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Abstract

The intermolecular electronic densities of the hydrogen-bonded complexes C,H,O--HX (X =F, CN, NC, and CCH) we-
re determined by calculations performed at the level of Density Functional Theory (DFT). The B3LYP functional and
the Pople’s 6-31G split-valence basis set were combined with (11) valence, (++) diffuse and (d,p) polarization functions
with the purpose to determine the optimized geometries of the C,H,O---HX complexes. Through these geometries, their
intermolecular electronic densities p(r,x)¥™™ calculated from Quantum Theory of Atoms in Molecules (QTAIM) were
examined through the Hierarchical Cluster Analysis (HCA) and Two-Level Factorial Designs (TLFD) statistical techni-
ques. Although it is well-known that the QTAIM approach was projected with a slight dependence from ab initio basis
sets, our results revealed a good relationship between p (r,x) Y™™ and the values estimated by the chemometric analysis
(p(r,x)E5T) computed essentially by valence (11) and diffuse (++) functions.
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1. Introduction

1939 was considered a remarkable year for the che-
mistry with the publication of “Nature of the Chemical
Bond” of Linus Pauling.! Several concepts about chemi-
cal bonds are reported in this book, whose reading has ai-
ded theoreticians and experimentalists to interpret many
questions in chemistry and physics, such as the interaction
energy measurements and related phenomena.>* Accor-
ding to Pauling’s concepts, it was established that if the
distance between two interactive atoms is shorter or at
least coequal than sum of the van der Waals radii, we can
affirm that these atoms are chemically bound one with
another.>® Particularly, it is important to stress that some
intermolecular systems are directly involved with the van
der Waals radii, for instance the hydrogen-bonded com-

plexes.” As it is widely known that hydrogen-bonded com-
plexes are formed when proton donors (H*?) interact with
negative electronic centers (Y), which can be lone elec-
tron pairs (O, N, S and F atoms) or ® and pseudo-n
bonds,? it is evident that the hydrogen bond distance
(H*..Y) must also be shorter or at least coequal than the
van der Waals radii of the Y and H*® species.’ However, if
this intermolecular criterion is not obeyed, the hydrogen-
bonded complex is not formed because the orbital over-
lapping between HOMO (Y, © and pseudo-n bonds) and
LUMO (proton donors) is hindered. On the other hand,
some decades after Pauling has divulged his ideas about
chemical bonds, Pople e al.'® have started the develop-
ment of ab initio basis sets with the purpose to describe
the molecular orbital through implementation of mathe-
matical formulations into software packages.'' Nowa-
days, albeit many computational schemes are used routi-
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nely by many theoretical groups, many researchers conti-
nue the development of more sophisticated ab initio basis
sets.!>14

Historically, in midst of many computational algo-
rithms developed by Pople and others," the 6-31G split-
valence is a useful basis sets'® because its algorithm is
composed by 6 contracted Gaussian-type functions which
describe the inner shell orbital, whereas the valence shell
is represented by (1) valence functions. Moreover, 6-31G
can be combined with other wave functions, such as the
(++) diffuses and (d,p) polarizations,'’'® by which the
complete basis set 6-311++G(d,p) is composed. In terms
of hydrogen-bonded complexes, it is well established that
this basis set yields a good description of polarizability
and intermolecular strength, although the intermolecular
interaction is often well described through the application
of (11) valence functions because the chemical bond is
formed by outer charge density shells. Nevertheless, it is
established that (++) diffuse functions are essential to des-
cribe the overlap orbital, and finally, the (d,p) polarization
functions extends the angular momentum of the electronic
density cloud by addition of “d” and “p” orbitals on
“heavy” and hydrogen atoms, respectively. So, surely that
the application of a complete basis set such as 6-
3114++G(d,p) is recommended if the main goal is the cha-
racterization of the electronic structure in a minimum of
the potential energy surface. However, some decades ago
Richard Bader also developed another useful theoretical
tool to study the electronic structure and chemical bonds
through the quantum-mechanical theorems. This method
was named Quantum Theory of Atoms in Molecules
(QTAIM)" and in its formulation Bader admitted that the
fragmentation of a molecular system furnishes conditions
for modeling depletion and concentration of charge den-
sity in specific chemical sites.”” Therefore, it becomes es-
tablished that a high value of charge density suggests
typical features for covalent and unsaturated bonds, whe-
reas low values of charge density denotes an accumula-
tion of electronic density localized on disconnected nuc-
lei, then characterizing the existence of intermolecular
and intramolecular contacts, e.g. hydrogen bonds.?' Un-
doubtedly, we should say that the van der Waals radii are
important for QTAIM theory because the bonded and
non-bonded atomic radii are taken into account to deter-
mine Bond Critical Points (BCP)?? between acceptor/do-
nor of protons.?** By definition, BCP is a source used to
calculate topological parameters such as electronic den-
sity and Laplacian field, which give us an idea how is the
atomic behavior into a chemical bond.? In according
with the gradient of the electronic density Vp(r,x), at any
n(t) point with x coordinates on molecular surface, the
QTAIM protocol rationalizes the molecular structure into
sub-systems ruled by the zero-flux of the charge density
(see equation 1).

