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Weak intermolecular interactions in aniline-pyrrole dimer clusters have been studied by the dispersion-corrected density functional
theory (DFT) calculations. Two distinct types of hydrogen bonds are demonstrated with optimized geometric structures and
largest interaction energy moduli. Comprehensive spectroscopic analysis is also addressed revealing the orientation-dependent
interactions by noting the altered red-shifts of the infrared and Raman activities. Then we employ natural bond orbital (NBO)
analysis and atom in molecules (AIM) theory to have determined the origin and relative energetic contributions of the weak
interactions in these systems. NBO and AIM calculations confirm the V-shaped dimer cluster is dominated by N—H---N and
C—H:--7 hydrogen bonds, while the J-aggregated isomer is stabilized by N-H:--x, n—n" and weak n---n" stacking interactions.
The noncovalent interactions are also demonstrated via energy decomposition analysis associated with electrostatic and dispersion

contributions.
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1 Introduction

Weak intermolecular interactions, such as hydrogen bonding
and n---n" stacking, are ubiquitous in many areas of science
and engineering ranging from chemistry [1,2], biology [3] to
materials science [4]. Accordingly, they have attracted rea-
sonable research interest to scientists working in such fields
as to tune material properties and to understand biological
functions, etc. In general, complex processes including the
self-assembly of nanomaterials, reproduction of biological
information stored in DNA, and even some chemical reac-
tions are governed by a subtle balance among various weak
noncovalent interactions. How these interactions mutually
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influence each other is a question of interest [5], and this has
been the target of intense experimental and theoretical efforts.

Among the multitude noncovalent interactions, traditional
N-H---N hydrogen bonding and amino-aromatic (i.e. N—H:--
7) interactions are crucial binding forces in both chemical
and biological systems [6—8]. Recent years have witnessed
a substantial number of studies to such individual weak inter-
actions. Knowledge on the manifestation of intermolecular
interactions and their relative preferences is crucial in ratio-
nal design of materials with desired properties. To acquire a
clear understanding on this, a few molecular cluster systems
have been studied via theoretical or experimental approaches
[9-13]. For example, two different types of hydrogen bond-
ing interactions have been observed between the amino group
in aniline and aromatic rings of furan, toluene, and benzene,
etc.
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Aniline, the simplest amine with an aromatic ring, is an
important precursor for chemical syntheses. Meanwhile, pyr-
role is a significant aromatic heterocyclic broadly used in ma-
terial science and found in naturally occurring and biologi-
cally important molecules [14,15]. Keeping this in mind, we
have selected aniline-pyrrole dimer clusters as the prototyp-
ical model, in view of the possible coexistence of N-H:--x
and N—H:---N bound conformers. In addition, the pK, value
of aniline is positive and the NH; part can act as a weak base,
while that of pyrrole is negative and the NH part may act
as a weak acid. The positive/negative pK, values of aniline
and pyrrole enable a stable dimer cluster via strong hydro-
gen binding interaction. We have investigated the structures,
interaction energies, and vibrational frequencies using vari-
ous density functional theory (DFT) calculations. The natu-
ral bond orbital (NBO) and atom in molecules (AIM) theory
analyses, and generalized Kohn-Sham based energy decom-
position analysis (GKS-EDA) are also carried out to study
the nature of the weak interactions stabilizing aniline-pyrrole
dimer clusters. The molecular-level understanding of these
weak interactions is beneficial for designing synthetic pro-
teins and advanced functional materials.

