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Abstract This work examined the local topological parame-
ters of charge density at the hydrogen bond (H-bond) critical
points of a set of substituted formamide cyclic dimers and
enolic tautomers. The analysis was performed not only on the
total electron density of the hydrogen bonded complexes but
also on the intermediate electron density differences derived
from the Morokuma energy decomposition scheme. Through
the connection between these intermediate electron density
differences and the corresponding differences in topological
parameters, the meaning of topological parameters variation
due to hydrogen bonding (H-bonding) becomes evident.
Thus, for example, we show in a plausible way that the
potential energy density differences at the H-bond critical
point properly describe the electrostatics of H-bonding, and
local kinetic energy density differences account for the
localization/delocalization degree of the electrons at that
point. The results also support the idea that the total electronic
energy density differences at the H-bond critical point de-
scribe the strength of the interaction rather than its covalent
character as is commonly considered.
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Introduction

Originally, the hydrogen bond (H-bond) was considered an
electrostatic interaction, as evidenced by previous definitions
stating that H-bonds could be formed only when the hydrogen
atom is placed between the most electronegative atoms [1].
However, it has been recognized gradually that other types of
energetic contributions, such as charge transfer and dispersion
energies, are also relevant to H-bond formation. Recently,
Grabowski [2] stated that many lines of evidence converge
on recognition of the unique importance of covalency (charge
transfer) in the general H-bonding phenomenon.

The decomposition of interaction energy (or energy de-
composition analysis, EDA) is useful when analyzing H-
bonding and particularly to answer the question of whether
H-bonding is an electrostatic or covalent interaction [2].
Interaction energy decomposition schemes describe H-
bonding phenomena in terms of energy contributions, i.e.,
electrostatic, polarization, exchange-repulsion, charge transfer
and dispersion components. In a Morokuma-like decomposi-
tion scheme [3, 4], the total interaction energy is decomposed
into the following components:

Egs + EpL 4+ Egx + Ecr + Epise = Etor (1)

from left to right: electrostatic, polarization, exchange-repul-
sion, charge transfer and dispersion. These components are
obtained by neglecting some elements of the Fock and overlap
matrices of the constituent fragments, and then solving the
Hartree-Fock equation self-consistently [4].

The major problem with the concept of binding energy
decomposition or total interaction energy decomposition is
that only the total interaction energy is a physical observable.
The various proposed components, while they might seem
intuitively reasonable, are not defined uniquely and cannot be
determined experimentally [5]. Furthermore, many of the
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components are not independent of each other, and any at-
tempt to separate them is artificial. For instance, an electro-
static interaction between two molecules intrinsically involves
some degree of mutual polarization. In this sense, polarization
(Epp) is part of the electrostatic component (Egg) [6].

In an analogous manner, when the sharing of electrons
between monomers is “switched on” within the EDA, two
components of the interaction energy come in to play simul-
taneously: the charge transfer (Ect) and the inter-electronic
repulsion (Egx) between the monomers. Keeping in mind the
above concepts, in a previous work we decomposed the
complex interaction to a minimal degree, giving rise to only
two meaningful terms: the (Ers + Epy ) term that can be related
to the “purely electrostatic part” of the interaction energy, and
the (Egx + Ect) term that accounts for the “sharing of elec-
trons” between the monomers [7].

On the other hand, in the context of quantum theory of
atoms in molecules (QTAIM) [8], the topological parameters
of the charge density provide the characteristics at the H-bond
critical point. Through the local statement of the virial theorem
(Eq. 2), a property of the charge density, as its Laplacian
(V?py), can be related to the local kinetic energy density (G)
and the local potential energy density (V3,).

111V20, = 2Gy + V, (2)

Because G,>0 and V},<0, the modulus of the poten-
tial energy ,outweighs two times the kinetic energy, in
those space regions with electronic charge concentration,
i.e., where V?p,<0.

