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DFT-GGA method of Perdew-Burke-Ernzerhof (PBE) is used with aug-cc-PVTZ, 6-311++G ", and Def2-TZVP large basis sets to
study the hydrogen bond interactions between oxygen lone pair as a donor electron with hydrogen atom connected to the aniline’s nitrogen
as an electron acceptor (H,O---HNH-Ph), and nitrogen lone pair with hydrogen of water molecule (Ph-H,N---HOH), both in the gas phase.
In some cases, MP2/Def2-TZVP is also carried out to test the results of DFT. To analyze donor-acceptor interactions of two above
hydrogen bonds, natural bond orbital (NBO), natural energy decomposition analysis (NEDA), natural population analysis (NPA), and
quantum theory of atoms in molecules (QTAIM) methods have been used in a detailed manner. Results show that the hydrogen bond in
PhH,N---HOH is partially covalent, while hydrogen bond in PhHNH---OH; is totally electrostatic. For the PhAHNH---OH, complex, there is
a large gap between MP2 and PBE results which can be filled by incorporating dispersion terms in the DFT calculations. In all calculations,
nitrogen atom of aniline is an stronger electron donor than the oxygen atom of water in the gas phase. PhH,N---HOH has higher electron
density than PhHNH---OH,. NBO data shows that the stabilization energy due to the charge transfer for HOH---NH,Ph complex is more
than that in H,O---HNHPh complex. The inversion barrier energy was also calculated at the level of PBE/Def2-TZVP without and with
dispersion term, and results show that the barrier energy for PhH,N---HOH and PhHNH---OH, complexes, are about 104 and 103

kcal mol?, without, and 8.14 and 7.03 kcal mol™?, with dispersion, respectively.
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INTRODUCTION

Aromatic compounds and their interactions with water
molecules have received much attention in the literature due
to the importance of water as a green solvent. Among the
various studies, some researchers have focused on the gas-
phase complexation of water with organic compounds. If
the organic compound contains hydrogen atom connected to
the electronegative atom, two kinds of interactions can be
occurred. In the first cluster structure, oxygen of water
interacts with the hydrogen of the organic compound, and
water plays as a role of a base. In the second structure, the
electronegative atom of the organic compound interacts
with the hydrogen of water, and water is acid in this case.

*Corresponding author. E-mail: behjatmanesh@pnu.ac.ir

Interactions of phenol [1], anisole [2] and adenine [3], for
example, with water can be classified in this field. In most
cases, the cluster with water as a base (H,O---H-XR, X is
electronegative atom and R is aromatic compound) is more
stable than the other forms (HOH---X-HR).

In the experimental studies of water-aromatic compound
clusters, the role of water is characterized by comparing the
electronic transition of cluster to the electronic transition of
pure aromatic compound. If the water acts as a base, the red
shift is observed in the electronic transition of cluster
compared to its monomer. The water molecule as a base,
denotes electrons to the aromatic compound, and increases
the inductive effect of electronegative atom in the aromatic
compound on the electronic transition; therefore, reduces
frequencies of the electronic transition of complex
compared to that of the organic compound without water
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[1a]. This kind of behavior has been observed in the case of
phenol(H,0), compared to phenol(H,0), [1a]. On the other
hand, compounds such as anisole (phenol with OCH; group
instead of OH) which do not have hydrogen atom connected
to the electronegative atom, can only form clusters with
water molecule as an acid. In this case, blue shifting in the
electronic transition of cluster is occurred compared to the
pure anisole [2].

One of the aromatic compounds that its cluster
formation with water is very important, is aniline. Aniline-
water cluster can be formed through both mechanisms
mentioned above; i.e., water acts as an acid or a base.
Aniline is a toxic water pollutant, and even at low
concentration is harmful for aquatic life [4]. Therefore,
understanding the nature of its interaction with water is
important from both theoretical and experimental points of
view. The first experimental study on the details of the gas-
phase structure of aniline has been conducted by Lister et
al., Brand et al., and Quack et al., who studied structure and
dipole moment of aniline by microwave, vibrational and
fluorescence spectroscopies [5]. Kleibdmer and Sutter have
used combined microwave Fourier-transform with semi-
rigid Bender calculation to investigate “*N quadrupole
hyperfine splitting of the rotational transitions of aniline in
the two lowest states of the inversion motion [6]. Kerstel et
al. studied the behavior of aniline in its first excited state
using microwave-UV double resonance spectroscopy [7].
Cluster of aniline-water has been also studied
experimentally and theoretically. Nakanaga and co-workers
used infrared-depletion spectroscopy to specify vibrational
frequencies of aniline-water cation complex [8]. Spoerel
and Stahl studied hydrogen bond in the complex of aniline-
water by using pulsed molecular beam Fourier-transform
microwave spectroscopy [9]. Inokuchi and co-workers used
DFT method to interpret measured infrared
photodissociation spectra of [aniline-(H;0),]", n = 1-8 [10].
Experimental and theoretical studies on the electronic
transition of aniline-water complex have been investigated
by Piani et al. [11].