2 Computational methods

All the quantum chemical calculations were carried out
within the Gaussian 09 program package [16] with the
default convergence criteria without any constraint on the
geometry. Geometries were optimized and binding energies
evaluated by using various basis sets in conjunction with the
dispersion-corrected DFT M06-2X, and ®B97X-D levels
of theory. Multiple structures of possible aniline-pyrrole
dimer cluster conformers used as initial geometries for
optimization were provided in Scheme 1. The harmonic
vibrational frequencies calculation on the optimized ge-
ometries were performed at each level of theory, which
ensures the structures as minima and enable the evaluation
of zero-point vibrational energies (ZPVE). The vibrational
frequency calculations confirmed that all optimized dimer
clusters have no imaginary frequencies and are stable struc-
tures. Interaction energies were defined as the difference
between the energy of the dimer cluster and the sum of the
monomers, in their optimized geometries, and were corrected
for ZPVE and basis set superposition error (BSSE) via the
counterpoise procedure [17]. Quantitative assessments of
charge transfer between individual orbitals were made via
the NBO method [18], as implemented in the Gaussian 09
software. AIM analyses were performed with the Multifunc-
tional Wavefunction Analyzer (Multiwfn) software [19] at
the ®B97X-D/6-311++G(d,p) level. = Decomposition of
the interaction energies was achieved using the GKS-EDA
method [20] at the ®B97X-D/6-311++g(d,p) level in help of
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Dr. Su. The GKS-EDA scheme divides the total interaction
energy into six terms:

AE‘int = AE + AEex+ AE'rep + AE‘pol + AE'corr + AE‘disp (1)

ele
where AE.. is the electrostatic interaction energy, calculated
from monomers’ Kohn-Sham orbitals. AE. and AE., de-
note the exchange and repulsion interaction respectively, aris-
ing from the anti-symmetrization and normalization of Kohn-
Sham determinants. The sum of AE and AE,, is also known
as Pauli repulsion. AE,, represents the polarization interac-
tion due to the variation of Kohn-Sham orbitals by self-con-
sistent field (SCF) procedure; AE.. stands for the correlation
interaction defined by the GKS correlation energy; AE, is
the dispersion interaction which is optional for dispersion cor-
rection DFT.

3 Results and discussion

Several structures of the aniline-pyrrole dimer clusters have
been modeled for geometry optimization at different levels of
dispersion corrected DFT using various basis sets. To facili-
tate the discussion below, the structures stabilized by N—H---
N and N-H---n hydrogen bonding are named as HB and
PD respectively. It is interesting to find that all the initial
structures are converged to the three types of structures af-
ter geometry optimization (as shown in Figure S1, Support-
ing Information online). BSSE and ZPVE corrected interac-
tion energies of the obtained stable structures of the dimer

PD4

Scheme 1 Structures of possible conformers for the aniline-pyrrole dimer
cluster. These structures are used as initial geometries for optimization. The
green and purple lines denote the N—H---N and N-H---n hydrogen bonds
respectively (color online).
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clusters calculated at corresponding level of theory are pro-
vided in Table 1. It is noteworthy that the order of the in-
teraction energies of different structures calculated at all lev-
els of theory has a similar trend. These results indicate that
the most stable HB and PD structures of the aniline-pyrrole
dimer cluster are anpy1 and anpy2, respectively. Figure 1 de-
picts the optimized structures of anpy1 and anpy2 calculated
at the ®B97X-D/6-311++g(d,p) level of theory, where the HB
structure gets a unique V-shaped geometry to maximize the
stability through additional C—H:- & interactions and the PD
structure mainly stabilized by N—H-- -7 interactions exhibits
a J-aggregated geometry. Atom numbering scheme in the
dimer clusters has also been shown in Figure 1.

(@) () @
)
[ @
H- v
9

Anpy1 Anpy2

Figure 1 The optimized structures of aniline-pyrrole dimer clusters mainly
stabilized by (a) N—H---N hydrogen bonding, and (b) N—H:- -7 interaction.
The green and purple lines denote the N—H-- ‘N and N—H: - -w hydrogen bonds
respectively (color online).

