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We report here an investigation into the correlation between dihydrogen bond energies, three-centre bond indices and group
indices in some dihydrogen-bonded dimers. This kind of bond is generated by interaction between proton-donator and
proton-acceptor groups, XH’ " ... H'*~M, where X is a more electronegative atom and M a less electronegative atom than
hydrogen. The different electronegativities of the X atoms, as well the M atoms, would affect the correlations between
H°*...H'°" distances and bond energies of these systems. In this work it will be shown that three-centre bond indices and
group indices exhibit a better correlation with bond energies when compared to H”" ... H'°~ distances for this kind of

system.
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1. Introduction

For chemists, the main support tool in the study of organic
or inorganic systems is the concept of chemical bonding.
Lewis’ classic model was the main protagonist in the
evolution of this concept. Today, some more complex
cases such as multicentre bonds, which could not be
described by Lewis’ model, can be represented by
multicentre bond indices [1]. Furthermore, some appli-
cations of bond indices in the study of molecular systems
have been done [2-9]. The electronic description given by
indices is not restricted to intramolecular interactions, but
also includes intermolecular ones. So, intermolecular
interactions such as hydrogen bonds, which have been
intensely studied, can apparently be described through
bond indices. This kind of interaction is of extreme
relevance in the contributions that define the character-
istics and properties of molecular systems such as protein
conformations and the selectivity of catalysts, among
innumerable others. The typical hydrogen bond [10—-14] is
an interaction involving a proton donator X and proton
acceptor Y of kind XH...Y. However, since the 1950s,
some interactions of the XH...m-electrons kind have
become known [15-19]. This interaction is weaker than
expected for conventional hydrogen bonds because -
electrons are less basic than the lone electronic pair. In the
same way, it was imagined that a sigma-type bonding
would not behave as a very effective proton-acceptor site.
However, in the last 10 years, a new kind of hydrogen
bond has been studied, which is called a dihydrogen bond
[20,21]. This kind of bonding can be represented as
YXH?" .. H'° M, where Y is an atom or group of atoms

bonded to X. X is more electronegative and M less
electronegative than the hydrogen atom. Dihydrogen
bonded systems have been the subject of much attention
lately [22-27].

In this work, a relationship will be presented between
dihydrogen bond energies, three-centre bond indices and
group indices in some molecular systems. It will be shown
that bond energies have a better correlation with these
indices, particularly the indices which represent three-
centre four-electron (3c-4e) bonds (Icy and Ixyy), than
with H...H' distances.

2. Bond indices

Bond indices were first proposed heuristically by Wiberg
[28], for two centres, as follows:

Wap =Y P2, ey

acA
bEB

where A and B are atomic centres. The Wiberg indices
always have positive values close to 1-3 for single, double
and triple bonds, respectively.

It was later shown by Armstron and Perkins [29] that
these indices are generated from following relationship

Tr(P*) = 2N, )

where P is the first order density matrix and N is the
number of electrons. In this way, the representation of
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bond indices to closed-shell systems is given below:
Pk =2k1p, 3)

In a system with k atoms the bond indices can be obtained
from the trace of the left side of Equation (3), that is,

A

B K
Ipg. .k (RHF) =Y "N ..y "PyPpc... Pra. (4
b k

a

From this definition, the total number of electrons in the
molecular system is given by the sum of all bond indices, i.e.

2kilzz...ZIABmK:N. (5)
A B K

It is important to highlight that the sign of the bond
indices, representing multicentre bonds, can be either
positive or negative. It is different from bond indices’
values of two centres, which generate only positive values.
In the case of three-centre bond indices, positive values are
attributed to three-centre two-electron (3c-2e) contri-
butions while negatives ones could evidence 3c-4e
contributions [30—33].

The valence of an atom can be defined as the sum of all
two-centre bond indices between this atom and all others
of the system under consideration. So, the atomic valence
is defined as follows:

VA - Z ]AB- (6)

B#A

The concept of valence was generalised for atomic group
valence by Mundim et al. [34—36], using Grassmann algebra.
In this case it can be represented by the following equation,

VG ZZ IAB- (7)

i

This definition enables us to evaluate how much two
atomic groups are bonded through molecular electronic
distribution. In the case of two atomic groups (G1 and G2),
the group valence and the bond order between these groups
are numerically equivalent, that is,

Ve = Igia :ZIAB- (8)

AEGI
BEG2
Through these generalisations we can identify and
quantify multicentre chemical bonds as well as atomic
group interactions.

