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I. Introduction

B a10i1 paboTe CTpyKTypHBIE, SIEKTPOHHBIE B KoyiebaTenbHbIe cBoWcTBa L-acmaparnna Obuin
M3Y4YEHBI C MCIOJIb30BAHUEM CIIEKTPOCKOIIMH KOMOWHAIIMOHHOTO pacCesiHUsl U TeopuH (yHK-
uuonana miaotHoctu (DFT). MonekynspHas reomMeTpusi LBHUTTEp-MOHHOro L-acmaparuHa
(ZWASN) 6Obuta onTHMH3UpOBaHa Ha OCHOBe OasmcHoro Habopa B3LYP/6-311++G(d,p).
Bnyrpumonexyisipuyro H-cBsi3b B IBUTTEp-UOHHOM L-acnaparvse aHaJM3UMpOBaJIA C UCIIOJIb-
30BaHHEM METOJO0B MOBEPXHOCTHOIO MOJEKYISIPHOIO 3JIEKTPOCTaTUYECKOro IOTEHIHAaa
(MEP), kBanToBOI Teopun atoMoB B Mojekysnax (QTAIM), mpuBeseHHOrO rpajeHTa IIIOT-
Hoctu (RDG), HekoBanentHOro B3ammojeicTBusi (NCI) W 3JEKTPOHHBIX JIOKATM30BAHHBIX
¢yskunit (ELF). Taxke ObUtM paccUMTaHBI paclpenelieHHe aTOMHOTO 3apsga MaluimkeHa,
sHeprerudeckas mens HOMO-LUMO wu apyrue 37eKTpOHHBIE CBOMCTBA. DKCIIEPHMEHTAIb-
HBIE CIIEKTPHl KOMOWHAIIMOHHOTO PACCEesHHS OBUIH 3alMCaHbl M HHTEPIIPETHPOBAHEI C HCITOIb-
3oBaHueM MeTo10B PED.

KiroueBsble ciioBa: L-acniaparus, IBUTTEp-UOH, BOAOPOHAs CBs3b, criekTpockonus KP, meron DFT.

In this work, the structural, electronic, and vibrational properties of L-asparagine were studied
using Raman spectroscopy and density functional theory (DFT) calculations. The molecular
geometry of zwitterionic L-asparagine (ZWASN) was optimized based on the B3LYP/6-
311++G(d,p) basis set. Intramolecular H-bonding in zwitterionic L-asparagine was analyzed
using surfaces molecular electrostatic potential (MEP), quantum theory atoms in molecules
(QTAIM), reduced density gradient (RDG), non-covalent interaction (NCI), and electron loca-
lized functions (ELF) methods. Mulliken atomic charge distribution, HOMO-LUMO energy
gap, and other electronic properties were also calculated. Experimental Raman spectra were
recorded and interpreted using PED techniques.

Keywords: L-asparagine, zwitterion, hydrogen bond, Raman spectroscopy, DFT method.

Amino acids are molecules that have been widely
studied in recent years because they are the main com-
ponents of proteins [1-6]. The presence of H-acceptor
and H-donor centers such as carboxyl and amino
groups in their structures is important in the secondary
structure of proteins and in the process of aggregation
in various solutions [3-6].

From a structural point of view, amino acids have
two types of structures: neutral and zwitterionic. Basi-
cally, they are the neutral form (H,N-CHR-COOH)
with the most stable structure in the isolated system,

that is, for the gas phase [7-10]. However, they have a
zwitterionic structure (‘H;N-CHR—-COO") as a result
of the transfer of the proton from the carboxyl group to
the amino group in the crystal phase and in polar sol-
vents [11-14].

L-asparagine (C;sHgN,O;) is an amino acid that
can be found in both protein and free form. It is also
important in the metabolic modulation of cellular
processes in nerve and brain tissues [15]. Because it is
involved in the conversion of amino acids in the liver,
it is required for the synthesis of glycoproteins and a
wide range of proteins [16-20]. In Ref. [21], the con-
formation of asparagine was analyzed. The
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DFT(B3LYP)/6-311G* and DFT(B3LYP)/6-311+
+G** levels of theory were used to optimize a set of
972 conformational test structures. MP2 single point
energy calculations were performed on 62 stable con-
formations. Some H-bond displacement vibrations
have also been reported to comprise realistic confor-
mational stretching modes. Kimura [22] investigated
the theoretical stability of asparagine's side-chain
structure in solutions. Aleman et al. [16] theoretically
examined asparagine dipeptide utilizing HF and MP2
techniques, concluding that the gauche conformation is
dominant. The results of inelastic neutron scattering,
infrared, Raman, and 1H NMR spectroscopy used to
investigate L-asparagine dynamics are presented in the
Ref. [23].

