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This research presents a theoretical analysis based on structural and spectral data to elucidate the mo-
lecular interaction mechanism of propiconazole, a fungicide. The optimization, vibration bands, and elec-
tronic structure analysis were conducted using the B3LYP level density functional theory with the aug-cc-
pVDZ basis set. Additionally, molecular docking simulations were performed to uncover the mechanism and
modes of interaction between the propiconazole pesticide and DNA (PDB ID: 1BNA). The investigation re-
vealed that the compound exhibits reactivity and polarizability, as indicated by the HOMO-LUMO energy
range. The analysis of the molecular electrostatic potential surface (MEPS) and electrostatic potential sur-
face (ESPS) demonstrated that the N6 and N7 atoms possess negative potential and serve as active sites for
nucleophilic attacks. Similar observations were made for the oxygen and chlorine atoms. The molecular
docking analysis indicated a preference for the propiconazole ligand to bind to DNA at sites involving nitro-
gen, oxygen, and chlorine atoms, specifically with guanine (G)-cytosine (C) interactions. Notably, the re-
markable concordance between the MEP and molecular insertion results further supports these findings.
These results provide valuable insights into the mechanism of DNA damage and the toxicological effects of
the pesticide. Furthermore, the molecular docking analysis led to observations of changes in the optimized
structure of the propiconazole molecule. For instance, the bond length between Cl1-C15, which was initially
determined as 1.73 A in the optimized structure, was recalculated as 1.77 A following the molecular docking
analysis.

Keywords: propiconazole, density functional theory, molecular docking, molecular electrostatic poten-
tial surface, vibrational assignments.
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Teopemuueckuii ananus, OCHOBAHHBIU HA CMPYKMYPHbIX U CHEKMPATbHLIX OAHHBIX, UCHONIb308AH O
BBIACHEHUS. MEXAHUMA MONEKVISAPHO20 83aAUMOOelcmauUs nponuxkonazona — gyneuyuoa — ¢ JHK. Onmu-
MU3ayus, AHAIU3 NOJLOC KOACOAHUU U 2NeKMPOHHOU CMPYKMYPbl NPOBEOeHbl C UCNONb30BAHUEM Meopuu
@yuxyuonana niomuocmu yposmeil B3LYP ¢ 6azucuvim nabopom aug-cc-pVDZ. IIposedeno moodenuposanue
MONEKYNSIPHO20 OOKUH2A 015l ONpedesieHUsi MeXAHU3MAa U CnocoO08 83aUMOO0eUCmeuss Mercoy necmuyuoom
nponuxorazonom u JJHK (ID PDB: 1BNA). Ilokasano, umo coedurerue npossisien peakyuoHHyr cnocoo-
HOCMb U ROJIAPUZYEMOCIb, HA YmMo yKazvlieaem ouanazor sxnepeuit B3AMO-HCMO. Ananusz nogepxnocmu mo-
JIeKYIAPHO20 dNiekmpocmamuyeckoeo nomenyuana (MOII) u nogepxHocmu 1eKmMpocmamuiecko20 nomen-
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yuana Monexkynvl noxkasai, umo amomsi N6 u N7 obradaiom ompuyamensHuolM NOMEHYUATOM U CLYHCAM aK-
TMUBHBIMU YEHMPAMU 0N HYKIeOQUIbHLIX amak. Ananocuunsle HabOII0OeHUs: coenansl 01 Amomo8 KUCIo-
pooa u xnopa. Ananuz MoneKyIapHo20 0OKUHea HOKA3Al CHOCOOHOCIb AU2an0a NHPONUKOHA3O0NA CEA3bIBAMb-
ca ¢ [JHK 6 caiimax, exniouaiowux 6 cebs amomuvl azoma, KUCI0pood U Xaopd, 8 YHacmHOCMU, ¢ 83auMo0eli-
cmeusmu eyanut (G)-yumosun (C). Coomeemcmeue pesynvmamos MOIII u monekyasprol ecmasku noo-
meepoicoaem coerantvie 8bl800bl. Pezynomamol 0arom yenHyro uH@OpMayuio o Mexanusme noepexcoenus
HHK u moxcuxonozuueckom osoelicmseuy necmuyuoa. B pesynemame ananuza MonekyisipHo2o OOKUHed
BbIAGAECHBL UBMEHEHUST 8 ONMUMUZUPOBAHHOU CIMPYKIYpe MOLeKyIbl nponuxkonasona. Jnuna ceszu ClI-C15,
komopas usnauanvio cocmaensna 1.73 A 6 onmumuszuposannoii cmpyxkmype, nepecuumana xax 1.77 4 no-
clle ananu3a MONeKyIApHo20 OOKUH2A.

