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Several molecular descriptors, based on topological approaches as well as on a more traditional orbital-based
decomposition, have been used to asses relations with hydrogen bond strengths in a series of formic acid
dimers and its sulfur derivatives. Particular attention has been devoted to the analysis of the core-valence
bifurcation topological index and to the bond order index. Their values are seen to be linearly related to bond
energies estimated through a bond-energy-bond-order relationship; also, the mean value of the topological
index appears to be related to the complexation energy computed by methods based on density functional
theory. The dependence of the index upon the donor-acceptor couple in relation to its applicability is discussed.

1. Introduction

Hydrogen bonds (HB) play a very important role in the study
of chemical and biochemical species. Indeed, both structure and
reactivity of hydrogen bonded complexes has been an active
research field for several decades, in many cases prototype
systems have been used, as their study aids in the qualitative
and quantitative understanding of more complex systems.1,2

Nevertheless, as often is the case in chemistry, a commonly
used chemical conceptshere H-bondingsis based on a qualita-
tive definition; it is therefore not surprising the large amount
of literature devoted to more rigorous definitions, both in
chemical and in mathematical terms (see, for instance, refs 3-6).

The electron localization function (ELF),7-9 in particular, has
been used as a probe to define the strength of the hydrogen
bonds. Denoted hereafterη(r) , this bounded function allows us
to separate regions of the real space where electrons are strongly
localized (upper limit) 1) from those where the electrons are
delocalized (lower limit) 0). A topological partition of the
ELF gradient vector field (∇η(r) ) provides clear divisions of
the molecular space into chemically meaningful regions called
topological basins.8,9 We find two main types of basins: the
core and valence basins. Valence basins are characterized by
their synaptic order, which specifies the number of core basins
with which they share a common boundary. Accordingly, a
valence basin can be monosynaptic (lone pairs), disynaptic (two-
center bond) or polysynaptic (multicenter bond). A proton is a
particular case, counting as a formal core. If this proton is
located in a valence basin of another atom, the synaptic order
of this basin is therefore increased by one. To quantify the
strength of the HBs, Silvi and co-workers introduced a few years
ago5,6 the so-called core-valence bifurcation (CVB) index for
the D-H‚‚‚A hydrogen bond, where D and A correspond to

the donor and acceptor atoms, respectively. Figure 1 shows the
η(r) value along a typical D-H‚‚‚A bond path, the CVB
corresponds to the difference betweenη(rDHA), the value of the
saddle connection of theV(D,H) andV(A) basins, andη(rCV),
the lowest value of the ELF for which all the core basins of the
complex are separated from the valence:

Negative values of CVB indicates a weak interaction between
the two moieties D-H and A, this interaction is physically
interpreted as being mostly of electrostatic nature. On the other
hand, a positive CVB indicates a moderate interaction where
the main electrostatic nature of the HB is preserved but an
additional covalent interaction, due to the electronic delocal-
ization between theV(D,H) andV(A) basins, emerges. Silvi and
co-workers5,6 found a linear relationship between the CVB index
and the complexation energy for a series of HBs of different
strength, where in all cases fluorine was the donor atom. Indeed,
both the complexation energies and the stretching harmonic
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Figure 1. η(r ) value along the bond path for a prototype D-H‚‚‚A
bond. The CVB (see eq 1 and the text above for details) corresponds
to the difference betweenη(rDHA) andη(rCV).

CVB(DHA) ) η(rDHA) - η(rCV) (1)
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frequency shifts, used as an experimental criteria for the HB
strength, display linear relationships with respect to the CVB
index, indicating that “the topological and the experimentalist’s
criteria form consistent and complementary tools for the
characterization of the hydrogen-bond strength”.5,6

In the present study, we further analyze the application of
the CVB topological index in HBs, by considering a series of
doubly hydrogen bonded complexes. Formic acid dimers and
its sulfur derivatives were chosen as prototype systems (Figure
2).14 Formic acid dimers, which exist in formic acid vapors even
at room temperature, and some of their derivatives, are among
the most studied prototype complexes.10 Several experimental11-13

as well as theoretical studies2,14-18 address energetic and
structural features of hydrogen bonded complexes as well as
the proton-transfer reactions they undergo, shedding much light
on their intrinsic properties and mechanisms.