Moreover, the local electronic energy density at the inter-
action bond critical point (BCP) is given by

H,=G,+V, (3)

While these local energy densities have a well defined
physical meaning, interpretation of the variation of these
quantities in the context of H-bond formation is not as clear
as it should be. The previous statement is supported by the
current controversy around the meaning of Hy, negativity [7,
9]. One can see from Eqs. 2 and 3 that, for regions with
electronic charge concentration where [V,|>2 Gy, the local
electronic energy density will be also negative. Therefore, a
negative value of Hy, is often interpreted as a consequence of
the charge density accumulation at the interaction BCP
[10-13]. Based on the previous statement, Grabowski et al.
[14] established that it is possible to observe three H-bonding
regions: (1) covalent [#(H'"Y)<1.2 A], (2) partially covalent
[F(H---Y) between 1.2 and 1.8 A] and (3) noncovalent
[r(H:--Y)>1.8 A] wherein the topological parameters charac-
teristic or these three regions are, respectively, Vpy, and H,<
0, V?p,>0 but H,<0, and both V?p, and Hy>0. Thus, a
negative value of Hy, is associated with covalency.
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However, we have a different interpretation around the
meaning of Hy, negativity. In previous works [7, 9], we studied
halogen and hydrogen bonding complexes with the aim of
understanding the nature of such interactions and asked the
following question: is the decrease in the total electron energy
density a covalence indicator in hydrogen and halogen bonds?
On this issue, the QTAIM theory in conjunction with reduced
variational space self-consistent field (RVS) EDA was
employed. Through combining both methodologies, it was
possible to provide a different interpretation for Hy, as a local
electronic energy density that can be decomposed in two local
energy densities, (—Gy,) and (Y4V*py,), that are connected via
the (Egs + Epr) and (Egx + Ect) terms of the total complex
interaction energy, respectively. By applying the proposed
decomposition scheme to a set of hydrogen and halogen
bonding complexes, it was found that the decrease in H,,
toward negative values as the interaction strengthens is due
mostly to the increase in the electrostatic contribution to the
total interaction energy. In a recently published work on
boron-based complexes with carbene as an electron donor
[15], the authors found that the SAPT electrostatic energy
correlates well with the H,, value, therefore supporting our
results.

This kind of study on the interrelationship between QTAIM
topological parameters and interaction energy components,
pioneered by Grabowski and his collaborators [14, 16, 17],
seems to be a good strategy with which to investigate the
meaning of the charge density topological parameters.
However, one should be aware that such analysis might not
be entirely correct since the components of the interaction
energy and the local topological parameters are measured on
different electron densities (the former were obtained from the
various intermediate electron densities derived from the EDA
analysis while topological parameters were measured on the
total electron density of the complex).

With that in mind, by using a different approach, we
present a study of the local topological parameters, focusing
not only on the total electron density of the complex but also
on the intermediate electron densities differences derived from
the Morokuma energy decomposition scheme in order to gain
insight into the meaning of the variation of the local topolog-
ical parameters in the context of H-bond formation. This study
was carried out on a set of substituted formamide cyclic
dimers (FD-X), and enolic tautomers (FA-X), (see
Scheme 2 below).

Computational details

The H-bonded complexes were optimized at the MP2/6-
311++G(d, p) level of calculation. The harmonic vibrational
frequencies were calculated with analytic second derivatives
at the same level, which confirmed that the structures were



J Mol Model (2014) 20:2510

Page 3 of 10, 2510

minima. All these electronic structure calculations were per-
formed with the Gaussian 03 suite of programs [18].

After the complexes were optimized, the interaction EDA
[3, 4], as implemented in the GAMESS quantum chemistry
package [19], was carried out at the MP2/6-311G(d,p) level of
theory. In addition to the energy components, the correspond-
ing intermediate electron densities were also extracted from
the decomposition analysis. Calculation of local topological
properties of the electron charge density was performed for
each of the intermediate densities employing the AIMAIl
package [20], and molecular graphs as well as contour maps
were displayed.

Scheme 1 shows how the total charge density of the H-
bonded complexes p™"%(m;,m,) can be constructed from the
intermediate electron densities derived from the Morokuma
analysis.