Vprx). n(f)=0 Ve dQ (1)

So, it is known that the electronic density is the
quantum mechanical observable adopted by the QTAIM,
although it is admitted that QTAIM results depends
slightly from ab initio basis sets, i.e. there is no criteria to
affirm which basis set is ideal to perform QTAIM calcu-
lations. Nevertheless, some studies have been published
where small basis sets have been used successfully for
determination of optimized geometries.”’*" In practice,
the coordinates of these optimized geometries were taken
as entrance data (“in puts”) and the QTAIM calculations
were developed at this same theoretical level, where no
restriction to small basis sets was accused, i.e. the 6-
31G(d), 6-31+G(d,p) or 6-31G(d,p).*'** Consequently, it
is natural that in these cases the applicability of the
QTAIM theory confronts with the concepts of basis sets
proposed by Pople and co-workers'>!® by which it is ad-
mitted that an accurate description of the chemical bond
is directly related to a complete basis set. With the purpo-
se to solve this confrontation of theories, two questions
must be answered:

i) Is there dependence of the QTAIM electronic den-

sity from ab initio basis sets?

ii) Or else, this dependence really affects the des-

cription of the molecular system?

To answer these two questions, it would be intere-
sting to evaluate the behavior of the intermolecular elec-
tronic density derived from QTAIM theory when several
theoretical levels are used. As such, firstly we have elected
the C,H,0O---HX hydrogen-bonded complexes with X = F,
CN, NC, and CCH as our investigation systems. After
that, we have admitted the importance of a chemometric
analysis of the QTAIM intermolecular electronic density
by considering the combination of the (11) valence, (++)
diffuse and (d,p) polarization functions into the 6-31G
split-valence basis set. To execute this chemometric
analysis, two techniques were applied: Hierarchical Clu-
ster Analysis (HCA)* and the Two-Level Factorial De-
sign (TLFD).*

2. Computational Methods

The calculations to determine the optimized geome-
tries of the C,H,O---HX hydrogen-bonded complexes with
X =F, CN, NC or CCH were carried out in GAUSSIAN
98W software.*® Density Functional Theory (DFT)*7
was selected as our standard level of calculation because
this method takes into account electronic correlation ef-
fects, which are essential in studies of hydrogen comple-
xes.3¥* Moreover, it is known that DFT is efficient not
only to study molecular parameters of hydrogen comple-
xes, but it performs calculations at a lower computational
cost in comparison with other approaches, e.g. MP2 per-
turbation theory.** In terms of Bader’s molecular topo-
logy, the QTAIM calculations were performed in GAUSS-
TIAN 98W program.
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3. Chemometrical Procedures

The results of the HCA and TLFD calculations were
obtained through the application of the STATISTICA
5.0 and MATLAB 7.0.1*° programs, respectively.

4. Results

4. 1. Optimized Geometries of the
C,H,0--HX Hydrogen-bonded
Complexes

Recently, the optimized geometries of the hydrogen-
bonded complexes C,H,O---HF, C,H,0---HCN, C,H,O
--HNC, and C,H,O---C,H, were examined in detail by our
research group.*’~** At the B3LYP/6-311++G(d,p) level of
theory, the optimized geometries of these complexes are
presented in Fig. 1.

