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ABSTRACT

HOMO-LUMO energies, hardness, electronic and zero point energy, mulliken charges of benzene,
fluorobenzene, chlorobenzene, bromobenzene, nitrobenzene, cyanobenzene, trifluoromethyl
benzene, ethenylbenzene, di, tri, tetra and penta fluorobenzene molecules in gas phase and water
phase for neutral and anionic form were calculted with B3lyp/6-31G(d,p) level by using GO3 program
and also hybridisation of these molecules were studied. Sum of electronic and zero-point energies
found from the calculations performed in the gas phase is lower than made in the water phase.

Keywords: Benzene derivatives; HOMO; LUMO; DFT; Quantum Chemical Calculations.

OZET

HOMO-LUMO enerjileri, sertlik, elektronik ve sifir noktast enerjisi, benzen, florobenzen,
klorobenzen, bromobenzen, nitrobenzen, siyanobenzen, triflorometil benzen, etenilbenzen, di, tri,
tetra ve penta florobenzen molekiillerinin nétr ve anyonik formlari i¢in gaz fazinda ve su fazinda
mulliken yiikleri GO3 programi kullanilarak B3lyp / 6-31G (d, p) diizeyinde hesaplanmis ve bu
molekiillerin hibridizasyonu ¢alisilmistir. Gaz fazinda yapilan hesaplamalarda bulunan elektronik ve
sifir nokta enerjilerinin toplami su fazinda yapilandan daha dugiiktiir.

Anahtar Kelimeler: Benzen tiirevleri; HOMO; LUMO; DFT; Kuantum Kimyasal Hesaplamalar.
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1. INTRODUCTION

Substituted benzenes like nitro-, chloro- and bromo-benzenes find many applications in the industry.
Chlorobenzene is used as intermediary in the production of commodities such as herbicides, dye stuffs
and rubber and as a high-boiling solvent in many industrial and laboratory applications. Chloro- and
bromo-benzenes easily participate in substitution reactions and can be used to synthesize various
derivatives. Most of the nitrobenzene is consumed in the production of aniline, which is a precursor
to rubber chemicals, pesticides, azo dyes, explosives, and pharmaceuticals (Reid & Prausnitz, 1986;
Sairam et al., 2020).

Fluorine-containing molecules have found applications in the pharmaceutical and agrochemical
sector because of the thermodynamic and kinetic stability of C—F bonds, a property offering

protection against enzymatic metabolism (Miiller et al., 2007; Purser et al., 2008).

Today, pharmacophores often bear a trifluoromethyl or difluoromethyl motif in an aromatic system,
thereby increasing the demand for methods to install or interchange these groups in a late-stage
fashion (Lu et al., 2015; Sap, 2020). Both fluorine and trifluoromethy! are considered strong electron-
withdrawing groups. However, their effects are slightly different when bonded to a benzene ring.
Both tend to disable the ring, but less fluorine than CF3. Fluorine is ortho-para orientation and CF3
is meta-orientation. Various explanations have been proposed to explain these effects, including
induction, resonance, and hyperconjugation (Holmes & Thomas, 1975). The aim of this research was
to study effect of substitutions on sum of electronic and zero point energy, Fukui functions, HOMO
and LUMO (Highest Occupied Molecular Orbital and Lowest Unoccupied Molecular Orbital)
energies and hardness. Additionally, the effect of these substituents on hybridization has been studied.
Studied benzen derivaties are given Fig. 1. The numbers under the molecules are used in the graphics

and tables, and the names are not written.
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1. Benzene, 2. Flnorobenzene, 3. Chlorobenzene, 4. Bromobenzene, 5. Nitrobenzene, 6. Cyanobenzene, 7. Benzotrifluoride, 8. Ethenylbenzene,
9. 1,23 4.3 pentafuorobenzens, 10. 1.2 4 3 tetrafluorobenzene 11.0-1,2 diflucrobenzene, 12.:m-1.3 diffucrobenzene, 13 p-1 4 difluorobenzene,
141,23 4 tetrafluorobenzene, 151,23 | § tetraflucrobenzene, 16.1 2,3 tnfluorobenzene, 171,35 trifluorobenzene 18.1 2 4 triflucrobenzene

Figure 1. Studied benzen derivaties.

2. MATERIAL AND METHODS

2.1. Computational Method
The molecular sketches of benzene derivaties (Payan-Gomez et al., 2010) were drawn using the
GaussView 3.0. All the quantum calculations were performed with complete geometry optimization
by using standard Gaussian03 software package (Frisch et al., 1998). The structural and electronic
properties was carried out at the level of B3LYP with the 6-31G(d,p) basis sets (Young, 2001).