Knrwoueswle cnosa: nponuxonason, meopust GyHKYUOHAA NAOMHOCIU, MONEKVIAPHLII OOKUHZ, NOGEPX-
HOCHb MOAEKYISAPHO20 IIeKMPOCMAmMUYecKo20 NOMeHyuad, Koiebamenvbhvle pacnpeoeseHus.

Introduction. Although the use of pesticides in agriculture brings significant economic benefits, their
detrimental effects on the environment and human health cannot be overlooked [1-3]. Pesticide residues can
accumulate in the human body through the food chain, biological enrichment, and environmental exposure [2].
Propiconazole, a broad-spectrum fungicide, is a triazole derivative developed by Janssen Pharmaceutics
(Belgium) [4]. It is commonly applied to grasses, fruits, grains, seeds, hardwoods, and conifers [5, 6]. While
propiconazole has demonstrated efficacy in combating various fungal attacks, prolonged use has been asso-
ciated with toxic effects in mammals, fish, and certain invertebrates [7, 8] — for example, Pan et al. reported
the stereoselective acute toxicity of propiconazole towards aquatic organisms such as Scenedesmus obliquus
and Daphnia magna [8]. Wang et al. investigated the toxicity of propiconazole at the protein level and char-
acterized its effects on human serum albumin (HSA) using molecular modeling and multi-spectroscopic
methods [3]. In rats, the administration of propiconazole induced liver fibrosis through pathological changes,
epithelial-mesenchymal transition, and collagen deposition [9]. Furthermore, exposure to propiconazole at
concentrations typically used in agricultural fields significantly harmed flagellates [10]. These studies collec-
tively demonstrate the serious toxic effects of propiconazole across a wide range of organisms, highlighting
the need for further investigation into its characterization and interaction with DNA molecules.

Quantum chemical calculations are frequently employed to analyze the structural parameters, electronic
properties frontier molecular orbital (FMO), Mullikan atomic charges, thermodynamic functions, and mo-
lecular electrostatic potential (MEP), as well as vibrational frequencies (IR and Raman) of diverse molecular
systems. Density functional theory (DFT), an approach aimed at quantitatively comprehending material
properties based on the fundamental principles of quantum mechanics, is a commonly preferred method for
calculating the electronic structure of atoms and molecules [11]. DNA serves as the fundamental building
block of life, carrying hereditary and genetic information through processes like replication and transcrip-
tion. Given the significant importance of examining micro-molecule-DNA interactions and elucidating the
interaction mechanisms, DNA is frequently chosen as the target molecule in studies involving various small
molecules, including carcinogens [12].

Although numerous articles have been published on the toxicity and mechanisms of propiconazole,
there has been a notable absence of studies characterizing propiconazole using the DFT method and investi-
gating its interaction mechanism with DNA. We performed molecular modeling and spectroscopic character-
ization of propiconazole from a theoretical standpoint, and explored the propiconazole-DNA interaction us-
ing molecular docking. These calculations are of utmost importance as they provide essential insights into
the molecular interaction mechanism of propiconazole, thereby enhancing our understanding at the molecu-
lar level.

Material and methods. The theoretical calculations in this study were conducted using the Gaussian 09
software package [13]. For the quantum chemical calculations, the DFT/B3LYP/aug-cc-pVDZ basis set was
selected. Following the geometry optimization calculation, vibrational frequencies were obtained. It is well-
known that B3LYP vibrational wavenumbers tend to be higher than experimental values. To align the theo-
retical values with the experimental ones, a uniform scaling factor of 0.9704 was applied. Theoretical data
were visualized using the Gauss View program [14]. Additionally, the potential energy distributions of the
observed vibration frequencies were calculated using the VEDA program [15]. For the molecular docking
studies, Autodock Vina [16], Autodock Tools, and PyYMOL Molecular Graphics System programs [17] were
employed.
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Results and discussion. Table 1 presents the optimized parameters, including bond lengths and bond

angles, of the propiconazole molecular structure, with atom numbering as shown:

TABLE 1. Geometrical Parameters Optimized in Propiconazole, Bond Length R (1,J)
and Bond Angles 4 (1,J,K)

