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The applicability of the resonance model to explain the evolution of electron density was tested for a set of
15 nitriles whose protonation processes were studied by means of the quantum theory of atoms in molecules
(QTAIM). The electron densities were obtained at the B3LYP/6-31++G**//B3LYP/6-31++G** and HF/
6-31++G**//HF/6-31++G** levels. QTAIM atomic and bond properties do not follow the trends that should
be expected according to the resonance model and our results are more in line with a H+-NtC-R Lewis
structure than with the H-N+tC-R and H-NdC+-R ones. Also, reasonable agreement between experimental
and calculated PA values as well as good correlations between variations in atomic energies and populations
as a result of protonation were found.

Introduction

The applicability of the resonance model (RM) to explain
the structure and reactivity of organic compounds has been
generally accepted1,2 and has proved to be a very useful tool in
chemistry. Nevertheless, topological analysis of electron densi-
ties carried out with the quantum theory atoms in molecules
(QTAIM)3,4 for diverse processes have reported evolutions of
the electron density that are not in line with the predictions
provided by the RM. These disagreements appear even for so
simple processes as internal rotations,5,6 protonations,7-9 or
hydride additions.10 Also, QTAIM results are inconsistent with
the Lewis structures traditionally accepted for some charged
compounds, like diazonium salts11 or protonated ethers.12-14 The
publication of the first study reporting on the disagreements
between RM and QTAIM was followed by a controversy about
the suitability of QTAIM for this kind of studies.15-17 Nowadays,
this controversy seems to be solved clearly in favor of QTAIM
applicability.16,17 Moreover, most of the qualitative conclusions
obtained from QTAIM studies on protonation and hydride
addition are confirmed by other electron density analysis,9,10 like
Hirshfeld partitioning.18,19

H-NdC+-R Lewis structures have been traditionally em-
ployed for describing protonated nitriles in diverse reaction
mechanisms. These structures are, in the context of the RM,
the result of transforming one π electron pair of the NtC triple
bond into the N-H bond. Alternatively, the protonation process
could be understood as the formation of a dative bond between
N and proton using the nitrogen lone pair, a process represented
by the H-N+tC-R resonance form. These are basically the
same schemes used for explaining protonations at other elec-
tronegative sites, which have been recently found in controversy
with the QTAIM studies carried out for the N-protonation of
indole,20 O-protonation of simple carbonyl systems,9 and N/O-
protonations on diverse pyrimidinic bases.7,8,21 All of these
studies point to H+-X-R structures (XdO or N and the X-R
bond being single or double). QTAIM results for these systems
also indicate that the formation of the H+-X bond is ac-
companied by an electron density redistribution affecting the
whole molecule. Hydrogens act very effectively as a source of
electron density for this redistribution, as reported by Stuchbury

and Cooper studying the basicity of NH3 and the series of
methylamines.22

In this work, we have carried out a QTAIM study on the
protonation of several cyanocompounds. This allows to study
if the triple bonding modifies the trends hitherto observed for
other compounds. The molecules here studied include both linear
and branched cyanoalkanes as well as compounds where the
cyano function is conjugated with π delocalized systems. Thus,
we have been able to establish trends for the size of linear alkyl
chains (1-6), conformational change (4, 7), alkyl chain
ramification (2, 3, 8, 9), electronegativity of the substitutents
(2, 10), and π-delocalization (11-15) (Table 1).

Computational Details

QTAIM allows the partitioning of a molecule into disjoint
subsystems without resorting to hypothesis alien to quantum
mechanics.3,4 With a few exceptions,23 each of these subsystems
consists of a nucleus, which acts as an attractor for the
trajectories of the gradient of the electron density vector field,
3F(r), and its associated atomic basin, throughout these
trajectories spread. An atom, Ω, is defined as the union of the
attractor and its associated basin, and it is surrounded by zero
flux surfaces for 3F(r). The integration of the proper density
functions within these limits provides diverse atomic properties
such as the electron population, N(Ω), or the total atomic
electron energy, E(Ω). In this article, we have considered the σ
and π components of the atomic electron population, Nσ(Ω)
and Nπ(Ω), respectively.