Because each HB is characterized through its donor-acceptor
couple (oxygen and sulfur), the model systems chosen in this
work give the possibility of studying four types of HBs under
different environments. The four types of HBs we are dealing
with in this paper are O-H‚‚‚O, O-H‚‚‚S, S-H‚‚‚O, and S-H‚
‚‚S. The complexation energies, directly obtained by density
functional theory (DFT) calculations, are compared with the
(CVB) index which is the average of the individual CVBs
associated to each HBs on the complex. Then, to have a more
complete picture of the H-bond interaction and to bridge the
gap between topological and orbital indexes, bond energies
estimated using an orbital approach, such as the bond-energy-
bond-order (BEBO) model,19 are compared with the CVB values
for each bond. Because the donor and acceptor atoms involved
on each HB are allowed to change, a complete analysis on the
effect of the donor-acceptor couple on the CVB index is
obtained, thus giving more insight on the usage and interpreta-
tion of the CVB index and its direct relationship with the BEBO
model.

2. Computational Methods

Figure 2 sketches the prototype systems studied, spanning
all possible dimers formed out of the HCXXH, X) O, S
monomers. The donor-acceptor couples for the HBs for each
complex along their numbering are shown in Table 1.

All calculations were performed using the Gaussian 9820 and
Gaussian 0321 programs. All the structures of the four monomers
(HCXXH, X ) O, S) and the 10 dimers were optimized using
the PBE0 hybrid exchange-correlation functional,22,23with a split
valence double-ú basis (6-31G(d,p)) augmented with polarization
functions on both heavy and hydrogen atoms. Frequency
calculations were performed to check that all the geometries
correspond to energy minima. Wave functions were then
obtained at the same level so as to perform the ELF topological
analysis using a local code, derived from the TopMod suite of
programs,24 to obtain the CVB index.5,6 A modified version of
Gaussian 98’s Link 601, developed by one of the authors,25 was
used to obtain the bond orders (BOs), as defined in refs 26 and

27, for an arbitrary X-Y bond out of a closed shell wave
function:

where the symbolsP andSare the density and overlap matrices;
the innermost sum goes through allK basis functions whereas
the outer sums go through all those centered in X or Y,
respectively. For the HB cases D-H‚‚‚A, we estimate BOH‚‚‚A
through eq 2 above, although we will drop the subscript H‚‚‚A
for typographical convenience.

To study the individual HBs' energies as a function of the
CVB topological index, a bond-energy-bond-order (BEBO)
resolution of the complexation energy was performed. The
model used for the BEBO relation is the following second-order
polynomial relationship

which is similar to that of ref 28; here the parametersDi andPi

do not have any physical meaning, they are just fitting
parameters. This equation is indeed that obtained when using
the bond order as defined by Pauling29 in the equation proposed
by Johnston and Parr,19 yielding a BEBO relationship.

In eq 3 above,Eb(i) is the energy of thebth HB (of the ith
type), Di and Pi are the fit parameters for the corresponding
bond type. As 10 complexes are studied but only four types of
HBs are present (yielding a total of eight fit parameters), an
overdetermined system of equations has to be solved. Each
equation represents the total complexation energy for each
complex as the sum of the two HBs’ individual energies. For
example, the complex labeled C2 in Table 1 yields a complex-
ation energy∆EC2 ) E3(1) + E4(3). The system of 10 equations
for ∆EC (one for each complexation energy) is dealt with by

Figure 2. Sketch of the prototype doubly hydrogen bonded complexes.
The donor-acceptor couples (DA) are shown in Table 1, where it is
seen that for the present study D and A are either sulfur or oxygen.