3. RESULTS AND DISCUSSION

3.1. Electronic and zero-point Energies
When the molecules 1, 2, 3 and 4 are compared, when F, Cl and Br groups are connected to the
benzene molecule, respectively, it is seen that the energies of the molecules increase in the 7A Group
from top to bottom. With this increase, we can say that the molar mass along the 7A group increases
in that proportion with the attachment of larger elements. According to the group attached to benzene,

we can sort sum of electronic and zero-point energies (au) as follows: F > CI > Br. Likewise, in
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molecules, the higher the molar mass of the group bonded to benzene, the greater the energy as seen

molecules 5-8.
Table 1. Sum of electronic and zero-point energies (au).
6-31G(d,p) Gas Water Gas-anyon  Water-anyon
1 -232.158 -232.1613  -231.493705 -231.589
2 -331.398  -331.400559 -330.753445 -330.847
3 -691.762 -691.7669  -691.127937 -691.216
4 -2803.27 -2803.276  -2802.64035 -2802.73
5 -436.655 -436.6637  -436.147498 -436.117
6 -324.401 -324.4101  -323.769473 -323.859
7 -569.189 -569.1937  -568.543977 -568.635
8 -309.527 -309.5321  -308.874206 -308.963
9 -728.323 -728.3272  -727.727151 -727.807
10 -629.099 -629.1039 -628.4955 -628.58
11 -430.631 -430.6358  -429.997402 -430.088
12 -430.637 -430.6423  -429.999689 -430.09
13 -430.636 -430.6418 -430.0017 -430.09
14 -629.093 -629.0984  -628.476941 -628.559
15 -629.099 -629.1042  -628.492084 -628.576
16 -529.863 -529.8679  -529.236046 -529.323
17 -529.875 -529.8803  -529.257498 -529.345
18 -529.868 -529.8738  -529.254036 -529.342

When Fluorine groups are attached to the benzene ring, its energy increases as the number of
connected groups increases and energy decreases as the number of groups connected decreases
(molecules 11, 12, 13). If the fluorine groups are attached to the benzene ring in the ortho, meta and
para position, sum of the electronic and zero point energy values found are -430.630728, -
430.637030, -430.635961 au, respectively. The sum of the electronic and zero point energy values of
1,2,3,4-tetrachlorobenzene and 1,3,4,5-tetrachlorobenzene are found as -629.093419, -629.099406
au. There are 2 fluorine groups attached to fluoro benzene ortho positions in 16 molecules, 2 fluorine
groups attached to fluoro benzene meta positions in 17 molecules and 2 fluorine groups attached to
fluoro benzene meta and para positions in 18 molecules and the sum of the electronic and zero point
energy values of them are respectively, -529.862847, -529.875244, -529.868215 au shows that the

bonds in the ortho position to the benzene ring increase the energy.
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The calculated sum of electronic and zero-point energies of 1, 3, 4 molecules in the gas phase are
respectively, -232.157570, -691.761833, -2803.270994 au, and 232.161295, -691.766907, -
2803.276018 in water phase indicates that the energy of the molecule calculated in the water phase is

higher than the energy of the molecules calculated in the gas phase.

The energy required to remove 1 proton in the benzene ring in gas phase is 0.6639 au. The energy
required to remove 1 proton from fluorobenzene, chlorobenzene, bromobenzene molecules in gas is
0.6443, 0.6339, 0.6306 au, respectively. The energy required to remove 1 proton in the benzene ring
fluorobenzene, chlorobenzene, bromobenzene molecules in water phase is 0.5681, 0.5505, 0.5459,
0.5447, au, respectively. The energy required for the removal of 1 proton decreases in the gas and

water phase as benzen > fluorobenzene > chlorobenzene > bromobenzene.

The energy required to remove 1 proton from 1,2 difluorobenzene, 1,3 difluorobenzene,
1,4 difluorobenzene molecules in gas phase is, respectively, 0.6333, 0.6373, and 0.6343 au and in
water phase 0.5429, 0.5471, 0.5438 au indicates that the energy required for proton removal from
meta-substituted benzene is the highest in gas and also in water phase. The energy required to remove
1 proton from nitrobenzene, cyanobenzene, benzotrifluoride and ethenylbenzene molecules in gas
phase is respectively, 0.5076, 0.6313, 0.6449, 0.6532 and in water phase 0.5383, 0.5417, 0.5537,
0.5647, respectively indicates that the energy required for proton removal from ethenylbenzene,
benzene is the highest in gas and also in water phase. Removal of a proton from the water phase is
less than 14.42%, 14.56%, 13.87%, 13.63%, 6.05%, 14.19%, 14.15%, 13.55%, respectively, removal

of a proton from the gas phase in molecules 1-8.

3.2. Fukui Functions

Fukui functions are common descriptors of site reactivity. They are defined as the derivative of the
electron density with respect to the total number of electrons in the system at constant external
potential u Fukui et al., 1954; Fukui, 1975). By evaluating the composition of the molecular orbitals,
the condensed Fukui functions are calculated automatically. Table shows the compositions of the
HOMO and the LUMO for molecule 1-18.

For the HOMO, the contributions of the C3 and C6 in benzene are 0.32% and for other carbons (C1,
C2, C4, C5 are 24.17%, 25.35%, 24.18%, 25.36% respectively. When the fluorine substituent is
attached to the 6th carbon atom in the benzene ring, the contribution of C3 and C6 atoms to HOMO
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increases from 0.32% to 24.33%, the contribution of the C3 atom to HOMO increases from 0.32% to
30.74%, the contribution of C1 and C5 atoms to HOMO decreases to 10.87%, and the contribution
of C2,C4 atoms decreases by 6.53%.

