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B panHO#l paboTe >KMIKWI aHWIMH H3ydald B YUCTOM BHJE W BOJHOM pAacTBOpe C
HCII0JIb30BaHUEM DKCIIEPUMEHTAIBHBIX U TEOpeTHIecKnX pacyetoB. C nomosio criektpos KP
anammsupoBamu odmacts 100-3200 cm™'. B 370l o6macT HaGMIOANOCh CHHEE M KPacHOE
cMmenieHue. BriepBle yCTaHOBJIEHO, YTO MPUYMHBI 3TOTO C/ABUTA CBSI3aHBI C HEKJIACCHYECKON
BostopoaHOoH cBsi3bi0 C—H:O B KOMIUIEKCOOOPAa30BaHMM W IIOATBEPXKICHBI PE3yJibTaTaMy
pacueToB ¢ wmcmoib3oBaHueM Teopermdeckoro DFT/BL3YP/6-311+G(2d,p) wmerona.
Mexanu3mMbl oOpa3oBaHusl arperatoB ¢ MoJekyidamu aHmmuH+(H,O); Takke Obutn
MIPOAHATU3UPOBAHBI C IOMOIIBIO TEOPETHUECKUX pacyeToB. PacueTsl MoKa3pIBalOT, YTO MOJTHAS
SHEPTHsl yBEIMIUBACTCS C YBEIWICHHEM YHCIIa MOJIEKYJI BOABI ITpH 00pa30BaHNH arperaTos.

KiioueBble cjioBa: aHWINMH, apOMaTUYECKOE KOJIBLIO, BOJOPOJHASI CBSI3b, KPACHOE CMELICHHUE, CHHEE
cMelienue, pacuetsl DFT.

In this work, a liquid aniline was studied in a pure and aqueous solution using experimental
and theoretical calculations. Using Raman spectra, the region of 100-3200 cm™' was analyzed,
and blue shift and red shift were observed in this region. For the first time, the reasons for this
shift were found to be due to the C—H:‘O nonclassical hydrogen bonding in the complex
formation and were confirmed in the results calculated using the theoretical DFT//BL3YP/6-
311+G(2d,p) method. Mechanisms of aggregate formation with aniline+(H,0); molecules
were also analyzed using theoretical calculations. Calculations show that the total energy

increases with the increase in the number of water molecules in the formation of aggregates.

Keywords: aniline, aromatic ring, hydrogen bond, red shift, blue shift, DFT calculations.

I. Introduction

The study of the nature of weak intermolecular
interactions has been of great interest in recent years
because they play a key role in determining the
physical-chemical properties of molecular structures
in a condensed medium [1-6]. It is also important to
study the weak nonclassical interactions (NH-m,
OH-n, CH-n, and cation-n) in addition to normal
hydrogen bonding [7]. Aniline is a simple amine
representative of aromatic ring substances, and N-H
vibration gives good results in the study of hydrogen
bonding [8-9]. Water is the most important inorganic
solvent in solution acts as a proton-donor or proton-
acceptor [10-11]. In [12-13] are studied clusters of
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water formed with phenol and benzene. The aniline
and water molecule are bound to the aniline by the
NH cation and the oxygen of the water by H bonding
[14]. The NH stretching vibration band is observed
around 3250 cm™', and this band shifts toward the
low frequency of 200 cm™ [15]. Israel Wolf et al.
[16] studied the mechanism of proton transfer from
the water molecule to the anion in the aniline
molecule and up to 6 water molecules. In this work,
the energy value of water decreases with increasing
number of molecules. The values of the calculations
and experimental results were found to differ
significantly when the number of water molecules
was 3 [16]. In [17] are studied the interactions of
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aniline and water molecules, suggesting that an N
atom in the NH group of aniline had a strong
hydrogen bond between the unbound O-atom of the
water molecule. In [17-18] is reported that in an
aqueous medium of aniline the spectral bands shift in
a low frequency side. In the study [19], in contrast, it
was found that at high pressures these bands shift
towards a higher frequency. Hobza et al. [20]
observed a red shift due to hydrogen bonding and a
blue shift when the H-bond was C-H---O or C-H---N
in aromatic ring substances. This phenomenon was
called anti-hydrogen bonding.

In [21] is analyzed the work of Hobza and
several scientists and confirmed the phenomenon of
blue shift, which, unlike Hobza, was called a
nonclassical hydrogen bonding phenomenon. It is
clear from the above literature review that the change
in spectral band shape in aqueous solutions of aniline
has not yet been completed, which in turn requires
scientific research in this area. In this paper, an
attempt has been made to explain in more detail the
mechanisms of formation of molecular clusters in the
aniline-water system. To this end, we have studied in
this work the interaction of aniline with water
molecules and its manifestation in the vibration
spectrum.