In the current work, the physical-chemical proper-
ties of the zwitterionic structure of L-asparagine were
analyzed using DFT theory. We also tried to make
spectral characteristics using Raman spectroscopy.
Structural parameters (bond length and bond angle)
and quantum chemical properties such as dipole mo-
ment, HOMO-LUMO gap, MEP surface, Mulliken
charge analysis, electron affinity, ionization energy,
and chemical potential were reported for the first time.
Intramolecular H-bonding was analyzed using AIM,
RDG, NCI and ELF.

II. Experimental and computational details

A Renishaw Invia Raman was used to record the
Raman spectra of L-asparagine in the region
400-4000 cm ™" at room temperature. As a source of
excitation light, an argon laser with a wavelength of
532 nm, a power of 50 mW, and a diffraction grating
with a period of 1200 lines/mm was used. The dis-
persed light was recorded using a standard Renishaw
CCD Camera detector.

L-asparagine geometry was optimised using the
DFT approach in the Gaussian 09W programme [24].
The DFT approach, particularly with the B3LYP hy-
brid functional, has been successfully used to calcu-
late molecules energies and numerous physical-
chemical properties [12, 25]. In this study, we used
the B3LYP functional and the 6-311++G(d,p) basis
set, which includes diffusion and polarisation func-
tionals. Furthermore, to gain a better understanding of
intramolecular interactions in molecule, the topologi-
cal parameters of the electron density distribution in
the most stable structure were obtained using the
MULTIWEN [26] tool. The results of the AIM, NCI,
RDG, and ELF analyses were visualised using the tool
VMD [27].

ITI. Results and discussions
II1.1. Molecular geometry

The geometric structure of the zwitterionic
L-asparagine was optimized based on the B3LYP/6-
311++G(d,p) basis set (Fig. 1). The theoretical and
experimental geometric parameters corresponding to
the optimal geometry are presented in Table 1. Fig. 1
shows that there is an internal hydrogen bond
(N4-H14-01) between ionized carboxyl (COO") and
amino (NH;") groups of zwitterionic asparagine. The
intermolecular hydrogen bond length is 1.8 A.

Figure 1. The optimal geometry of zwitterionic L-
asparagine.
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Figure 2. Potential energy surface scan for dihedral angle
N4-C6-C8-01 of L-asparagine.

The potential energy surface (PES) of ZWASN
was scanned around the N4-C6-C8-01 dihedral angle
to localize the structure corresponding to the energy
minimum (Fig. 2). The result of the scan showed that
the ZWASN geometric structure with the calculated
N4-C6-C8-0O1 dihedral angle equal to 12.43 degrees
has the minimum potential energy.
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Table 1. Geometric parameters of zwitterionic L-asparagine.
Bond length, A
Calculated Expe[rzlgq]ental Calculated Expe[rzlgl]ental
H(17)-N(4) 1.0196 1.00 C(9)-C(7) 1.5270 1.518
H(16)-N(5) 1.0094 0.94 C(9)-0(3) 1.2290 1.240
H(15)-N(5) 1.0073 0.92 C(9)-N(5) 1.3496 1.334
H(14)-N(4) 1.0464 1.01 C(8)-0(1) 1.2612 1.2407
H(13)-N(4) 1.0211 0.92 C(8)-C(6) 1.5652 1.536
H(12)-C(7) 1.0918 1.01 C(8)-0(2) 1.2422 1.262
H(11)-C(7) 1.0957 1.03 C(7)-C(6) 1.5265 1.535
H(10)-C(6) 1.0903 1.00 C(6)-N(4) 1.5103 1.485
Bond angles, Degree
N(5)-C(9)-0(3) 122.8413 121.80 N(4)-C(6)-H(10) 106.7028 109
N(5)-C(9)-C(7) 115.5871 115.92 C(7)-C(6)-C(8) 114.6398 109.84
0(3)-C(9)-C(7) 121.4706 121.80 C(7)-C(6)-H(10) 109.2014 108.8
0(2)-C(8)-C(6) 116.0919 118.07 C(8)-C(6)-H(10) 107.9658 109.8
0(2)-C(8)-O(1) 129.2217 126.99 C(9)-N(5)-H(15) 122.2670 120.2
C(6)-C(8)-0(1) 114.6742 114.90 C(9)-N(5)-H(16) 119.3032 118.6
C(6)-C(7)-C(9) 111.6951 111.70 H(15)-N(5)-H(16) 118.2916 121
C(6)-C(7)-H(11) 109.5651 107.4 C(6)-N(4)-H(13) 113.0403 111
C(6)-C(7)-H(12) 110.8879 110.9 C(6)-N(4)-H(14) 102.3695 109
C(9)-C(7)-H(11) 105.4480 107.3 C(6)-N(4)-H(17) 113.6946 114.5
C(9)-C(7)-H(12) 111.4466 109.5 H(13)-N(4)-H(14) 108.2304 106
H(11)-C(7)-H(12) | 107.5586 110 H(13)-N(4)-H(17) 108.1747 105
N(4)-C(6)-C(7) 112.0049 110.86 H(14)-N(4)-H(17) 111.1513 112
N(4)-C(6)-C(8) 105.9504 109.90