In the initial step, the charge densities from the isolated
monomers were placed together in the complex geometry,
[p(m;) + p(my)]. Then, each monomer was allowed to distort
internally under the electric field of the other monomer,
p(m;*, my*). The difference between the distorted p(m;*,
m,*) and undistorted [p(m;) + p(m,)] charge density accounts

p(my)+p(my)
A/)I'ICOV
Y
D p(m;*,my™*)
ApCOV
Y
@ P (m),m,)

Ap disp

Scheme 1 Construction of total charge density of the H-bonded com-
plexes p MP2 (ml , m2 ) from intermediate electron densities derived
from Morokuma analysis

for the polarization or internal redistribution of the electronic
charge within each monomer. Since the electronic redistribu-
tion in this step does not involve sharing of electrons between
the monomers, it is named Ap,co, for non-covalent. In the
next step, the sharing of electrons between monomers is
allowed (i.e., differential overlap between monomers is per-
mitted). The resulting charge density difference, Apcyy, re-
covers the interelectronic repulsion (EX) and the charge trans-
fer (CT) between the monomers due to the intermolecular
overlap. Finally, the difference between the Hartree-Fock
and the MP2 total charge densities, Apgsp, accounts for the
effect of the electron correlation in complex formation.

Results and discussion

Scheme 2 shows the cyclic dimer of formamide (FD-X), and
its enolic tautomer (FA-X),, i.e., the formamidic acid cyclic
dimer, where the non interacting hydrogen atom bonded to the
nitrogen has been replaced by various groups of different
electron-withdrawing/donating capacity in order to modify
the H-bond strength. In this way, we were able to study the
variation of the different components of the total interaction
energy (Etort) as a function of H-bond length.

Figure 1 shows the variation in the interaction energy
components as a function of the H-bond length in the
substituted formamide cyclic dimers and their tautomeric
counterparts.

From Fig. 1 it can be seen that the N---H H-bond distance
in the (FA-X), dimers is shorter than the O--*H H-bond
distance in the (FD-X), dimers. Moreover, on going from
the (FD-X), to (FA-X), dimers, the components Egs, Ep,
Ecr and Epsp become more negative and the exchange re-
pulsion (Egx) increases its positive value. As the sum of the
negative components grows faster than the Egx component,
the total interaction energy (Etot) increases its negative value

T
T

(FD-X), (FA-X),
X = H, CN, CHO, NH,, NO, OH, F, Cl, CH,

Scheme 2 Cyclic dimer of formamide (FD—X), and its enolic tautomer
(FA-X),
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Fig. 1 Variation of interaction energy components as a function of the
O---H and N---H H-bond distances in (FD-X), and (FA-X), dimers,
respectively

as the H-bond shortens (i.e., complexes become more stable),
reaching the most negative values in the (FA-X), complexes.

On the other hand, the local topological parameters of the
charge density provide the characteristics of the interaction at
the H-bond critical point. Table 1 shows the local topological
parameters at one of the two equivalent H-bond critical points
of the (FA-X), complexes. From now on, the discussion is
focused on (FA-X), complexes, though the results also apply
to their tautomeric counterparts, (FD-X),.

As is evident from the H-bond distance [d(H"--Y)] as well
as the charge density value at the H-bond critical point (pj)
(Table 1), the fluorine- and amino-substituted dimers present
the weakest H-bonds whereas the formyl-substituted complex
has the strongest bond, with intermediate py, values for the
other substituents. It is also noted from Table 1 that all the
complexes share a positive value of the Laplacian of the

Table 1 Local topological parameters [in atomic units (a.u.)] of the
charge density calculated on the total correlated electron charge density
of (FA-X), complexes. H-bond distance (in A) as a function of the
substituent X is shown