In fluorobenzene, chlorobenzene, bromobenzene, nitrobenzene, cyanobenzene, benzotrifluoride,
ethenylbenzene, the contribution of C6 atom to HOMO are 24.33%, 22.49%, 18.08%. 0.33%,
24.48%, 0.33%, 15.89% and the contribution of C3 atom to HOMO are 30.73%, 25.91%, 21.74%,
0,30%, 25.61%, 0.31%, 19.51% indicates that the most contribution of C3 and C6 atoms is seen in

fluorobenzene.

In 1, 2, 3, 4, 5 pentafluorobenzene the contribution of C1-C6 atoms to HOMO in gas phase are
18.13%, 19.02%, 0.32%, 19.03%, 18.13%, 0.27% and in water are 18.21%, 19.42%, 0.33%, 19.41%,
18.22 %, 0.26% show that the contributions of C1-C6 atoms in the gas phase and water phase do not
change significantly. In the anionic form of 1,2,3,4,5 pentafluorobenzene the contribution of C1-C6
atoms to HOMO in gas phase are 5.98%, 3.29%, 0.14%. 3.29%, 5.98%, 75.60% show that the

contribution of C1-C6 atoms to HOMO varies considerably in anionic form.

Table 2. The compositions of the HOMO for molecules 1-18 calculated 6-31G(d,p) basis set in gas phase.
Violec. Atoms/Epomo 1C 2C 3C 4C 5C 6C 7 8 9 10 11 12 13 14 15

1 672 2417 2535 032 2418 2536 032 008 008 000 008 008  0.00
2 663 1087 653 3074 653 1087 2433 003 002 010 002 003 991

3 671 921 524 2591 523 921 2249 003 002 008 002 003 2253

4 6.59 854 403 2174 403 854 1808 002 001 007 00l 002  34.90

5 7,60 2433 2399 030 2401 2431 033 007 007 000 007 007 003 121 120

6 727 761 594 2561 593 761 2448 002 002 008 002 002 375 1892

7 725 2477 2472 031 2405 2542 033 008 008 000 007 008 00l 004 003  0.03
8 -6.05 950 23 1951 366 867 1589 003 001 007 00l 003 1124 oo4 0% 009
9 7.06 1813 1902 032 1903 1813 027 620 635 0 636 620 0

10 6.78 1871 1871 028 1871 1871 028 615 615 0 615 615 0

11 671 2134 2134 068 2021 2021 068 770 770 0 007 007 0

12 678 1618 2707 036 2707 1618 022 637 009 O 009 637 0

13 -6.57 8.86 8.86 2340 8.86 8.86 23.40 0.03 ).03 3.83 )03 0.03 8.83

14 -6.97 9.35 935 2394 6.05 6.05 2394 0.03 )03 368 195 1.95 8.68

15 -6.96 735 759 2831 759 7.35 1967 002 242 280 242 002 7.46

16 -6.98 9.15 5,01 2491 5.00 9.16 29.46 3.23 ).02 )08 102 323 10.74

17 -7.10 255 3536 9014 406 1988 1595 091 )11 371 )01 827 0.05

18 -1.27 1315 180 1986 16.69 342 2468 430 0 737 )05 001 8.67
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Tablo 3. The compositions of the LUMO for molecules 1-18 calculated 6-31G(d,p) basis set in gas phase.

Molec.  AtomsEwwmo ~ I1C  2C  3C  4C  5C  6C 7 8 9 0 1 12 13 14 15
1 0.07 2816 133 2020 2815 133 2021 048 000 013 018 000 013

2 -0.26 2386 2513 065 2513 238 073 015 016 000 016 015 001

3 036 2395 2505 066 2502 2397 071 045 016 000 016 015 002

4 037 2390 2504 066 2496 2399 071 015 016 000 016 015 011

5 2,44 842 089 1162 089 842 525 004 000 006 000 004 2417 2009  20.09

6 142 1172 424 2554 424 1172 2057 006 002 015 002 006 7.0 1445

7 0.74 1051 674 3029 653 1074 2741 006 004 019 004 006 478 059 147 057
8 -0.85 1232 119 1875 566 587 1452 007 0 011 003 003 1352 o007 2% OH
9 0.82 9048 717 2052 717 947 3061 091 070 316 070 091 021

10 -0.84 866 866 3079 866 866 3079 084 08 021 084 084 021

11 038 903 904 3160 823 824 3L60 087 087 021 005 005 021

12 041 803 921 3567 921 803 27.77 077 006 023 006 077 0.9

13 -0.59 2447 2447 073 2447 2447 073 016 016 001 016 016 001

14 0.71 2574 2574 089 2095 2095 089 017 017 002 223 223 002

15 067 2150 2491 087 2491 2159 069 015 256 00l 256 015 001

16 -0.42 650 1021 3568 1019 652 2645 064 006 023 006 0.64 281

17 .0.38 2088 159 2021 2458 165 1671 298 001 200 017 011 011

18 142 1694 2692 215 1714 3111 310 174 018 016 011 020 025

Tablo 4. The compositions of the HOMO for molecules 1-18 calculated 6-31G(d,p) basis set in water phase.