C,H,0HCN

C,H40HNC

Figure 1. Optimized geometries of the C,H,O---HF, C,H,0O
--C,H,, C,H,0--HNC and C,H,O---HCN using B3LYP/6-
311++G(d,p) calculations

Note that the complete basis set formed by (11) va-
lence, (++) diffuse and (d,p) polarization functions was
used. Besides computation of the attraction energies (both
BSSE and ZPE corrections were included)*° and cha-
racterization of vibrational red-shifts on proton donors,’!
structurally these hydrogen-bonded complexes were fully
examined in terms of their (O---H) hydrogen bond distan-
ces.' However, by using the small basis set 6-31G(d,p), ot-
her theoretical study about the structures of heterocyclic
hydrogen-bonded complexes was also documented™ and,
only to mention, we have obtained unusual results for the
(O---H) hydrogen bond distances. In other words, we have
concluded that the theoretical characterization of hydro-
gen bonds in heterocyclic hydrogen-bonded complexes
seems to be decisively affected when different basis sets

are used. Even though the geometries of the C,H,O---HF
and C,H,O--C,H, hydrogen-bonded complexes have been
determined experimentally through the Fourier-Transform
Microwave Spectroscopy (FTMS),>® we believe that a
characterization of the (O---HX) hydrogen bonds must
still be investigated with more accuracy. Besides DFT
and/or ab initio calculations, theoretically we have assu-
med that the (O---HX) hydrogen bond and its properties
can be studied on the basis of the QTAIM approach.

4. 2. QTAIM Density: Characterization
of the (O---HX) Hydrogen Bonds

The identification of hydrogen bonds by means of the
QTAIM theory is ruled by a virial theorem, wherein high
and low centers of charge density are identified in agree-
ment with the kinetic (K(7,x)) and potential (U(t,x)) opera-
tors, respectively. The predominance of K(f,x) indicates a
low concentration of electronic density in (O---HX) hydro-
gen bonds, i.e. the interpretation of K(7,x) is related to the
positive Laplacian field, which in this situation says that the
electronic density is concentrated on separated nuclei.

Table 1. Values of the Laplacians for the (O---HX) hydrogen bonds
of the C,H,0---HX hydrogen-bonded complexes calculated from
QTAIM calculations.

Theoretical levels C,H,0O--HX hydrogen-bonded complexes

HF HNC HCN HCCH
B3LYP/6-31G 0.179  0.144  0.096 0.070
B3LYP/6-311G 0.164  0.141 0.103  0.077
B3LYP/6-31++G 0.202  0.150  0.107  0.074
B3LYP/6-311++G 0.172  0.142  0.104  0.076
B3LYP/6-31G(d,p) 0.138  0.111 0.067  0.052

B3LYP/6-311G(d,p) 0.146  0.123  0.082  0.062
B3LYP/6-31++G(d,p) 0.148  0.112  0.063  0.048
B3LYP/6-311++G(d,p) 0.149  0.119  0.078  0.055

* All values are given in electronic units (e.u.).

In this insight, the intermolecular interaction is cal-
led of closed-shell interaction and in some cases, simply
as hydrogen bonds. It is by the QTAIM postulates and in

Table 2. Values of the electronic densities for the (O---HX) hydro-
gen bonds of the C,H,O--HX hydrogen-bonded complexes calcu-
lated from QTAIM calculations.

Theoretical levels C,H,0--HX hydrogen-bonded complexes

HF HNC HCN HCCH
B3LYP/6-31G 0.0554 0.0443  0.0299 0.0226
B3LYP/6-311G 0.0573 0.0420 0.0271 0.0210
B3LYP/6-31++G 0.0619 0.0424 0.0270 0.0208
B3LYP/6-311++G 0.0597 0.0400 0.0259 0.0192
B3LYP/6-31G(d,p) 0.0457 0.0392 0.0258 0.0196
B3LYP/6-311G(d,p) 0.0465 0.0378 0.0228 0.0178
B3LYP/6-31++G(d,p)  0.0502 0.0379 0.0218 0.0173
B3LYP/6-311++G(d,p) 0.0467 0.0352 0.0206 0.0152