X dH-Y)  pMP(mymy)
Pp? 1/4V?p, Gy H, Vs

F 1.773 0.0431 0.0267  0.0326 —0.0059 —0.0385
NH, 1.781 0.0435 0.0260  0.0322 —0.0062 —0.0384
OH  1.767 0.0447 0.0264  0.0333 —0.0069 —0.0402
CN 1729 0.0483 0.0262  0.0354 —0.0092 —0.0445
cl 1.703 0.0513 0.0277  0.0384 —0.0107 —0.0491
H 1.673 0.0559 0.0267  0.0405 —0.0138 —0.0544
NO  1.666 0.0571 0.0259  0.0407 -0.0148 —0.0554
CH; 1.666 0.0582 0.0259  0.0414 -0.0155 —0.0569
CHO 1.638 0.0614 0.0254 00431 -0.0178 —0.0609

*The b subscript indicates that the topological properties have been
measured at one of the two equivalents H-bond critical points from the
cyclic dimers
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charge density (1/4V%py,) but a negative value of the total
electronic energy density (H,,) at the H-bond critical point.
Furthermore, 1/4 V?p, in general decreases and Hy
increases in magnitude on going from the weakest to
strongest substituted dimer.

According to current thinking regarding the negative
values of H,, as a covalency descriptor of interatomic interac-
tions, the H-bonds of (FA-X), complexes should be classified
as a partially covalent interactions (since V2p,>0 but Hy,<0)
[2,10-13, 14, 16]. However, it has been argued recently that a
negative value of Ay, (or a trend towards negative values) is
not necessarily associated with covalency or electrostatics but
could be considered an indicator of strengthening or stabili-
zation of the interaction, in the same way as a decrease in total
interaction energy is an indicator of complex stabilization [7].

To get a clearer understanding about what the variations in
Hy, and other topological parameters mean during H-bond
formation, we evaluated these parameters on the intermediate
electron densities of (FA-X), complexes derived from
Morokuma analysis as implemented in the GAMESS elec-
tronic structure program (http://www.msg.ameslab.gov/
gamess/). As indicated in Scheme 1, the total MP2 electron
density of the complexes can be constructed as:

{p(ml) + p(mZ)} + Apm:ov + Apcov + Apdisp = pMP2 (mlvmz) (4)

The reader can find the values of the local topological
parameters calculated on the {p(m;) + p(my)} density in the
supporting information (Table S1). The {p(m;) + p(m,)}
density describes the monomer characteristics in its isolated
state rather than in the H-bonded state. Hence, it is convenient
to get rid of {p(m;) + p(m,)} by subtracting it from the total
MP2 electron density.

Apncov + Apcov + Apclisp = pMPZ(mlva)_{p(ml) + p(mz)} (5)

In this way, the variation in the electron density of the
monomers due to H-bond formation may be described in
terms of the difference densities Appcoy, APcov and Apgisy.
In the following sections, discussion is focused on the study of
the variation in topological parameters calculated from the
Appeoy and Ape,, difference densities. The topological pa-
rameters for the Apgg, difference density is not discussed
further as the contribution from dispersion to total interaction
energy is almost negligible for the systems studied here when
compared with the other components (see Fig. 1).

Variations in charge density topological parameters
from the Ap,,, difference density

Figure 2 shows the contour map of the Ap,,, difference
density that accounts for the polarization or internal redistri-
bution of the electronic charge within each monomer,
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Fig. 2 Contour map of the Ap,,, difference density superimposed on
the molecular graph of the (AF-X), dimer; X = CHO. Red dashed contour
lines Electron density decrease; blue solid contour lines electron density
increase; big circles attractors or nuclear critical points (3, —3), attributed
to nuclei; lines connecting nuclei bond paths,; small red circles bond
critical points or (3, —1) critical points; yellow circle ring critical point;
arrows H-bond critical points

superimposed on the molecular graph of the (AF-X), dimer
with X = CHO.

Two equivalent BCPs and the corresponding bond paths
that connect both AF-CHO monomers can be observed in the
graphs. It is a common feature of H-bonds that the H atom
decreases its atomic population due to polarization of the H-
donor bond X—H towards the donor X. In accordance with this
statement, the Ap,co, contour map shows that the entire H
basin decreases its charge density as a consequence of mono-
mer polarization and, correspondingly, the H-donor oxygen
atom increases its charge density. This polarization of the H-
donor bond is complemented by a charge density shift of the
H-acceptor basin toward the H atom. However, the H-donor
polarization is more pronounced than that of the H-acceptor
since the H-bond critical point becomes decreased in charge
density after the monomers are allowed to polarize.