Molec. Atoms/Eromo 1C 2C 3C 4C 5C 6C 7 8 9 10 11 12 13 14 15
1 -6.72 2783 074 2128 2783 074 2128 0.08 0 0.06 0.08 0 0.06
2 -6.62 1026 6.98 3121 698 10.26 2488 0.03 0.02 0.10 0.02 0.03 9.25
3 -6.73 8.50 6.14 2746 6.14 850 2427 0.02 0.02 0.08 0.02 0.02 1882
4 -6.63 8.13 502 2390 5.02 8.12  20.54 0.2 0.2 0.7 0.2 0.2 29.13
5 -7.34 2534 2373 029 2373 2534 035 0.07 0.07 0 0.07 0.07 0.01 0.46 0.46
6 -7.15 6.47 746 2788  7.46 6.47 2690 0.02 0.02 0.08 0.02 0.02 1.63 15.57
7 -7.09 2526 2424 029 2388 2560 033 0.07 0.07 0 0.07 0.08 0.01 0.03 0.02 0.03
8 -6.05 9.28 243 1944 362 858 1582 0.03 0.01 0.06 0.01 0.02  11.50 0.04 28.98 882
9 -6.87 1821 1942 033 1941 1822 0.26 6.00 6.08 0 6.08 6.00 0
10 -6.65 18.92 1894 028 1892 1894 0.28 5.93 5.94 0 5.93 5.94 0
11 -6.67 2127 2127 049 2112 2112 049 7.05 7.05 0 0.07 0.07 0
12 -6.72 16.84 26.62 035 2662 16.84 0.23 6.18 0.08 0 0.08 6.18 0
13 -6.53 8.73 873 2401 873 873 2401 0.02 0.02 8.48 0.02 0.02 8.48
14 -6.82 9.00 9.00 2444 6.30 6.30 2444  0.03 0.03 8.35 1.88 1.88 8.35
15 -6.82 7.68 729 2847 7.29 768 2048  0.02 2.23 9.09 2.22 0.02 7.52
16 -6.89 8.55 582 2611 582 855 2959 283 0.02 0.08 0.02 2.83 9.79
17 -6.97 1867 119 1282 3189 098 2175 7.33 0 4.98 0.09 0.23 0.06
18 -6.64 1316 198 20.64 16.63 3.13 2489 4.05 0.01 7.30 0.05 0.01 8.15
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In 1, 2, 3 molecules, the contribution of each of the C atoms attached to the F atom is 21.34% in the
auto position, 27.07% in the meta position and 23.40% in the para position. This shows that the
contribution of the C atom to which Fluorine is attached at the meta position is the highest.

Tablo 5. The compositions of the LUMO for molecules 1-18 calculated 6-31G(d,p) basis set in water phase.

Molec. Atoms/Erumo 1C 2C 3C 4C 5C 6C 7 8 9 10 11 12 13 14 15
1 0.07 2714 097 2159 2714 097 2159 017 0 0.13 0.17 0 0.13
2 -0.20 23.67 2534 065 2534 2367 0.73 0.15 0.15 0 0.15 0.15 0.01
3 -0.28 23.62 2539 066 2533 2369 0.71 0.15 0.15 0 0.15 0.15 0.02
4 -0.30 9.78 7.63 3123 7.63 9.78 3020 0.06 0.04 0.19 0.04 0.06 3.35
5 -2.58 8.22 044 1017 044 8.22 2.80 0.04 0 0.05 0 0.04 2764 2097 20.97
6 -1.33 1261 337 2434 337 1261 1753 0.06 0.01 0.13 0.01 0.06 10.26 15.62
7 -0.63 1121 618 2986 6.03 1139 26.62 0.06 0.03 0.17 0.03 0.06 5.57 0.62 156 0.61
8 -0.86 1253 114 1881 571 591 1457 0.07 0 0.10 0.03 0.03  13.30 0.06 27.45 812
9 -0.57 9.12 741 2970 741 911 3093 0.85 0.69 3.03 0.69 0.85 0.20
10 -0.62 8.53 852 3117 853 851 3117 0.79 0.79 0.20 0.79 0.79 0.20
11 -0.28 8.68 8.68 3184 844 8.44 3184 0.79 0.79 0.20 0.05 0.05 0.20
12 -0.31 8.22 8.84 3557 884 822 2831 0.75 0.05 0.22 0.05 0.75 0.18
13 -0.47 2448 2448 074 2448 2448 0.74 0.15 0.15 0.01 0.15 0.15 0.01
14 -0.50 2548 2548 083 2136 2137 0.83 0.16 0.16 0.02 2.15 2.15 0.02
15 -0.47 22.07 2456 087 2456 22.07 0.70 0.14 2.43 0.01 2.43 0.14 0.01
16 -0.27 7.04 9.60 3552 9.61 7.04 2686 0.65 0.06 0.22 0.06 0.65 2.68
17 -0.24 135 1774 29.00 135 2098 2443 0.08 0.12 2.79 0 2.00 0.16
18 -0.50 16.76  27.48 228 17.01 31.08 2.90 1.64 0.18 0.17 0.10 0.19 0.22

