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ABSTRACT

The group-group bond index defined in the present work gives
an adequate account for: conjugated systems and molecules with
"gecondary" bonds; hydrogen-bonded nucleotide base dimers and
unusual weak bonded associations. A single number may thus ren-
der a reasonable qualitative idea of intra- and intermolecular

binding. The index leads to a definition of molecular valence.

Key-words: Group-group index; Weak chemical bonds; Molecular

valence.
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1.Introduction

Despite being the cornerstone of the chemistry building,
chemical bond is still an elusive subject. Pauling’s textbook’
is yet an obliged fundamental reference. For many years, the
Lewis electron pair model fulfilled almost all requirements that
chemists demanded. Apparent octet rule violations and the de-
parture from Lewis structures are discussed in a thorough, dense
work of 1977°. The fifteen years elapsed since then have not
settled the matter. Dunitz and Seiler’s work® gquestioned for the
first time the commonplace according to which chemical bonding
is manifested by an accumulation of charge in the internuclear
region. Julg4 found a non-equivalence between the Lewis model
and the quantum model. Deformation electronic densities are em-
ployed to illustrate bonding effects’; on the other hand, ex-
perimental techniques may determine, under strict non-routine
conditions, charge distribution on a molecule®, |

The concept of chemical bond may thus be faced from differ—-
ent viewpoints, leading to multifarious interpretations. Bader'’s
topological theory of atoms in molecules’ has become most popu-
lar in recent years, and has stimulated fruitful discussions®.
We ourselves have generalized Wiberg bond indices’ to non-or-
thogonal bases'’. We have also defined a multicenter bond
index starting from the first-order density matrix of closed-
shell systems, which is able to distinguish between usual and
strong hydrogen bonds''.

We define here an index evaluating the bonding between atom-
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ic groups within a molecule. In the same way that our bond index
quantifies the electronic distribution along a bond“ﬂ_the
group-group index gives the extent of electronic distribution
among the atoms belonging to the groups considered. The defini-
tion proposed fulfills the desired invariance properties'®!'?

A particular case is that when the system consists of two
molecules; a molecular valence definition steps straightfor-
wardly. According to that, an isolated molecule has zero va-
lence, in contrast with another definition of molecular valence
found in the literature (molecular valence is half the sum of

. 14,15
atomic valences)

. Our molecular valence depends on the
other molecule, while the mentioned definition gives the same
value whatever the nature of the other molecule or group inter-
acting with it.

The group-group bond index is applied here to some cases
which may illustrate its utility: a) typical hydrocarbons,their
derivatives and two nitrogen oxides, to verify whether the re-
sults agree with chemical expectation; b) dimers of bases ap-
pearing in nucleic acids, to see if there is a suitable fit to
experimental data; c¢) two extreme examples of weak bonding, for

a comparison with the topological theory applications of Ref.S8.

Molecular valence is discussed in b).
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2, Group-Group Index

Our formulae shall be applied to closed-shell systems, for

. which the first-order density matrix is a mixed tensor, once

covariant and once contravariant, when dealing with non-or-

thogonal bases'?:

b _ 1b .
M = 2 Z X X : (1)
1
xu(x“) are the covariant (contravariant) coefficients of the

1-th occupied molecular orbital (MO). Variance indices (i has no
variance12) are raised or lowered through the overlap matrix
between atomic orbitals ¢

s, = (¢,,9,) (2)
and its inverse
= (8) . (3)
S defines thus a metric, as recognized in the early Chirgwin-
Coulson paper‘m17.

The tensor in (1) is represented by a matrix. Invariants re-

lated to chemical intuitive concepts are built through appro-
priate contraction of products between tensors. The Mulliken

charge q, of atom A in a molecule is given byfhtﬂ

q = zz:lc . (4)

aEh
The idempotency of the T matrix permits the definition of

hond indices IAB between atoms A and B'®'!?
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I, =4 ZH:H: . | (5)
ach .
b EB

These indices are the generalization of Wiberg indices’ to

non-orthogonal bases. Valence V., is defined as'®®

A
v, = er . (6)
A=B

The atomic charge q, is susceptible of partition into self-

. 10,12,22
charge and active charge ' 7.

q,= (I,+ V,)/2 (7)
with an obvious meaning for I , i.e. definition (5) when A=B.
Although q, is the Mulliken charge, the partition of eq.(7) is
of course different from the classical Mulliken atom and bond
population.

