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STUDY OF INTERMOLECULAR INTERACTIONS IN ANILINE-CHLOROFORM SOLUTIONS
Annotation

In this work, when analyzing the vibrational bands of aniline in chloroform solutions using experiment (Raman spectroscopy) and
calculations, a partial red shift was observed in the N-H stretching vibration band and a blue shift in the remaining bands. AIM,
NCI and RDG analyses were performed to determine non-covalent interactions in molecular systems, and accordingly, it was
confirmed that a partial red shift was formed due to the presence of weak H-bonds through the N-H group in aniline-chloroform
complexes. It was determined that mainly Van der Waals bonds were formed through the C-H group, and therefore blue shifts were
observed. Also, molecular electrostatic potentials surface (MEPS) and frontier molecular orbitals (FMO) analyses were performed
for the complexes to characterize chemical bonds in molecular systems and determine the zones where electrons are located.

Key words: aniline, Raman, H-bonding, DFT calculation, topological analyses.

U3YYEHUE MEKMOJEKYJISIPHBIX BSAUMOJEACTBUAMA B PACTBOPAX AHWINH-XJI0OPO®OPM
AHHOTaALIUSA

B nanHo# pabote mpu aHanu3e KoyieGaTeNBHBIX MMOJIOC aHWIMHA B PacTBOpax XJIOpoopMma ¢ HCHONIB30BaHHEM HKCIIEPHMEHTA
(pamMaHOBCKasi CIIEKTPOCKOTIHS) M PACUETOB HAOJFOIAI0OCh YACTUYHOE KPACHOE CMEIIICHUE B TI0JIOCE BaJICHTHBIX Kojiebanuidt N-H u
CHHEE CMEIEeHHE B OCTalbHBIX mosiocax. beumn mpoBenenbl ananussl AIM, NCI u RDG ans onpeneneHuss HEKOBaJICHTHBIX
B3aHMOJICHCTBUI B MOJISKYJISIPHBIX CHCTEMax, M COOTBETCTBEHHO OBLIO IOJATBEPIXKIEHO, YTO YaCTHYHOE KPAacHOE CMEIIeHHE
00pa3zoBasiock M3-3a HAJNMYUS CIa0BIX BOJOPOIHBIX cBszell depe3d rpynmy N-H B kommiekcax aHummH-xiopodopm. bemio
OTIpeNIeNIeHO, YTO B OCHOBHOM cBsi3W BaH-nep-Baanbca oGpazoBammcs depes rpymmy C-H, m mostomy HaGmomanuch cHHHE
cMmenieHue. Takke ObUTH TPOBEACHBI aHANN3HI TOBEPXHOCTH MOJIEKYJIPHBIX AIIEKTPOCTAaTHIeCKUX nmoTeHmainoB (MEPS), anamus
TpaHIUYHBIX MOJIEKYJSIpHBIX opOutaneit (FMO) s KOMIUIEKCOB AJIsi XapaKTEPUCTHKA XUMHYECKHUX CBS3€H B MOJIEKYISIPHBIX
CHCTEMax U ONpeeIeHHs 30H, TJe HaXOIATCS SIEKTPOHEL.

KarwoueBble ciioBa: anwinH, Paman, BoJopoaHbie cBs3H, pacuer DFT, Tomonoruueckuii aHamms.

ANILIN-XLOROFORM ERITMALARIDA MOLEKULARARO TA’SIRLARNI O‘RGANISH
Annotatsiya

Ushbu ishda tajriba (Raman spektroskopiyasi) va hisoblashlar yordamida anilinning chloroform eritmalaridagi tebranish
polosalalari tahlil gilinganda N-H valent tebranish polosasida gisman gizil va qolganpolosalarida ko‘k siljish kuzatildi. Molekulyar
sistemalardagi nokovalent o‘zaro ta'sirlarni, aniqlash uchun AIM, NCI va RDG analizlari o‘tkazildi, shunga ko‘ra anilin-chloform
komplekslarida N-H guruhi orgali kuchsiz H-bog‘lanishlar mavjudligi tufayli qisman qizil siljish hosil bo‘lishi tasdiglandi. C-H
guruhi orqali esa asosan Van der Waals bog‘lanishlar hosil bo‘lishi va shu tufayli ko‘k siljishlar kuzatilishi aniqlandi. Shuningdek
keltirilgan komplekslar uchun molecular electrostatic potentials surface (MEPS), chegara molekulyar orbitallari (FMO) analizlari
o‘tkazildi.