Tablo 6. The compositions of the HOMO for anionic molecules 1-18 calculated 6-31G(d,p) basis set in gas

phase.
Molec.  Atoms/Exomo 1C 2C 3C 4C 5C 6C 7 8 9 10 11 12 13 14 15 16

1 1.62 -1.14 2.79 4.58 80.02 4.58 2.79 0.16 1.33 1.28 1.28 1.33
2 0.98 2.45 -0.03 297 3.89 7825  6.95 1.41 0.07 1.13 1.75 1.66
3 0.29 2.08  -0.02 2.85 364 7333 6.94 1.41 0.05 1.12 1.83 6.78
4 0.07 1.89 -0.01 2.76 333 6893 6.72 1.36 0.04 1.08 1.79  12.09
5) 0.38 7784 382 2.81 -0.02 2.60 7.16 1.58 1.10 0.07 1.16 0.60 0.77 0.51
6 0.53 80.96 4.53 2.80 -0.12 2.73 4.39 1.35 1.21 0.14 1.19 0.57 0.26
7 0.83 80.57 447 2.84 -0.12 2.77 4.14 1.44 1.21 0.13 1.25 1.03 0.07 0.10 0.10
8 111 1.70 -0.11 2.78 4.28 79.82 4.33 1.66 0.10 1.23 131 0.57 1.50 0.09 0.02 0.01
9 -0.53 5.98 3.29 0.14 3.29 598 75.60 1.78 1.06 0.02 1.06 1.78
10 -0.30 321 591 7631 591 321 -0.03 104 1.69 1.69 1.04 0.02
11 0.67 6.98 3.48 -0.04 2.75 3.75 7749 145 0.94 0.03 1.43 1.72
12 0.75 6.96 78.68 3.82 3.01 -0.07 2.52 1.10 1.70 0.97 0.06 1.26
13 0.69 0.02 2.29 6.79 7844 376 3.37 0.04 1.60 111 1.94 0.64
14 0.16 77.33 3.54 3.34 0.07 3.50 6.92 2.07 0.71 0.01 1.05 1.46

15 0.21 2.47 0.04 3.19 6.07 76.79  5.99 1.40 0.01 0.94 171 1.48
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16 0.46 702 7770 375 2.86 0.11 3.38 1.41 1.78 1.23 0.04 0.94
17 0.08 6.05 2.57 0.06 2.57 6.05 77.66 144 1.13 0.02 1.13 1.44
18 0.82 3.40 431 80.07 431 3.40 0.01 0.72 1.54 1.54 0.72 0.01

Tablo 7. The compositions of the LUMO for anionic molecules 1-18 calculated 6-31G(d,p) basis set in gas

phase.
Molec. Atoms/ELumo 1c 2C 3C 4C 5C 6C 7 8 9 10 11 12 13 14 15 16
1 5.69 058 2104 2811 049 2811 21.05 0.00 0.15 0.16 0.16 0.15
2 5.49 3143  9.05 442 2879 1056 1422 0.23 0.06 0.03 0.18 1.02
8 4.79 30.77 460 1032 3116 441 1763  0.22 0.03 0.07 0.19 0.60
4 4.50 2.66 1.43 0.11 275 11.64 4410 274 311 -0.01 124 30.22
5 2.73 5.83 3.76 8.75 0.26 8.40 1.69 0.01 0.05 0 0.05 29.67 2220 19.32
6 3.94 536 1554 21.78 059 1673 1533 0.07 0.14 0 0.10 10.18 14.18
7 4.67 349 2046 2559 115 1696 2292 0.11 0.17 0 0.12 6.42 0.26 1.8 1.18
8 4.09 1414 042 14.02 11.03 356 7.87 0.09 0 0.09 005 2182 011 26.51 0.15 0.16
9 4.95 26.07 1935 076 19.34 26.07 0.69 2.18 1.67 0.01 1.67 2.18
10 5.02 13.70 291 3143 291 1370 3260 0.98 0.26 0.26 0.98 0.27
11 5.44 2518  8.37 491 3240 23.77 2.01 2.20 0.74 0.04 0.24 0.14
12 5.17 2243 323 3274 1301 202 2417 179 0.20 0.10 0.12 0.18
13 5.17 1635 3316 831 17.68 2234 1.05 0.12 0.24 0.55 0.15 0.06
14 4.98 881 29.72 814 569 2896 13.82 0.20 0.66 0.43 2.49 1.08
15 4.96 29.68  6.81 6.24 2845 467 1890 0.23 0.49 0.55 2.55 1.43
16 511 2383 095 3092 218 075 17.71  2.05 0.18 0.17 0.02 1.57
17 5.12 2893 17.92 059 1792 2893 0.67 2.37 0.14 0.01 0.14 2.37
18 5.19 2159 2583 048 2583 2159 0.80 177 0.16 0.16 1.77 0.01

Tablo 8. The compositions of the HOMO for anionic molecules 1-18 calculated 6-31G(d,p) basis set in water
phase.