If a group G within a molecule is defined as G = {Ai'Az"AL}
we have found worthwhile to introduce the group valence ch

Ve = Z Is i (8)

AEG
B#G

that is, the sum of the bond indices between atoms inside and
atoms outside the group. Quantitative meaning is thus given to
a chemically intuitive magnitude, i.e. the valence of a func-
tional group.

The natural, straightforward extension of formula (5) is now

the group-group bond index I.
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I, = Z I, , - (9)'

AEG
BE€G®

G and G’ being two groups of atoms in the system. In a diatomic

molecule we have

vV =V =1 . (10)

Similarly, if the system in question is divided into two groups,

we shall have

v, =V, =TI (11)

If G,G’ are meolecules, (11) defines a molecular valence. In
the following sections, we shall apply definition (9) to dif-
ferent kinds of chemical systems. Needless to underline, formu-
lae (6), (8) and (9) refer to every pair of atoms in the system,

including both effective and formal bonds.

3. Results and discussion

Throughout our calculations, we have used the PM3 Hamilto-
nianzﬁ unless stated, geometry has been optimized starting
from the experimental data of Ref.24. For some of our examnples,

we have also used the IEH approximation®®.
a)} Sample conjugated systems; "secondary" bonds

The first set of molecules chosen to apply the above formu-

lae consists of some hydrocarbons and related derivatives, to-
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gether with NO,  and NO_ ; we shall thus see if the results
meet chemical expectations and how "secondary" bonds (involved
in (9)) affect the GG, index. Among a host of numericél re-
sults we have chosen to comment on a few typical molecules,
The G G, index higher than 1 (actually, 1.144) for methyl-
benzene {see Fig.1l) is of course due to hyperconjugation. Ad-
ding a second methyl, as in 1,4-dimethylbenzene, has no influ-
ence on the GG, index. Looking at the results for methylben-

zene and nitrobenzene (IGG = 1.085), together with other va-
12

lues not shown here, we may say that the extra-nuclear substi-

tuent has small influence on I, for molecules of the type

G
12

phenyl-X. Nitrobenzene has an expressive I#G value (0.144)
23

due to secondary c0 contributions, with I = 0.046. The com-
parison between naphtalene and quinoleine indicates that an
intranuclear N substitution has also little influence on the

various I .
GG
mhn

In anthracene (Fig.1), L shows a significant value
12

(0.267), although G1 and G2 are not adjacent. The "secondary"
11-13 bond contributes heavily (0.064) to that value; the 1-14
contribution (0.015) also deserves to be mentioned.

The GG, index of phenantrene, 1.290, is consistent with the
knowledge that the bond linking both groups is almost a single
one. Taking a glance at the mesomeric structures, this bond

contributes only with 1/5 to a double bond. On the other hand,
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I, is 3.250, due to the 9-10 bond, which appears as a double
34

bond in 4 of the 5 mesomeric structures (Ref.1l, p.199). The

corresponding I, values agree of course with this: I.., =

1.104: 19'10 = 1,.730. Both Icﬁaand IGBG involve secondary

4
bonds contributions, as I, = 0.016 and I, = 0.035.

In NO, (Fig.1}, I being small (0.530) — the experimental
distance® is long, 1.64 £ - it does not furnish an appropriate
description of the molecular building. Instead, the GiGz index
value (1.008) is much more convincing regarding the existence of
the molecule, including small 0-0 contributions (I45 =1, =
0.020) and the much more important "secondary" N-O bonds (I, =
I,=I,= I, = 0.097). The high 16364 value (3.409) is mostly

due to the amount of double character in the N-0 effective bonds

(I. = 1.563)26. The index describing the interaction between a

is

single oxygen and the other three, | SR is noteworthy (0.276).
56

Increased-valence structures have been shown to be essential to

the valence~bond description of this molecule®. Let us remem-

12
ber

that the small I . value agrees with the prediction that
this bond between the cis oxygens is not strong enough as to
lock the system into the planar conformation®.

