are comparable in magnitude. This result
implies the closeness of the electronegativities of C and H and
thus all three resonance structures (one covalent and two ion-

ic) are necessary to reasonably describe the electronic struc-
ture of CH.

Ionic resonance energies and ionicity in hydrides of XH (X =
Li, Be, B, C, N, O, F)

The ionic resonance energies and the ionicities of the
seven hydrides derived from Eqs. (5) and (6) are listed in
Table 4, where results based on Pauling’ s formulation are al-
so shown for comparisons. Noticeably, there is a significant
discrepancy between our quantitative data and Pauling’s
qualitative estimations. The reason is that in Pauling’s
formulation the ionic resonance energy and the ionicity of a



Vol. 21 No. 3 2003

Chinese Journal of Chemistry 229

Table 4 Ionic resonance energies (kJ/mol) and ionicities of bond X—H

Ionic resonance energy

Ionicities of bond X—H

Molecule VB calculations Pauling’ s formulation VB calucutions Pauling’ s formulation
3BT MBT A=30(X, - Xp)? 3BT MBT 1- e 4X-%)"

LiH 17.6146 26.7358 151.8792 0.140 0.149 0.250

BeH 18.1167 14.2674 45.1872 0.113 0.142 0.086

BH 43.8902 38.7438 12.5520 0.167 0.170 ‘ 0.0025

CH 75.6467 72.6382 20.0832 0.045 0.048 0.039

NH 141.7958 140.3732 101.6712 0.228 0.229 0.183

OH 252.7136 253.7596 246.0192 0.328 0.344 0.380

FH 394.1328 391.2877 453.1272 0.420 0.419 0.5%

diatomic molecule solely depend on the absolute difference
between the two atomic electronegativities, whereas the de-
termination of the electronegativities is of some arbitrariness
in many ways. Moreover, the theoretical formulations of the
relationship between the ionic resonance energy or the ionici-
ty and the electroneagtivities may be not as simple as Paul-
ing’s formulations. However, generally our results do sup-
port Pauling’ s theory that the ionic resonance energy in a di-
atomic molecule increases with the increasing of the ahsolute
difference between the electronegativities of the atoms X and
H.

Regarding the ionicity of the bond X—H, except for
B—H, our VB results show a similar trend of variation with
the data obtained from Pauling’ s formulation. Among the
seven hydrides, the VB result for the ionicity of C—H is in
the best agreement with Pauling’ s estimation, and the differ-
ence between them is only 0.006 and 0.009 in the cases of
3BT and the MBT calculations, respectively. Since the C—
H bond is of the smallest ionicity and the covalency is as high
as about 95% , we can anticipate that the electronegativity of
hydrogen should be very close to that of carbon, as Pauling
pointed out, and the C—H bond is a typical covalent bond.

As for the bonding feature of LiH, detailed calculations
and analyses with the 6-311G™ basis set were available,>
where the ionicity of the chemical bond in LiH was shown to
be about 0.130, close to the present value 0.140 or 0.149
with the 6-31G basis set. Therefore we believe that the pre-
sent results are reliable. In this specific case, Pauling’s the-
ory predicted that the ionicity of the LiH molecule was
0.250, higher than our results. In the previous work,> we
have shown that the high dipole moment of LiH mainly results
from the high polarizability of the lithium atom.

For the bond of F—H, our calculations indicate that
the ionic character is about 0.42. In his famous book,! Paul-
ing suggested another two schemes to make a rough determi-
nation about the bond types of the halogen hydrides. One
scheme is to compare the energy curves of the covalent bond
as well as the ionic bond of the halogen hydrides. The other
scheme is to analyze the electric dipole moments x, i.e.
ionicity = u/erg, where rg is the equilibrium internuclear
distance of the molecule under consideration. According to
the former scheme, Pauling concluded that the ionic charac-

ter of F—H bond was 0.50, whereas, according to the latter

scheme, the value was 0.45. In Table 3, the value 0.594

was nevertheless derived from the formulation 1=
1 2

1-e 4%

The disagreement between our results and Pauling’ s es-
timations is the most remarkable in the case of BH. Accord-
ing to our ab initio VB calcualtions, we believe that the bond
of B—H has a considerable ionic character although in Paul-
ing’ s work the ionicity of the BH molecule is negligible. In
the electronegativity scale of Pauling, the difference between
the values of the atoms B and H is only 0.1. Although there
is a possibility that the electronegativity of boron is overesti-
mated, the abnormality of the ionicity of BH compared with
those of others such as BeH and CH is still short of reason-
able explanations and needs further studies.