3. Methods

In this work, a series of calculations for dihydrogen bond
energies were carried out for different molecular systems.
This energy has been correlated with H...H distances,
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three-centre bond indices and group indices. All geometry
optimisations and bond energies were calculated at
MP2/6-311 + + G** level using Gaussian 03 electronic
structure package [37]. The three-centre bond indices and
group indices were generated through Léwdin population
analysis at the HF/6-31G level using the q-Hartree—Fock
code generated in our Lab.

4. Results and discussion

4.1 Dihydrogen bond energy and three-centre bond
indices

The correlation between interaction energy and H’" ... H'”
distances in dihydrogen systems does not seem to apply
when interaction energies for different atoms X (C, O, N, F)
and M (Li, Na, Be), YXH" ... H'° ™M, are compared, as
seen in Tables 1 and 2.

Figure 1 shows a monotonic decrease in bond energy
as a function of increase distances H...H'. This decrease
was expected because the hydrogen-bonding force
depends on shared electronic densities, as well as on
electrostatic interactions between chemical species.

Figure 2 shows that the bond energy also has good
exponential correlation with three-centre bond indices
Icnwy (R?=0.998) and with three-centre bond indices
I (R 2= 0.997), where R is the correlation coefficient.
A similar study was made by Alkorta et al. It was found an
exponential correlation between charge variation and DHB
(dihydrogen bonded) distances in analogous systems [38].
In this kind of system, the three-centre bond indices would
be utilised as a measure of bond forces as well as H...H
distances. Additionally, it gives information about
electronic description of the systems under study.

The sum of bond indices Icyy and Iyggyp; also
maintains a good correlation, R 2 =0.994, with dihydro-
gen bond energy, as seen in Figure 3.

This result suggests that in these systems 3c-4e and
3c-2e contributions are electronically self-compensated.

In the case of dihydrogen bonds involving more
electronegative atoms directly bonded to hydrogen

Table 1. Distances for ryyp, three-centre bond indices Ic-yyy, three-
centre bond indices /iy and dihydrogen bond energies BE.

BE
Molecular systems — rypy (A) Ixan I (kcal/mol)
HCCH--H'Li 2.0486 —0.0063 0.0169 —4.2
FCCH--H'Li 2.0166  —0.0069 0.0183 —4.5
CICCH--H'Li 2.0018 —0.0073 0.0192 —4.7
NCH--H'Li 1.8233  —0.0125 0.0285 —8.2
NCCCH--H'Li 1.8719  —0.0105 0.0266 —-7.6
H;CCCH--H'Li 2.1081 —0.0054 0.0147 —-3.2
H3SiCCH--H'Li 2.0123  —0.0070 0.0187 —4.6
(LINCH)*--H'Li 1.3463  —0.0450 0.0838 —26.0
(NaNCH)*--H'Li 1.4584 —0.0346 0.0666 —-22.7
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Table 2. Distances for ryyy, three-centre bond indices Ixyyy, three-centre bond indices iy, dihydrogen bond energies BE and

two-centre bond indices Iypy.

Molecular systems FHEY (A) Ixan Iviamr BE (kcal/mol) Taw
FH--H'Li 1.396 —0.0224 0.0780 —134 0.1026
FH--H'Na 1.370 —0.0282 0.0950 —14.6 0.1425
FH--H'BeH 1.704 —0.0051 0.0320 —33 0.0381
HOH--H'Li 1.502 —0.0088 0.0293 —-173 0.0307
HOH--H'Na 1.491 —0.0402 0.0876 —16.2 0.1113
CNH--H'Li 1.489 —0.0232 0.0601 —13.6 0.0753
CNH--H'Na 1.446 —0.0314 0.0777 —15.1 0.1128
CNH--H'BeH 1.819 —0.0052 0.0227 —33 0.0262
(X...H') a displacement of charge to H...H' bond and
01 M SICCH-HLI H;CCCH--HLi respective increase in bond energies would result.
O _ By In the considered molecular systems there is apparently
-5 CICCH--HLI HCCH--HLi no correlation between H...H' distance and dihydrogen
= NCH--HLI FCCH--HLi bond energy when different atoms of high electronegativity
E _10- ) are bonded to hydrogen atoms, as shown in Figure 4.
3 NCCCH--HLi ) ) .
g Figure 5 shows two different exponential curves, one of
5) _154 which is with dimers containing oxygen and nitrogen atoms,
5 while the other has dimers containing fluorine. These curves
g 20 R2 = 0.996 show that a higher electronic density exists in HH'M centres
s - from dimers with fluorine atoms than from dimers with
@ ® (NaNCH)™--HLi oxygen and nitrogen atoms. It can be associated with the high
=257 (LINCH)*-- HLi electronegativity of fluorine atoms, which result in a high
polarisation of the F—H bond. This polarisation brings a
-30