II. Experimental and calculation methods

The experiments were taken on a 1200 line/mm
diffraction grating in ViaRaman spectrometer, using a
Spectrum Stabilized Laser Module with a wavelength
of 785 nm and a power of 100 mW as the excitation
source. The Renishaw CCD was recorded using a
camera detector. The calculations were performed in
the Gaussian 09 program, based on the DFT method
and a set of BL3YP/6-311+G(2d,p) bases [22].

III. Results and discussion

Figure 1 shows the experimental results obtained
in liquid aniline and its solutions with water. As can
be seen from the figure, the Raman scattering spectra
of pure aniline are complex and have multiple
vibration maxima. Aniline in pure form corresponds
to the C-H stretching vibration band 3056 cm™', and
in solution with water this line shifts to a high
frequency of 10 cm™'. Similarly, the 1604 cm™
spectral band corresponding to the stretching
vibration CC of the ring shifts in the direction of the
high frequency of 2 cm™ in solution with water. The
spectral bands 1155 cm™ and 998 cm™' correspond to
the HCC and CCC bending vibrations of the ring and
shifted in the direction of high frequency by 4 cm™'
and 2 cm ™, respectively, in the solution with water.
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Figure 1. Raman spectra of aniline molecule: a) pure and b) aqueous solution.
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This corresponds to the blue shift phenomenon
observed in aromatic ring substances in [20-21]
studies, and concludes that the C-H groups of aniline
are formed due to the nonclassical hydrogen bond
formed by the O atom of water. The spectral bands
1279 cm™ corresponding to the N-C stretching
vibration and 822 c¢cm™' corresponding to the bending
vibration NH, shifted to the lower frequency side by
15 cm™ and 5 cm™', respectively. This may be due to
a red shift in the N—H:--O classical hydrogen bond.
No shifts are observed in the 532 cm™', 621 cm™,
1029 cm™', and 1176 cm™ bands, suggesting that the
atoms that generate the vibrations were not involved
in the H-bond. Theoretical calculations were
performed to fully explain this process.

Figure 2 shows the orientation of aniline+(H,0),
with water molecules. Figure 2a shows the
optimization state with the aniline+(H,O) molecule.
As can be seen from the figure, the H14 atom of
aniline forms H-bond with the O15 atom of the water
molecule, and the bond length is 2.11 A. Figure 2b
shows an aniline+(H,0O), aggregate bonded by 3
hydrogen bonds. One of these bonds is a C-H:-O
shaped nonclassical H-bond between O18 atom of
water with aniline H10 atom and bond length of 2.66
A, and the other is a hydrogen bond with a bond
length of 1.91 A between two water molecules. Also,
the H16 atom of water is bonded to the center of the
aniline ring by an OH-x type of H-bond with a bond
length of ~2.8 A

The energy of formation of this aggregate is
11.0 kcal/mol and the dipole moment is 2.72 D.
These bonds are formed by the N12, H14 atoms of
aniline and the oxygen, hydrogen atoms of water. The
bond length ranged from 1.77 up to 1.98 A, and the
aggregate formation energy and dipole moment had a
minimum value of 24.0 kcal/mol and 0.26 D,
respectively, it is dependend on the orientation of the
molecule.

Figure 2¢ shows an aniline+(H,0O); aggregate
bonded by four H-bonds. These bonds are formed by
the Ny, and Hy4 atoms of aniline and the oxygen and
hydrogen atoms of water, and the bond length is in
the range of 1.77-1.98 A. The aggregate formation
energy and dipole moment had a minimum value of
24.0 kcal/mol and 0.26 D, respectively, which is re-
lated to the orientation of the molecule.

Figure 2d shows an aniline+(H,0), aggregate

with an aggregate formation energy of 16.25 kcal/mol.
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This is small compared to the energy of ani-
line+(H,0);, which may be due to the fact that this
aggregate is mainly formed by weak bonds. The
bonds are bonded by a total of 5 H-bonds, two of
which are C-H---O with a bond length of 2.86 A type
nonclassical, OH-n type H-bond with a bond length
of ~2.61 A, Nj»-Hys (H-bond length 1.95 A) and
H,-Oy4 (H-bond length 1.94 A). The dipole moment
had a maximum value of 7.19 D.

Figures 2e and 2f show the aniline+(H,0)s and
aniline+(H,O)s aggregates. In this case, the bond
lengths were bonded by 8 H-bonds in the range of
1.79-1.98 A and bonded by OH-n shaped H-bonds
with lengths of 2.61 A and ~2.69 A, respectively.