The overall result of the charge density redistribution on the
H-donor bond and H-acceptor atom due to monomer polari-
zation is that the electrostatic attraction between them is
increased, as manifested by a decrease in the potential energy
density at the H-bond critical point, as is shown below.

Table 2 reports the variations in the local topological pa-
rameters calculated from the Ap,.,, difference density, for all
(FA-X), complexes, and Figs. 2 and 3 displays the

Table 2 Variations in the topological parameters® (in a.u.) from the
Appeoy difference density, in (FA-X), complexes

X (APoncov (A% Vpphncov  (AGphncov  (AHpkcow  (AVpncov
F —0.0035  0.0045 0.0059 —0.0015  —0.0074
NH, —0.0040 0.0049 0.0062 —0.0014  —0.0076
OH  —0.0042 0.0051 0.0064 —0.0013  —0.0077
CN  —0.0035 0.0057 0.0075 —0.0018  —0.0093
Cl —0.0049  0.0066 0.0080 —0.0014  —0.0094
H —0.0063  0.0081 0.0093 —-0.0011  —0.0104
NO  —0.0053  0.0077 0.0094 —-0.0017  —0.0110
CH; —0.0066  0.0087 0.0099 -0.0012  —0.0111
CHO —0.0057  0.0087 0.0107 —0.0020  —0.0126

#The absolute values of the topological parameters are given in Table S1

corresponding difference contour maps for the (AF-CHO),
dimer, superimposed on the molecular graphs.

As with the AF-CHO dimmer, in the remaining complexes
the electron density decreases in value at the H-bond critical
point when each monomer is allowed to redistribute its charge
density internally under the electric field of the other mono-
mer, as indicated by the negative values of (App)coy IN
Table 2. Furthermore, the (App)ncov Value becomes in general
more negative as the H-bond shortens, on going from X =F to
X = CHO (see Table 1 for H-bond distances).

With regard to the local energy densities, the data in Table 2
as well as the difference contour maps in Fig. 3 show that the
local potential energy density increases its negative value at the
H-bond critical point [(AV})neov<0] and the local kinetic energy
density becomes more positive at that point [(AGp)neov>0] as a
consequence of the monomers charge density polarization. The
different behavior of the local potential and kinetic energy
densities per electron charge might be seen as a consequence
of the requirement for Heisenberg’s uncertainty principle. The
uncertainty principle seeks a balance between electrons having a
low potential energy and not becoming confined in too small a
space, which will lead to high kinetic energy (because of the
uncertainly relation Ap Ax=7%) [21].

Since [(AVp)ncovl > (AGp)ncoy the total electronic energy
density decreases in value [(AHp)ncov<0], namely, the de-
crease in local potential energy density drives the decrease in
H,, (see Eq. 3). According to the usual meaning of the nega-
tivity of Hy, as a covalency descriptor of H-bonds [2, 10-13,
14, 16], the observed decrease in H, [or the (AH})ncov NEga-
tivity] might be interpreted as indicative of the increase in the
covalence degree of the H-bond due to monomer polarization.
However, this polarization, as computed in the Morokuma
decomposition scheme, involves only an internal redistribu-
tion of charge density within each monomer. Therefore, the
(AHp)neov negativity could not be indicative of the increase in
the covalence degree of the H-bond since the sharing of
electrons between monomers is not allowed in the polarization

@ Springer
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(A V)T\COV

Fig. 3 Difference contour maps of the topological parameters
superimposed on molecular graphs of the (AF-CHO), dimer. (AV)ncov
(AG)ncow (AH)peov and (AV?p)ncoy represent the changes in the potential,
kinetic, and total electron energy densities and the Laplacian of electron

calculation. It has been argued recently that a negative value of
H,, (or its trend towards negative values) is not necessarily
associated with covalency or electrostatics but could be con-
sidered an indicator of the strengthening or stabilization of the
interaction in the same way as the decrease in total interaction
energy is an indicator of complex stabilization [7]. In accor-
dance with this statement, the decrease in Hy, [or (AH})ncoy
negativity] in the (FA-X), dimers describes properly H-bond
strengthening due to monomer charge density internal redis-
tribution or polarization.