TABLE 1: Core-Valence Bifurcation Index,
Donor-Hydrogen (D-H), Hydrogen-Acceptor (H‚‚‚A), and
Donor-Acceptor (D-H‚‚‚A) Distances and Bond Order for
Each Hydrogen Bond on Each Dimera

bond type
CVB r(D-H) r(H‚‚‚A) r(D-H‚‚‚A) BO

C1 O-H‚‚‚O (1,1) -0.111 1.0082 1.6051 2.6133 0.1645
O-H‚‚‚O (2,1) -0.111 1.0082 1.6051 2.6133 0.1645

C2 O-H‚‚‚O (3,1) -0.054 0.9934 1.6984 2.6918 0.1340
S-H‚‚‚O (4,3) -0.054 1.3730 1.8237 3.1967 0.0983

C3 O-H‚‚‚S (5,2) -0.174 1.0009 2.1481 3.1490 0.2145
O-H‚‚‚O (6,1) -0.110 1.0082 1.5929 2.6011 0.1641

C4 O-H‚‚‚S (7,2) -0.118 0.9917 2.2373 3.2290 0.1663
S-H‚‚‚O (8,3) -0.045 1.3711 1.8400 3.2111 0.0949

C5 S-H‚‚‚O (9,3) -0.005 1.3614 1.9441 3.3055 0.0730
S-H‚‚‚O (10,3) -0.005 1.3614 1.9441 3.3055 0.0730

C6 O-H‚‚‚S (11,2) -0.168 1.0005 2.1519 3.1524 0.2124
O-H‚‚‚S (12,2) -0.168 1.0005 2.1519 3.1524 0.2124

C7 S-H‚‚‚S (13,4) -0.153 1.3788 2.3003 3.6791 0.1291
O-H‚‚‚O (14,1) -0.061 0.9960 1.6738 2.6698 0.1381

C8 S-H‚‚‚O (15,3) -0.004 1.3616 1.9418 3.3034 0.0719
S-H‚‚‚S (16,4) -0.076 1.3672 2.4313 3.7985 0.0907

C9 O-H‚‚‚S (17,2) -0.121 0.9936 2.2231 3.2167 0.1716
S-H‚‚‚S (18,4) -0.126 1.3758 2.3386 3.7144 0.1181

C10 S-H‚‚‚S (19,4) -0.067 1.3675 2.4442 3.8117 0.0883
S-H‚‚‚S (20,4) -0.067 1.3675 2.4442 3.8117 0.0883

a The numbers in parenthesis next to the donor-acceptor couple
represent the individual HB numbering and its type. All distances are
in angstroms.
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solving all possible combinations of eight equations with eight
unknowns by systematically discarding two equations. For each
time the system of eight equations is solved, the error in the
estimation of the complexation energy for the eight considered
complexes will be zero, but there will be a nonzero error in the
estimation of the complexation energies of the remaining two
complexes. The root-mean-squared deviation in the estimation
of the 10 complexation energies for each time the 8× 8 systems
is solved, is calculated and a weightωi is assigned using a
Gaussian distribution with a given varianceσ (and zero mean).
The solution sets{D, P}i are used to obtain a weighted set of
parameters that yields a given error as a function ofσ ({D(σ),
P(σ)} ) ∑iωi(σ){D, P}i/∑iωi(σ)). Finally,σ is chosen to produce
the set of fit parameters that yield the minimal statistical error.

3. Results and Discussion

In Table 1 we collect, along with the numbering and bond
types for each complex, the CVB indexes, donor-hydrogen
(r(D-H)), hydrogen-acceptor (r(H‚‚‚A)) and donor-acceptor
(r(D-H‚‚‚A)) distances as well as the bond order for the HBs
in each complex. In Table 2 these data are summarized taking
their mean value and complemented with the DFT complexation
energy (∆EC) for each system, calculated as the difference
between the complex energy and that of the free monomers.
These last values are corrected for the basis set superposition
error (BSSE) through the counterpoise method.30

Figure 3 shows the complexation energies against the mean
interatomic distances of the atoms involved in the HBs, this is
the donor-hydrogen (rj(D-H), upper panel), hydrogen-accep-
tor (rj(H‚‚‚A), middle panel) and donor-acceptor (rj(D-H‚‚‚
A), lower panel) distances. It is evident from these plots that
three different groups can be identified. Indeed, the complexes
C1, C3 and C6 form groupA, complexes C2, C4, C7 and C9
form groupB, whereas complexes C5, C8 and C10 form group
C. This behavior can be easily rationalized in terms of the donor
atom: in groupA the donor on both HBs is oxygen; in group
C the donor is sulfur and in groupB, the donor is oxygen for
one bond and sulfur for the other.