QTAIM also recovers main elements of molecular structure
in terms of the critical points, rc, of the electron density, F(r).
Prominent among them are the bond critical points (BCPs),
which are located roughly in between every pair of bonded
atoms. Although the relationship between the presence of a BCP
and the existence of a chemical bonding has become a
controversial and it is still a debated point of the theory,24-29

the electron density at a certain BCP is regarded as an indicator
for bond strength.

All the neutral (1 to 15) and protonated (1+ to 15+) species
here considered (Table 1) were fully optimized at the HF/6-
31++G(d,p) and B3LYP/6-31++G(d,p) levels using the pro-
gram GAMESS.32 The optimization was performed using the
self-consistent virial scaling (SCVS) method introduced by Lehd* To whom correspondence should be addressed.

J. Phys. Chem. A 2009, 113, 2652–26572652

10.1021/jp811023x CCC: $40.75  2009 American Chemical Society
Published on Web 02/23/2009



and Jensen31 until the molecular virial ratio, γ, obtained differs
from its ideal value by less than 3 × 10-6. This procedure has
proved to solve32 shortcomings previously reported for QTAIM
atomic energies.33 Nevertheless, as the atomic energies are
obtained by correcting atomic electron kinetic energies, K(Ω),
with γ, and part of the electron kinetic energy is considered in
DFT within the exchange-correlation term, we will only made
use of E(Ω) values obtained with HF electron densities. In
contrast, for the sake of simplicity, we will only refer to B3LYP
N(Ω) electron populations. In this case, both computational
levels give rise to different absolute N(Ω) values, but the relative
values obtained for the protonation process, ∆N(Ω), are
significantly similar and correlated (Figure 1) if we exclude some
exceptions like the decrease of electron population at the C of
the cyano group, which is always more depleted according to
the B3LYP level (around 0.055 au more, but in delocalized
systems 11-15 where the difference exceeds 0.09 au). Signifi-
cant differences between ∆NHF(Ω) and ∆NB3LYP(Ω) values are

also observed for the C in R to the cyano group in delocalized
systems. They range is from 0.049 au in 13 to 0.061 au in 11.

The electron densities obtained were analyzed with the
QTAIM by means of the program AIMPAC.34,35 The accuracy
of the integrated properties was tested using the differences
between molecular properties and those obtained by summation
of the properties of the fragments [N - ΣN(Ω) or E - ΣE(Ω)]
(Table 1). These differences are always smaller (in absolute
value) than 2 × 10-3 au and 1.2 kJ/mol respectively, which are
found to be accurate enough comparing with other works carried
out at similar theoretical levels. In the same vein, the integrated
values of the laplacian of the electron density in all of the atomic
fragments, L(Ω), are always smaller (in absolute value) than
10-3 au.

Proton affinities at the N atom (Table 1) were calculated
taking into account the thermal and zero point vibrational
corrections (unscaled) obtained for protonated and neutral
species. The correction term for transforming reaction internal
energies into reaction enthalpies was considered as well.

Results and Discussion

Atomic and bond properties of neutral nitriles, as well as the
32F(r) topology, have been described thoroughly in a previous
HF study by Aray et al.36 As our results for neutral molecules
are in perfect agreement with theirs, we focus our discussion
on the effects of protonation.

Proton Affinities. There is a reasonable agreement between
computed and experimental37 proton affinities (PAs), which are
slightly improved at the B3LYP/6-31++G(d,p) level with
regard to the HF/6-31++G(d,p) one (Table 1) and previous HF
values obtained with smaller basis sets.38 The only exception
for this general trend is benzonitrile, 13, where the HF/6-
31++G(d,p) PA is closer to the experimental one. This molecule
displays the largest discrepancy between B3LYP and experi-
mental PA (18 kJ mol-1), whereas most of them are below 10
kJ mol-1.

The largest PAs correspond to delocalized systems 12-15.
In fact, according to Table 1, PAs of nitriles increase with
molecular size and π-delocalization. Also, cyanoalkanes 2-9
display a good linear correlation (r2 ) 0.98) between PAs and
N(H+) (Figure 2). PAs of delocalized 11-15 apart less than 7
kJ mol-1 from this fitting line, whereas 1 and 10 are clear
outliers.