In this paper, we used different quantum-chemical codes
and different levels of theory to study charge transfer
phenomena in the aniline-water complex. We compare our
calculated results in the framework of PBE-DFT, DFT-D,
and MP2 theories to the above experimental and theoretical
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works. The paper focuses on the properties of
HOH---NH,Ph and H,0---HNHPh hydrogen bonds, and the
energy barrier between them by locating transition state and
calculating intrinsic reaction coordinates (IRC) between
HOH:--NH,Ph and H,O---HNHPh complexes.

COMPUTATIONAL DETAILS

Geometry optimization and frequency calculations were
carried out with PBE [12], RIMP2 [13] and MP2 [14] levels
of theory. Def2-TZVP [15], aug-cc-pVTZ [16], and 6-
311++G™" [17] large basis sets were used to model the wave
functions. All local minima in the potential energy surface
were guaranteed to be real by calculating the frequencies of
normal modes which were all positive. The transition state
structure had one negative/imaginary frequency in the
direction of the reaction path. Spin-unpolarized calculations
were considered for all monomers and complexes. Natural
bond orbital and natural population analyses were carried
out with the NBO6 code [18], and quantum theory of atoms
in molecules (QTAIM) calculations were carried out with
the AIM2000 [19] program. GAMESS-US [20] program
was employed for all PBE/aug-ccpVTZ calculations. All
other calculations (including PBE/Def2-TZVP, RI-
MP2/Def2-TZVP, and PBE/6-311++G™") were carried out
by the ORCA code [21]. To do NBOG6 calculations, its
binary files were linked to the GAMESS-US and ORCA
programs. Graphical shapes of the natural bond orbital
interactions were generated by JmoINBO [22] program. For
DFT-D calculations in ORCA code, the model of D3(BJ)
dispersion [23] was chosen to add the dispersion term in the
standard DFT. Equation of D3(BJ) dispersion term is:
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Se = 1.0, a; = 0.4289, sg = 0.7879, and a, = 4.4407 were
chosen for dispersion calculations. All DFT-D parameters
and model in the GAMESS-US code were taken from
Peverati and Baldridge [24].
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RESULTS AND DISCUSSION

Geometric Structures

Figure 1 shows the optimized structure of aniline in the
level of MP2/Def2-TZVP. The most important structural
parameter in aniline is the angle between NH, and plane of
the benzene ring. Different authors with different
experimental techniques tried to measure it; however, due to
the crude approximations on which their calculations were
based, several degree of differences have been reported.
Lister et al. have reported that the out-of-plane angle of the
NH, group is 37° 29' [5b]. Kleibdmer and Sutter have
reported the torsion angle of 44° 18’ between NH, and ring
planes [6]. Brand and co-workers reported 45° for the out-
of-plane angle of NH, in aniline ring [5¢,25]. Our calculated
out-of-plane angles of NH, in pure aniline are 39° 41', 40°
5, and 44° 52' for PBE/aug-cc-pVTZ, PBE-Def2-TZVP,
and MP2/Def2-TZVP, respectively, which are in good
agreement with the experimental data. The other important
structural-physical parameter is dipole moment, which can
be easily calculated from microwave spectroscopy. Lister et
al. have reported dipole moment of 1.129D for aniline
molecule in the gas phase [5b]. Our calculated dipole
moments of aniline are 1.691D, 1.782D, and 1.544D for
PBE/aug-cc-pVTZ, PBE-Def2-TZVP, and MP2/Def2-
TZVP, respectively.