Similarly, in N O, although the experimental 0iN3 distance
is relatively small (1.30 ﬂ)a', I, = 0.517. Again, the GG,
value of 0.858 renders a better idea of the molecule, due to the
"secondary" bonds such as Cho‘ (I = 0.055) and N’306 (I = 0.035);

there are also contributions as 00, (I =0.018). A brief spann-
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ing of Harcourt’s hard work abkout increased-valence structures
involving "long bonds" or "secondary" bonds is given by Refs.
27,29,30 backwards to Refs.26,31,32. |

Despite the "secondary" bonds contribution, the valence of
oxygen in N O and NO has PM3 values lower than the classical
value of 2. In the IEH approximation, nevertheless, "“secondary"

bonds lead regularly to an increased VB, higher than 212:20,33

{b} Hydrogen-bonded nucleotide base dimers

Quantum chemistry has dedicated countless works to the in-
teraction energy of the bases related to the nucleic acids
structure. For a typical couple of works made 25 years ago, see
Refs.34,35; there is of course a lot of former work. Interac-
tion has been studied both for hydrogen-bonded and for stacked
configurations35

Our main interest consists of bond indices which may be com-
pared with calculations as those mentioned above and, most im-~
portantly, with the few experimental data available” . wWe have
focused our attention on hydrogen bond indices for the Watson-
Crick pair§38 and on the hydrogen bonded systems originating

the tertiary structures of yeast £RNA"

.We apply definition
(9) to selected hydrogen-bonded base dimers (Figs. 2 and 3).
Calculations have been carried out through the IEH approxima-

tion, which has proven useful in our previous works about hy-
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drogen-bonded biological systems* *!, and also with the PM3

method>. As in Refs.38,39, geometries are taken from Ref.1l,
chaps.8 and 12. As any semiempirical method, PM3 perfofms well
for certain magnitudes and not so well for other ones*®. several
objections have been raised regarding PM3 (actually, regarding
all the MNDO family) energetic aspects for hydrogen bonds’>*,
However, scarce attention seems to have been paid to PM3 hydro-
gen bond indices, notwithstanding they are usual outputs of
standard programs.

For such large systems as those studied in this section, ab
initio calculations are still too expensive and time-consuning,
even reduced to medium-size basis of dubious efficiency: an
ever-increasing basis might not be a sure prescription for ob-

taining better results®®*®

. We have reported our inter-group
indices in Table 1; this single number may be related to the
experimental binding energy. Although the experimental results
refer to methylated bases, the methyl influence on these indi-
ces is very small. The Table shows that T and U are almost in-
terchangeable in our case: in Ref.47 interaction energies for
methylated and nonmethylated base pairs differ in less than 2%.
Experimental facts about DNA methylation are elusive®®.

our C.C dimer is different from that shown in Refs.47,49,
and also from those considered in Ref.50. The present dimer, the

same as Ref.39, appears in crystalline cytosine monohydratem.

The experimental results indicate stronger association for C.C
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than A.U or A.T; both PM3 and IEH agree on ranking this dimer
among the strongly associated ones, as the other calculations
mentioned'” %, |

PM3 and IEH indices are mutually consistent and both are
consistent with experiment; IEH indices are approximately twice
PM2 indices (we had found a similar relation for IEH and CNDO
hydrogen-bond indices“). In table 2 we have reported some quo-
tients between IEH, PM3 and experimental values; the agreement
is quite satisfactory, IEH performing better than PM3. Let us
note that for the dimers studied in this section we have found
no significant "secondary" bonds, unlike what happens in Ref.
47. In short, the group-group bond index for these dimers, in-
volving in a single number the two or three hydrogen bonds to-
gether with weaker interactions, allows a satisfactory compar-
ison with experiment.

Let us now compare the sequence obeyed by our indices with
sequences of theoretical interaction energies (actually, the ab-
solute value of this magnitude). In Ref.49, Hobza and Sandorfy
use ab initio calculations with a minimal basis set, taking into
account basis set superposition errors and an empirical disper-
sion enerqgy; their geometries of G, C, T and A are optimized,
intramolecular geometry is frozen and only intermolecular coor-
dinates optimized, ensuring coplanarity. In Ref.47, the authors
perform a calculation with optimized potentials for liquid sim-

ulations (OPLS)} functions; again, the geometry used for the
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monomers is an optimized one. The sequences obtained are ranged
as follows