Molec.  Atoms/Exomo 1C 2C 3C 4C 5C 6C 7 8 9 10 11 12 13 14 15
1 -3.48 -0.12  3.00 441 8047 441 3.00 0.29 1.18 1.09 1.09 1.18
2 -4.02 250 -0.02 324 391 7872 651 1.34 0.17 1.00 1.60 1.04
3 -4.34 213 -0.01 315 371 7452 6.33 1.36 0.12 1.01 1.69 5.99
4 -4.43 1.95 0.00 3.07 343 7023 6.36 1.34 0.10 0.99 1.68  10.85
5 -4.19 7827 371 3.08 -0.01 262 6.67 1.43 0.97 0.15 1.18 0.55 0.86 0.51
6 -4.11 81.36 4.38 3.06 -0.10 280 3.98 1.23 1.07 0.25 1.16 0.60 0.21
7 -3.86 81.04 4.29 3.09 -010 282 3.79 1.27 1.09 0.23 121 1.00 0.06 0.11 0.11
8 -3.62 277 -0.10 3.00 409 8036 4.02 1.30 0.20 111 1.14 0.57 1.42 0.09 0.02 0.00
10 -5.01 3.12 564 77.08 563 312 -0.07 110 1.64 1.64 1.10 0.01
11 -4.22 6.57 334  -007 3.01 377 7812 134 1.00 0.08 1.28 1.56
12 -4.16 6.49 79.44 379 322 -0.05 252 0.98 1.54 0.82 0.10 1.15
13 -4.20 0.04 2.36 6.35 7894 377 3.50 0.10 1.52 0.99 1.75 0.68
14 -4.53 78.28  3.52 3.40 0.01 3.30 6.50 1.85 0.71 0.01 1.06 1.34

15 -4.92 258 -0.07 310 578 7760 567 131 0.01 0.98 1.64 1.40
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16 -4.34 6.57 7856 3.74 3.10 0.14 321 1.29 1.60 1.07 0.06 0.95
17 -4.75 5.74 265 -0.06 2.65 574 7844 137 1.05 0.03 1.05 1.37
18 -3.98 3.40 412 8098 4.12 340 -005 072 1.30 1.30 0.72 0.02

Tablo 9. The compositions of the LUMO for anionic molecules 1-18 calculated 6-31G(d,p) basis set in water

phase.
Molec.  Atoms/Ewmo  1C  2C  3C  4C  5C  6C 7 8 9 0 11 12 13 14 15
1.16 059 2231 2684 049 2682 2235 000 015 015 015 0.5
2 1.01 31.68 1015 495 2085 1098 1112 021 006 003 018 078
3 0.60 3176 522 1135 3119 384 1563 021 003 007 018 051
4 013 251 144 005 290 1034 4730 189 182 004 108 3062
5 -1.59 667 197 836 023 763 092 001 004 000 004 3175 21.99 20.40
6 -0.24 789 1094 2259 073 1616 1334 005 013 000 009 1260 15.49
7 051 493 1684 2736 162 1668 2299 009 017 001 011 653 028 120 121
8 0.03 1445 035 1582 1033 375 981 009 000 009 005 1794 009 2694 014 015
10 0.75 1206 397 3222 398 1203 3304 089 034 034 089 024
11 1.05 1577 2686 306 1360 31.99 494 123 226 002 009 019
12 0.78 1973 344 3282 1331 263 2591 153 019 009 018 018
13 0.78 1703 3248 595 1822 2402 136 011 021 038 015 009
14 0.68 1016 2998 704 750 2963 1089 019 059 061 259 083
15 0.69 2980 557 833 2888 426 1791 021 042 075 250 136
16 0.78 2154 135 3117 2026 078 2093 177 018 014 002 186
17 0.77 2757 1941 062 1941 2757 067 223 014 001 014 223
18 0.85 2205 2528 049 2528 2205 081 186 015 015 18 001
6
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Figure 2. Relationship between theoretical hardness values in gas and water phase of benzene derivatives and

anions examined by 6-31G (d, p) method.

One of the characteristics of aromatic compounds is a relatively large energy gap between HOMO

and LUMO, which corresponds to the lower reactivity of aromatic compounds to electrophilic
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reagents (Minsky et al., 1985; De Proft & Geerlings, 2001). Chemical hardness (1)) can be determined
from the energy of these HOMO and LUMO as the following equation according to n =

%(SHOMO — &Lumo)- Calculated chemical hardness of the benzene derivatives under study in gas phase

and in water phase for neutral and anionic form of them are given in Figure 2.

The gas phase hardness value of the benzene ring is 3.395 and it is seen that no matter what type of
group is connected to the ring, it does not have an increasing effect on the hardness, on the contrary,
it has a lowering effect. When thel, 2, 3 and 4 molecules are examined, the hardness-lowering effects
of the 7A group increase as the period goes down. The order in hardness is 1 (3.395) > 2 (3.185) > 3
(3.175) > 4 (3.110)

The 5th molecule is the molecule with the lowest hardness among the molecules examined. The
reason for this is due to the nitro groups, which are electron with drawing substituent (Ravi, 2011).
The presence of groups with high electron attraction decreases LUMO and HOMO energies.
Therefore, we can say that high electronegative atoms in the molecule have a hardness-reducing
effect.