This grouping well highlights the importance of the donor
atom in ruling the properties of the HBs, it must be noted that
the donor-hydrogen distance remains quite constant within each
group (see Figure 3a). On the other hand, a linear relationship
between the average hydrogen-acceptor distances and the
complexation energy is found (Figure 3b) for each group of
complexes. This relation is particularly interesting because the
bond orders (through Pauling’s formula29), and hence the bond
energies, are directly related to this distance. Finally, the same
grouping can be found when the DFT complexation energies

are plotted against the overall donor-hydrogen-acceptor
distance (see Figure 3c). In all cases correlation coefficients (r)
close to 1 are obtained.

Although these relationships for the mean distances out of
Figure 3 are not completely unexpected, but quite natural
actually, it is interesting to note that such grouping is also
recovered when different HB descriptors are considered. Figure
4 shows the relationship between theCVB index and the mean
hydrogen-acceptor distance (Figure 4a), the total complexation
energy (Figure 4b) and the mean bond-order (Figure 4c). The
same grouping ({C1,C3,C6};{C2,C4,C7,C9};{C5,C8,C10}) can
be easily identified in each plot. Again, for theCVB against
rj(H‚‚‚A) plot, this grouping is quite natural, but the linear
relationships shown for the energy and mean BO againstCVB
for each group of complexes are quite remarkable. It can also
be observed that the mean BO and energy againstCVB plots
for group B, having one O-H‚‚‚X and one S-H‚‚‚X bonds,
are approximately the mean of those for groupsA andC that
present only O-H‚‚‚X and S-H‚‚‚X bonds, respectively.
Particularly noteworthy is the comparison of the energy and

TABLE 2: Mean CVB, Donor -Hydrogen (D-H),
Hydrogen-Acceptor (H‚‚‚A), and Donor-Acceptor
(D-H‚‚‚A) Mean Distances, Mean BO and Complexation
Energy for Each Dimera

CVB rj(D-H) rj(H‚‚‚A) rj(D-H‚‚‚A) BO ∆EC

C1 -0.111 1.0082 1.6051 2.6133 0.1645-17.0683
C2 -0.054 1.1832 1.7611 2.9443 0.1161-10.9814
C3 -0.142 1.0046 1.8705 2.8751 0.1893-14.9975
C4 -0.081 1.1814 2.0387 3.2201 0.1306-9.6637
C5 -0.005 1.3614 1.9441 3.3055 0.0730-6.5261
C6 -0.168 1.0005 2.1519 3.1524 0.2124-12.4247
C7 -0.107 1.1874 1.9871 3.1745 0.1336-10.5422
C8 -0.040 1.3644 2.1866 3.5510 0.0813-6.3379
C9 -0.124 1.1847 2.2809 3.4656 0.1449-8.8479
C10 -0.067 1.3675 2.4442 3.8117 0.0883-5.7731

a All distances are in angstroms, energies in kcal/mol.

Figure 3. Complexation energy against (a) mean donor-hydrogen
distance, (b) mean acceptor-hydrogen distance and (c) mean donor-
acceptor distance. For each straight line shown the correlation coef-
ficient is displayed. Next to each point the numbering of the complex
as in Table 1 is shown.

5104 J. Phys. Chem. A, Vol. 110, No. 15, 2006 Gutiérrez-Oliva et al.



mean BO relations with the CVB index. As both present a linear
behavior for each group, it can be inferred that there will be an
approximate linear relationship between the energy and the mean
BOs and hence also between the individual bond energies and
BOs.