It can be seen from Table 1 that the experimental
and calculated results are in good agreement with

each other.

IIL.2. Mulliken atomic charges

charged (Fig. 2 and 3). The dipole moment of ZWASN

is 13.2 Debye.

17H
16H

Mulliken atomic charge analysis plays an impor-
tant role in the use of quantum-chemical calculations
to interpret the electronic structure, reactivity, dipole
moment, and polarizability of a molecular system [25].
The Mulliken charge distribution for the ZWASN mo-
lecule is depicted in histogram form in Fig. 3. It can be
seen from the picture that all hydrogen (H) atoms in
the molecule are positively charged. Among them, H
atoms bonded to nitrogen atoms are charged more than
H atoms bonded to carbon atoms. The oxygen atoms in
the molecule are positively charged, and the oxygens
in the ionized carboxyl group (O1 and O2) have a
higher electron density than the remaining oxygen
(03). Also, the nitrogen atom of the ionized amino
group (N4) has a smaller electron density than the ni-
trogen atom of the non-ionized amino group (N5). The
carbon atoms C6, C7, and C9 in the molecule are ne-
gatively charged, and the carbon atom C8 is positively
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II1.3. Molecular electrostatic potential (MEP) of
surface

The molecular electrostatic potential (MEP) of
surface is characterized by the electron density distri-
bution of the atoms in the molecule. It can provide in-
formation about the physical-chemical properties of
molecular systems, such as size, shape, charge densi-
ty, and chemical reactivity properties. It is also used
to explain electrophilic and nucleophilic reactions
and to study hydrogen bonding [12]. Fig. 4 depicts
the MEP surface of the zwitterionic structure of L-
asparagine. Depending on the MEP level, the surfaces
are represented in different colors. The colors red,
yellow, green, blue are shown in increasing electros-
tatic potential order of the molecule. For our study,
the map color code was between —0.127 (arb. units)
(dark red) and 0.127 (arb. units) (dark blue) for the
molecule under study, where blue color represents the
region of nucleophilic reactivity (strongest attrac-
tion), and the red area indicates the region of electro-
philic reactivity (strongest repulsion). The green color
represents the region with zero potential. The calcu-
lated results show that negative potentials are pri-
marily on oxygen and nitrogen atoms. Positive poten-
tials are on the hydrogen atoms of the amino group.

Figure 4. Molecular electrostatic potential (MEP) surface
of ZWASN.

II1.4. Frontier molecular orbitals

The highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO)
are the two most important molecular orbitals that
explain the chemical behavior, bioactivity, and physi-
cal properties of a molecule, and together they are
called the frontier molecular orbitals. The energy dif-
ference between the HOMO and LUMO is the HO-
MO-LUMO energy gap. They play an important role
in chemical stability. The energy gap (HOMO-

LUMO) is also used to represent intramolecular
charge transfer (ICT), kinetic polarization, and the
electronic spectra of a molecule or system of mole-
cules. Quantum-chemical parameters such as the
global electrophilicity index, hardness, softness, elec-
tron affinity, and ionization energy can be calculated
using Koopmans's theorem [29]. The frontier molecu-
lar orbitals of ZWASN are shown in Fig. 5. Using the
HOMO and LUMO energies, various quantum-
chemical parameters (Table 2), such as ionization
energy (IE), chemical potential (u), hardness (g),
electron affinity (EA), and global electrophilic index
() were calculated using the following relations:

» Hardness: n= (EHOMO_ELUMO)/2

* Chemical potential: p = (EgomotELumo)/2

« Global electrophilicity index: = p*/2n

* [onization energy: IE=— Eyomo

* Electron affinity: EA=-E;ymo

&

o

" LUL\}?+1

AE=0.27 eV

HOMO-1

9

Figure 5. Frontier molecular orbitals diagram of ZWASN
Table 2. Quantum chemical parameters of ZWASN.