The hardnes value of molecules 11, 12, and 13 are found as 3.195, 3.205, 3.03, respectively means
that means in the para position for fluoro substituents, the hardness is the least. The hardness value
of molecules 16, 17, and 18 are found as 3.280, 3.360, 2.925, respectively means that the hardness
1,2,4A-trifluorobenzene is the least. The hardness value of molecules 10, 14, and 15 are found as 2.970,
3.130, 3.145, respectively. Trifluorobenzene is the least. The number of fluoro substituents and
positions of the sustituents effect the hardness value. The hardness values calculated in the water
phase are higher than the hardness values calculated in the gas phase, except for 5-8 molecules. The
hardness values calculated in the anionic form created by removing 1 proton from the molecule were
recorded higher in the gas phase and lower in the water phase than the hardness values of the neutral

form.

3.3. Mulliken Charges
Mulliken charges (Mulliken, 1955) are calculated by determining the electron population of each
atom as defined in the basis functions. The mulliken charges of the carbon atoms belonging to the
benzene ring calculated with 6-31g (d, p) base set at the B3LYP level of the studied benzene

derivatives are given in the figure. Fluorine and nitro group induces a positive charge on the carbon
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to which it is attached (0.351 and 0.266) and a negative charge on the ortho carbon (-0.142 and -
0.092). For CF3, the calculations indicate the carbon adjacent to the CF3 group to be negatively
charged (-0.045).

T
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Figure 3. Theoretical mulliken values of benzene derivatives and anions investigated in gas and water phase.

When the mulliken charges (11, 12, 13 molecules) of the two groups bonded to benzene are compared
according to each other (ortho, meta, para), the mulliken charge of the carbon atom to which the

fluorine atoms in the meta position attached to the benzene ring is the highest electropositive.

In the 9 molecule, the Mulliken charges on the C1, C2, C3, C4, C5 atoms to which the F atoms are
attached are 0.33 €, 0.26 &, 0.27 €, 0.26 &, 0.33 &, respectively, and the Mulliken charge of the C6
atom to which the hydrogen is attached is -0.21 &. The charge densities of the C3, C4, C5 atoms to
which the F atoms are attached in 14 molecules are respectively 0.31 €, 0.26 &, 0.26 €, 0.31 € and the
Mulliken charge of the C1, C3 atom to which the hydrogen is attached is -0.14 €, -0.14 &.

In the Mulliken calculations performed in the water phase, there was a slight decrease in the positive
Mulliken charges compared to the gas phase and a slight increase in the negative charges.
3.4. NBO Analysis

We have executed NBO analysis for investigating charge transfer or conjugative interaction in
molecular systems.
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Table 10. Relationship between theoretical NBO values of benzene derivatives.