Figure 2 shows the optimized structures of aniline-
water clusters in the gas phase at the level of PBE/def2-
TZVP. It should be noted that the optimized structures at the
level of PBE/aug-ccpVTZ are similar to the structures of
Fig. 2. Two structures have been considered for the aniline-
water cluster. The first one contains HOH---NH,Ph
hydrogen bond in which water acts as an acid, and the
second one contains H,O---HNHPh hydrogen bond in
which water molecule acts as a base. Nakanaga et al., using
infrared-depletion spectroscopy, have shown that there is a
strong hydrogen bond between lone pair of water and
hydrogen of NH, group (H,O-:--HNHPh) in the cation-
complex of aniline-water [8]. Out of the experimental
frequencies, they argued that there is no hydrogen bond
between lone pair of nitrogen and hydrogen of water in the
cluster-cation of aniline-water. For the neutral aniline-water
complex, they have reported results of theoretical
calculations at MP2/6-31G™. Based on their theoretical
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Fig. 1. Optimized structure of aniline from top and side
views, calculated at MP2/Def2-TZVP by ORCA
program.

results, HOH---NH,Ph has stronger hydrogen bond than that
in the interaction of H,O---H,NPh (D, of 2390 cm™ vs. 2290
cm™). In summary, Nakanaga et al. found that for the case
of cation-complex, H,O---H,NPh has stronger hydrogen
bond, while for the neutral-complex case, HOH:--NH,Ph is
more stable than the other complex. Our binding energies
(see the next section) confirm the Nakanaga results for the
neutral complex.

Different attitudes of neutral and cation complexes in
reactions can be described by the observed frequencies in
the Nakanaga’s paper [8]. Among frequencies observed for
absorption bands in the Nakanaga’s work, two strong bands
at 3636 and 3715 cm™ in the OH stretching vibration region
have been assigned to the symmetric and anti-symmetric
vibrations of OH bonds of H,O in the cation-complex.
These frequencies are only 20 and 42 cm™ less than those of
the symmetric and anti-symmetric stretching vibrations of
the neutral H,O, So, H,O in the cation-complex is neutral,
and the HOMO in the cation-complex system belongs to the
aniline molecule (the OH stretching frequency of H,O" is as
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Fig. 2. Optimized structures of H,O---HNHPh (left) and
HOH:--NH,Ph (right) complexes calculated at
PBE/Def2-TZVP by ORCA program.

low as 3200 cm™). To compensate its charge reduction,
aniline tends to interact with oxygen of water and acts as an
acid. Therefore, for the cation-complex, the H,O---H,NPh
complex has the stronger hydrogen bond than the
HOH---NH,Ph complex. On the other hand, for the neutral
complex, there is no any charge reduction in the aniline, and
it can acts as a base; so, in the neutral case HOH---NH,Ph is
more stable than the other complex.

It is interesting to compare vibrational frequencies of
OH stretching region in our calculated neutral complexes
with the cation-complex of Nakanaga’s paper. If our
discussion on the presence of HOMO on aniline is correct,
then the difference between our calculated OH stretching
frequencies of neutral complex in the form of aniline, as a
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Fig. 3. Optimized structures of H,O---HNHPh at the levels
of PBE/Def2-TZVP and MP2/Def2-TZVP from
similar starting configurations calculated by ORCA
program.

base (HOMO on aniline), with the calculated data for
cation-complex should be low. Nakanaga’s calculated
frequencies for OH anti-symmetric and symmetric
stretching are 3636 and 3715 cm™, respectively. Calculated
frequencies for the OH stretching mentioned in this work, at
the level of MP2/Def2-TZVP, are 3678 and 3883 cm™,
respectively, for HOH:--NH,Ph complex, and 3770 and
3907 cm™, respectively, for H,O---H,NPh. Comparing
calculated frequencies show that frequencies of the OH
stretching for HOH---NH,Ph complex are close to the
experimental data. It shows that the Nakanaga’s argument
for assuming HOMO on aniline is correct.

Figure 3 shows the neutral cluster of aniline and water
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molecule in which water functions as an acid, at two levels
PBE/Def2-TZVP and MP2/Def2-TZV/P. As clearly seen in
Fig. 3, optimized clusters at two theoretical levels, PBE and
MP2, do not show the same structural features. In PBE-DFT
optimized structure, the hydrogens of water molecule do
not interact with the aromatic ring, and are directed away
from the aromatic ring; however, for MP2 optimized
structure, one of the hydrogens is oriented towards C3 of
the aromatic ring (in the next sections, we will show that
there is a bond critical point between these two atoms).

