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The geometry and electronic structure of the amino group in aniline and its derivatives are very sensitive to
both intramolecular interactions such as substituent effects and intermolecular ones such as H-bonding. An
analysis of experimental geometries retrieved from the CSD base and computational modeling of aniline and
its derivatives and their H-bonded complexes by use of B3LYP/6-311+G** and MP2/aug-cc-pVDZ showed
that the degree of pyramidalization of the amino group depends on H-bonding, which exists in two forms, (i)
NH‚‚‚B (base) and (ii) N‚‚‚HB (Brønsted acid), both of which affect the shape of the NH2 group. The effect
may be significantly enhanced by a substituent through resonance interaction from electron-attracting
substituents. The NH‚‚‚B interactions lead to a substantial planarization of the group, whereas N‚‚‚HB
interactions do not. The natural bond orbital analysis allowed the authors to show that the changes in occupancy
of the “lone pair” orbital and in geometry parameters describing pyramidalization of the group depend on the
substituent constants.

Introduction

Ammonia, the mother compound of aniline, is a pyramidal
molecule with a bond length ofr(N-H) ) 1.0124 Å and an
HNH angle of 106.67°.1 Replacement of one N-H bond by
the N-C bond of a phenyl group leads to a decrease in
pyramidalization and a slight shortening of the N-H bond length
(r(N-H) ) 1.001 Å and HNH angle 113.1°).2 These changes
are due to a resonance effect between the lone pair at the NH2

group and theπ-electron system of the ring.3 The geometry of
the NH2 group in aniline has been the subject of intensive
studies, with a particular interest in its pyramidalization. A
microwave study4 yielded 37.5° ( 2° for the dihedral angle,τ,
between the plane of the amino group and the ring plane. This
investigation was reanalyzed by Roussy and Nonat.5 They found
τ ) 42.4° ( 0.3°, in agreement with the value measured by
means of resonance fluorescence6 and far-infrared7 spec-
troscopies (τ ) 42°). A slightly larger value, 44.30(16)°, was
derived from a semirigid bender analysis8 of the far-infrared
data.9 Thoroughgoing analysis of gas-phase electron diffraction
data and ab initio molecular orbital calculations at the HF and
MP2 levels of theory yielded10 44° ( 4°, 41.8°, and 43.6°,
respectively. If the ring is linked in thepara position to an
electron-attracting group, say a nitro group,11 a substantial
intramolecular charge transfer takes place from the amino group
through the ring to the nitro group. This transfer leads to changes

not only in the pKa values of the amino group of substituted
anilines but also in all geometry parameters and the charge
distribution.12-14 It results also in a nonadditivity of electric
dipole moments and is associated with the changes in the
spectral characteristics of the NH2 group and practically all other
parts of the system.15 The influence of substituents on the
structural parameters and cyclicπ-electron delocalization in
aromatic systems has recently become a subject of increased
interest.16

Another important factor in determining the shape of the NH2

group is its ability to interact by means of H-bond formation;
two kinds of such interaction are possible,17,18(i) NH‚‚‚B (base)
and (ii) N‚‚‚HB (Brønsted acid), and each of them not only
may modify substantially the shape of the NH2 group but also
may affect a more distant part of the aniline derivatives involved
in H-bonded complexes. If measurements are carried out in the
condensed phase, then apart from the above-mentioned interac-
tion types, there are also some other intermolecular interactions
that may appear which will undoubtedly affect the geometry of
the amine group. In the case of measurements in the crystalline
state (X-ray or neutron diffraction) the interactions may be
identified and roughly estimated as a source of geometry
deformation.19 A very good example of such interactions is a
comparison of the geometry patterns ofp-nitroaniline determined
by X-ray diffraction20 with the expected geometry built up from
the gas-phase structure of aniline21 and nitrobenzene.22 Such a
comparison shows how intermolecular interactions in the crystal
lattice combined with intramolecular substituent effects influence
the geometry ofp-nitroaniline.

* To whom correspondence should be addressed. E-mail: halina@
chemix.ch.pw.edu.pl. Fax: (+48) 22 628 27 41. Phone: (+48) 22 234 77
55.

170 J. Phys. Chem. A2007,111,170-175

10.1021/jp065336v CCC: $37.00 © 2007 American Chemical Society
Published on Web 12/14/2006



The aim of this paper is to present how the various indicators
of the geometry and electron structure of the amino group are
affected by the intramolecular (substituent effects) and inter-
molecular (H-bonding) interactions.