Bond length, A

R(1,15) 1.73 R(7,22) 1.37 R(20,38) 1.08 R(16,32) 1.09

R(2,21) 1.72 R(8,12) 1.53 R(12,28) 1.10 R(17,33) 1.09

R(3,8) 1.44 R(8,13) 1.52 R(12,29) 1.10 R(17,34) 1.09

R(3,9) 1.43 R(9,10) 1.51 R(13,15) 1.40 R(17,35) 1.09

R(4,8) 1.44 R(9,11) 1.51 R(13,16) 1.40 R(18,21) 1.39

R(4,10) 1.43 R(9,23) 1.10 R(14,17) 1.52 R(18,36) 1.09

R(5,6) 1.33 R(10,24) 1.09 R(14,30) 1.10 R(19,21) 1.39

R(5,12) 1.46 R(10,25) 1.09 R(14,31) 1.10 R(19,37) 1.09

R(5,20) 1.35 R(11,14) 1.53 R(15,18) 1.40

R(6,22) 1.33 R(11,26) 1.10 R(16,19) 1.39

R(7,20) 1.31 R(11,27) 1.10 R(22,39) 1.08

Bond angles, degree

A(8,3,9) 104.96 | A(5,20,38) 124.34 A(8,4,10) 105.34 A(4,10,25) 109.77
A(1,15,13) 121.18 | A(7,20,38) 126.55 A(6,5,12) 120.25 A(9,10,24) 113.10
A(1,15,18) 118.73 | A(2,21,18) 120.03 A(6,5,20) 112.39 A(9,10,25) 112.45
A(13,15,18) 120.09 | A(2,21,19) 119.97 A(12,5,20) 127.37 | A4(24,10,25) 108.04
A(13,16,19) 120.11 | A4(18,21,19) 119.10 A(5,6,22) 100.32 A(9,11,14) 111.72
A(13,16,32) 121.54 | A(6,22,7) 115.80 A(20,7,22) 102.38 A(9,11,26) 109.84
A(19,16,32) 118.35 | A(6,22,39) 121.05 A(3,8,4) 108.62 A(9,11,27) 109.72
A(14,17,33) 110.98 | A(7,22,39) 123.15 A(3,8,12) 107.85 | A4(14,11,26) 108.55
A(14,17,34) 110.10 A(8,3,9) 104.96 A(3,8,13) 110.85 | A4(14,11,27) 109.42
A(14,17,35) 110.28 | A(26,11,27) 107.49 A(4,8,12) 108.57 | 4(11,14,31) 110.17
A(33,17,34) 108.31 | A(5,12,8) 112.20 A(4,8,13) 110.48 A(8,13,15) 121.76
A(33,17,35) 108.08 | A(5,12,28) 106.35 A(12,8,13) 110.40 A(8,13,16) 118.45
A(34,17,35) 108.09 | A(5,12,29) 106.55 A(3,9,10) 102.73 A(15,13,16) 119.80
A(15,18,21) 120.00 | A(8,12,28) 111.79 A(3,9,11) 110.59 | 4(11,14,17) 111.72
A(15,18,36) 120.10 | A(8,12,29) 111.67 A(3,9,23) 107.71 A(11,14,30) 109.82
A(21,18,36) 119.90 | A(28,12,29) 107.95 A(10,9,11) 114.01 A(4,10,25) 109.77
A(16,19,21) 120.01 | A(5,20,7) 109.11 A(10,9,23) 110.35 A(9,10,24) 113.10
A(16,19,37) 119.21 | A(4,10,24) 110.26 A(11,9,23) 110.98 A(9,10,25) 112.45
A(21,19,37) 120.78 | A(4,10,9) 103.15 | 4(24,10,25) | 108.04
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The calculated bond lengths for various atom pairs in propiconazole are as follows: C11-C15 (1.72 A),
CI2-C21 (1.73 A), N5-N6 (1.33 A), N7-C20 (1.31 A), N7-C22 (1.37 A), N5-C20 (1.35 A), and N6-C22
(1.33 A). In a crystal structure study by Jin-Xiang and Chun-long [18], the experimental bond lengths were
reported as follows: CI-C (1.74 and 1.75 A), N-C (1.44, 1.31, and 1.33 A), N-N (1.36 A), and C-O (1.39 and
1.42 A). The bond lengths C8-03 and C8-O4 were calculated as 1.44 A.

Among the bond angles in propiconazole, the widest angle was observed between C12-N5-C20, calcu-
lated as 127.37°, which aligns with the experimental value of 128.8° reported in the study [18]. The bond
angles between N5-N6-C12 and C20-N7-C22 were determined as 100.32 and 102.38°, respectively, which
represent the smallest bond angles in the propiconazole molecule. The experimental values for these angles
were reported as 102.5 and 102°, respectively. Overall, the theoretical calculations closely match the exper-
imental data [18].

Propiconazole is composed of 39 atoms and exhibits 111 different types of vibrational modes. In this
study, the vibrational modes were calculated using the DFT/B3LYP/aug-cc-pVDZ basis set. Specifically,
propiconazole has 38 stretching modes, 37 bending modes, and 36 torsion modes. The detailed potential en-
ergy distribution, as well as the scaled and unscaled vibrational assignments, are presented in Table 2. The
theoretical IR intensity and Raman spectra can be seen in Fig. 1.