* All values are given in electronic units (e.u.).
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agreement with the positive VZp(r,x) values and low
p(r,x) amounts (van der Waals complexes have smaller
p(r,x) values, ~107 e/a,’)® presented in Tables 1 and 2
respectively, we would like to say that all C,H,O---HX
systems can be considered as typical hydrogen-bonded
complexes.™

4. 3. HCA: Clusters of the Electronic
Densities of the (O---HX) Hydrogen
Bonds

The study of molecular similarity based on electro-
nic density concepts is a problem that must be treated ca-
refully. It was by this insight that Mezey>> ¢ has divulged
some works in which the electronic density has been used
as a parameter for predicting molecular similarity. Nevert-
heless, we do not have desire to propose a molecular simi-
larity among the C,H,O---HX complexes, in fact we are
focusing our study in a similarity on 6-31G split-valence
by taking into account the values of the intermolecular
electronic densities calculated using the QTAIM protocol.
In a first step, to adjust the HCA technique at the study of
intermolecular properties, p (r,x)2™™ in this current work,
we have consulted a report by Popelier and Aicken®’ whe-
re a study of molecular similarity among amino acids and
their derivatives was proposed. By this context, the Fig. 2
illustrates the dendrogram of the p(r,x)?™™ values (see
Table 2) of the (O---HX) hydrogen bonds of the
C,H,0O---HX complexes.

I5-31 Gl

I6-311G

=5-31++GI

{6-31 1++Gl

:3-31 G(d,‘p]l

C 6-311G(d,p)

A [Ea1++ 6,0

5-311++G(d,p)

0.010
0.009
0.003
0.007;
0.006
0.005¢
0.004}
0.003

Figure 2. HCA dendogram of the electronic densities of the (O---H)
hydrogen bonds of the C,H,O---HX hydrogen-bonded complexes.

From HCA protocol, the classification of the basis
sets was obtained through a Euclidian relationship, which
produces an S, similarity as follows:

S = Hem dab
ab d

2)

max

According to the equation (2), we can understand
S, molecular similarity as the distance (d ) between two
samples “a” and “b” related to the maximum distance
(d,,,,) for any other samples. Analyzing the cluster graph
depicted in the Fig. 2, we can observe that the A and B
clusters were formed at a S, distance of ~0.0042. The
cluster A is characterized by (d,p) polarization functions,
although it is also formed a sub-cluster C which describes
other basis sets, such as 6-311G(d,p) and 6-31++G(d,p).
In spite of this, based on the results published by our re-
search group,”® we should mention that a recent chemo-
metric analysis revealed the great importance of (d,p) po-
larization functions for calculating binding energies, in-
termolecular distances and new vibrational modes.” In
this work, we can perceive that (d,p) polarizations func-
tions are also important, mainly for describing intermole-
cular electronic density."o On the other hand, the cluster B
and sub-clusters D and E are formed basically by (11) va-
lence and (++) diffuse functions, but it is very important to
emphasize that D and E characterize (++) and (11) at a
quite similar S, distance to that computed for (d,p) in
sub-cluster C.

4. 4. TLFD: Effect of the Ab Initio Basis Sets
on QTAIM Electronic Density

For the Two-Level Factorial Designs (TLFD), the
modifications on Pople’s split-valence 6-3ijGk">'¢ are
treated at two levels by combining the (11) valence = i,
(++) diffuse =j and (d,p) polarization = & functions as fol-
lows:

i) i = Using triple-zeta instead of (11) valence

functions;

i) j = Include or not (++) diffuse functions;

iii) k = Include or not (d,p) polarization functions.

All these factors were used to generate an algebraic
model which describes all main effects on the 6-3ijGk ba-
sis sets for the calculations of the intermolecular electro-
nic densities of the (O---HX) hydrogen bonds of the
C,H,0---HX hydrogen-bonded complexes. In an over-
view, this model can be symbolized according to equa-
tion (3)

P = pe,0 ™™ + Y Ypax), X" 3)

m=]
where p(r,x)®T and p(r,x)?™™ correspond to values of
the electronic densities of the (O---HX) hydrogen bonds
estimated by the chemometric model (EST) and calcula-
ted by QTAIM, as well as X*' representing the main
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Table 3. Main effects obtained from 2* TLFD for the modifications on B3LYP/6-3ijGk calculations for
description of the electronic densities of the (O---H) hydrogen bonds of the C,H,O---HX hydrogen-bond-

ed complexes using QTAIM approach.