Methodology

Geometries of H-bonded complexes of variously substituted
aniline derivatives with various oxygen and nitrogen acids/bases
were retrieved from CSD23 with the following restrictions.

(1) The searches were performed for substituted aniline
interacting with a nitrogen or oxygen base/acid with an
intermolecular contact between the nitrogen of aniline and the
nearest O or N atom in the base/acid equal to or less than the
sum of their van der Waals radii.24

(2) The searches were restricted to structure measurements
with the reported mean estimated standard deviation (esd) of
the CC bond equal to or less than 0.005 Å, not disordered,
without errors,R e0.05, and 3D coordinates determined. The
data were retrieved for polysubstituted aniline (by any of the
following substituents: halogen,-Me, -CN, -COOH,-COO-,
-COOMe,-COOEt,-CONH2, -CF3, -NH2, -NH3

+, -NO2,
-OH, -OMe, -SO3

-, -H) interacting with N or O atom in
the acid/base partner. Sometimes molecules of the solvent were
also present in the crystal lattice.

The Becke-style three-parameter density functional method
using the Lee-Yang-Parr correlation functional25 with the
6-311+G** basis set (B3LYP/6-311+G**) and the second-
order Moller-Plesset perturbation method26 with the Dunning
basis set27 aug-cc-pVDZ (MP2/aug-cc-pVDZ) were used to
optimize the molecules’ geometries. The MP2 method when
combined with an extended basis set such as the aug-cc-pVDZ
ones yields reliable structures and energies of isolated systems
as well as complexes. Contrary to DFT calculations the MP2
procedure also covers the dispersion energy, which might play
an important role in stabilizing molecular clusters. On the other
hand, an important advantage of the DFT method (over the MP2
ones) is that it can be used in combination with NBO analysis.
To cover the geometrical features, the DFT calculations should
be performed with basis set containing diffuse functions. In
H-bonded complexes the linearity of N‚‚‚H‚‚‚B was assumed.
Gaussian NBO,28 version 3.1, for B3LYP/6-311+G**-optimized
molecules and complexes was utilized. All calculations were
performed using the Gaussian0329 series of programs.

Results and Discussion

Figure 1 presents the dependence of the dihedral angleΦ,
defined as the angle between the H(1)NC(1) and H(2)NC(1) planes
(see Chart 1 for labeling), on the CN bond length,dCN, for
experimental data retrieved from CSD23 and modeled data
computed at the B3LYP/6-311+G** and MP2/aug-cc-pVDZ
levels of theory. The CN bond length may be considered as an
approximate measure of interactions between the lone pair at
the nitrogen atom and theπ-electron structure of the ring. The
shorter the CN bond, the closer the electron structure at the
nitrogen atom to sp2 hybridization.

The most important result presented in Figure 1 is the good
qualitative agreement between the plots for X-ray diffraction
data (CSD23) and those modeled by DFT at the B3LYP/6-
311+G** level and MP2/aug-cc-pVDZ method. Moreover, the
findings of the latter ones (i.e., both computational methods)
are also in good qualitative agreement with each other.

The experimental data (Figure 1a) embrace variously sub-
stituted aniline derivatives (102 molecules) measured in a
crystalline state. Due to that, a variety of intermolecular

interactions (so-called crystal packing forces) operate, and hence,
some deformations may occur. Additionally X-ray measure-
ments are known for imprecision in the location of hydrogen.
These effects may be a reason for a remarkable dispersion of
the data in Figure 1a. Two main interactions between the NH2

Figure 1. Dependences of the dihedral angleΦ on the CN bond
lengths,dCN, for (a) experimental data (CSD23) and (b, c) optimized
molecules ofp-X-aniline (X ) NO, NO2, CN, CHO, H, CH3, OCH3,
OH) and its (X) NO, NO2, CHO, H, OH) derivatives involved in
H-bond complexation computed at the (b) B3LYP/6-311+G** and (c)
MP2/aug-cc-pVDZ levels of theory.