TABLE 1: Proton Affinities (kJ mol-1) and Accuracy Estimators for QTAIM Integrations for the R-CtN Molecules Here
Studied

R PA (HF) PA (B3LYP) PAa N - ΣN(Ω)b E - ΣE(Ω)c |L(Ω)|d

1 H 721.1 710.3 712.9 -0.4 (0.0)f -0.4 (-0.2)f 0.5
2 CH3 791.7 786.4 779.2 0.1 (0.0) 0.1 (-0.2) 0.2
3 CH3CH2 804.7 800.2 794.1 -0.6 (0.2) -0.4 (0.0) 0.1
4 CH3(CH2)2 anti 810.7 807.3 798.4e 0.2 (0.4) 0.1 (0.1) 0.9
5 CH3(CH2)3 811.5 810.8 802.4 1.2 (1.9) 0.7 (1.2) 0.7
6 CH3(CH2)4 813.5 814.1 -0.3 (1.2) -0.2 (0.7) 0.8
7 CH3(CH2)2 gauche 810.2 807.0 -1.5 (-0.3) -0.9 (-0.4) 0.1
8 CH(CH3)2 815.1 810.6 803.6 -0.1 (0.4) -0.2 (0.0) 0.7
9 C(CH3)3 824.1 820.6 810.9 1.0 (0.2) 0.5 (-0.2) 0.9
10 CF3 678.8 671.8 688.4 0.3 (0.7) 0.0 (0.2) 0.5
11 CH2dCH 802.7 795.2 784.7 -0.6 (0.2) -0.8 (0.5) 1.0
12 CH2dCH-CHdCH 836.7 835.6 1.0 (-0.6) -1.0 (-0.6) 0.9
13 C6H5 826.6 829.4 811.5 2.0 (0.8) 1.0 (0.1) 0.9
14 C10H7 (R) 849.0 848.3 -0.6 (0.1) -0.5 (0.2) 0.4
15 C10H7 (�) 849.4 848.8 -0.1 (0.4) -0.6 (0.7) 1.3

a Experimental values taken from ref 37. b Values in au multiplied by 103. c In kJ mol-1. d Maximum absolute value of integrated L(Ω) in the
neutral molecule and its protonated species, in au multiplied by 103. e Experimental value assigned to the most stable conformer in this table.
f Values for protonated species in parenthesis.

Figure 1. Variations experienced by the atomic populations, ∆N(Ω),
of 1-12 upon N-protonation as computed from HF and B3LYP electron
densities. All values in au multiplied to 103. The line shown in plot
corresponds to the ideal ∆NHF(Ω) ) ∆NB3LYP(Ω) equivalence.
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The PA values shown in Table 1 could be taken as an
indication that electron delocalization raises the PA. Neverthe-
less, we should also notice that the size of the substituents, and
more concretely the number of hydrogens in the molecule,
increase PA values. Thus, when we compare PAs obtained for
saturated and unsaturated substituents with similar size or similar
number of hydrogens (e.g., 3 and 11) we realize the PA for a
nitrile bearing an unsaturared substituent is lower than that for
the corresponding compound with a saturated group.

Protonation Effects on Atomic Electron Populations. As
a general trend, we observe (Figure 3) that the proton keeps a
very positive charge when attached to the cyanocompound
(always larger than +0.62 au), which is more in line with a
H+-NtC-R Lewis structure than with the H-N+tC-R and
H-NdC+-R ones. This charge is more positive than that
computed at the same level for the N-protonated forms of
pyrimidinic bases (+0.48 to +0.51 au).7 They are also larger
than those computed at the MP2/6-311++G(d,p) level for
protonated methylamine (+0.477 au) and protonated methyl-
enimine (+0.511 au).9 As the computational level does not affect
very much QTAIM charges, we can say that the positive charge
at the proton grows with the s character of N hybridization.
This trend was not found for O-protonations, where the atomic
charge of the proton remains around +0.66 au independently
on the O hybridization as shown with MP2/6-31++G(d,p)
studies on linear alkyl ethers13 and ketones39 and B3LYP/6-
31++G(d,p) studies on cyclic ethers14 and pyrimidinic bases.7