Enomo -0.259 eV
Erumo —0.017 eV
Enomo-ELumo 0.242 eV
Hardness 0.121 eV
Chemical potential -0.185eV
Global electrophilicity index 0.007

IE 0.259 eV
EA 0.017 eV

A molecule of a large HOMO-LUMO energy
gap is stable and less reactive, while a molecule of a
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low HOMO-LUMO energy gap is reactive. The
HOMO-LUMO energy gap of ZWASN is 0.24 eV,
which indicates its reactivity (Table 2).

IIL5. QTAIM, RDG, NCI, and ELFanalysis

The quantum theory atoms in molecules
(QTAIM) is one of the effective methods for studying
intra- and intermolecular hydrogen bonds in molecu-
lar systems [12, 25]. The presence of a bond critical
point (BCP) between the hydrogen atoms of the do-
nor group and the acceptor atom, which are linked by
the related bond path, is associated with the formation
of hydrogen bonds. Electron density p(r), electron
density Laplacian V’p(r) and energy density H(r) at
the critical points of the bond are the main topologi-
cal parameters for characterizing the nature of hydro-
gen. Figure 6a shows the bond critical points (orange
dots) in the ZWASN molecule. Electron density in
BCP formed between ionized carboxyl and amino
groups p(r)=0.0405 au, electron density Laplacian
V?p(r)=0.1321 au. These values are in the hydrogen
bond range (p(r)=0.0033-0.168 au, V*p(r)=0.020—
0.139 au) [30]. The energy density has a negative
value (H(r)=—0.005 au), and the covalent effect is

b)

dominant. This hydrogen bond energy is Epp=10.67
kcal/mol.

Noncovalent interactions (NCI) and reduced
density gradient (RDG) analyses are innovative tools
for graphical visualization of weak intermolecular in-
teractions. Quantification of the electron density of
(sign A2)p peaks relative to RDG provides informa-
tion on the nature and strength of molecular interac-
tions, where (sign A2)p is the electron density multip-
lied by the sign of the second Hessian eigenvalue
(A2). In a molecular system, blue represents attractive
interactions and red represents repulsive interactions;
(sign A2)p is critical in predicting the nature of the in-
teraction; for example, (sign A2)p<0 indicates a at-
tractive (bonded) interaction, whereas (sign A2)p>0
indicates a repulsive (unbonded) interaction. The
RDG scatter plot is depicted in Fig. 6b, which shows
a colored isogram of weak interactions in the
ZWASN molecule. Red represents strong repulsion
(steric effect), blue — hydrogen bonding interaction,
and green — van der Waals interaction in Figs 6b, 6c.
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Figure 6. Results of QTAIM (a), NCI (b), RDG (c), and ELF (d) analysis for ZWASN.
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Electron localization function (ELF) topological
analysis is widely used to describe chemical bonds in
atomic and molecular systems and to determine re-
gions where electrons are located. ELF explains the
electron pair density; the maximum number of elec-
tron pairs in the intermolecular space due to covalent
bonding forms the main line of the ELF map. The
ELF color map for ZWASN is shown in Fig. 6d.

If the plotted values of ELF are between 0.5 and
1.0, they have bonding and nonbonding localised
electrons, however if they are less than 0.5, they have
delocalized electrons. Though the interpretations are
similar, the localized-orbital locator (LOL) expresses
a more conclusive and flawless characterization than
ELF. The red colour represents the higher end of the
scale, while the blue colour represents the lower end.
A delocalized electron region is indicated by a region
with a value less than 0.5. Red and orange colors
represent high electron localization. The region be-
tween the inner and valence shells is represented by a
blue circle. The color shades of the ELF maps con-
firm the presence of bonding and non-bonding elec-
trons, with the red color around hydrogen atoms hav-
ing the highest value, indicating the presence of both
bonding and non-bonding electrons. High ELF values
around hydrogen atoms shown in red indicate high
localization of electrons due to covalent bonding, a
lone electron pair, or the presence of the core shell in
this region. And the blue circle around the nitrogen

Prpaimendd

Raman Inlensity, arh.w

— 7T T ‘* T T T T T T
1000 L] 1400 1600 100

YWavenumber, ot

atom shows the electron depletion region between the
inner shell and the valence shell.