IIR, a. u. a
100

so| || |

60 \ il
“

40 | \ JL

20 I

0 Lad | A L\/J WA W on

IR, a. u. b
360
320
280
240
100
160
120
80
40 i s
0

3200 2800 2400 2000 1600 1200 800 400 O A,nm

Fig. 1. The theoretical Infrared (a) and Raman (b) spectra of propiconazole.

TABLE 2. Detailed Assignments of Theoretical Wavenumbers (cm ™) of Propiconazole Along with %PED

DFT/B3LYP/ aug-cc-pVDZ | Scaled | I(IR) | I(R) Assignment (%PED)
3269 3172 | 0.94 | 65.56 vem99
3260 3164 | 3.19 | 114.65 vien99
3227 3131 | 1.60 | 154.55 vcu)100
3225 3130 | 1.40 | 25.48 v(cH)93
3210 3115 | 0.15 | 67.07 Vien)93
3162 3068 | 1.39 | 30.46 Vien)98
3109 3017 | 30.95| 87.27 V(cH))86
3102 3010 | 33.71 | 88.43 vien)97
3101 3009 | 8.63 | 82.25 vien99
3096 3004 | 55.56 | 17.54 vien 74
3075 2984 | 5.53 | 21.49 VicH)68
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Continue Table 2

DFT/B3LYP/ aug-cc-pVDZ | Scaled | /(IR) | I(R) Assignment (%PED)
3058 2967 | 12.17 | 71.62 VicH)64
3038 2948 | 57.98 | 129.19 vcn)83
3027 2937 | 4523 | 393 v(cH)79
3025 2935 | 15.43 | 259.18 VcH65
3017 2928 | 5.87 | 88.84 vcm)63
2998 2909 | 24.15 | 75.73 vcn)98
1625 1577 | 73.05 | 70.97 v(cc)65
1595 1548 | 20.27 | 6.83 Vice)63+dmce)21
1540 1494 67.78 4.75 V(Nc)58+6(HCN)27
1513 1468 | 2.08 6.16 dHcn)69
1487 1443 | 3536 | 0.17 Sat1ce)39+8cm 58
1477 1433 6.90 5.04 S(HCH)72+T(HCCC)15
1470 1426 1.69 6.49 dmcmd2+Ttmeco)13
1468 1425 | 8.94 | 17.64 Vovo3 1 +81en 10
1457 1414 | 148 | 7.15 Saicin 74
1451 1408 22.73 2.92 S(HCN)21+5(HCH)20+V(NC)13
1421 1379 | 141 | 1.68 Tcoe)39
1402 1361 | 29.47 | 2.20 V(ce 36481020
1396 1355 | 2.35 0.05 Smcny87
1394 1353 | 14.89 | 29.13 VNG S3+8ten 13
1381 1340 0.38 1.42 ’C(HCOC)31+’C(HCCC)13
1374 1333 | 0.01 | 23.79 THcee)S7
1356 1316 | 3.89 4.17 S(Hc0)60
1351 1311 2.67 3.23 V(NC)15+6(HCN)25
1335 1295 | 145 | 0.72 Tacoo)18
1320 1281 2.21 2.35 V(cc)81
1315 1276 | 0.83 | 4.95 S(rico)64
1308 1269 | 37.44 | 17.88 e A8+ aien20+vane 14
1278 1240 | 0.94 1.65 THcoc)3 1
1271 1233 | 13.56 | 4.03 dce)71
1258 1221 | 559 | 0.83 dmcc)39
1234 1197 | 88.36 | 5.50 S(ticoy 1 5+8 e 14
1225 1189 | 1456 | 1.35 SmeN)38+dneny 13
1215 1179 4.92 14.26 V(CC)13+6(HCO)30
1209 1173 | 581 | 461 Voo 1 048 1cn) 13
1185 1150 | 55.14 | 24.92 Tcoo)10
1161 1127 | 24.72 | 12.30 Smeny41+06(cnn33+8enn)33
1157 1123 | 43.58 | 6.70 dmcce)21
1153 1119 | 21.67 | 16.00 Saicc)31
1140 1106 | 0.26 8.38 —
1119 1086 | 41.93 | 23.36 vicod1+vcio)14+dmco)l 1
1107 1074 | 50.29 | 2.91 vcoyl0
1073 1041 | 29.59 | 2.82 drccy13+0(cceyl S
1071 1039 | 2040 | 1.76 vce)34
1060 1029 |41.43 | 1.85 Voo 1 4++vao 15
1046 1015 68.77 7.76 V(cc)34+\/(oc)28
1032 1001 | 11.28 | 2.62 voo)ls
1021 991 | 18.19 | 8.85 Voe3s
1005 975 | 16.06 | 1.52 Tacoo)13
986 957 5.28 1.34 THcco)67
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Continue Table 2