The electron density of the molecule evolves upon protonation
following the mechanism previously reported for other O-pro-
tonations7-9,21 and N-protonations.7,8,20,21 Thus, for 1 the electron
density gained by the proton is provided by the N atom, which
loses 0.335 au of σ electron density and 0.010 au of π electron
density. Nevertheless, the electron population of the N atom is
not reduced in the protonated form, but enlarged. This is due
to the deformation of the electron density in the whole molecule
produced by the proton, which gives rise to electron density
transferences between neighboring atoms.8 Thus, N receives
from C 0.360 and 0.112 au of σ and π density respectively in
1. At the same time, the H atom transfers 0.171 and 0.019 of σ
and π electron density to the C. It can be observed that the
proton enlarges more the polarization of the π density in NtC
than in the σ one. The reason may be that the σ electron pair is
already much more polarized than the π ones in the neutral
molecule (1.575 au of the σ pair belongs to the N basin, whereas

1.331 au of each of the π pairs are within that basin, all data
taken from molecule 1).

When the H of HCN is replaced by an alkyl group, the
electron population lost by the C atom is significantly reduced.
This is due to the σ electron density provided by the neighboring
alkyl group, R, which increases with the size of the group,
though approaching a convergence limit. Thus, the electron
density provided by R represents approximately 2/3 parts of the
total electron transference for a long chain cyanoalkane, like 6.
Most of this electron population supplied by the alkyl group
comes from the depletion of hydrogen electron populations. In
fact, the electron populations of the carbons in the alkyl group
(2-10) present little variations that are sometimes positive
(Figure 3). ∆N(Ω) variations experienced by each of the
hydrogen atoms can be rationalized using the scheme presented
in previous papers to explain the protonation trends of uracil8

and cytosine.21 Thus, (i) the closer the distance to the proton,
the easier the electron density donation; and (ii) the donation

Figure 2. Plot of B3LYP/6-31++G(d,p) PAs (in kJ mol-1) vs N(H+)
(in au) for 2-9 and 11-15. The fitting line corresponds to alkyl 2-9.
Compounds 1 and 10 are clearly outside of this linear fitting and are
not shown in the figure.

Figure 3. Variations of atomic electron population, ∆N(Ω), experi-
enced upon protonation by 1-10 (in au multiplied by 103) and electron
population gained by the proton (in italics). ∆N(Ω) is only shown for
one of those atoms related by symmetry.

TABLE 2: Variations of Atomic π-Electron Population (in
au Multiplied by 103) Experienced by 11-15 upon
Protonation; ∆N(R) Indicates the Summation of π and σ
Atomic Electron Populations Experienced by the Whole R
Group.

∆Nπ(N) ∆Nπ(CCN) ∆Nπ(CR) ∆Nπ(CR) ∆N(R)

11 233 -75 32 -143 -139
12 265 -30 50 -216 -194
13 250 -47 53 -189 -201
14 264 -23 53 -225 -248
15 263 -28 54 -220 -233
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of electron population between bonded atoms follows the
direction of the bond. The orientation of the bond with regard
to the proton makes the electron transference easier (when the
electron density approaches the proton) or more difficult (when
the electron density moves away the proton). Thus, for instance,
the hydrogens bonded to C3 in butanenitrile 4 lose less electron
population (-0.030 au) than the hydrogen in antiperiplanar
arrangement bonded to C4 (-0.045 au) (Figure 3).

When the alkyl chain experiences an internal rotation, as from
4 to 7, the only ∆N(Ω) values significantly affected are those
of the group rotated, where the electron transfers among the
diverse atoms are reorganized taking into account the new
orientation and distances to the proton, as can be seen in Figure
3. We have also considered an eclipsed conformation of the
terminal methyl for this compound, where the two out of plane
hydrogens are in favorable orientations to transfer electron
density to C4 and the in plane hydrogen orientates its C-H bond
moves electron density away the proton. The result is the former
experiences depletions of -0.040 au in the protonated form,
whereas the later only reduces its population in -0.021 au.