A few selected intermolecular geometrical parameters in-
cluding the H---Y distance (R), bond length variations of X—H
bonds (AR), and the bond angles of X-H---Y are also dis-
played in Table 2. One typical manifestation of hydrogen
bond is its effect upon the X—H covalent bond of the pro-
ton donor molecule, which indicates how strongly the X-H
group is involved in the hydrogen bonding interaction. Gen-
erally, majority of X—H bonds are elongated via the forma-
tion of the traditional hydrogen bonds. The shorter H---Y
bond or the longer X—H bond is, the stronger the interaction
is, and vice versa [21,22]. The AR data for the conventional
N-H---N and unconventional N-H---n, C—H-* ‘7w hydrogen
bonds in Table 2 are all positive, indicating stretching be-
haviour of such bonds. In addition, the AR values for the
N—H: ‘N bonding is larger than that for N-H---w and C-H---n
interactions, however, the distance between H:--Y exhibits
a converse trend. These data reveal that the average N-H:--
N hydrogen bonding interaction is stronger than the average
N-H:--m and C-H- ‘7 interactions in aniline-pyrrole dimer
cluster structures.

Fingerprints of structural spectroscopy provide a powerful
technique for characterizing the hydrogen bonding inter-
actions [23]. In view of this, we have calculated infrared
activities of aniline-pyrrole dimer clusters by comparing with
those of the corresponding monomers. Of interest here are
the vibrational frequencies of the NH and CH stretch modes,
which are primarily affected by dimer cluster formation.
Figure 2 presents the theoretical IR spectra of the monomers

Table 1 BSSE and ZPVE corrected interaction energies (kcal/mol) of aniline-pyrrole dimer clusters calculated at various levels of DFT

Aniline-pyrrole dimer cluster

Theory anpyl anpy2 anpy3
AE. ¥ AE, » AE. AE, AE. AE,
®B97X-D/6-311++g(d,p) =776 —6.54 -8.24 —6.73 —6.63 -5.90
®B97X-D/6-311++g(2d,p) —1.57 —6.17 -8.09 —6.83 —6.65 —5.81
®»B97X-D/6-311++g(3d,p) -7.53 —6.16 -1.97 -6.73 —6.59 -5.78
®B97X-D/6-311++g(2d,2p) —7.46 —6.09 -7.91 —6.81 —6.52 —5.66
®B97X-D/aug-cc-pvdz —7.44 —6.32 -7.95 —7.02 —6.44 -5.78
MO06-2X/6-311++g(d,p) —7.18 —5.95 -8.18 —7.18 —6.27 —5.52

a) AE.: BSSE corrected interaction energy; b) AE,: BSSE+ZPE corrected interaction energy.

Table 2 Geometric parameters (bond length and angle) and stretching vibrational frequencies (cm™) of hydrogen bond in aniline-pyrrole dimer cluster calcu-

lated at the ®B97X-D/6-311++G(d,p) level of theory

Dimer cluster X-HY AR (A) @ R A ZX-HY (°) Av 9
N19-H20---N12 0.0089 2.1260 163.2 —-146
anpyl C18-H24---C1-Co6 0.0010 2.9993 156.6 -7
C18-H24---C4-C5 0.0010 2.9527 1339 -7
N19-H20---C1-C2 0.0026 3.2006 136.7 =32
anpy2 NI19-H20... C1-C2 0.0026 3.0379 116.1 -32
N12-H13---C17-CI18 0.0022 2.9563 112.8 —13 (-25)
N12-H14---C15-C16 0.0022 2.9405 113.1 -13 (-25)

a) AR denotes the bond length variations of X—H bonds before and after dimer cluster formation; b) R represents the distance between the hydrogen atom,
covalently attached to the carbon or nitrogen atom, and the nitrogen atom or centroid of the C=C bond; ¢) Av=v(dimer cluster)—v (free monomer), the numbers

in the parentheses refer to the Av values of antisymmetric stretching modes.
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Figure 2 The IR spectra of (a) aniline monomer, (b) anpyl dimer cluster,
(c) anpy2 dimer cluster, and (d) pyrrole monomer (color online).