Kalit so‘zlar: anilin, Raman, H-bog’lanish, DFT hisoblash, topologik analizlar.

Introduction. The study of intermolecular interactions and their effect on solutions is of practical importance [1-3]. In
addition to hydrogen bonding, it is also important to study weak van der Waals, NH-z, OH-n, CH-7 and cation-x interactions [4].
Hydrogen bonding through NH vibrations is important in chemistry, biology and materials science. Aniline is a simple amine
representative of aromatic ring substances and is a good module for studying hydrogen bonding using NH vibrations and
spectroscopic methods [5-6]. Also, this substance is of interest to many researchers because it is one of the substances widely used
in materials science, industry and production. The structure of aniline has been studied using three different semi-empirical, ab-
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initio and DFT methods [7]. In [8-10], the eigen vibrational frequencies of aniline have been studied using NIR-FT Raman spectra.
Among other non-covalent bonds, there is also a sticking bond, which is said to be important in the formation of aggregations in
aromatic substances.

In this work, the vibrations of aniline in chloroform solution were analyzed using Raman spectroscopy. Using calculations,
interactions in aniline-chloroform complexes, molecular electrostatic potential surface (MEPS) surface, frontier molecular orbital
(FMO) analysis, atoms in molecules (AIM), quantum chemical parameters such as reduced density gradient (RDG) and non-
covalent interaction (NCI) analysis were performed.

Methods. Raman spectra of aniline and its chloroform solutions were recorded at room temperature on a Renishaw Invia
Raman spectrometer with a diffraction grating with a period of 1200 lines/mm. A laser with a wavelength of 532 nm and a power
of 50 mW was used as the excitation light source. A standard Renishaw CCD Camera detector was used to record the scattered
light. Quantum-chemical calculations were performed using the density functional theory (DFT) method in the Gaussian 09W
program [11]. B3LYP/6-311++G(d.p) was used for the partial complement. The geometric structure of the molecule was described
by MEPS and VMD tools [12]. The topological parameters of AIM and RDG were calculated by the Multiwfn 3.8 bin (Win 64)
program [13].

Results and Discussion

Vibrational analysis

Figure 1 shows the Raman spectra of pure aniline and its chloroform solution. The solutions are given in mole fraction (m.
f.). The maximum of the N-H vibration band involved in hydrogen bonding corresponds to 3359 cm, and at 0.9 m. f. this maximum
(3357 cm™Y) shifted by 2 cmL. However, when the concentration was reduced to 0.7 m. f. and experiments were conducted, a blue-
shift to a higher frequency occurred at 3364 cm™. This indicates that this aniline is bound to chloroform through N-H through weak
H-bonding or van der Waals interaction. In the C-H and CC+NHN vibration bands, a blue-shift to a higher frequency occurred by
2 cm! with a decrease in the concentration of aniline.
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Figure 1. Raman spectra of aniline-chloroform complexes (m.f.=mole fraction).

Similarly, the maximum of the NC+HCC+CCC vibration system corresponds to pure aniline at 1276 cm and a blue shift
of up to 2 cm* (1278 cm™) was observed at a concentration of 0.7 m. f. As the concentration decreased, the CC+CCC+HCC (1028)
bands did not change, and the CC+CCC (996) and HNH+HNCC (817) bands showed a blue shift of 2 cm-L. This suggests that the
aniline-chloroform interaction is weak or due to van der Waals interactions, with blue shift or no shift at all. Quantum-chemical
calculations were performed to confirm these results.