T T T T T T T T T T T T T T T T T T 1
13 14 15 16 17 18 19 20 21 22
Distance (A)

Figure 1. Relationship between dihydrogen bond energies (in
kcal/mol) and interatomic distances (in A).
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charge transference to the H...H'-interaction that would
induce an increase in electronic density at this site. It can
easily be observed in Table 2, for dimers with the same
metallic hydrides, the electronic density in H. .. H'-bonded
dimers containing fluorine is higher than in others.
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Figure 2. (a) Relationship between dihydrogen bond energies (in kcal/mol) and three-centre bond indices Ixyy and (b) relationship
between dihydrogen bond energies (in kcal/mol) and three-centre bond indices Ipym.
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Figure 3. Relationship between dihydrogen bond energies (in
kcal/mol) and the sum of three-centre bond indices Icyy and
Typrei-

In respect to three-centre bond indices, Ixyyy, there is a
good correlation between these indices and the dihydrogen
bond energies, as shown in Figure 6.

This result is very important because three-centre bond
indices, Ixypy, measure contributions of the 3c-4e kind.
This suggests that the stabilisation of dihydrogen chemical
bonds occurs in terms of 3c-4e contributions. In other
words, a good correlation between dihydrogen bond
energies and the three-centre bond indices Ixyy, shows
that the contributions described by these three-centre bond
indices are predominant in dihydrogen bonds.

—2
1 HF--HBeH = .

4 CNH--HBeH

_6 -
1 ® HOH--HLi

—8

_10 -

127 ONH-HL

. » FH--HLi

Bond energy (kcal/mol)

—14 - .
FH--HNa = CNH--HNa
—16 1 = HOH--HNa

_18 T T T T T T T T T T T 1
1.3 14 15 1.6 1.7 1.8 1.9
Distance (A)

Figure 4. Relationship between dihydrogen bond energies (in
kcal/mol) and the interatomic distances H—H’ for a system
containing high electronegative atoms directly bonded to
hydrogen.
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Figure 5. Relationship between dihydrogen bond energies (in
kcal/mol) and three-centre bond indices Iyyn to system
containing high-electronegative atoms directly bonded to
hydrogen.

4.2  Relationship between dihydrogen bond energy and
group indices for some molecular systems

In this section, the correlation between the Iy and IG5
indices and dihydrogen bond energy in some systems will be
discussed, as shown in Tables 3 and 4. The indices [iyy
represent the bond order between hydrogen atoms involved
in the interaction. Group indices, /¢, represent the bond
order between G1 and G2 groups, which contain molecules
and metallic hydrides, respectively.

27 HF--HBeH CNH--HBeH
_4_
R? = 0.998

= 67
<]
E HOH--HLi
R
o
=3
3 -10 o
@
&
o —12
c
S
O 4

—16 — 5 CNH--HNa

HOH--HNa
B+ T T T T T T T 1

—0.045 —0.040 -0.035 —0.030 —0.025 —0.020 —0.015 -0.010 —-0.005 0.0

IxHH:

Figure 6. Relationship between dihydrogen bond energies (in
kcal/mol) and three-centre bond indices Ixyy for a system
containing high-electronegative atoms directly bonded to
hydrogen.
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Table 3. Two-centre indices Iyyy, group indices /515, and
dihydrogen bond energies BE.

Systems (G1--G2) Tgwy I BE (Kcal/mol)
HCCH--H'Li 0.0173 0.0681 —4.2
FCCH--H'Li 0.0188 0.0729 —4.5
CICCH--H'Li 0.0199 0.0758 —4.7
NCH--H'Li 0.0314 0.1124 —8.2
NCCCH--H'Li 0.0288 0.1010 -17.6
H3CCCH--H'Li 0.0147 0.0602 —-3.2
H3SiCCH--H'Li 0.0193 0.0737 —4.6
(LINCH)*--H'Li 0.1219 0.3309 —26.0
(NaNCH)*--H'Li 0.0897 0.2599 —22.7

Table 4. Two-centre bond indices /iy, group indices /562 and
dihydrogen bond energies BE.