49 GC >GG >CC >AC >GT >AT >AA >TT

a7 GC >GG >CC >GT >AT >AC >TT >AA
this work, PM3 GT >GC >CC >GG >AC >AA >AT >TT
this work, IEH GC >GG >GT >CC >AC >AA >AT >TT

We have picked the dimers paired such as ours from Refs.47,49
(except for CC, as explained above); similarly, in our pairs we
have left out those involving U. It is seen that, as expected,
three of the four sequences predict that GC is the strongest
association; three out of four sequences (not the same as be-
fore) agree on pointing out TT as the weakest dimer. The accord
obtained is satisfactory enough. Let us remark that the IEH re-
sults, despite the inherent naivety of this method, are as sat-
isfactory as those of the much more sophisticated treatments of
Refs.47,49, and apparently better than PM3.

Let us now turn our attention to molecular valence. We men-
tioned in the introduction that our valence for an isolated
molecule is zero, while the valence of a molecule interacting
with another one depends on the nature of the second molecule,
according to formula (11). The dimers of Fig.3 lead to the
following IEH valence ranges

A(0.20-0.27); U,T(0.14-0.28): C(0.27-0.32); G(0.20-0.32)
The PM3 values are roughly half the above values.

As a matter of fact, in Ref.15 molecular valence Vh is de~
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fined as v, = (z v;)/z; v, increases with the number of atonms
A

in the molecule. For example, G in the G.T dimer would have a
valence of 21.59.

Another illustrative example is provided by carbon monoxide.
Ref.15 gives that Va,is 2.49(CI level) or 2.60(SCF level).
CNDO/2 values for the carbonyl group in typical aldehydes, ke-
tones and acids range from 1.97 to 2.28'%, IEH values for this
group in transition metal complexes (Ref.12 and unpublished re-
sults) vary between 1.50 for the equatorial carbonyl in iron
pentacarbonyl up to 2.87 for the equatorial carbonyl in cobalt
tetracarbonyl hydride. In the G.T dimer there are three carbonyl
groups; both IEH and PM3 results predict that Va'increases if
the oxygen of the group enters a hydrogen bond.

We have thus shown that molecular valence such as we are led
to formulate in this work is qualitatively different from the
previously known definition. Perhaps the present viewpoint is

more flexible.
(c) Weak bonds in a covalent complex and in an ionic pair

Let us now calculate our index for two distinct examples of
recognized weak intermolecular bondsa, which have been thor-
oughly analysed from the viewpoint of Bader’s topological bond

52-54

theory . Oour index, a single number, contains less detailed

information than that furnished by topological bond theory.
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However, the simplicity of the calculations may advocate it.

As in Ref.8, the first example is the benzene-tetracyanoeth-
ylene (TCNE) complex (Fig.4a). The IEH calculation haé not con-
verged for this system. We have used classical geometric data
for benzene and PM3 optimized data for TCNE. We have not suc-
ceeded in optimizing the complex (Cioslowski et al.® do not
optimize it either). Optimization should not yield a qualita-
tively different description, as it may be seen in Table 3 for
the second example. Our GG’ PM3 index for the benzene-TCNE
complex is 0.0200; this is almost covalent in character, as
benzene conveys a slightly positive charge of 0.005. It is not
clear for us that this should be described as a charge-trans-
fer complex“; its dipole moment is 0.27 Debyes. As in Ref.8,
the highest intermolecular weak bonds are those connecting the
ethylenic TCNE carbons and the 1,4-carbons of benzene, for which
Icc = 0.,0013.

Let us now see how the GG’ index behaves for an ionic com-
plex, again taken from Ref.8, the guanidinium-cyanoformide pair
(Fig.4b and Table 3). We have supposed the Cmrgeometry of Ref.
5% and submitted it to PM3 optimization. Other starting geome-
tries and optimization itself, do not yield any gqualitative dif-
ferences in the quantities obtained. We have carried out IEH
calculations with the PM3 geometries (with and without optimi-
zation); they are consistent with the results mentioned in the