Effects C,H,0--HX hydrogen-bonded complexes ~ -

HF HNC HCN HCCH p(r, x)
(11) - —0.0011 -0.0010 - -0.00053
(++) 0.0017 -0.0010 -0.0013 —-0.0011 -0.00043
[(1D)-(++)] -0.0057 -0.0023 -0.0024 -0.0017 -0.00300
(d,p) —-0.0010 - - - —

[(11)-(d.p)] - -
[(AD-(+H)=(d.p)] - -

TLFD effects of the values obtained from B3LYP/6-3ijGk
calculations. In this equation it is stipulated that the Y
coefficient is equal to +1 and —1 when the corresponding
factor is present or absent, respectively. By considering
the three factors ascribed as (11) valence, (++) diffuse and
(d,p) polarization functions, we have applied the TLFD in
23 order, whose final results are gathered in Table 3.

We can observe that (d,p) polarization functions are
not the most important effects, this being a great surprise
because this function is important for description of elec-
tronic properties of strained and polarized systems, such
as the C,H,0 molecule® ™ studied in this work. By the
contrary, even though (d,p) seems to be very important to
quantify other similar electronic properties, e.g. binding
energies,®' the greatest effects obtained in this work are
related to (11) and (++) functions, and mainly by the com-
bination between them, i.e. 6-311++G. From these two
main effects, the TLFD algebraic model was built, which
is mathematically represented by the equation (4) and
graphically illustrated in Fig. 3. The relationship between
P (rx) ™M and p(r,x)®T expressed by equation (4) yiel-
ded a R? linear coefficient of 0.99.

X)) =pxn™™ —0.00053(11)-
—0.00043 (++) — 0.003[(11) — (++)]

“4)

Nevertheless, it is well established in the specialized
literature that several works related to the QTAIM theory
were performed by using functions with higher angular
momentum, i.e. (d,p) single®* and (2d,2p)** double, or
multiple polarization functions such as (3d,3p)**® or
(3df,2pd).% As it was not necessary to include “d” and “p”
polarization functions in our TLFD model (see equation
4), it is very interesting to observe that the intermolecular
electronic densities p(r,x)?™™ of the C,H,0--HX com-
plexes are described only by (11) valence and (++) diffuse
functions.

However, it is widely known that the determination
of hydrogen bond energy is one of the most important in-
vestigation points in intermolecular systems.®” According
to Duijneveldt and Murrell,? as well as Morokuma and
Umeyama,”* the quantification of the hydrogen bond ener-
gy (8E, ) can be physically measured as follows:

=
i

h w w I
in o in =]
1 1 1 1

p@mm(r,};), eu.

r2
=]
1

-
in
1

15 20 25 30 35 40 45
EST
F) (r,x), Eu.

Figure 3. Relationship between p(r,x)™™ and p(r,X)EST values.

AE, 3 =E, 3 —(E,+Ep) )

Known as supermolecule approach, this is an indis-
pensable argument in studies of hydrogen-bonded com-
plexes.®*® However, there is some kind of system whe-
rein this energy difference cannot be applied, i.e. intramo-
lecular interactions. To solve this problem, some time ago
Wojtulewski and Grabowski” documented an interesting
study where the intramolecular hydrogen bond energy
was successfully predicted without taking into account the
supermolecule approach.”! So, it has been demonstrated
that the hydrogen bond energy can be estimated through
the analysis of QTAIM topological parameters,’> where a
relationship between hydrogen bond energies AE and
electronic density amounts p(r,x)2™™ was obtained. In
this work, however, our chemometric analysis has shown
that the (++) diffuse functions are the most important ef-
fects for calculating the electronic densities of the hydro-
gen bonds of the C,H,0O---HX hydrogen-bonded comple-
xes. As such, it is expected that a complete basis set such
as 6-311++G(d,p) could yield a good prediction model for
the hydrogen bond energies. By analyzing the graph illu-
strated in the Fig. 4 and taking into account the R? linear

Oliveira et al.. QTAIM Densities and Ab Initio Basis Sets:



Acta Chim. Slov. 2009, 56,704-711

coefficient of 0.98, a good relationship between the
hydrogen bond energy and p(r,x)?™™ is demonstrated. In
this sense a good relationship between hydrogen bond
energies and their intermolecular electronic densities was
obtained just by applying 6-31++G functions.