DFT methods suffer from the lack of dispersion in their
equations. It is worth trying the addition of dispersion term
in the PBE-DFT method (DFT-D) can fill the gap between
MP2 and DFT or not. Figure 4 shows the optimized
structure of initial configuration of Fig. 3 using DFT-D
method. As clearly seen, the H atom of water molecule
interacts with C3 of the benzene ring exactly similar to the
MP2 optimized structure. O---H distance increases from
2.07 (for DFT) to 2.23A (for DFT-D) which is more close to
the MP2 distance (2.38A). The geometrical data shows that
the dispersion introduction to the DFT equations can fill the
gap between DFT and MP2 in the case of studied complex.

The out-of-plane angle of NH, group in aniline in the
cluster form is different from that in the pure aniline. This
angle is 47° 54’ for MP2/Def2-TZVP, when the water is
base (for H,O---HNHPh interaction), and is 46° 45’ for
MP2/Def2-TZVP, when the water is acid (for
HOH---NH,Ph interaction). Comparing the data with the
out-of-plane angle of NH, in pure aniline clearly shows that
for both hydrogen bond interactions, the angle has been
increased. Using pulsed molecular beam Fourier-transform
microwave spectroscopy, Spoerel and Stahl showed that in
HOH---NH,Ph type of hydrogen bond interaction,
orientation of the second hydrogen of water, which does
not interact with N of NH, group, changes towards the
aromatic ring [9]. Our calculated result in Fig. 2 is exactly
the same as the experimental results. We tried different
initial configurations whose second hydrogen of water was
directed away from the aromatic ring, but after
optimization, the hydrogen rotated towards the aromatic
ring.
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Fig. 4. Optimized structures of H,O---HNHPh at the level
of DFT-D (PBE-D3/Def2-TZVP) from similar
starting configuration of Fig. 3 by ORCA
program.

Binding Energies

Table 1 shows the electronic energies (Eee), electronic
energies corrected by zero-point energies (Eqe” "), binding
energies  (AEq”™),  corrected  binding  energies
(AEqe F®5F) with basis set superposition error (BSSE) by
the counterpoise method of Boys and Bernardi [26], and
Gibbs free energies of two clusters with different hydrogen
bonds. Data shows that the corrected binding energy for
H,0O---HNHPh is -2.06 kcal mol™ and for HOH---NH,Ph is
-3.62 kcal mol™ at MP2/Def2-TZVP in the gas phase. In all
calculations the cluster with water as an acid is more stable
than the other form. The largest difference between binding
energies of two forms of the clusters belong to the
MP2/Def2-TZVP calculation with 1.56 kcal mol™. On the
other hand, taking the dispersion term into account (DFT-D)
shows that for HOH---NH,Ph, H,O---HNHPh, NH,Ph, and
H,0, the dispersion energy is -0.0158, -0.0158, -0.0133 and
-0.0004 Ha, respectively. For two studied complexes, the
dispersion energy stabilization for E is equal to -9.91 kcal
mol™. It shows that binding energies for two complexes
more stabilized by 1.32 kcal mol™ due to the dispersion
energy.

In the optimized cluster at MP2/Def2-TZVP level, as
explained in previous section, hydrogen of water molecule
(as an acid) interacts simultaneously with the aromatic ring
and lone pair of nitrogen. Calculated dipole moments of



Table 1. Electronic Energy (Eee in Hartree), Corrected Electronic Energy (Ege

Binding Energy (AEg , in Hartree), and Gibbs Free Energy (in Hartree) of the Studied Species.

ZPE+BSSE

All Data were Rounded to Five Decimal Places

Behjatmanesh-Ardakani et al./Phys. Chem. Res., Vol. 4, No. 1, 95-107, March 2016.

ZPE

, in Hartree), Corrected

PBE/aug-cc-pVTZ

PBE/Def2-TZVP

RI-MP2/Def2-TZVP

MP2/Def2-TZVP

Compound Eue E, ZPEL AE ZPE+BSSE Gt
Aniline -287.33995 -287.22626 - -287.25550
Water -76.38052 -76.35982 - -76.37749

HNH---OH, -363.72649 -363.59050 -0.00432 -363.62554

HyN---HOH -363.72890 -363.59180 -0.00562 -363.62394
Aniline -287.34114 -287.22763 - -287.25689
Water -76.37691 -76.35624 - -76.37391