DFT/B3LYP/ aug-cc-pVDZ | Scaled | /(IR) | I(R) Assignment (%PED)
976 947 | 53.39 | 4.01 d(cce)22
969 940 1.14 1.24 dneNy63+vann 10
923 896 30.59 | 245 Vc)26+d0cc)13
900 873 0.21 4.15 vico 1 +twcce)l7
895 869 7.69 0.28 T(HCNN)82+T(CNNC)12
887 861 10.07 4.24 dmceyl4+trece)23
886 860 11.64 0.05 Trcce)09+y(cice)12
856 831 8.14 0.59 THCNC)O6+T (NN 12
849 824 30.12 0.51 Trcce)l4+vioc) 10
838 813 11.87 0.61 Trccee)S0
815 791 19.29 12.24 V(oc)28+\1(c1c)14
802 778 54.25 1.15 8(ccc)21+\/(c1c)21
753 731 7.15 1.10 Tcceoyl2
736 714 1.36 0.26 THcced4+dmcc) 10
722 701 2.30 1.91 T(ccee)22
692 672 | 2038 | 0.37 T(NNCO)S 9+ TN L6+HT(nenny 15
679 659 19.91 3.92 8(CCC)16+T(NCNN)15
675 655 10.79 8.63 d(cce)S4
659 639 4.61 1.80 Tnenny 18+ ey 10+0¢0cc) 16
633 614 4.35 3.86 T(CNNC)10+T(NCNN)21
580 563 3.82 0.40 T(ciccoydd+tccce)l 6+tmece) 12
534 518 9.48 1.48 Tocce)l2+8ccoyl3
511 496 20.00 0.06 S(Ccc)l4+5(c1cc)12+V(c1c)12+\/(cc)12
472 458 5.41 1.69 V(c]c)12+Y(c1ccc)24
465 451 6.17 0.29 T(CCCC)36+T(HCCC)19+Y(C1CCC)17
402 390 1.83 6.77 vcic)39
395 383 2.75 2.11 5(OCC)1 1+8(C1CC)1 8+T(occc)10
375 364 0.32 1.69 | dneoyl 1+8(cce) 1 0+tcccey12+y(ciceey 12
365 354 1.80 0.46 d(enmy21
326 316 0.91 2.77 Scco)l 9+8(cice)10
297 288 0.94 1.08 Yocco)22
289 280 0.78 0.38 8(CNN)20+5(OCC)23+5(CCC)1 1
274 266 3.40 0.73 8(CCN)27+'C(QCCC)12+T(CCNN)16
249 242 0.08 0.49 THcco)64
235 228 0.60 5.56 dccayl 6+vce)l6
194 188 0.39 1.42 d(cico)70
185 180 0.30 0.16 THco)22+0(ccc)25+6ccoyl S
173 168 0.04 0.79 Tcccoy2 1+yciceeyS0
162 157 0.24 0.33 d(cce)30
145 141 0.08 0.67 d(ccey24+ycenny10
105 102 1.75 1.11 'Y(CCNN)26+6(CCN)1O
90 87 0.09 248 T(ccee)22+ycene)25
77 75 0.11 0.65 ’C(CCNC)46
61 59 0.34 0.67 Tcocc)1 2+1cone)24
50 49 2.38 0.80 ‘E(CCCC)l2+T(CCNC)40+T(COCC)13
45 44 0.53 1.61 T(cceo)35+Tcone) 16
39 38 0.92 0.25 Tcoccyl S+1cceny 19
26 25 0.41 2.60 T(ccco)28+Tcceny33
20 19 0.96 1.79 Tccen)20+Tcoce)3 7+0wco)l |
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Both IR and Raman vibrational spectroscopy techniques complement each other. Weak bands in the IR
spectrum appear as strong bands in the Raman spectrum, and vice versa. This relationship is clearly observed
in Table 2 and Fig. 1. The most prominent bands in the Raman spectrum correspond to the C-H stretching
vibrations at 3131, 2948, and 2935 cm!. These vibrational bands appear as medium and weak bands in the
IR spectrum. On the other hand, the strongest bands in the fingerprint region of the IR spectrum are N-C at
1494 cm™!, H-C-O at 1197 cm™!, C-C at 1074 and 1015 cm ™!, and C-C-C at 947 and 778 cm™'. In the Raman
spectrum, these bands are observed as weak bands.