Figure 5 shows relations between the CVB, bond order and
hydrogen-acceptor distance for each HB. We note from Figure
5a that there is a linear relationship between the bond order
and the CVB index when keeping the donor atom fixed. In
Figure 5b, linear relationships are obtained for the CVB against
the hydrogen-acceptor distance when keeping the acceptor atom
fixed. Therefore, these data show an unexpected linear relation
between the CVB index with both the BO descriptor and the
structural propertyr(H‚‚‚A). It must also be pointed out that
the previous grouping is no longer reproduced in these plots.
Instead, the data can be divided in two main groups, depending
on the acceptor atom involved in the HBs (oxygen or sulfur).
Finally, Figure 5c indicates that within the relatively narrow
bond-order range spanned by the studied bonds, the relationship
between BO andr(H‚‚‚A) is, as expected from eq 2, ap-
proximately linear.

Most of the previous analysis could be complemented by the
plots of the individual HB energies against the CVB index. This

last comparison will allow us not only to have a direct
comparison with the observations of Silvi and co-workers5,6 but
also to extend them. In particular, it will be interesting to
evidence a linear relationship for the bond energy as a function
of the CVB index, thus complementing the experimental criteria
for the HB strength.

As already mentioned, a BEBO resolution of the complex-
ation energies was made, considering two HB energies for each
complex. Table 3 summarizes these results, collecting the
estimated bond energy from the BEBO analysis along with the
CVB index. The absolute error made in estimating the DFT
complexation energy∆EC as the sum of the individual bond
energiesEb is shown in the rightmost column. Note that because
of the overdetermined nature of the equation system, the sum
of the two bond energiesEb is only approximately the DFT
complexation energy∆EC. The root-mean-squared sum of the
absolute errors yields the minimal statistical error described
previously.

Figure 6 shows the BEBO-resolved HB energies as a function
of the CVB index, for both the X-H‚‚‚O (oxygen as acceptor,
upper panel) and X-H‚‚‚S (sulfur as acceptor, lower panel)

Figure 4. Relationships between the mean CVB index against (a) mean
hydrogen-acceptor distance, (b) complexation energy and (c) mean
bond order. For each straight line shown the correlation coefficient is
displayed. Next to each point the numbering of the complex as in Table
1 is shown.

Figure 5. Plots for (a) bond order against the CVB index, (b) hydrogen-
acceptor distance against CVB index and (c) hydrogen-acceptor
distance against bond order. The filled symbols are for the O-donor
bonds (O-H‚‚‚O, b; O-H‚‚‚S, [), and the hollow ones are for the
S-donor bonds (S-H‚‚‚O, O; and S-H‚‚‚S, ]). Note also the
O-acceptor cases are represented by circles (b andO), whereas the
S-acceptor cases are represented by diamonds ([ and]).
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bonds. In both cases a linear relationship is seen between the
bond energy (as a measure of the bond strength) and the CVB
index, further supporting the observations of Silvi and co-
workers.5,6 In our case, the linear relationship is seen to hold
when keeping the acceptor atom fixed. Indeed, it should not be

expected that equivalent linear relationships should hold which-
ever the donor-acceptor couple is. The linear relations underline
the connection between topological and orbital-based analysis
for such weak interactions. This connection has been recently
observed for other weak chemical interactions.31

It should be also noted from Figure 6 that the linear regression
is much better when oxygen acts as the acceptor than when
sulfur does. This phenomena is considered to be a consequence
of the higher polarizability of sulfur, which might be much more
affected by the environment than oxygen. It is to be stressed
that even for sulfur the results are quite encouraging, and CVB
does indeed measure the bond strength.