The energy of formation of this aggregate are
35.0 kcal/mol and 39.0 kcal/mol. The dipole mo-
ments are 1.09 and 3.93 D, respectively.

Figure 2g shows the aniline+(H,0); aggregate,
which is bonded by 11 H bonds. These bonds are
bonded by H-bonds with lengths of 1.74-2.42 A, 3 of
which are bonded by the NH, atomic group of aniline
and the rest by water molecules, the aggregate forma-
tion energy is 46.8 kcal/mol, and the dipole moment
is 2.48 D.

Table 1. The results of calculations for molecular clusters
of aniline+(H,0), molecules.

Structure Dipole moment, D Etrilg;g’}{(g;;;llg? )

Aniline 1.24

Anilinet+1W 4.00 8.0
Aniline+2W 2.72 11.0
Aniline+3W 0.26 24.0
Aniline+4W 7.19 16.25
Aniline+5W 1.09 35.0
Anilinet+6W 3.93 39.0
Aniline+7W 2.84 46.8

Table 1 also shows the theoretically calculated
dipole moments and interaction energies for
aniline+(H,0),. The mechanics of aggregation forma-
tion with aniline+(H,0); molecules were studied us-
ing theoretical calculations.The dipole moment for
the aniline monomer was 1.24 D, and this value
increased to 4.0 D when one (H,O), was added. Cal-
culations demonstrate that the overall energy increas-
es as the number of water molecules in aggregate
formation grows.
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Figure 2. Calculated optimization of aniline+H,0. Here atoms of different colors are denoted as follows: red — oxygen,

gray — carbon, white — hydrogen, and blue — nitrogen.
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IV. Conclusion

In this work, liquid aniline was studied in a pure
and aqueous medium using experimental and
theoretical calculations. Experimental results show
that in aniline aqueous solutions 3056 cm™' band for
C-H stretching vibration, 1604 cm™" spectral band for
stretching vibration CC, and 1155 cm™ and 998 cm™
spectral bands for NCC, and CCC bending vibrations
of the ring are shifted to the high frequency side.
The spectral bands 1279 cm™ for the N-C stretching
vibration and 822 cm™' for the NH, bending vibra-
tions shifted to the low frequency side. Using theoret-
ical calculations, the mechanisms of aggregate forma-
tion with aniline+(H,0); molecules were analyzed.
Calculations show that the total energy increases with
the increase in the number of water molecules in the
formation of aggregates. For the first time, blue shifts
were observed in the aniline water system along with
red shifts, which were assumed to be due to C-H---O

H-bonds, and were confirmed by experimental
results.
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AHWIMHHHHT CYBJIM MYXHTHJIAa MOJIEKYJajaapapo
TabCHP KYWIAPHHHU TeOPaHHUII CHEKTPJIAPH XamMaa
DFT ycyauaa ypranuun

B.b. XynaiikyJioB

CamapkaH[ JaBlaT YHUBEPCHTETH, YHHUBEPCUTET OymbBapH, 15,
140104, Samarkand, Uzbekistan

Yy uiga CyroK aHWIMH TO3a Xamjia CYBJIM MYXHTAA
Taxpuba Ba  Hazapuwii  xucoOmamuiap — Eprammaa
ypraummma.Paman crexrpnapn épaamuaal00-3200 cm™'
OpAHKJA TaX)IWI KWIUHINA Ba Oy OpaUKAa KYK CHJDKUIIL
Ba KW3WI CWDKHUIDIAP Ky3aTwind. bupuHum maprta Oy
cunku cababmapu xomiekce xocwn Oymumparu C—H--O
HOKIJIACCHK BOAOPOA OOFNmaHWMIn TyQalom dKaHIUTH
agmimanan  Ba Hazapuii  DFT/BL3YP/6-311+G(2d,p)
METOIU épmamuaa XHCOOJIaHTaH HaTIKaJIapaa
tacauknauau.  UlyHumHrnexk  Hasapuit  XmcoOmamumap
épmamuna aHwimHH(H,0); raua momekynamapu Ownitax
arperaTiiap IIaKJUIAHUIT MEXaHU3MIIAPH TaXJIHJ KUJIAHIM.
Xucobnariap KypcaTaauKu, arperariap XoCuia Oyuimaa
CyB MOJIEKyJacH COHM OPTHUIIM OWJIaH yMyMHUH SHeprus
opTap 3KaH.

Kanur cy3aap: AHWINH, apOMaTHK XajKa, BOAOPOA OOFIaHWII,
KM3WJI CWDKHIL, KYK CWDKHILI, CTHKMHTI ¥3apo Tabcup, DFT
xXucobmanmap.
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