HNH---OH, -363.72615 -363.58989 -0.00443 -363.62395

HyN---HOH -363.72772 -363.59075 -0.00500 -363.62261
Aniline -286.97785 -286.86109 - -286.89031
Water -76.31313 -76.29178 - -76.30941

HNH---OH, -363.29954 -363.15923 -0.00419 -363.19272

HyN---HOH -363.30196 -363.16086 -0.00490 -363.19385
Aniline -286.97779 -286.86104 - -286.89026
Water -76.31306 -76.29169 - -76.30933

HNH---OH, -363.29951 -363.15913 -0.00328 -363.19251

HyN---HOH -363.30183 -363.16067 -0.00577 -363.19369

Corrected for the symmetry numbers in calculation rotational entropy. ?Symmetry number of water is 2, for others

are 1, even for aniline.
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H,O---HNHPh and HOH:--NH,Ph complexes, at the level
of MP2/Def2-TZVP, are 1.8 and 3.3 Debye, respectively.
HOMO and LUMO energies of H,O---HNHPh and
HOH---NH,Ph are -0.1688, -0.0307, -0.1999 and -0.0484
Hartree, respectively. Available results show that both
HOMO and LUMO of HOH---NH,Ph complex are more
stable than those of the H,O---HNHPh complex. Relaxed
MP2 Mulliken charge density shows that the charge on
nitrogen atom in the H,O---HNHPh complex is -0.48, while
it is -0.52 for HOH---NH,Ph complex. Other atoms have
nearly the same relaxed MP2 Mulliken charge density for
both clusters.

It is possible to calculate transition state structure (TS)
between two conformations of aniline-water complexes. At
the first step, transition state location is searched in the
potential energy surface, and then the structure is optimized.
Normal mode calculations on the TS showed that the 6"
mode is imaginary. Potential energy surface scan along the
imaginary normal mode proved that the calculated TS

complexes. Figure 5 shows barrier energy of TS relative to
the optimized energies of complexes. The barrier energies
for H,O---HNHPh and HOH---NH,Ph complexes at the
PBE/Def2-TZVP level of theory are 103.21 and 104.19 kcal
mol™, respectively. Introducing dispersion correction terms
to calculations reduces barrier energies of H,O---HNHPh
and HOH:--NH,Ph complexes to 7.03 and 8.14 kcal mol™,
respectively. Based on our results, transformation of
complexes to each other at the room temperature is not
possible. .

NBO and AIM Analyses

Natural bond orbital (NBO) translates mathematical
language of quantum chemistry to the well-known concepts
in chemistry such as hybridization, conjugation, hyper-
conjugation, charge transfer, and orbital interactions. Lewis
orbitals in NBO are “core” and “bonding” orbitals which are
highly occupied, and non-Lewis orbitals are “anti-bonds”
and “Rydberg” orbitals with low occupation number [27]. In
the NBO framework, stabilization energy due to the charge

103.21 keal mol”
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Fig. 5. Barrier energy of transition state (TS) for two studied complexes. For N---H and O---H complexes,
barrier energies are 104.19 and 103.21 kcal mol™, respectively. Introducing dispersion term in DFT,
reduces the barrier energies to 8.14 and 7.03 kcal mol™, respectively.
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transfer between a donor (i) and acceptor (j) is estimated by
the following equation [27]:

F@ (i
E® = AE,,, = q (i) (2)
£, - ¢

where, E@ is stabilization energy, q; is occupation number
of donor orbital, g and & are orbital energies, and F® are
off-diagonal element of NBO Fock matrix.

Table 2 shows stabilization energy, hybridization, and
occupation numbers of donor and acceptor orbitals for
hydrogen bonds in H,O:--HNHPh and HOH:--NH,Ph
complexes at the level of PBE/Def2-TZVP. Both Def2-
TZVP and aug-cc-pVTZ basis sets predict that the E@ of
hydrogen bond in the HOH---NH,Ph complex is higher than
that of hydrogen bond in H,O---HNHPh complex.