I11.6. Vibrational analysis

Vibrational spectra are one of the main characte-
ristic properties of a molecule. The L-asparagine mo-
lecule consists of 17 atoms and has 45 vibrational
modes. Figure 7 shows the experimental and theoreti-
cal Raman spectra of L-asparagine. Table 3 shows the
results of the potential energy distribution (PED)
analysis of vibration models. The VEDA programme
[31] was used for PED analysis. PED analysis quanti-
fies the fraction of vibrational energy of a group of
atoms in each vibrational potential energy. The Ra-
man bands corresponding to the N-H vibration of
L-asparagine are located in the range of 3100-—
3600 cm™'. The spectral peak located at 3401 cm™
belongs to the NH, asymmetric stretching mode. The
spectral peak located at 3110 cm™ belongs to NH,
symmetric vibrations. Spectral bands of C-H stret-
ching located in the range of 2900-3000 cm™". Spec-
tral bands of C=O stretching vibrations are located in
the range of 1650—-1700 cm™'. The spectral band lo-
cated at the wave number of 1694 cm™' belongs to the
non-ionized C=0 stretching vibration. The spectral
peak located at 1674 cm™' belongs to ionized COO
asymmetric stretching vibration modes. Spectral
bands belonging to NH, bending vibrational modes
are located in the range of 1400—1600 cm™".
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Figure 7. Experimental and theoretical Raman spectra of L-asparagine.
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Table 3. Experimental and theoretical vibrational wavenumbers of L-asparagine

Mode | Experimental Calculated ’ Assignment (PED>10%)
1 3575 Vasym(H'>-N-H'®) 99%,
2 3453 Veum(H-N°-H'®) 99%
3 3401 3404 Vasym(H*-N*-H'*) 95%
4 3110 3343 Veum(H-N*-H'") 95%
5 2966 2999 v(C®-H'"") + v(C"-H"") 88%
6 2956 2983 Vasym(H''-C"-H'?) 83%
7 2935 2975 v(N*-H') 88%
8 2932 v(C’-H'") 87%
9 1694 1694 v(C’=0%) 76%
10 1674 1668 Vasym(0*=C=0") 73% + §(H"-N*-H"") 11%
11 1643 1658 S(H"-N*-H"") 73% —t(H"*-N*-C®-C") 23%
12 1596 1629 Vaeym(0?=C*=0") 12% —5(H"*-N*-H"") 65%
13 1532 1624 S(H'S-N°-H") 77% — 3(H"-N*-C°) 10%
14 1466 S(H"-C7-H'") 86%
15 1427 1431 S(H"-N*-H'")36% + t(H"-C"-C°-N°) 22%
16 1404 1421 S(H"-N*-H'"742% - 1(H"'-C"-C°-N) 20%
17 1363 1385 Veum(0*=C*=0") 10% + t(H'°-C*-C*=0") 47%
18 1354 Vam(0*=C*=0") 34% —t(H'-C*-C*-0") 17%
19 1331 VIN?-C?) 10% + Vgym(0*=C*=0") 15%+ 5(H'’-C*-C7) 34%
20 1300 1307 Vem(0™=C*=0") 15% + §(H"'-C"-C%) 12% —v(N°-C°) 17%
21 1237 1228 S(H"-C"-C%) 39%
22 1144 1167 V(C7-C% 21%+ 3(H'*-C*-C7) 19% + t(H"*-N*-C*-C7) 19%
23 1102 1106 S(H-N-C’) 30% + t(H"-N*-C°*-C") 14%
24 1075 1084 VIN®-C?) 1%+ §(H"-N-C?) 21% — t(H"-N*-C°®-C") 28%
25 1005 1050 V(C7-C% 15%— v(N*-C®) 27% —t(H"*-N*-C°-C7) (14)
26 970 v(C7-C®) 20% —t(H"-N*-C°®-C") 18% —t(H"*-C"-C°-N°) 10%
. 912 934 vIN*-C®) 34% — t(H®-N*-C*-C") 11% + t(H"-C-C°-N°)
14%
28 888 874 v(cg-c7) 54%
29 838 839 V(O'=C®) 11%+ v(C*-C°) 29% + §(0*-C*-0") 35%
30 799 759 3(0°=C*=0") 14%+ y(0*=C°*=0'-C®) 44%
31 662 697 Y(O*=C"-N°-C%) 48%
32 603 623 3(CE-CO-N*) 10% —5(C°-C*=0") 15% —t(H">-N*-C°-C7) 38%
33 567 596 V(C3-C®) 11% + §(C°-C*-0") 49%
34 521 527 (HP-N>-C°-C7) 40% —5(C*-C*-0") 15%
15 511 V(C*-C®) 20%— 8(0*=C*=0") 15% — 8(C*=C*=0") 11% —
(HP-N-C’-C7) 13%
36 412 432 6((1\15-C9—C7) 64";) '
37 346 3(C-C*=0") 21%+ §(C-C’-N*) 16% + y(C*-N*-C"-C®) 22%
38 329 8(C7-C*-N7) 53%
39 296 (H”-N>-C°-C7) 92%
40 270 t(H”-N*-C°-C7) 74%
3(C-C*=0") 14% + &(C*-C-NY 21% — y(C-N*-C'-C°)
41 259
24%
42 163 3(Co-C"-C%) 69%
43 76 7(C’-C"-C°-N*) 76%
44 70 7(C*-C"-C°-N%) 67%
45 49 T(N*-C*-C*=0") 65%