The calculated C-H stretching frequencies are as follows: 3172, 3164, 3131, 3130, 3115, 3068, 3017,
3010, 3009, 3004, 2984, 2967, 2948, 2937, 2935, 2928, and 2909 cm™'. The corresponding potential energy
distribution (%PED) contributions are 99, 99, 100, 93, 93, 98, 86, 97, 99, 74, 68, 64, 83, 79, 65, 63, and
98%, respectively. Among these vibrational bands, those observed in the range of 3172-3068 cm ™' corre-
spond to the C-H symmetric and asymmetric vibration bands of the benzene and pyrrole ring, while those
observed in the 3017-2909 cm™' region correspond to the C-H symmetric and asymmetric vibration bands of
the CH2 and CH3 groups.

The calculated C-C stretching frequencies are as follows: 1577, 1548, 1361, 1281, 1086, 1074, 1039, and
873 cm™!. The corresponding PED contributions are 65, 63, 36, 81, 41, 10, 34, and 41%, respectively. Upon
examining the PED distributions, it can be observed that the H-C-C bending vibration (HCC), H-C-C-C
torsion vibration (tHCCC), and O-C stretching vibration (vOC) contribute to the C-C stretching vibrations.

The vibrational bands related to the C-X (X = Cl, Br, I) group can be assigned in the frequency region
of 1129-480 cm™! [19, 20]. In this study, the C-Cl stretching vibration (vCIC) bands were calculated at 778
and 390 cm™!, the C1-C-C bending (8CICC) bands at 383 and 188 cm™!, and the C1-C-C-C out-of-plane bend-
ing vibration (yCICCC) bands at 860, 458, and 168 cm™'. The PED contributions for these vibration bands
are 21, 39, 18, 70, 12, 24, and 50%, respectively.

The C-O stretching vibration is observed in the region of 1260-1000 cm™' in the spectrum. The C-O
stretching mode can be combined with the C-C stretching vibration, resulting in an asymmetric C-C-O
stretching vibration [21]. In this study, the C-O stretching vibration bands were observed at 1029 and
1001 cm™!, while the O-C stretching and C-C-O bending vibration bands were observed together at 896 cm™'.
These bands appeared as medium bands in the IR spectrum but were observed as weak bands in the Raman
spectrum.

Other characteristic vibration bands of propiconazole include the C-N, N-C-N and N-N bands. In this
study, C-N stretching vibrations were observed along with H-C-N bending vibration bands at 1494, 1353,
and 1311 cm™'. The PED ratios for the C-N and H-C-N vibration bands were calculated as 58-27, 5313,
and 15-25%, respectively. N-C-N bending vibrations were observed in conjunction with H-C-N bending vi-
brations at 1269, 1189, and 1127 cm™'. The PED contributions to these vibration bands were calculated as
48-20, 13-38, and 33—41%, respectively.

The MEP surface provides valuable information about the charge distribution and variable charge re-
gions of molecules [22, 23-26]. Charge distribution is a commonly used method for predicting intermolecu-
lar interactions, molecular behavior, structural activity, and both electrophilic and nucleophilic reactivity. It
also plays a role in detailing hydrogen bonding [23]. MEP is closely related to the chemical behavior, dipole
moment, and electronegativity of a molecule [24].

Figure 2 presents a color-coded representation of the electrostatic potential surface. The potency de-
creases in the order of blue > green > yellow > orange > red. In the MEP surface, the electron-deficient re-
gion is indicated by the blue color, the electron-rich region is represented by the red color, and the neutral
zero electrostatic potential region, which indicates hydrogen-bond interactions, is shown in green [25]. The
positive MEP corresponds to the repulsion of the proton/cation in the blue region, caused by the atomic nu-
cleus. On the other hand, the negative MEP represents the attraction of a proton/light cation in the red region
due to the concentrated electron density in the molecule [24].

For propiconazole, the scaling order ranges from —1.52 eV (red, indicating the strongest attraction) to
1.52 eV (blue, indicating the strongest repulsion). The MEP surface reveals that the negative potential sites
are located on the nitrogen atoms, making them the most favorable regions for nucleophilic attacks. Addi-
tionally, the maximum positive region is localized on the hydrogen atoms in the carbonyl and amine groups,
suggesting a potential site for electrophilic attack. Atomic charge in a molecule is a fundamental chemical
property that proves useful in explaining charge transfer mechanisms and electronic structures in chemical re-
actions [26]. In Akman’s study, it was demonstrated that the positive regions in the MEP map of the N-iso-
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propylmethacrylamide molecule are located above the N-H groups, while the negative regions are positioned
above the C=0 groups. Furthermore, the reactive regions were observed around the hydrogen atoms [26].