In contrast to the H, behavior, the Laplacian of charge
density increases its value at the H-bond critical point
[(AVaV?0,)ncov>0)], i.e., the H-bond critical point is depleted
of charge density, evidencing the non-covalent character of the
polarization component of the interaction energy (see Table 2
and Fig. 3).

Variations in the charge density topological parameters
from the Ap,,, difference density

Next, we analyzed the variations in topological parameters
after sharing of electrons between monomers is “switched
on”. When the sharing of electrons between monomers is
allowed, i.e., on going from the polarized to the total
Hartree-Fock intermediate electron density (see Scheme 1),
two components of the interaction energy come into play
simultaneously: charge transfer (Ect) and interelectronic re-
pulsion (Egx) between the monomers. Therefore, the density
difference between these two intermediate electron densities,
named as Ap.oy, accounts for the effect of the Ect and Egx
components on the electron density of the monomers.

Figure 4 shows the contour map of the Ap.,, difference
density superimposed on the molecular graph of the (AF-X),
dimer with X = CHO.

@ Springer

(AG)rco,

(AH)co, (AV/P)rco

density, respectively, as a consequence of monomer polarization. Red
dashed contour lines Electron density decrease, blue solid contour lines
electron density increase, arrows H-bond critical points

Table 3 reports the changes in local topological parameters
calculated from the Ap.,, difference density for all the (FA-
X), complexes, and Figs. 4 and 5 displays the corresponding
difference contour maps for the (AF-CHO), dimer,
superimposed on the molecular graph.

As can be seen in Table 3 and Fig. 4, the charge density at
one of the equivalent H-bond critical points increases its value
after the sharing of electrons between the monomers is

N | [ & /
Fig.4 Contour map of the Ap,,, difference density superimposed on the
molecular graph of the (AF-X), dimer with X = CHO. Red dashed

contour lines electron density decrease, blue solid contour lines electron
density increase, arrows H-bond critical points
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Table 3 Variations in the local topological parameters® (in a.u.) from the
Apeoy difference density, in the (FA-X), complexes

X Aoy (AVaVpp)ecoy  (AGoleoy  (AHpleoy  (AVpleov
F 0.0056 —0.0119 —0.0068  —0.0050  0.0018
NH,  0.0053 —0.0118 —0.0071  —0.0047  0.0024
OH 0.0060 —0.0127 —0.0073  —0.0054  0.0019
CN 0.0070 —0.0150 —0.0084  —0.0066  0.0018
Cl 0.0075 —0.0164 —0.0091  —0.0073  0.0018
H 0.0092 —0.0202 —0.0111 —0.0092  0.0019
NO 0.0095 —0.0208 -0.0112  —-0.0095  0.0017
CH;  0.0099 —0.0217 -0.0118  —0.0099  0.0019
CHO 0.0109 —0.0241 -0.0129  -0.0112  0.0017

# The absolute values of the topological parameters are shown in Table S1

allowed [(App)eov>0]. Furthermore, the (Apy)eoy Increment
becomes more pronounced as the H-bond shortens, on going
from X = F to X = CHO (see Table 1 for H-bond distances).
The increase in the charge density at the H-bond critical point
is accompanied by a decrease in the Laplacian of the electron
density [(AYiV?pp)e0y<0] at that point (see Fig. 5). Since the
Ap.,y difference density accounts for the effect of the E-rand
Egx components on the electron density of the monomers, the
variation in topological parameters reflects the balance be-
tween these two opposing components (the charge transfer
from the H-bond acceptor to the H-bond donor promotes
electron density accumulation in the H-bonding region where-
as the inter-electronic repulsion promotes the removal of
charge density from that region). The observed decrease in
14V, together with the increase in py, clearly indicates that
the effect of Ecr on the electron density at the H-bond critical
point prevails over the effect of Erx, even when the value of
the last energy component is generally greater in magnitude
than the first (see Fig. 1). By inspecting the variations in the