Energies and structural weights of XF (X = Li, Be, B)

Similar to the calculations of the hydrides, we per-
formed VB calculations on some fluorides to investigate the
relationship between the structural weights and the stabilities
as well as the relationship between the ionicities and the
electronegativities. Table 5 gaves the 3BT energies and the
structural weights for the fluorides LiF, BeF and BF. The in-
dividual energies of the resonance structures I, II and III to-
gether with the Hartree-Fock and the MP2 energies are also
listed for comparisons. Although the 3BT energies are lower
than the HF energies, they are much higher than the MP2
energies. This comparison implies that the 3BT can only re-
cover a small part of electron correlation energies. Moreover,
for the molecules LiF, BeF and BF, the nt-symmetry covalent
VB structural weights are remarkable, showing that the -
electron interaction plays an essential role in the formation of
the chemical bonds in fluorides.

The results for LiF show that the resonance structure
Li* F~ is even more stable than the covalent structure and its
structural weight is as high as 0.612. For the covalent VB
structure LiF, the bonding electrons can occupy the orbitals
either of o-symmetry or of m-symmetry, and the weight of -
type covalent structures is 0.138 while the weight of m-type
covalent structurs is 0.255. The VB calculations confirm us
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that LiF is a typical ionic-type molecule.

Table 5 Energies and structural weights

Energy Structural weight
(a.u.)

Molecule Type
o-symmelry 7-symmetry

1 - 106.815436 0.138 0.255

I - 106.883127 0.612 0.000

) m -106.103133  -0.005 0.000

LiF I+0+M -106.933899 0.745 0.255
HF - 106.920890 - —
MFP2 - 107.056819 - -

1 - 114.035804 0.323 0.286

I - 114.012635 0.413 0.000

m -113.079870  -0.022 0.000

Bek I+0+I -114.115149 0.714 0.286
HF - 114.086148 - —
MP2 - 114.226000 — -

I - 124.015110 0.364 0.283

I — 123.910555 0.353 0.000

m -123.032188 0.000 0.000

BF I+O+I -124.092552 0.717 0.283
HF - 124.059560 - —
MP2 - 124.227981 — —

For BeF the ionic structural weight is smaller than that
for LiF, which is consistent with the Pauling’ s electronega-
tivity rules. The covalent structures make larger contribution
to the ground state of BeF with the structural weights 0.323
and 0.286 for the o- and m-type covalent bonds, respective-
ly.

Due to the relatively higher electronegativity of the
boron atom compared with lithium and beryllium, the cova-
lent structures become dominant in the ground state of BF,
although the ionic resonance structures still play an important
role.

Ionic resonance energies and ionicities of XF (X = Li, Be,
B)

The ionic resonance energies and the ionicities for the
three fluorides are presented in Table 6. As in the pretext,
the values estimated with Pauling’ s formulations are also list-
ed in the table for comparison.

Table 6 Ionic resonance energies ( Ei,,) (kJ/mol) and ionicities (I)

Eiw 1
Molecule 1 "
VBSCF A=30(X, - Xz)* VBSCF 1_ o-4(X,-Xp
LiF  311.0469 1129.6800 0.607 0.895
BeF  208.3339 782.4080 0.413 0.632
BF 203.3424 502.0800 0.353 0.790

From Table 6 we can find that the VB results are of the

same trend of variations as the values derived from the Paul-
ing’ s formulation. This consistency suggests that qualitatively
the formulations of Pauling A = 30(X, — Xz)? and 1 —
e -5 are still reasonable to some extent.

To generally explore the relationship between the ionici-
ties and the relative electronegativities (or the absolute differ-
ence of electronegativities) in diatomic molecules graphical-
ly, we put the data for the seven hydrides and three fluorides
together in Fig. 3, which shows that there approximately is a
linear relationship between ionicities and the relative elec-
tronegativities .

1.0
0.8 = 3BT
e MBT
0.64 A Pauling F‘I;l A
2
2 OH LiF
§ 0.4 <
NH L,
BH F BeF
0.2 CH
0.0- ey | LH

00 05 10 15 20 25 30
Relative electronegativity

Fig. 3 Relationship between ionicities and relative electronegativ-
ities for diatomic molecules.

Conclusion

Modern VB theory can not only provide a quantitative
description of bonding features of molecules at ab initio lev-
el, but also provide an intuitive physical picture for the un-
derstanding of molecular structures. The present investigation
on some diatomic molecules shows that the calculated reso-
nance energy and the ionicity of a chemical bond possess sim-
ilar properties to those obtained from Pauling’s formulations.
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