CHART 1
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group were identified: (i) NH‚‚‚B interactions in aniline
derivatives (B is the Brønsted base), (ii) N‚‚‚HB interactions
in aniline derivatives (HB is a Brønsted acid). In cases i and ii
the lone pair of the nitrogen atom is indirectly (i) or directly
(ii) involved in H-bond formation and is affected by electron-
attracting substituents. Note that the greatest range for both the
CN bond length (∼1.32-1.43 Å) and the dihedral angle (180-
120°) is observed for case i type interactions. The lengthening
of the N-H bond as a result of H-bond formation makes the
lone pair more mobile, and hence, a stronger substituent effect
is observed from the electron-withdrawing group(s), which in
turn leads to CN bond shortening. A reverse situation occurs in
case ii; H-bond formation diminishes the mobility of the lone
pair, and hence, a weaker substituent effect is observed for these
systems. As a consequence, the range of changes in the CN
bond length is substantially smaller, leading to considerably
smaller changes in the dihedral angle (∼1.39-1.44 Å and 133-
118°, respectively).

The scatter plot based on experimental data (Figure 1a) is
well supported by computation modeling (Figure 1b,c). The
substituents selected for this study cover almost the whole set
of classical substituents, embracing a wide range of intramo-
lecular charge-transfer effects: from the strongly electron-
attracting (NO2, NO, CHO) to typical electron-donating (OH,
OMe) ones. To model H-bond formation, we accepted the idea30

that the O-/OH groups in the phenol/phenolate system interact-
ing with F- or HF are replaced by NH2 in aniline derivatives
interacting with B (B) F-, CN-, OH2) or HB (HB ) HF,
HCN, HOH), as shown in Chart 2. In the gas phase (compu-
tational modeling) a third type of H-bonding interaction of the
amino group, N-‚‚‚HB, was taken into account. The geometry
was taken from equilibrium complexes schematically shown in
Chart 2, for which the frequencies were positive.

B approaching H along the straight line elongated from the
N-H bond (Chart 2b) simulates an increase of the strength of
the H-bond of the type NH‚‚‚B, whereas HB approaching along
the line characteristic of the lone pair (Chart 2c) models the
interaction for aniline as a base in the H-bonding complex. In
the first case, for 4-XPhNH2, where X) NO, NO2, CHO and
B ) F-, approaching F- toward H along the straight line causes
proton transfer, and the complex 4-XPhNH-‚‚‚HF is formed.

For some interatomic distances an equilibrium state is formed
for which the dihedral angles,Φ, and CN bond lengths,dCN,
are used (Figure 1b,c). The above-mentioned characteristics
found for experimental data are supported by modeling. Again,
the NH‚‚‚B interactions bear the greatest range of the dihedral
angle (180-133° from B3LYP and 180-127° from MP2), and
the dihedral angle for the N‚‚‚HB interactions (134-119° and
129-120° from B3LYP and MP2, respectively) are much
smaller.

Another approach to describe the shape of the NH2 group is
based on estimating the sum of the bond angles,Σ, for bonds
linking the nitrogen atom to two H atoms and to the carbon.

For the planar NH2 group Σ ) 360°, and for ammoniaΣ )
319.01°,1 whereas for anilineΣ ) 339.3°.2 Pyramidalization of
the NH2 group is associated with a decrease of theΣ value,
indicating a change from sp2 hybridization of the nitrogen atom
toward sp3. On the other hand, these changes should be
associated with a lengthening of the CN bond. Figure S1 (in
the Supporting Information) presents these dependences for both
experimental (Figure S1a) and modeled (Figure S1b,c) data.

Very good agreement between the experimental and theoreti-
cal data is additionally illustrated by scatter plots in Figure S2
(for X-ray data and modeling data, in the Supporting Informa-
tion), where mutual dependences ofΣ on the dihedral angle,
Φ, are shown. We are aware of the fact thatΦ and Σ are
geometrically interrelated, but the point is how these scatter plots
resemble each other, independently of the data, whether they
come from computational optimization or from experiment.

The results presented in Figures 1 and S1 are fully supported
by NBO28 analysis of the occupancy at the “lone pair” (LP)
orbital of the nitrogen atom and at CN bonds (CN(1) and CN-
(2)). Figure 2 shows the above-mentioned occupancies as a
function of the CN bond length.

The data presented in Figure 2 allow one to find some
concluding diversification.

(a) The occupancy of theσ orbital of the CN bond, labeled
as CN(1), is practically independent of the CN bond length with
a mean value of 1.992 and very little dispersion (standard
deviation equal to 0.0003).

(b) The occupancy of theπ-orbital contributing to the CN
bond, labeled as CN(2), appears only for very short CN bonds
(<1.35 Å). In these cases theπ-orbital of the CN bond is
characterized by a high occupancy (>1.95). Two subgroups can

CHART 2. a

a X ) NO, NO2, CHO, H, OH.