4 s'\ > (A V);DV - (AG)COV
Fig. 5 Difference contour maps of topological parameters superimposed
on the molecular graph of the (AF-CHO), dimer. (AV)¢ovs (AG)covs

(AH)coy and (AV?p)qoy are the changes in the potential, kinetic, and total
electron energy densities and the Laplacian of electron density,

kinetic and potential energy densities (Table 3, Fig. 5) and
taking into account the local virial theorem (Eq. 2), one can
see that the negativity of (A%V?py)cov is driven by a decrease
in the kinetic energy density [(AGyp)cov<0] since the potential
energy density becomes less negative [i.e., (AV})q0,>0] after
the sharing of electrons between the monomers is “switched
on”. This decrease in Gy, might be associated with the electron
delocalization or charge transfer between the monomers
through the uncertainly principle, which states that a decrease
in the momentum leads to a more delocalized wavefunction,
because of the uncertainly relation (Ap Ax=7%) [21].
Therefore, the decrease in Gy, might be considered as the local
manifestation (at the H-bond critical point) of the charge
transfer between the monomers that promotes the charge
density increase and the Laplacian decrease in the H-
bonding region. On the other hand, the positive value of
(AVp)cov 1s the local manifestation of the inter-electronic
repulsion, which is secondary to the increase of electronic
charge in the H-bonding region as a consequence of the charge
transfer between the monomers.

Finally, (AHy).ov takes a negative value same as (AHp)ncov
with the difference that the negativity of (AH}).oy is promoted
by the decrease in Gy, whereas the (AHy)neoy NEgativity is
driven by the decrease in V%,

Comparative analysis of the variations in the topological
parameters from Ap,.,, and Ap.,, difference densities

Figure 6 shows stacked bars representing the topological pa-
rameters calculated on the {p(m;) + p(m,)} density as well as
the variations of these parameters from the App.o, and Apgoy
difference densities, for the (FA-X), complex with X = CHO.
Similar variations were observed in complexes with different X
substitution (see Tables 2, 3 and S1).

Y (AH).., = 118~V

respectively, after the differential overlap among monomers is allowed.
Red dashed contour lines electron density decrease, blue solid contour
lines electron density increase, arrows H-bond critical points

@ Springer



2510, Page 8 of 10

J Mol Model (2014) 20:2510

Fig. 6 Topological parameters

on the {p(m;) + p(my)} density, 0.0600 -
and variations in these parameters
from the Appeoy and Apgoy
difference densities, for the 0.0400
(FA-X), complex with X = CHO
S 0.0200 -
8
2
@ 0.0000 -
o)
(=]
-0.0200 -+
-0.0400 -+
-0.0600 -

JE— {P(m1)‘P(mz)}
. Ao,
APeoy

As was explained in a previous section, the {p(m;) +
p(m,)} density describes the monomer characteristics in its
isolated state rather than in the H-bonded one, since it is
computed as the sum of monomer densities in the complex
geometry. It can be seen in Fig. 6 (and Tables 2, 3 and S1) that
the values of the topological parameters on this density are in
most cases bigger in magnitude than the variations of these
parameters due to H-bond formation, namely the Ap.,, and
Ap,eov difference densities. This feature indicates that the
engaged monomers preserve, to a large extent, the character-
istics that they had in their isolated state, which is an expected
result considering that H-bonds are closed shell interactions.

By analyzing the relative magnitude and sign of the varia-
tions of the topological parameters in Fig. 6, one can see how
these parameters are modified with respect to the {p(m;) +
p(m,)} density after H-bond formation. Thus, for example, the
potential energy density increases its negative value after H-
bond formation (i.e., with respect to the {p(m;) + p(m,)}
density) since the negative variation [(AV})neov] due to polar-
ization effects is greater in magnitude by far than the positive
variation [(AV})eov] due to interelectronic repulsion. This net
increase in V}, negativity locally describes the electrostatic
stabilization of the system after H-bond formation.