previous section, i.e. these are indeed weak bonds, much weaker
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than hydrogen bonds. Ionic charges for guanidinium and for
cyanoformide are :0.99 differing, for each calculation, only in
the third decimal place. All indices are somewhat higher with
optimized geometries. Table 3 shows that "secondary" intermol-
ecular bonds partly differ from those predicted in Ref.8. The
most expressive of these bonds links cmuma with cyanofor-
mide’s C*(see Fig.4b); instead, the weak bonds connecting amino
nitrogens to c* are for us higher than the bonds between the
nitrogen atoms of the cyano and the amino groups, described in
Ref.8 as unusual highly curved bonds. Finally, the PM3 group-
group bond index for this ionic complex is lower than the index
for the first complex; this is to be expected, for we have seen
that the benzene-TCNE complex is rather covalent in character.
The role of groups within a wider framework is the very
heart of chemistry. Interactions, usually in the fluid phase,
may be considered "...’weak’ in the sense that the interacting
systems retain their individuality, at least in good approxima-
tion"®®, This quotation of the first page in the last chapter of
a capital book poses the question under the clearest possible
form. The antisymmetrized product of "group functions" suggest-
ed there may be formulated in terms of the Grassmann algebra
and the Slater determinant written as block-determinants ac-
cording to the groups“: We are now working towards this direc-

tion.
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4.Conclusions

- The proposed definition of a group-group bond index allows
quantifying structural features in agreement with chemical ex-
pectation.

- In some of the cases considered, "secondary" bonds con-
tribute significantly to the group-group index.

- Results for dimers of the hydrogen-bonded bases appearing
in nucleic acids are in close correlation with the few exper-

imental interaction energies.The IEH approximation seems to

perform better than PM3.

- Weak bonds in a covalent complex and in an ionic pair are
correctly depicted.

- The molecular valence introduced here leads to reasonable

values.
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Figure Captions

Fig. 1 (a) Groups taken into account in methylbenzene, nitro-
benzene and 1,4-dimethylbenzene. Gz may contain either three
hydrogen atoms (for methylbenzene) or two oxygens (for nitro-
benzene) .

(b) Groups involved in the discussion of anthracene and phe-
nantrene.

(¢) Groups considered for NO, and N_O,.

Fig. 2. The nucleotide bases.

Fig. 3. Pairs calculated in this work, with the geometry of
Ref.39. The points represent oxygen atoms, M is methyl group.
Fig. 4 (a) Benzene-TCNE complex. The distance between both mole-
cules is choéen to be 3.0 £°,

(b) Guanidinium-cyanoformide complex. We have drawn each frag-
ment as planar; actually, there is a slight distortion.

The distance C is supposed to be 3.252 2%,

-C
guanid cyano
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Table 1. Inter-group bond index for nucleic acids base pairs

(see Fig.3), calculated with IEH and PM3 approximations.

Experimental binding energies are taken from Ref.37.

Base pair IEH index PM3 index Bind.en. (kcal/mol)
A.U 0.2042 0.0948 14.5
U.U 0.1451 0.0704 9.5
A.T 0.2021 0.0927 13.0
T.7T 0.1444 0.0703 9;0
G.C 0.3160 0.1599 21.0
c.C 0.2778 0.1564 16.0
A.C 0.2707 0.1259
A.A 0.2113 0.1211
G.U 0.2789 0.1617
G.G 0.2869 0.1379
G.T 0.2811 0.1618%
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Table 2. Relations for inter-group indices of some dimers ap—

pearing in Fig.3.

IEH PM3 Exp
I(G.C)/I(A.T) 1.566 1.726 ‘ 1.615
I(A.U)/I(A.T) 1.010 1.022 1.115
I(C.C)/I(A.T) 1.375 1.687 1.230
I(T.T)/I(A.T) 0.715 0.758 0.692
I(U.U)/I(A.T) 0.718 0.759 0.731
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Table 3. Bond indices, GG’ indices and dipole moment p for the
guanidinium-cyanoformide complex (see Fig.4b). PM3 results are
respectively with(’} and without(o) geometry optimization. The

IEH calculations are carried out with the PM3 respective geo-

metries.
T caX10® I .x10° I . x10° I(ouania- _ u(Debyes)
' cyano)X10
PM3° 1.7 0.9 4 1.16 14.88
PM3’ 2.2 1.0 4 1.26 15.04
1EH’ 2.9 1.1 6 2.24 15.52
IEH’ 3.7 1.3 8 2.56 15.81
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