Figure 2. Dependence of the occupancies of the CNσ bond (CN(1),
empty circles), theπ contribution to the CN bond (CN(2), gray squares),
and the free sp2/sp3 orbital of the nitrogen, called the LP (triangles),
on the CN bond length,dCN, for B3LYP/6-311+G**-optimized
molecules ofp-X-aniline (gray triangles) and its derivatives involved
in H-bond complexation: N-‚‚‚HF (light-gray triangles), NH‚‚‚B
(empty triangles), and N‚‚‚HB (black triangles); (I) X) NO, NO2,
CHO; (II) X ) H and B) F-; X ) NO, NO2, CHO and B) CN-;
(III) X ) OH and B) F-; X ) H, OH and B) CN-; X ) NO, NO2,
CHO, H, OH and B) OH2; p-X-aniline; (IV) p-XPhNH2‚‚‚HB.
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be seen: with and without an LP (which is involved in
H-bonding with HB) at the nitrogen atom for the lower and
higher occupancyπ-orbital (Figure 2, I and II), respectively.
The first subgroup containsp-XPhNH-‚‚‚HF complexes, where
X ) NO, NO2, and CHO. The second one includes H-bonded
complexes:p-XPhNH2‚‚‚CN- (X ) NO, NO2, and CHO) and
PhNH2‚‚‚F-.

(c) For a CN bond length longer than 1.35 Å the occupancy
for the π-bond orbital disappears and an occupancy of the LP
orbital appears.

In the last case three subgroups may be distinguished. One
of them consists ofpara-substituted aniline (Figure 2, LP, gray
triangles). Another subgroup is formed by data for H-bonded
complexes with NH‚‚‚B interactions (empty triangles). These
data form a clearly monotonic sequence with the lowest
occupancy (∼1.73) for the shortest CN bond (∼1.36 Å), when
the base is relatively weak or the electron-withdrawing power
of the substituent is not too strong (e.g., in the case of
p-hydroxyaniline‚‚‚F-), in Figure 2 labeled as III. One more
subgroup is formed by H-bonded complexes with N‚‚‚HB
interactions, labeled by black triangles (Figure 2, IV). It may
be further divided into two subgroups: one when HB is
hydrofluoric acid (the lower subgroup, i.e., the one with
relatively long CN bonds) and the other for H-bonded complexes
with hydrocyanic acid and water.

The results of geometry and occupancy studies lead to a
consistent view confirming the opinion that the stronger the
through-resonance (intermolecular charge transfer) of the NH2

group with a counter substituent, and the more the N- H bond
is involved in H-bonding with bases, the more planar the NH2

group. For a CN bond length shorter than 1.35 Å there appears
a high occupancy of theπ-orbital of this bond.

Analysis of the Dependences of the Geometry and NBO
Parameters on the Substituent Constants. The Hammett-type
approach is a well-known empirical way of estimating the
electronic influence of a substituent on the reaction site or
another functional group.31 This influence is numerically
expressed by substituent constantsσ, defined in most cases for
disubstituted benzene derivatives.16,32Following Hammett’s own
citation, “substituent constantsσ measure a change in electron
density produced by substituent”,31a it is reasonable to employ
this kind of consideration in our case. Since our “reaction site”,
i.e., the functional group at which the changes are studied, is
an electron-donating group, the modified Hammett constants
σp

- have to be used.32c

Figure 3a presents a scatter plot of the occupancy of the lone
pair orbital versusσp

-. It is clear that the data forpara-
substituted aniline derivatives (times signs) and H-bonded
complexes ofpara-substituted aniline derivatives with bases
(N‚‚‚HB interactions, diamonds) follow a linear relation with
cc ) - 0.996 and cc) - 0.960, respectively. For the NH‚‚‚B
interactions (triangles) a linear dependence exists only for B)
H2O (empty triangles), with cc) - 1.0. For two other bases,
CN- and F-, no clear relation is observed at first sight, but it
becomes evident if one looks at the occupancies of the CN bonds
and the lone pair for the CN bond length in the range 1.32-
1.38 Å (see Figure 2). In this range of CN bond length three
different cases are observed (Figure 2, I-III): the lone pair
and π-orbital of CN bond (I), only theπ-orbital (II), and the
case when theπ-orbital disappears and there a lone pair orbital
appears (III). Note that most sensitive is the occupancy at the
lone pair orbital of the nitrogen for the NH‚‚‚B interaction
whereas the least sensitive is that for N‚‚‚HB. The noninter-
molecular interactingpara-substituted anilines are in between.