Systems (G1--G2) Tgw I BE (kcal/mol)
FH--H'Li 0.1026 0.2366 —134
FH--H'Na 0.1425 0.2970 —14.6
HF--H'BeH 0.0381 0.0921 —-33
HOH--H'Li 0.0307 0.0967 —-173
HOH--H'Na 0.1113 0.7082 —-16.2
CNH--H'Li 0.0753 0.2108 —13.6
CNH--H'Na 0.1128 0.2784 —15.1
CNH--H'BeH 0.0262 0.0672 —-33

In the case of interactions in molecular systems such
as YCH°'...H” Li (see Table 3) there is a good
correlation between bond energies and bond indices Iy
(see Figure 7). This shows that the perturbation caused by
group Y to proton-donator group CH is accompanied by
changing the electronic density in an H. .. H' interaction in
the dimers.

HCCH--HLi
0 H,CCCH--HLj
FCCH--HLi
-5 CICCH--HLi

— NCCCH--HLi
o NCH--HLi )
£ —10 R®=0.998
® H_SiCCH--HLi
O 3
g |
& —15
I
c
(0]
T 201
(o]
M (LINCH)*--HLi

_25_

(NaNCH)*--HLi
_30 T T T T T T T T T T T T T 1
0.00 0.02 0.04 006 008 0.10 0.12 0.14

I

Figure 7. Relationship between dihydrogen bond energies (in
kcal/mol) and two-centre bond indices Iy .
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[
T -20 4
[e]
o (NaNCH)*--HLi "

_25 -

(LINCH)*--HLi
_30 T T T T T T T T T T T T T

005 010 0.15 020 025 0.30 0.35

IG1GZ

Figure 8. Relationship between dihydrogen bond energies (in
kcal/mol) and group indices.

For the same molecular systems, YCH" .. . H'° Li,
the group indices I5ig2, Which measure all the shared
contributions by groups G1 and G2 in the charge density,
also present a good correlation with bond energies with
R?= 0.997, as shown in Figure 8.

This suggests that the main contribution to the force of
these interactions is between proton-donator CH and
proton-acceptor H'Li groups. In other words, interactions
between proton acceptor H'Li and Y are less important.

It was observed that in the case of systems containing
more electronegative atoms, as seen in Table 4, the
analysis of the bonding force cannot be done based only on
sharing of the charge density between hydrogen atoms
involved in the interaction H...H', see Figure 9.

_o_ CNH--HBeH

1
=4+ " HBeH--HF

HOH--HLi
-

CNH--HLi  FH--HLi
. -

Bond energy (kcal/mol)
I
o
" 1 "

—14 |
: CNH-HNaw = FH-HNa
—16 4

-
] HOH--HNa
_18 T T T T T T T T T T T 1
000 005 010 015 020 025 0.30
[
HH'

Figure 9. Relationship between dihydrogen bond energies (in
kcal/mol) and two-centre bond indices [Iyy for a system
containing high-electronegative atoms directly bonded to
hydrogen.
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Figure 10. Relationship between dihydrogen bond energies (in
kcal/mol) and group indices /55, for a system containing high
electronegative atoms directly bonded to hydrogen.

A better approximation would be the utilisation of
group indices in the description of these interactions.
These indices have the advantage of taking into account
some shared contributions to the charge density, of
adjacent atoms to hydrogen one, which were not computed
in two-centre bond indices lyyy.

It can be observed from Figures 9 and 10 that when
some shared contributions to the charge density are taken
in account, represented through group indices, there is an
approximation of the values on the curve. It is more
evident in the case of the HOH...H'Na system.
Furthermore, it is important to point out that a better
correlation can be attained in separating systems contain-
ing fluorine from those which have oxygen and nitrogen
atoms. Again, this displacement can be attributed to an
eventual increase in electronic density at the bond H. .. H,
which is occasioned by the high electronegativity of the
fluorine atom.

5. Conclusions

In all systems studied, the three-centre bond indices
presented a better correlation with dihydrogen bond energy
when compared with the H. .. H' distances. The best results
were obtained through the 3c-4e indices (Ixyy). This
suggests that the stabilisation of dihydrogen chemical
bonds occurs in terms of 3c-4e contributions. In other
words, a good correlation between dihydrogen bond
energies and the three-centre bond indices, Ixyy, appears
to be associated with the 3c-4e nature of the dihydrogen
bonds.

The sum of bond indices Icyw and Iygyp; also
maintains a good correlation, R 2= 0.994, with dihydro-
gen bond energy.
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The group indices, /5152, presented a better description
of dimers interactions than considering only the H...H’
bond order.
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