and dimer clusters in the mentioned region calculated at
the ®B97X-D/6-311++g(d,p) level of theory. As shown in
Figure 2(a), two absorption bands centered at ~3404 and
3501 cm™' are assigned to the NH, symmetric and antisym-
metric stretching vibrations of aniline (marked by purple
and wine arrow respectively). The NH stretching vibration
of pyrrole is observed at ~3508 cm™in Figure 2(d) (labeled
by green triangle). It is notable that the IR spectra of the
aniline-pyrrole dimer clusters are quite different from that
of monomers rather than the linear superposition of them.
Specially, the bands observed at around 3362 and 3472 cm’™
in the spectrum of anpyl (Figure 2(b)) belong to the NH
stretching vibration of pyrrole and antisymmetric stretching
vibration of aniline, which leads to a red shift of 146 and 29
cm™' compared to those found for the free pyrrole and aniline
monomer respectively. With respect to anpy2, the intense
peak appearing at 3476 cm™! is ascribe to the NH antisym-
metric stretching of aniline and stretching mode of pyrrole,
as well as a weak band at ~3391 cm ™' assigned to the NH
symmetric stretching vibration of aniline. Such assignment
gives rise to red shifts of 13 cm™ for NH symmetric stretch-
ing mode and 25 cm™' for antisymmetric stretching vibration
compared to those observed for the free aniline monomer,
which are close to those observed in the aniline dimer cluster
and the aniline-benzene complexes, indicating a similar
interaction between the NH, group and the pyrrole © system
[11,24]. Besides, we select the strongest CH antisymmetric
stretching mode at ~3077 cm™' (marked by green rhomb) in
pyrrole to probe whether a certain interaction is contributed
by the CH group. A comparison study on the IR spectra
of pyrrole, anpyl, and anpy2 reveals a slightly red-shift

in anpyl, which confirms the existence of weak C—H--- &
interactions in anpyl. The red shifts of the X—H stretching
vibrational mode have been traditionally considered as one
of the main fingerprints of hydrogen bonds, assuming that
formation of a hydrogen bond weakens the X—H single bond.
The larger the shift value is, the stronger the H bond is.
Therefore, N-H---N interaction is stronger than the N-H---n
and C—H: & interactions.

Raman activity (Figure 3) is also calculated to further
examine the weak interactions of the aniline-pyrrole dimer
clusters. A clear and minor red-shift of the C—H symmetric
stretching mode is also noted in the Raman spectra of anpy],
verifying the existence of weak intermolecular interactions
(e.g. C—H---m interactions). In addition, the red-shift features
of the N-H stretching are discovered again in the ani-
line-pyrrole dimer clusters, further confirming the existence
of intermolecular interactions (e.g. N—H--*N and N-H---©t
interactions). No surprise that the Raman and IR spectra have
provided complementary information regarding the dimer
cluster structures and weak intermolecular interactions.

According to the early reports, the red-shifted hydrogen
bonds are mainly attributed to two aspects [22]. On one hand,
the electrostatic attraction between the higher electronegativ-
ity Y and the positive H elongates the X—H bond. On the other
hand, the charge-transfer or hyperconjugative interaction be-
tween the proton donor and the proton acceptor weakens and
lengthens the X—H bond, hence leading to red shift of the X—H
stretching mode.
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Figure3 The Raman spectra of (a) aniline monomer, (b) anpy1 dimer clus-
ter, (¢) anpy2 dimer cluster, and (d) pyrrole monomer (color online).
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To explore the interaction origin and determine the strength
of the interactions involved in the dimer clusters, NBO analy-
ses have been performed. With regard to traditional hydro-
gen bonding interaction, the charge transfer delocalization
occurs between the lone pair orbital of the hydrogen bond ac-
ceptor (N atom) and the antibonding orbital of the hydrogen
bond donor (N-H group). On the other hand, the unconven-
tional hydrogen bond interaction including N-H---m as well
as C—H:--m interaction is achieved through the delocalization
of the m-orbitals of the hydrogen bond acceptor over the an-
tibonding orbital of the hydrogen bond donor. Figure 4 dis-
plays the NBOs showing the overlap between the N atom lone
pair orbitals or m-orbitals and antibonding orbitals of the N-H
or C—H groups. The NBO delocalization energy used for esti-
mating the energy decrease caused by the electron delocaliza-
tion in hydrogen bonding interaction is determined by the sec-
ond-order perturbative energy, £”. , where i and j* stand for