Hybridization of lone pair of nitrogen in H,O---HNHPh
is sp®3d®? (%p = 89%), while for HOH---NH,Ph is sp>*?
(%p = 84%) indicative of more contribution of this lone
pair, in the first complex, in the conjugation process of the
ring compared to that in the second complex. Higher %p in
hybridization of LP of N1 in Table 2 compared to that in
hybridization of O15 LP is also a result of the ring
conjugation with LP(1)N1. The stabilization energy of
charge transfer from LP(1)NL1 to the first unoccupied orbital
of C2 atom (LV(1)C2) in H,O---HNHPh is 89.49
kcal mol?, while for HOH:--NH,Ph is 63.24 kcal mol™.
This is also a result of interaction of LP(1)N1 with

hydrogen of water molecule in the HOH---NH,Ph complex
which prevent LP(1)N1 to be completely introduced in the
conjugation process. Figure 6 shows three dimensional
donor-acceptor orbital interactions of hydrogen bonds in
H,O---HNHPh and HOH---NH,Ph complexes. As the
pictures clearly show, there is a good overlap between
donor and acceptor orbitals in both complexes.

Natural energy decomposition analysis (NEDA) help us
to understand the nature of interactions in terms of
meaningful physical components [28]. NEDA decomposes
molecular interaction energy to the charge transfer (CT),
electrostatic (ES), polarization (POL), Pauli exchange (EX)
and core repulsion or deformation (DEF) contributions.
Deformation component of energy has always a positive
value, and therefore it is a destabilizing quantity. The POL

component arises from induced electrical interactions
between two fragments. The difference between and

se,.,, (Which is the sum of CT+POL+ES+XC+DEF) is
known as the distortion energy, defined as the energy
required for changing the optimized structures of the ligands
in their isolated forms to their structures in the complex.

For H,O---HNHPh complex, CT, ES, POL and XC
components are -106.16, -5.77, -6.76 and +86.99 kcal mol™?,
respectively, while for HOH---NH,Ph complex, they are
-151.05, -9.85, -3.03 and +125.59 kcal mol™, respectively.
Both NEDA calculations are at DFT-D (PBE/aug-cc-pVTZ
with dispersion) by GAMESS-US code. Data show that for
both complexes CT >>ES. It has been previously shown

Table 2. NBO6 Data for Hydrogen Bonds in Two Complexes. Data Calculated at the Level of PBE/Def2-
TZVP by ORCA Program. E® Values are in kcal mol™

Complex Donor Acceptor Occ? E@P

PhHNH...OH, LP(1) 015 [sp>?"]  BD*(1) N1-H8 [sp*®2d®9] 1.996(0.021)  0.15(0.15)
LP(2) 015 [sp**®]  BD*(1) N1-H8 [sp*®2d®] 1.983(0.021)  5.17(0.84)

PhH,N...HOH LP(1) N1 [sp>*] BD*(1) 015-H17 [sp**8d®™ 1.840(0.026)  9.08(11.6)

Occupation number. Data in parentheses are for acceptor orbitals."Data in parentheses belong to DFT-D
(PBE/aug-cc-pVTZ+dispersion) calculated with GAMESS-US code.
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Fig. 6. Donor-Acceptor orbital interactions in HOH:--NH,Ph (left) and H,O---HNHPh (right) complexes. Both
calculations have been carried out at PBE/Def2-TZVP by ORCA program.

Table 3. NBO, QTAIM and Mulliken Charges for some Important Atoms in the Complexes

Complex Atom NBO* AIMP® Mulliken®

PhHNH...OH, N1 -0.77(-0.80) -1.026 -0.41(-0.55)
H8 0.41(0.40) 0.42 0.25(0.10)
H9 0.37(0.38) 0.36 0.22(0.09)
015 -0.93(-0.94) -1.06 -0.62(-0.39)
H16 0.47(0.47) 0.55 0.33(0.12)
H17 0.47(0.47) 0.55 0.33(0.24)

PhH,N...HOH N1 -0.79(-0.79) -0.98 -0.45(-0.36)
H8 0.38(0.39) 0.37 0.23(0.02)
H9 0.39(0.39) 0.37 0.25(0.00)
015 -0.95(-0.95) -1.09 -0.63(-0.44)
H16 0.45(0.46) 0.52 0.30(0.13)
H17 0.47(0.47) 0.55 0.32(0.29)

®Data in parentheses belong to DFT-D (PBE/Aug-cc-pVTZ+dispersion) calculated by.
®Wavefunctions have been calculated at PBE/6-311++G** by ORCA program.
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that ES has a nature of long-range, and CT is short-range
[28b]. Covalent character of an intermolecular bond is
calculated by CT/(CT+ES), which CT is associated with
covalent delocalization, and ES with ionic interactions.
This ratio is 94.8% for H,O---HNHPh complex, and 93.9%
for HOH:--NH,Ph complex. NEDA data show that both
hydrogen bonds in complexes are partially covalent.