The presence of branched substituents, like Pri (in 8) or But

(in 9) has qualitatively the same effect as the enlargement of
the alkyl chain. Nevertheless branched substituents are quan-
titatively more efficient to increase the electron donation, as
they arrange more hydrogens close to the proton, which act as
electron density sources. Thus, it can be observed that Pri

experiences larger transferences than Prn, Bun, and even Pen

(Figure 3). This is also true for But, but this substituent does
not suppose any increase of electron transference with regard
to Pri.

When the hydrogens of 2 are replaced by much more
electronegative atoms, like in 10, the electron population
transferred to the proton is reduced. In this case, the carbon of
the CF3 group is the largest donor. It is also significant that

electron density gained by the nitrogen achieves its maximum
in the series (Figure 3).

The protonation of nitriles that contain π-conjugated substit-
uents shows a significant contrast with that of cyanoalkanes
(Table 2). Thus, the carbon atoms of the substituent experience
an important reduction of π-electron density upon protonation,
whereas the σ-electron density remains practically unchanged
as in cyanoalkanes. This reduction of Nπ(C) is combined with
smaller donations from hydrogen atoms. Nevertheless, π-elec-
tron transferences from the substituent in the molecules here
studied (11-15) are so large that the total transferences to the
protonated nitrile exceed always those observed for large
cyanoalkanes (showing larger electron density increases at N
and the proton). It is also significant that the electron density
lost by the carbon of the nitrile group upon protonation is much
smaller in molecules with conjugated substituents than in
cyanoalkanes. We also observe that the amount of π-electron
density donated increases with the size of the substituent.

The protonations of R and � isomers of cyanonaphtalene
involve very similar electron transfers, moving 0.476 and 0.471

Figure 4. Variations of atomic electron population, ∆N(Ω), experi-
enced upon protonation by 11-15 (in au multiplied by 103) and electron
population gained by the proton (in italics). ∆N(Ω) is only shown for
one of those atoms related by symmetry.

Figure 5. Relationship between the variations in atomic energies and
populations as a result of protonation.

Figure 6. Variation of atomic energy, ∆E(Ω), (in kJ mol-1) experi-
enced upon protonation by 3 and 11 and electronic energy gained by
the proton (in italics). ∆E(Ω) is only shown for one of those atoms
related by symmetry.

Figure 7. Plot of variations experienced (all values are in au but R is
in Å) upon protonation by the bond properties in molecule 6. Values
refer to differences between protonated and neutral molecules in
absolute values.
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au from the bicyclic systems to the H+-NC region, respectively.
The most significant ∆N(Ω) difference between both systems
corresponds to the R hydrogen of the unsubstituted cycle that
is in cis arrangement to the cyano group, HRc. We can observe
(Figure 4) that ∆N(HRc) is positive (+0.015 au) for R-cyanon-
apthalene and negative (-0.027 au) for �-cyanonaphtalene,
whereas the remainig ∆N(H) and ∆N(C) couples of values do
not differ by more than 0.008 au (excluding the C-H group
next to the nitrile group that is R in the former and � in the
latter). ∆N(HRc) in R-cyanonapthalene is the only positive value
observed in the R group of both molecules. It can be explained
because of the proximity between HRc and the proton attached
to the cyano group. This proximity provides an easy way for
approaching electron density in the unsubstituted ring to the
proton. The different position and orientation of the CN group
in �-cyanonaphtalene prevents this mechanism and HRc plays
its usual role in protonations as electron source.

Protonation Effects on Atomic Energies. Figure 5 shows
the relationships between the variations in atomic energies and
populations as a result of protonation. Good correlations are
found when 10 is excluded. For C atoms, R groups, and protons,
atomic energies become more negative as populations increase,

whereas for N atoms the opposite effect is found. Also, N atoms
exhibit the worst correlation factor (R2 ) 0.80). As it could be
inferred from Figure 5, R atoms show the smallest variations
in both energies and populations because they are farther from
a proton than atoms in the CN group. For R groups, differences
for several atoms are summed up, but if separated atoms were
considered the same effect could be found, that is as the distance
from the proton increases the differences decrease. It is also
noticeable that these atoms are those where variations of N(Ω)
provide the smallest effect on E(Ω). The only atom stabilized
by protonation is the N atom of the CN group, which is the
only one gaining electron density upon protonation in all of
the molecules. Thus, the positive values of PAs came from the
stabilization gained by N and proton, which exceeds the
destabilization experienced by the remaining atoms.