i)
an acceptor and a donor orbital, respectively. Total £ i(i)j* val-
ues for anpy! and anpy?2 are 8.69 and 1.98 kcal/mol, respec-
tively. It is worth mentioning that the binding in anpy2 is
stronger than that in anpyl, in contrast to the result of NBO
calculation which is mainly based on the charge transfer inter-
action. Such calculation results reinforce that anpy1 is domi-
nantly stabilized by charge-transfer hydrogen bonding, while
anpy?2 is governed by dispersion-dominant weak interactions,
allowing anpy2 to possess the stronger binding but with a
lower E ﬁ)j*.

The details of NBO analysis for the aniline-pyrrole dimer
clusters are listed in Table 3, where the individual N-H---N

interaction is found much stronger than the individual N-H---

n and C—H--- & interaction. The most important finding is
that the appearance of n—7" interaction in anpy?2 arises from
the delocalization of the N atom lone pair orbitals over the
antibonding m-orbitals. This interaction is widely present in
biomolecules and materials [3,25], which has been observed
by probing the IR-UV double-resonance spectroscopy in a
supersonic jet [26]. In addition, a few pairs of m---7" stack-

ing interactions are observed in anpy2 dimer cluster, which
is helpful for decreasing the dimer cluster energy furtherly
hence resulting in an improved structure stability. Moreover,
a couple of -1 stacking backward interactions is observed
in anpy2, as depicted in Figure S2. Therefore, the NBO anal-
ysis is in favor of the aforementioned conclusion from the
structure and vibrational frequencies analyses.

We have tried to use AIM analyses to further the inter-
molecular interactions of aniline-pyrrole dimer clusters. Ac-
cording to Bader’s AIM methodology, the values of the elec-
tron density (p) and its Laplacian (V> p) at their BCPs give
valuable information about the strength and type of a bond
[27]. Specifically, p is used to describe the strength of a bond,
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Figure 4 Natural bond orbitals in the aniline-pyrrole dimer clusters show-
ing (a) N-H--"N and C-H-*'r hydrogen bonding, and (b) N-H--x, n—=n"and
n---m” interactions. All the second-order perturbative energy is in kcal/mol
(color online).

Table 3 NBO analysis of the intermolecular weak interactions in the aniline-pyrrole dimer clusters calculated at the ®B97X-D/6-311++g(d,p) level of theory.

The second-order perturbation energies £ %)

I—j*

are in kcal/mol

Dimer cluster Donor Acceptor E i(z))j* Sum of Ei(i)j*

LP (1) NI2 BD'(1) N19-H20 8.35

anpyl BD (2) C1-C6 BD'(1) C18-H24 021 8.69
BD (2) C4-C5 BD'(1) C18-H24 0.13
BD (2) C1-C2 BD'(1) N19-H20 0.11
BD (2) C5-C6 BD'(1) N19-H20 0.1
BD (2) C15-Cl6 BD'(1) NI12-H14 035

anpy2 BD (2) C17-C18 BD'(1) N12-H13 035 1.98
LP (1) N19 BD'(2) C3-C4 0.60
BD (2) C3-C4 BD'(2) C17-C18 0.29
BD (2) C5-C6 BD'(2) C15-C16 0.07
BD (2) C15-C16 BD(2) C5-C6 0.10
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Table 4 Selected topological parameters of the bond critical point (BCP) in the aniline-pyrrole dimer clusters calculated at the wB97X-D/6-311++g(d,p) level

of theory
Dimer cluster BP Vi H
H20---N12 0.020457 0.064657 0.001833
anpy! H24---C1-C6 0.005544 0.018042 0.000776
H13---C18 0.006109 0.017609 0.000565
anpy2 H14---C15 0.006112 0.017614 0.000566
N19---C4 0.008979 0.030212 0.0011147