AEC = 1011.1 p(rx)®™M_454 R*=098  (6)
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Figure 4. Relationship between p(r,x)*™ values and hydrogen

bond energies of the C,H,O---HX complexes using the B3LYP/6-
31++G calculations.

As polarization functions (d,p) have provided the lo-
wermost contributions to the TLFD model, even so we ha-
ve tested the 6-31(d,p) and 6-311++(d,p) calculations.
Unfortunately, 6-31(d,p) and 6-311++(d,p) basis sets have
not provided efficient relationships between AE and
p(r,x) ™M by which their R? linear coefficients are 0.85
(see Figure 5) and 0.96 (see Figure 6), respectively. Over
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Figure 5. Relationship between p(r,x)?™™ values and hydrogen

bond energies of the C,H,O---HX complexes using the B3LYP/6-
31G(d,p) calculations.
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pQTAIM(r,X), eu.

Figure 6. Relationship between p(r,x)?™™ values and hydrogen

bond energies of the C,H,O--HX complexes using the B3LYP/6-
31++G(d,p) calculations.

all these years a large number of studies wherein the
QTAIM theory has been successfully applied was publis-
hed,'®% 7376 but in general these studies were effectuated
by using complete ab initio basis sets. Besides quantifica-
tion of AE, we would like to say that other parameters can
be used to predict the hydrogen bond strength of the
C,H,0---HX hydrogen-bonded complexes, for instance
the vibrational red-shifts of the HX proton donors and
their relationships with p (r,x)2™™ amounts.”’

5. Discussion

It was demonstrated that a complete basis set cannot
always provide a better reproduction and/or prediction of
a molecular property. Even though the vibrational para-
meters of the C,H,O---HX hydrogen-bonded complexes
have been recently published,*’~*® the chemometric study
presented in this work seems to be very promising becau-
se there are some limitations in QTAIM calculations, as
exposed by Bader,”® Mohallem,” Site,*® and Kryachko.®!
However, it is well established that QTAIM calculations
strongly depend on the atomic size, specially in the elec-
tronegativity.®> Thus, it is known that the description of
electronegativity is well correlated with ab initio basis
sets. Because the basis sets can be grouped into two basic
classes known as Slater Type Orbital (STO) and Gaussian
Type Orbital (GTO), see equations (7) and (8), respecti-
vely, it is also prudent to remember that STO have a nuc-
lear “cusp”® Thus, the combination of GTO to form STO
yields the split-valence basis set, and thereby, the electro-
nic density is automatically considered.

3 (.=
STO = %e(“c ) )
m
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20 (_C‘F ) (8)

GTO = —53z
RS

According to Cassam-Chenai and Jayatilaka® some
limitations of the QTAIM theory and its relationship with
ab initio wave functions were debated. However, we are
not proposing a direct connection between QTAIM densi-
ties and ab initio basis sets, by contrary, we are presenting
chemometric results by which the (11) valence and (++)
diffuse functions are important for prediction of the inter-
molecular electronic density and hence the hydrogen bond
strength.

6. Conclusions

In this chemometrical work the relationship of the
QTAIM intermolecular electronic density and ab initio
basis sets was studied. Although a slight connection bet-
ween QTAIM topological parameters and ab initio basis
sets is widely known, here we have demonstrated that
p(r,x)™M yalues of the (O---HX) hydrogen bonds of the
C,H,0O---HX complexes are essentially dependent on (11)
valence and (++) diffuse functions. Considering that the
C,H,0 molecule has its electronic structure well-founded
in terms of polarization effects, even so the (d,p) functions
have contributed insignificantly for the chemometric
analysis. Because the QTAIM intermolecular electronic
densities are calculated from BCP localized between the
O and H atoms, the prominent contribution of the (11) va-
lence and mainly (++) diffuse functions must be related to
the quantification of the charge density in the (O---HX)
hydrogen bonds. Once again, we have no desire to propo-
se a new insight about basis set quality, but our chemome-
tric analysis suggests that the most appropriated ab initio
basis set to be used for development of QTAIM calcula-
tions must be carefully selected.
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