Mulliken population analysis, widely used for determining atomic charge information in molecules, is
well-defined from a quantum mechanical perspective. Marinho et al. conducted a study on Topiroxostat,
where they utilized Mulliken population analysis to investigate charge variations among different atoms [27].
Figure 3 presents the Mulliken charges of the molecules under investigation. Analysis of the Mulliken
charge distribution revealed significant variations, with the highest variation observed among carbon atoms,
followed by nitrogen and hydrogen atoms. Carbon atoms exhibited a range of +1.81 to —0.35, while hyd-
rogen atoms displayed 10 different charge values. Specifically, carbon atoms C15 and C21, which are
bonded to chlorine atoms, carried negative charges, while other carbon atoms were positively charged. The
oxygen atoms, O3 and O4, were found to have Mulliken charges of —0.76 and —0.79, respectively. Similarly,
the Mulliken charges for CI1 and CI2 were —0.30 and —0.22, respectively. Due to their higher
electronegativity, all oxygen and nitrogen atoms exhibited negative Mulliken charges.
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Fig. 2. (a) Molecular electrostatic potential map, (b) visualization for the mapping
of total density of propiconazole.
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Fig. 3. Mulliken atomic charge of propiconazole.

Frontier molecular orbitals (FMOs), consisting of the highest occupied molecular orbitals (HOMOs)
and the lowest unoccupied molecular orbitals (LUMOs), are essential descriptors in quantum mechanics that
play a crucial role in determining chemical interactions. FMO analysis is widely employed to explore vari-
ous properties of chemical structures, including molecular electrical transport, conductivity, biological prop-
erties, chemical reactivity, and kinetic stability. The energy gap between the HOMO and LUMO, known as
the HOMO-LUMO energy gap, serves as a key determinant of a molecule's kinetic stability, chemical reac-
tivity, optical polarizability, and chemical hardness-softness. A large HOMO-LUMO energy gap indicates a
“hard” molecule that requires substantial energy for excitation. Conversely, a small HOMO-LUMO energy
gap characterizes a “soft” molecule, which exhibits low kinetic stability but high polarizability and chemical
activity. The energy gap significantly influences the chemical and spectroscopic properties of a structure.
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Erumoo1=-1.334 eV

ELUMO: —-1.378 eV

AE=5.822

AE=6.055

EHOMO =-7.200eV

Enomo-1=-7.389 eV,

Fig. 4. HOMO and LUMO plot of propiconazole.

In this study, FMO analysis was performed using the B3LYP/aug-cc-pVDZ basis set in DFT mode.
Table 3 presents the mathematical formulas and data for the quantum chemical properties, determined based
on the HOMO and LUMO energies. Figure 4 illustrates the distribution of HOMO and LUMO orbitals in the
ground state. The formation of HOMO orbitals involves contributions from 04, CI1, CI2 atoms, and C-N,
C-C, C-H, and C-O bonds, while C22, O3, O4, C12, N5, N6 atoms, and C-C, C-H bonds contribute to the
formation of LUMO orbitals. The calculated HOMO and LUMO energies for the propiconazole molecule
were —7.200 and —1.378 eV, respectively, resulting in a band gap of 5.822 eV. The electrophilicity index (w)
is employed to gain insights into the reactivity, structure, and dynamics of a molecule. Organic molecules
with a w> 1.5 eV are considered strong electrophiles. For the propiconazole molecule, the w value was de-
termined as 3.160 eV, indicating its electrophilic nature. A negative chemical potential (i) value signifies the
stability of a molecule, suggesting that it will not readily decompose into its constituent elements. The calcu-
lated p value for this molecule was —4.289 eV.

Molecular docking simulations were conducted to elucidate the mechanism and modes of interaction
between the propiconazole pesticide and DNA. The crystal structure of DNA (PDB ID: 1BNA) was obtained
from the protein database [28]. The docking study of the propiconazole molecule was performed using Au-
toDock Vina [16], Autodock Tools, and PyMOL Molecular Graphics System [17] programs. Many macro-
molecular structure data in PDB files do not include hydrogen atoms, and the ionization state of protein resi-
dues is often uncertain, necessitating their inclusion in the optimization process. Therefore, charges and hy-
drogen atoms were added to enable proper optimization. To prepare DNA for the insertion study, water mol-
ecules were removed, and polar hydrogens were added. Kollman's DNA charges were calculated prior to the
insertion study.
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TABLE 3. Global Chemical Reactivity Indices for the Propiconazole