and the larger p value means a stronger bond; V*p is used
to characterize the bond, where negative V?p means the
interatomic bond exists as a covalent bond, while positive
V?p values suggest ionic bonds, hydrogen bonds, or van der
Waals interactions. In view of this, three most fundamental
criteria for the existence of hydrogen bond are indicated, that
is, there exists a BCP, and the values of p and its V?p bear
ranges at 0.002—0.035 and 0.024-0.139 a.u. respectively. In
addition, if the total electron energy densities at critical point
(H) are positive, the nature of the interaction is purely non-
covalent. Table 4 list some typical topological parameters of
BCPs involved in the interactions of aniline-pyrrole dimer
clusters. It is noted that all the V* p and H values are positive,
proving the existence of weak noncovalent interactions in
the aniline-pyrrole dimer clusters. It is evident that the p
and V?p values at BCP between the H20 and N12 atoms
are within the aforementioned range, verifying the existence
of N19-H20--- N12 traditional hydrogen bond in anpyl
dimer cluster. With respect to the X—H--- & interactions, the
p values are all within the scope of decisive criteria, while
the V?p values are beyond the lower-limit of the range.
Therefore, X—H- - m interactions function as weak hydrogen
bonding. Regarding to the N19---C4 interaction, the higher
p value compared to those of X—H: -7 interactions indicates
n—n" interaction is strong than the individual X-H: &
interaction.

Continuing to explore the nature of above mentioned non-
covalent interactions contributing to the stabilization of the
aniline-pyrrole dimer clusters, we have tried GKS-EDA anal-
ysis in help of Dr. Su [20]. It is verified that electrostatic in-
teraction is the largest contribution for the total interaction of
anpyl, while the correlation interaction and dispersion dom-
inate the total interaction energy of anpy2. Also anpyl dimer
cluster falls into the category of the electrostatic dominated
hydrogen bonded dimer cluster, but anpy2 dimer cluster sta-
bilized by four nonconventional N-H- -7t hydrogen bonds as
well as n—n’ interactions in addition to -~ ‘%" stacking caters
for the scope of “special mixed-influence” (SMI) dimer clus-
ters [28,29]. Moreover, the relatively large polarization en-
ergy in anpyl suggests that the N-H orbitals in pyrrole un-
dergo significant changes in their shapes in order to maximize
the strength of the hydrogen bond during the dimer cluster
formation process [30]. It is also noted that the sum of corre-

lation interaction and dispersion interaction in anpy? is larger
than that in anpy1, largely due to the presence of unconven-
tional n—-H bonding and dispersion dominated n—n" and -+
n " stacking interactions in anpy2 dimer cluster. These results
are consistent with the aforementioned NBO analysis.

4 Conclusions

In summary, we have investigated the weak intermolecular
interactions in aniline-pyrrole molecular dimer clusters em-
ploying the dispersion-corrected DFT calculations. A stable
N-H--N hydrogen bond dimer cluster and an unconventional
N—-H:-m hydrogen bond dimer cluster are predicted through
the DFT calculations using various levels of theory, and a
comparison of interaction energies demonstrates that the lat-
ter dimer cluster is more stable than the former. Comprehen-
sive infrared and Raman vibrational frequency analysis for
the two dimer clusters reveals that remarkable interactions by
noting the large red-shifts of the modes corresponding to hy-
drogen bond. Furtherly, we employed NBO and AIM analy-
ses to have determined the origin and relative energetic con-
tributions of the weak interactions in these systems. These re-
sults reveal that the V-shaped dimer cluster is held by N-H:--
N hydrogen bond and C—H:-- 7 interaction, while the tilted
parallel displaced dimer cluster is stabilized by N-H---7 as
well as n—n" and 7 - 1" stacking interactions simultaneously.
Energy decomposition analysis of the interactions energy in-
dicates that electrostatics interactions dominantly contribute
to the stability of anpy1 dimer cluster. The present work pro-
vides insights into an in-depth understanding at the molecu-
lar level of the amino-aromatic interactions involved in some
complex chemical and biological process.
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