If geometry-based parameters of the NH2 group are plotted
against substituent constants, we find good linear relationships.
Figure 3b presents such a linear relationship for the CN bond
length plotted againstσp

- for all the systems studied. A general
trend, i.e., linear regressions with negative slopes, is understand-
able; the stronger the through-resonance effect, the shorter the
CN bond. Interpretation of the intercept is also clear. The
intercept is the highest for N‚‚‚HB systems in which the lone
pair electrons are involved in attractive interactions via H-
bonding with HB. This means that they are less mobile, and
hence, the bond is longer. The intercept of the regression for
free (no intermolecular interactions)para-substituted aniline
derivatives has a substantially lower value; in this case the lone
pair is involved only in intramolecular charge transfer associated

Figure 3. Dependence of (a) the occupancies at the lone pair orbital
of the nitrogen atom, (b) the CN bond length,dCN, and (c) the dihedral
angleΦ for B3LYP/6-311+G**-optimized molecules ofp-X-aniline
(times signs) and its derivatives involved in H-bond complexation,
N-‚‚‚HF, NH‚‚‚B, and N‚‚‚HB, on the substituent constantσp

-. Black
triangles and diamonds stand for B) F- and HB) HF, gray symbols
for B ) CN- and HB ) HCN, and empty symbols for B) HB )
OH2.
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with an increase of a quinoid structure weight with an increase
of the electron-attracting power of the substituent, i.e., an
increase in the magnitude ofσp

-. The values of the intercept
for the systems with NH‚‚‚B interactions are much lower.
Moreover, their values are more differentiated. The lower value
is for F-, then for CN-, and the highest one is for water as a
base. The lowest value of the intercept is for complexes of the
type N-‚‚‚HF.

Figures 3c and S3 (in the Supporting Information) present
parameters of deviation from planarity of the NH2 group (Σ
and dihedral angleΦ) plotted againstσp

-. In both cases, except
the data for freepara-substituted aniline derivatives and weakly
interacting H-bonded systems with water as a base, the
regression lines are steeper for lower values of the substituent
constants, and less steep or even flat for the higher values of
σp

-. This is most convincing for strongly interacting NH‚‚‚B
systems with B) CN-. For strongly electron-attracting sub-
stituents (NO2, CHO, and CN), if B) F-, proton transfer to
the base and anilide anion is formed (Chart 2a).

Conclusion

The shape of the NH2 group of aniline derivatives depends
on the substituent (intramolecular interaction) and intermolecular
interaction by H-bonding, in which the nitrogen could be both
the proton donor and the proton acceptor. Both the theoretically
and experimentally obtained structural parameters for aniline
and its substituted derivatives and complexes with H-bonding
show a coherent view. A decrease in pyramidalization of the
NH2 group is nicely related to (i) an increase of theπ-electron-
accepting power of thepara-substituent (substituent effect
quantified by σp

-) and (ii) the H-bonding complexation,
NH‚‚‚B and N‚‚‚HB, the power of interaction of which is
approximately described by the N-H or N‚‚‚H interatomic
distance. The analysis based on geometrical parameters leads
to the same picture as that obtained by NBO studies. If the
changes in pyramidalization are considered as a result of the
substituent effect, then the range of variation (forΦ it is ∼20°
and 9° from B3LYP and MP2 calculations, respectively) is
significantly smaller than in the case in which we have included
intermolecular H-bonding (for NH‚‚‚B, ca. 47° and 53° and,
for N‚‚‚HB, ∼12° and 9°, B3LYP and MP2, respectively). The
range of variation ofΦ in aniline H-bonded complexes of the
NH‚‚‚B type is ca. 27° and 49° and that for the N‚‚‚HB type
∼4° and 4° (B3LYP and MP2, respectively). This is due to the
increase of the donating power of the nitrogen if the amino group
is involved in H-bonding. Which interactions, intra- or inter-
molecular, have “more power”? The answer is not surprising;
small is powerful, particularly when the amino group acts as a
proton donor in H-bonded complexes.

Note Added in Proof. A similar problem of the shape of
the NH2 group, in triazine-based derivatives, has been recently
discussed by Fernandez et al.,Chem. Phys. Lett.2006, 426,
290-295.
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