Molecular electrostatic potential surface (MEPS) analysis

Molecular electrostatic potential surface analysis plays an important role in visualizing charge distribution and studying
charge-dependent parameters, electrophilic, nucleophilic reactions, and noncovalent interactions. Electrostatic potential is also used
to identify reactive parts of a molecule. According to the MEPS color code for aniline (PhNH2)+chloroform (TCM)a (n=1-4) shown
in Figure 2, the electrostatic potential increases from red to violet [14]. According to the figure, the MEPS electrostatic potentials
for PANH2+TCM, PhNH2+(TCM)2, PANH2+(TCM)3 and PhNH2+(TCM)4 are given in the range of -4.900e~4.900e eV, -4.952¢"
2~4.952e2 eV, -4.735e2~4.735e2 eV and -4.942e2~4.942¢2 eV, respectively. It can be seen from the figure that the energy value
decreases as the number of TCM molecules increases, and it increases again in PhNH2+(TCM)a. This is because in complexes with
up to three TCMs, the TCM molecules are only bonded through N-H, while in complexes with four TCMs, the TCM molecules
are close to the ring on both sides. Also, according to the figure, no red and yellow areas were observed, and all were green and
blue areas, which mean that all the complexes are bound to each other by weak or van der Waals interactions.
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Figure 2. MEP diagram of PhNH2+(TCM)m (m=1-4) complexes

Frontier molecular orbital (FMO) analysis

The electronic properties and reactivity of molecules can be explained by examining the highest occupied molecular orbital
(HOMO) and the lowest unoccupied molecular orbital (LUMO). The HOMO is important for electron-donating or nucleophilic
reactions, and a molecule with a high energy HOMO is a good electron donor and can easily participate in oxidation or nucleophilic
reactions. The LUMO represents the next orbital that electrons can occupy, which is an electron-occupied or empty molecular
orbital. Molecules with a low LUMO energy are generally good electron acceptors and can participate in electrophilic reactions
[15]. The energy difference between HOMO-LUMO is an important characteristic of molecular reactivity. A smaller HOMO-
LUMO energy difference (AE) means that the molecule is easily excited and more reactive. Figure 3 shows the HOMO-LUMO
visualization and the bond energy (AE). Table 1 lists the parameters determined by the dipole moment, AE, in PANH2+(TCM)n
(n=1-4) complexes. According to Table 1, the dipole moment of PANH2+(TCM)z3 is larger than the others. As the TCM number
increases, AE also increases, reaching the maximum value for PhNH2+(TCM)2 and then decreasing. The global hardness is
2.488555 eV (PhNH2+TCM), 2.500935 eV (PhNHz+(TCM)z), 2.250735 eV (PhNH2+(TCM)s) and 2.397805 eV
(PhNH2+(TCM)4), and is the largest for PhANH2+(TCM)2. The ionization potential and electrophilicity are the largest for the
PhNH2+(TCM)2 complex in the same order.
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Figure.3. FMO diagrams of PANH2+(TCM)n (n=1-4) complexes
Table 1. Thermodynamical and chemical parameters of title complexes.

‘J’J l'o‘
2 °

PhNH2+(H20)4

Parameters PhNH+TCM PhNHz+(TCM), | PhNHz+(TCM)s PhNH2+(TCM)4
Dipole moment (Debye) 2.805420 3.459178 3.823264 1.201417
Enowmo (eV) -6.24458 -6.40458 -6.31207 -6.45138

Erumo (eV) -1.26747 -1.40271 -1.8106 -1.65577
AE=ELumo—EHomo 4.97711 5.00187 450147 4,79561

Global hardness n=AE /2 2.488555 2.500935 2.250735 2.397805
Chemical potential p=(ELumo+Eromo )/2 -3.75603 -3.90365 -4.06134 -4.05358
Global electrophilic index w=p?2n 2.834521 3.046549 3.664235 3.426357
|E=—EHomo 6.24458 6.40458 6.31207 6.45138

EA= - ELumo 1.26747 1.40271 1.8106 1.65577

Atoms in molecules (AIM) analysis

AIM is used to determine non-covalent interactions in molecular systems, in particular intra- and intermolecular hydrogen
bonds. The formation of critical points (CPs) in the electron density due to the bond path between two interacting atoms means that
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the gradient of its electron density disappears at these points [16]. Figure 4 shows the electron densityp(r), the electron density
Laplacian V2p(r), the energy density H(r), and the Lagrangian kinetic energy density G(r) and potential energy density V(r) for
PhNH2+(TCM)n (n=1-4) complexes in BCPs (Table 2).