Parameter Value, eV

Enomo -7.200
Evrumo -1.378

AE 5.822

Ionization potential (/ = —Enomo) 7.200
Electron affinity (4 = —EvLumo) 1.378
Electronegativity (y = (I+4)/2) 4.289
Chemical potential (n = —(/+4)/2) —4.289
Chemical hardness (n = (I—A4)/2) 2911
Chemical softness (s = 1/21) 0.170
Electrophilic index (w = u?/2n) 3.160

Figure 5 displays the 3D molecular structure of the propiconazole molecule bound to DNA. Gas phase
calculations revealed that the most stable conformer of propiconazole formed hydrogen bonds and van der
Waals forces with deoxyadenosine5 (DAS), deoxyadenosine6 (DA6), deoxycytosine21 (DC21), deoxycyto-
sine23 (DC23), deoxyguanine4 (DG4), deoxyguanine22 (DG22), and deoxythymine7 (DT7) nucleic acids
(Fig. 5). The DNA binding affinity (AGbind) of propiconazole was determined to be -6.6 kcal/mol. The in-
teractions between propiconazole and nucleic acids are as follows:

Interaction with DT7: Hydrogen bond with a length of 3.55 A.

Interaction with DG4: Hydrogen bonds with lengths of 2.7 and 2.4 A.

Interaction with DG22: Hydrogen bonds with lengths of 2.9, 3.55, and 3.22 A.

Van der Waals forces were observed between DNA residues (DAS, DA6, DC21, and DC23) and the
propiconazole molecule. Importantly, the molecular regions associated with these interactions correspond to
those previously observed in the MEP analyzed above.

[DC B]23

[QGA]-l
" iPA A5

Fig. 5. Docking of propiconazole with DNA.

Zhang et al. [29] highlighted hydrogen bonds as the predominant factor contributing to the specific
bonding between pesticide molecules and DNA bases in their study on the interaction of triadimenol and
DNA. Corregidor et al. [30] investigated the DNA interaction of flonicamid (a pesticide) and identified six
hydrogen bonds: G10 (2.91 A), C9 (3.00 A), G16 (2.99 A), A17 (2.15 A), and A18 (2.33 and 3.10 A). Ah-
mad et al. [31] studied the DNA binding properties of the herbicide pendimethalin and found that it can bind
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to the G-C-rich region of DNA. Celik et al. [32] conducted a molecular docking study on cyclo(Ala-His)-
DNA and demonstrated peptide-nucleic acid interactions through hydrogen bonding interactions with DC9
(3.1 A), DG10 (2.39 A), DC11 (2.96 A), DG16 (2.53 A), and DA17 (2.39 and 2.99 A). The comparative data
from the literature, along with the results of this study, support the existence of interactions between pro-
piconazole pesticides and DNA.

Furthermore, after the molecular docking analysis, changes in bond lengths between atoms were ob-
served in the region where the propiconazole molecule interacts with DNA — for example, the bond length
between C12 and C21 atoms of optimized propiconazole was 1.72 A, which increased to 1.76 A after molec-
ular docking analysis. A similar change in bond length was observed between Cl1 and C15 atoms, which in-
creased from 1.73 to 1.77 A. The same trend was observed for the nitrogen atom involved in the interaction.
The bond length between N5 and N6 atoms was 1.33 A before molecular docking, which increased to 1.36 A
after molecular docking.

Conclusions. The present study aimed to provide a comprehensive theoretical characterization of the
propiconazole pesticide using spectroscopic techniques and to predict its interaction with DNA through
molecular docking analysis. The fungicide propiconazole was subjected to various analyses, including struc-
tural details, vibrations, electrostatic potential, Mulliken population, HOMO-LUMO, and thermodynamic
analyses, using DFT calculations.

The HOMO-LUMO energy range indicated that the compound is reactive and polarizable, suggesting
its potential for chemical reactivity and optical polarizability. The molecular electrostatic potentials and elec-
trostatic potential surfaces revealed that the N6 and N7 atoms exhibited negative potential, making them sus-
ceptible to nucleophilic attacks. Similar reactivity patterns were observed for oxygen and chlorine atoms.
Molecular docking analysis further supported the preferential binding of propiconazole to DNA, particularly
in regions rich in G-C base pairs.

These findings provide insights into the mechanism of DNA damage and the potential toxicological ef-
fects of the pesticide. Moreover, this knowledge can contribute to the development of new pesticides with
reduced toxicity. When combined with existing literature, these results emphasize the importance of careful
consideration and regulation regarding the widespread use of pesticides.

The comprehensive characterization and molecular docking analysis of propiconazole pesticide shed
light on its reactivity, potential interactions with DNA, and implications for toxicity. These findings serve as
a valuable resource for designing safer pesticides and raising awareness about the need for responsible pesti-
cide usage.
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