With regard to V%0, and Gy, the positive values of these
terms decreases after H-bond formation due to the negative
contributions of (AYV?p,)cov and (AG))eon, Which are greater
in magnitude than the positive contributions (AYV?pp)ncov
and (AGp)ncov respectively. The net decrease in Gy, and
14V2py locally describes the increase in system electron delo-
calization after H-bond formation.

There is also a net electronic charge increase (with respect
to the {p(m;) + p(m,)} density) in the H-bonding region due
to the positive value of (Apy)eoy, that outweighs the negative
value of (Apy)ncorv. Because of the isomorphism that exists

@ Springer
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between the charge density and virial topologies [22], it is
commonly said that the charge density is accumulated in the
H-bonding region because it lowers the potential energy in
that region, i.e., that it is mostly an electrostatic effect [23, 24].
However, we have shown that the driving force for the net
increase in py, after H-bond formation is not the lowering of V3,
but the net decrease of G, In other words, the charge density
increases in the H-bonding region not because it lowers the
potential energy in that region but as a consequence of the
electron delocalization or charge transfer between the
monomers.

With regard to the total electronic energy density, H,, it
becomes more negative with respect to the monomers densi-
ties sum {p(m;) + p(my)}. It can be seen in Fig. 4 that both
Appeoy and Ape,, difference densities contribute to this net
decrease in Hy. Since these difference densities are very
dissimilar in nature, the negative variations of Hy, in both could
not be considered as indicative of the increase in the covalence
degree of the H-bond, as would be the case according to the
current meaning of H, negativity.

Conclusions

In this work, we have performed a charge density topological
analysis on not only the total electron density of the complex
but also on intermediate electron densities differences derived
from the Morokuma energy decomposition scheme in order to
gain insight into the meaning of the variation of the local
topological parameters in the context of H-bond formation.
It was shown in a plausible way that the variations in the
potential energy density at the H-bond critical point properly
describe the electrostatics of H-bonding. Thus, the increase in
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the negative value of V4, associated to the Ap,co, difference
density locally describes the electrostatic attraction due to
polarization effects, whereas the decrease in the negative
value of V}, associated to the Ap.,, difference density locally
describes inter-electronic repulsion in the H-bonding region as
a consequence of the sharing of electrons between monomers.

On the other hand, variations in the kinetic energy density
at the H-bond critical point account for the localization/
delocalization degree of the electrons. The observed increase
in Gy, after polarization is “switched on” is a consequence of
the increased localization of the electrons due to a more
negative V4, value. Conversely, the observed decrease in Gy,
associated with the Ap,,, difference density locally describes
the electron delocalization or charge transfer between the
monomers.

It also has been shown that the net increase in the local
charge density during H-bond formation is not related with the
lowering of potential energy density in the H-bonding region
but it is associated with electron delocalization after the shar-
ing of electrons between monomers is allowed.

Finally, it was found that both Ap,,c., and Ap,,, difference
densities contribute to the H,, decrease. We believe that, since
these difference densities are very dissimilar in nature, the
negative variations in H,, in both cases cannot be considered
as indicative of an increase in the covalence degree of the H-
bond, as would be the case according to the current meaning
of Hy, negativity. Instead, the negative values of (AHy, )ncov and
(AHyp)cov properly describe the stabilization that the com-
plexes experience due to polarization and delocalization ef-
fects, respectively.

Nevertheless, it must be noted that most of this decrease in
H,, is related to electron delocalization in the H-bonding
region, namely (AH,).oy is much larger than (AH,),cov, Which
might explain why this topological parameter is commonly
considered as a covalence descriptor of these interactions.
However, one cannot be sure that (AHp).o, Will be much
larger than (AHy),cov in all cases without performing a density
decomposition analysis such as that performed in this work.
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