Table 2. Topological parameters of PANH2+(TCM)n (n=1-4) complexes

. Lagrangian Potential Energy Laplacian  of | Hydrogen bond
Complex H-bonds Bi?d length Dlentsny of all kinetic energy | energy density | density electron density | energy Ens,
i electrons p(r) | gy v(r) H(r) V2o (r) kealimol
PhNH+TCM 2(H)...17(N) 2.2508 0.01772 0.01086 -0.00944 0.00141 0.04907 5.92
PhNH2+(TCM)2 2(H)...22(N) 2.3966 0.01363 0.00823 -0.00700 0.00123 0.03784 4.39
PhNH2+(TCM)3 27(N)...7(H) 2.3612 0.01435 0.00860 -0.00733 0.00126 0.03945 4.60
PhNH2+(TCM)4 7(H)...32(N) 2.2441 0.01794 0.01096 -0.00956 0.00140 0.04947 6.00

According to Table 2, the electron density Laplacian (V2p(r)) for the PhNH2+(TCM)n (n=1-4) complexes takes positive
values in the range of 0.03784-0.04907 au. Similarly, the energy densities (H(r)) indicate the presence of weak H-bonds at all
points.

PhNH2+TCM PhNHz+(TCM)2
v

v

PhNHz+(TCM)3

Figure 4. The molecular diagrams of PANH2+(TCM)n (n=1-4) complexes

The formula EHB=-V/(r)/2 was used to calculate the hydrogen bond energy. At critical points Hacps<0, the hydrogen bond
has a covalent nature, while Hecrs>0 has an electrostatic nature. According to the table, all bonds are weak hydrogen bonds and
are characteristic of the electrostatic effect. If we look at the bond lengths, all of them have a length of 2.1 A and more, which
confirms the presence of weak mutual H-bonding in all complexes, and such bonds can also be called VVan der Waals interactions.

Reduced density gradient (RDG) and non-covalent interaction (NCI) analyses

RDG and NCI analyses are used to characterize weak intermolecular interactions. The NCI index is used to characterize
intermolecular interactions and assess the nature of weak interactions. RDG is a fundamental dimensionless quantity consisting of
the density and its first derivative, and is expressed by formula (1):

_ 1 Vel

RDG(r) = G oy (€]

Determining the electron density sign(2,)p relative to the RDG provides information about the nature of intermolecular
interactions and the magnitude of these interactions. In molecular systems, blue indicates mutual attraction, while red indicates
repulsion. sign(4,)p<0 indicates repulsion between bonded atoms, while sign(2,)p >0 indicates repulsion between non-bonded
atoms.

»
®dy

PhNH2+(TCM).

Nt
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PhNH2+(TCM)3 PhNH2+(TCM)3
Figure 5. NCI and RDG analyses for PhNH2+(TCM)a (n=1-4) complexes
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The RDG scattering plot of the complexes is shown on the right side of Figure 5. According to the figure, red color
represents strong repulsive forces (steric or cyclic effect), blue color represents H-bonding, and green color represents the presence
of Van der Waals interactions. According to the results, the red marks between the PhNH: rings indicate the presence of cyclic
effect (Figure 5 a). It can also be seen from the RDG scattering plot on the right side of Figure 5 a) that the scattering mainly occurs
in the range of sign(1,)p, and the value of -0.01-0.00 represents VVan der Waals interactions. According to the left part of Figure
5, all complexes have Van der Waals interactions of the CI-H- - - N type between the NH2z group of PhNHz and the atoms in the CI-
H group of TCM, which corresponds to the range of sign(4,)p in the RDG scattering plot of -0.02-0.01. Accordingly, a blue shift
of PhNH2 was observed. In general, Van der Waals interactions play a dominant role in these complexes.

Conclusion. In this work, vibrational bands were studied using vibrational spectroscopy (Raman) to study the interactions
of aniline and its compounds with chloroform. In this case, a partial red shift and a mainly blue shift were observed in the vibrational
bands in aniline solutions. It was predicted that the cause of such shifts was the formation of mainly VVan der Waals bonds between
aniline and the solvent. This was confirmed when MEPS, FMO, AIM, NCI and RDG analyses were performed to determine the
non-covalent interactions.
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