Comparing molecules with saturated and unsaturated sub-
stituents of similar size (3 and 11), we notice (Figure 6) that
the smallest reduction of electron density in the carbon of the
CN group when R is unsaturated gives rise to a smaller atomic
destabilization in the protonated compound. In contrast, R
unsaturated groups result much more destabilized upon proton-
ation (563 kJ mol-1 in 11 vs 428 kJ mol-1 in 3, or 525 kJ mol-1

in 13 vs 440 kJ mol-1 in 6). Overall, the summation of atomic
destabilization in 11-15 exceeds that of comparable saturated
compounds.

Protonation Effects on Bond Properties. The effects of
N-protonation on the bond properties could be exemplified by
cyanohexane (6) (Figure 7). In this molecule, it can be observed
that, as a general rule, the effects on the bond properties (R,
F(rc), H(rc), and ε) decrease as the distance to the proton
increases. Nevertheless, significant fluctuations are found as we
move further in the alkyl chain: so, H(rc) shows higher
differences for the CR-C� bond than for the C-CR one.
Figures 8 and 9 show variations of F(rc), and H(rc) regarding
to variations in CtN and C-C bond lengths, respectively. Both
figures exhibit almost linear relationships. ∆ε values are not
shown as they are always very small.

For all CtN bonds, the bond shortens upon protonation
(∆R < 0), whereas F(rc) decreases (∆F(rc) < 0) and H(rc)
becomes less negative (∆H(rc) > 0). The shortening of the CtN
bond is apparently contradictory with changes found for F(rc)
and H(rc), which could be associated to the decrease of charge

Figure 8. Plot of variation of F(rc) and H(rc) vs the variation of the
distance of the C-N bond. Values refer to differences between
protonated and neutral molecules. All values are in au but ∆R is in Å.

Figure 9. Plot of variation of F(rc) and H(rc) vs the variation of the distance of the C-C bonds. Values refer to differences between protonated
and neutral molecules. All values are in au but ∆R is in Å.
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density in the bond critical point and so to the weakening of
the bond. However, it should be taken into account that the
properties in the bond critical point only reflect what happens
to σ density as the π density is out of the plane of the bond.
Then, the shortening of the bond length and the changes in bond
properties upon protonation are compatible with the increase
of the π density and the decrease of the σ density in the CtN
bond, which confirms the important π character of the CtN
bond in protonated compounds and so the predominance of the
resonance form containing a triple bond (H+-NtC-R).

From Figure 9 it could be inferred that when the bond length
remains constant all of the properties of the BCP remain also
unchanged. This happens for C-C bonds placed further away
within the R group. The most negative values of ∆R correspond
to the most negative ones of ∆H(rc) and to the most positive
ones of ∆F(rc). So, when the bond shortens, bond properties
reflect a strengthening of the bond, whereas the opposite happens
when the bond lengthens.

Conclusions

After the protonation of cyanocompounds, the proton keeps
a very positive charge, which is more in line with a
H+-NtC-R Lewis structure than with the H-N+tC-R and
H-NdC+-R ones. This is also confirmed by the increase of
the π density and the decrease of the σ density in the CtN
bond obtained from results of its bond properties.

The electron density of HCN evolves upon protonation
following the mechanism previously reported for other O-pro-
tonations7-9,21 and N-protonations7,8,20,21 due to the deformation
of the electron density in the whole molecule produced by the
proton, which gives rise to electron density transferences
between neighboring atoms. When the H of HCN is replaced
by an alkyl group the electron population lost by the C atom is
significantly reduced, due to the σ-electron density provided
by the neighboring alkyl group, R. When the alkyl chain
experiences an internal rotation, the only ∆N(Ω) values
significantly affected are those of the group rotated. For nitriles
with π-conjugated substituents, an important reduction of
π-electron density appears upon protonation, whereas the σ-elec-
tron density remains practically unchanged as in cyanoalkanes.

Also, we have found a reasonable agreement between
experimental and calculated PA values as well as good
correlations between variations in atomic energies and popula-
tions as a result of protonation.
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