Quantum theory of atoms in molecules (QTAIM) is a
good method to analyze the intermolecular interactions [29].
In QTAIM, a bond between two atoms is characterized by
the presence of a bond path between them. A bond path
contains bond critical point for which gradient of electron
density is zero. Electron density value at bond critical point
(12) is a measure of bond strength.

For the shared shell interactions, such as covalent
bonds, g is of the order of 0.1, while for the closed shell
interactions, such as hydrogen bonds, it is in the order of
0.01 eA Total energy, shown by H, is also an important
parameter in classification of intermolecular interactions.
For covalent bonds, H is a high negative value. For partially
covalent interaction, H is negative, but near to zero. For
shared-shell interactions such as covalent bonds, laplacian is
always negative and high, but for closed-shell interactions it
is low and positive.

Electron density, laplacian, and total energy for the bond
critical point in H,O---HNHPh complex are 0.02, 0.073 and
0.003 (in atomic unit), respectively, and for HOH---NH,Ph
complex, are 0.029, 0.079 and -0.001. Data show that the
hydrogen bond in H,O---HNHPh complex is electrostatic,
while for HOH---NH,Ph is partially-covalent partially
electrostatic. This result is in line with the NBO data which
predict charge transfer in HOH---NH,Ph is stronger than
that in H,0O---HNHPh.

Table 3 shows NBO, QTAIM, and Mulliken charges on
the important atoms in both H,O---HNHPh and
HOH---NH,Ph complexes. For H,O---HNHPh complex in
which lone pair of oxygen is electron donor, it is expected
that its charge to be less than the oxygen charge in
HOH:--NH,Ph. On the other hand, nitrogen charge in
H,O---HNHPh complex is expected to be less than that in
HOH---NH,Ph complex. Comparing three different charge
calculation algorithms in Table 3 shows that the QTAIM
charges are more reliable than the NBO and Mulliken
charges. It is worth noting that the hydrogen atom which
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Fig. 7. Molecular graphs

of HOH---NH,Ph (a) and
H,O---HNHPh (b, ¢) complexes. Hydrogen,
carbon, oxygen, and nitrogen atoms are shown in
gray, black, red and blue, respectively. Two
above graphs (a, b) hane been preparedat MP2/
Def2-TZVP, and the third one (c) at PBE/Def2-
TZVP. All calculations have been carried out by
ORCA/AIM2000  programs.  Addition of
dispersion term to DFT, changes the molecular
graph from “c” to “b”.
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form hydrogen bond is more positive compared to the other
hydrogen atom. This can be explained by the induction
effect of electronegative atom connected to it. Figure 7
shows the molecular graphs of two studied complexes. In
molecular graph of H,O---HNHPh complex optimized with
MP2 (structure b), there are two critical points between
water and aniline molecules. The first one belongs to
O---NH, and the second one belongs to H---C3, while for
PBE (structure c), there is only one critical point belonging
to O---NH.

CONCLUSIONS

In this paper, interactions of H,O---HNHPh and
HOH.--NH,Ph complexes have been analyzed by the
modern algorithms of NBO, NPA, NEDA and QTAIM.
Binding energy calculations show that HOH---NH,Ph
complex is more stable than H,O---HNHPh. At the level of
MP2/Def2-TZVP it is more stable about 1.5 kcal mol™*
which is higher than the kinetic energy of molecules in
room temperature. Its dipole moment is nearly two times
more than that of H,O-.--HNHPh, and its HOMO and
LUMO are more stable than those of H,O---HNHPh.
Transition state energy calculation, without dispersion term,
shows that the activation energy of the forward reaction
(HOH---NH,Ph complex to the TS) is about 104 kcal mol™
and the activation energy of the reverse reaction
(H,0---HNHPh complex to TS) is about 103 kcal mol™.
Taking into account the term of dispersion in DFT, the
activation energies redice to 8.1 and 7.0 kcal mol?,
respectively. NBO data show that the stabilization energy
due to the charge transfer for HOH:--NH,Ph complex is
more than that in H,O---HNHPh complex. NEDA results
show that the most important part in hydrogen bond
interactions of both complexes is charge transfer. QTAIM
results also confirm the NEDA data. Comparing the charges
show that the QTAIM algorithm presents better results than
the NBO or Mulliken methods.
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