* v — stretching, 6 — bending, T — torsion, y — out-of-plane vibration, sym — symmetric, asym — asymmetric.
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IV. Conclusion

In this work, the structural, electronic, and vibra-
tional physical-chemical properties of zwitterionic
L-asparagine were investigated using Raman spectros-
copy and the density functional theory (DFT) method.
Also, molecular geometry, vibrational spectra, electron
density distribution in atoms, the molecular electrostat-
ic potential (MEP) of surface, frontier molecular orbit-
als (FMO), atoms in molecules (AIM), non-covalent
interaction (NCI), reduced density gradient (RDG),
and analysis such as electronic localization function
(ELF) were performed. The molecular geometry of
ZWASN was optimized using the 6-311++G(d,p) ba-
sis in the B3LYP approximation. The calculated geo-
metric parameters (bond length and angle) were com-
pared with the experimental results and found to be in
good agreement. For the first time, the charge distribu-
tion in atoms was calculated. Topological analyses
confirmed the presence of N-H~O internal H-bonds in
the ZWASN molecule. Using FMO analysis, parame-
ters of ZWASN such as the HOMO-LUMO energy
gap, ionization energy, chemical potential, hardness,
electron affinity, and global electrophilicity index were
determined for the first time. The theoretically calcu-
lated and experimentally observed wave numbers were
compared and found to be in good agreement. These
experimental and computational results will help in
studying the physical-chemical properties of L-
asparagine.
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L-acnaparuHHUHT CTPYKTYpaBHii, J3JeKTPOH Ba
TeOpaHUII XyCyCHATJIAPH

V.A. Xoauky.ioB

CamapkaH/| 1aBJiaT YHUBEPCUTETH, Y HUBEPCUTET XHUEOOHH
15, 140104, Camapkan, Y30eKUCTOH
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YOy nmpaa L-acmapariHHUHT CTPYKTYpaBHUH, dJeK-
TpOH Ba TeOpaHuil xycycustiapu Paman cmexrpo-
CKOMMSICH Ba 3MWIMK (yHKuHoHan Hazapuscu (DFT)
XucoOnaniapu épnamua YpraHuiras. L-
aCMaparMHHUHT LBUTTEP-UOH TY3WJIUILIMHUHI MOJIe-
Kkymsip reomerpusick B3LYP/6-311++G(d,p) 6Ga3zmc-
Jap TYIUIaMM acocuja ONTHUMasulamTupuingu. L[But-
teproH L-acmaparuagaru (ZWASN) wukn H-
OOFNIAaHUII MOJIEKYJIAP UIEKTPOCTATHK IOTEHIHAI
(MEP) cuptu, wmonexkynamaru aromuap (AIM),
KHCKapTupuirad 3uwink rpaguentu (RDG), HokoBa-
neHT Tascup (NCI) Ba 3eKTpoH Nokamu3anus QpyHK-
nusicu (ELF) ycymnapu €pmnamMuia Taxjvi KATHHIA.
Iynauaraex, Mamauken aToM 3apsii TaKCHUMOTH,
HOMO-LUMO sHeprus ¢apku Ba OOIIKa JIEKTPOH
XyCYCHUATIapH XHUCOOJMaHIu. DKcrepuMeHTan Paman
crnekTpu Kain kuiauHau Ba PED ycynu €pnamuna
TaXJIMI KHJIHHIH.

Kanut cy3aap: L-acnaparun, usurrep-non, H-0ormanum,
Paman cnexrpockonusicu, DFT meroau.