To assess the relationship between the experimental D-H
stretching frequency versus the CVB index as bond strength
indicators, we have estimated the difference between the
stretching frequency of the monomers and that seen for the
dimers. As for each D-H type there are two frequencies, one
for each monomer that presents the same D-H group, we have
taken the meanνDH

0 as a reference value. An analysis of the
normal vibration modes has been performed so as to identify
the two D-H bond stretching frequency on each dimerνDH

i , i
) 1, 2, ..., 20 (here we follow the numbering shown in Table
1 for each of the 20 HBs). TheνDH

i - νDH
0 difference has been

plotted in Figure 7 against the CVB index. We observe that
good correlation between both indexes is obtained only when
moieties of similar masses are compared, which distinguishes
three cases: O-H‚‚‚O (upper curve), S-H‚‚‚S (lower curve)
and O-H‚‚‚S and S-H‚‚‚O (middle curve). This splitting of
the relationship into groups hinders the direct applicability of
the CVB when correlated to the frequency shifts.

4. Concluding Remarks

A study devoted to the description of hydrogen-bond interac-
tions through the use of few molecular descriptors was
performed. Linear correlations depending on the nature of both
acceptor and donor atoms were obtained between the CVB
index, complexation energies and geometrical parameters. Our
results show that the mean CVB index is strongly correlated
with the complexation energy computed from DFT calculations.
Also the individual HB energies, obtained through the BEBO
model, show a good linear relationships with the CVB index
when the acceptor atom is kept fixed.

Our work confirms that the CVB index is a valuable tool for
the estimation of the HB strength while certain conditions are
kept fixed. Further work along these lines should clarify this
situation, enabling the usage of the CVB topological criteria in
complex systems where BEBO resolutions could be difficult

TABLE 3: CVB Index and Hydrogen Bond Energies for
Each Hydrogen Bonda

bond type CVB Eb error

C1 O-H‚‚‚O -0.111 -8.5360
O-H‚‚‚O -0.111 -8.5360 0.0037

C2 O-H‚‚‚O -0.054 -5.3832
S-H‚‚‚O -0.054 -5.6029 0.0046

C3 O-H‚‚‚S -0.174 -6.2998
O-H‚‚‚O -0.101 -8.4872 0.2106

C4 O-H‚‚‚S -0.118 -4.4186
S-H‚‚‚O -0.045 -5.2485 0.0034

C5 S-H‚‚‚O -0.005 -3.2651
S-H‚‚‚O -0.005 -3.2651 0.0041

C6 O-H‚‚‚S -0.168 -6.2125
O-H‚‚‚S -0.168 -6.2125 0.0003

C7 S-H‚‚‚S -0.153 -4.7779
O-H‚‚‚O -0.061 -5.7655 0.0013

C8 S-H‚‚‚O -0.004 -3.1804
S-H‚‚‚S -0.076 -2.9844 0.1731

C9 O-H‚‚‚S -0.121 -4.6131
S-H‚‚‚S -0.126 -4.2349 0.0001

C10 S-H‚‚‚S -0.067 -2.8866
S-H‚‚‚S -0.067 -2.8866 0.0000

a Energies were calculated out of the complexation energy for each
complex and bond orders in Table 2, resorting to the BEBO resolution
using eq 3. The rightmost column shows the error made when estimating
the complexation energy as the sum of the bebo energies for each
complex.

Figure 6. Bond energies out of the BEBO analysis against the CVB
index. The upper (lower) panel shows the cases on which oxygen
(sulfur) is the acceptor atom.

Figure 7. Difference in the frequency shifts (plotted as wavenumbers)
against the CVB index (O-H‚‚‚O, b; O-H‚‚‚S,[; S-H‚‚‚O, O; S-H‚
‚‚S, ]; as in Figure 5). Wavenumbers in reciprocal centimeters.
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and/or inaccurate and frequency shifts hard to identify. This is
indeed the case as electron density and hence the topological
CVB indexes are probably more accurate than any of the other
possibilities (BEBO resolution or frequency shifts). Moreover,
the use of topological indexes based upon the electronic density
to describe weak interactions is quite appealing as densities
obtained out of low level theoretical calculations for extended
systems tend to be reasonably good. From a more general point
of view, our results underline the complementarity of different
theoretical analysis tools, based on topology or on more
traditional molecular orbital approaches.
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