C1-C2 C2-C3 C3-C4
1 0.7071C1(sp™)+0.7071C2(sp’™)  0.7071CL(sp’77)+0.7071C2(sp*”))  0.7071C1(sp>7")+0.7071C2(sp- ")
2  0.7110C1(sp'"")+0.7032C2(sp'7™®)  0.7065C2(sp'7™®)+0.7065C3(sp*7®) 0.7065C3(sp177)+0.7077C4(sp*"®)
3 0.7110C1(sp77)+0.7032C2(spt™)  0.7077C2(sp7%)+0.7065C3(sp*7®)  0.7077C3(sp75)+0.7065C4(sp78)
4  0.7110C1(sp'78)+0.7032C2(sp*™)  0.7077C1(sp")+0.7065C2(sp*8) 0.7065C1(sp1"8)+0.7077C2(sp*"®)
5  0.7108C1(sp76)+0.7034C2(spt™)  0.7074C1(sp:77)+0.7068C2(sp*7®)  0.7068C1(sp78)+0.7074C2(sp ")
6  0.7089C1(spl75)+0.7053C2(sp™)  0.7076CL(sp’78)+0.7066C2(sp>®)  0.7066C1(sp78)+0.7076C2(sp %)
7 | 0.7099C1(sp'76)+0.7043C2(sp'7®)  0.7074C1(sp'77)+0.7068C2(sp*7®) 0.7068C1(sp"8)+0.7074C2(sp*"")
8  0.7088C1(spl™)+0.7054C2(sp:™)  0.7075C1(sp78)+0.7067C2(sp*7®)  0.7066C1(sp7)+0.7076C2(sp ")
9  0.7050C1(spl71)+0.7092C2(sp-®®)  0.7062C1(sp:®7)+0.7080C2(sp*)  0.7080C1(sp63)+0.7062C2(sp ")
10  0.7071C1(sp'®7)+0.7071C2(sp®)  0.7033CL(sp%%)+0.7109C2(sp*®)  0.7109C1(sp83)+0.7033C2(sp"55)
11  0.7071C1(sp'%%)+0.7071C2(sp'%%)  0.7074C1(sp'°)+0.7068C2(sp*) 0.7114C1(sp*™)+0.7028C2(sp#?)
12 0.7054C1(sp'5%)+0.7088C2(sp'®%)  0.7099C1(sp’74)+0.7043C2(sp*7®) 0.7043C1(sp78)+0.7099C2(sp* ™)
13 0.7071C1(sp'7%)+0.7071C2(sp'7®)  0.7103C1(spL85)+0.7039C2(spt%)  0.7039C1(sp™58)+0.7103C2(sp %)
14 0.7071C1(sp'7™)+0.7071C2(sp*™)  0.7070C1(sp'®°)+0.7072C2(sp**°)  0.7040C1(sp*74)+0.7102C2(sp %)
15 0.7094C1(sp'8)+0.7048C2(sp'%2)  0.7057C1(spL7)+0.7085C2(spl3)  0.7085C1(sp63)+0.7057C2(sp ")
16  0.7080C1(sp’“*®)+0.7062C2(sp®)  0.7105C1(sp'7H)+0.7037C2(sp* ™)  0.7037C1(sp’7°)+0.7105C2(sp* ™)
17 0.7022C1(sp'58)+0.7119C2(sp %)  0.7119C1(sp ®)+0.7022C2(sp*%¥)  0.7022C1(sp*58)+0.7119C2(sp"85)
18  0.7041C1(sp'53)+0.7101C2(sp')  0.7135C1(spL8L)+0.7006C2(spl?)  0.7047C1(sp’5%)+0.7095C2(sp™86)
C4-C5 C5-C6 C1-C6
1 0.7071C1(spt7")+0.7071C2(sp*"")  0.7071C1(sp'7")+0.7071C2(sp*"")  0.7071C1(sp*77)+0.7071C2(sp*"")
2 0.7032C4(spl79)+0.7110C5(sp'7")  0.7050C5(spL80)+0.7092C6(spt%)  0.7050C1(spl-88)+0.7092C2(sp™5)
3 0.7065C4(spl78)+0.7077C5(spl™)  0.7032C5(spl79)+0.7110C6(spl7’)  0.7010C1(sp %)+0.7132C2(sp'55)
4 0.7032C1(spl7)+0.7110C2(sp 1)  0.7068C1(spl78)+0.7074C2(sp'%3)  0.7068C1(sp'78)+0.7074C2(sp53)
5  0.7034C1(sp*7)+0.7108C2(sp'7®)  0.7001C1(sp®)+0.7140C2(sp'®%)  0.7001C1(sp®8)+0.7140C2(sp43)
6  0.7053C1(sp'78)+0.7089C2(sp'7%)  0.6938CI1(spl4)+0.7202C2(sp')  0.6938C1(sp’84)+0.7202C2(sp %)
7 0.7043C1(spl78)+0.7099C2(sp'7®)  0.6991C1(spl81)+0.7151C2(spL™®)  0.6991C1(sp81)+0.7151C2(sp ")
8  0.7058C1(spl77)+0.7084C2(sp™)  0.7008CL(spl7)+0.7134C2(spl?")  0.7014C1(sp'77)+0.7128C2(sp' %)
9  0.7092C1(sp®)+0.7050C2(sp*™)  0.7092C1(sp*®°)+0.7050C2(sp*7)  0.7041C1(sp5%)+0.7101C2(sp"85)
10  0.7071C1(sp'7)+0.7071C2(sp®7)  0.7033CL(sp%%)+0.7109C2(sp*®)  0.7033C1(sp55)+0.7109C2(sp83)
11  0.7071C1(sp'7™)+0.7071C2(sp™)  0.7028C1(sp ®?)+0.7114C2(sp*")  0.7074C1(sp5°)+0.7068C2(sp L)
12 0.7088C1(spl9)+0.7054C2(sp'5)  0.7013C1(spl©)+0.7128C2(spt®)  0.7013C1(sp6%)+0.7128C2(sp%)
13 0.7071C1(sp'79)+0.7076C2(sp'7®)  0.7103C1(sp-#5)+0.7128C2(spt%)  0.7103C1(sp’8%)+0.7039C2(sp %)
14 0.7071C1(sp'®5)+0.7071C2(sp %)  0.7102C1(sp®)+0.7040C2(sp*™)  0.7070C1(sp8%)+0.7072C2(sp )
15 0.7048C1(spl$?)+0.7094C2(sp %)  0.7126C1(sp ®?)+0.7016C2(sp*%)  0.7126C1(sp82)+0.7016C2(sp5?)
16 0.7062C1(spl%)+0.7080C2(sp %)  0.7047C1(sp72)+0.7095C2(sp*®?)  0.7047C1(sp72)+0.7095C2(sp"52)
17  0.7119C1(sp'®)+0.7022C2(sp*%)  0.7022C1(sp%¥)+0.7119C2(sp*®)  0.7022C1(sp*58)+0.7119C2(sp"85)
18  0.7063C1(spl78)+0.7079C2(sp'7)  0.7077C1(sp-#8)+0.7065C2(spts))  0.7079C1(sp67)+0.7063C2(sp ")

(C1-C2) NBO is formed from an sp!’* hybrid on C1 interacting with an sp*’’ hybrid on C2, for
benzene, formed from an sp'’” hybrid on C1 interacting with an sp*’® hybrid on C2 for
fluorobenzene, formed from an sp*’” hybrid on C1 interacting with an sp*® hybrid on C2 for chloro,
benzene, formed from an sp'’® hybrid on C1 interacting with an sp*”® hybrid on C2 for
bromoobenzene, formed from an sp™’ hybrid on C1 interacting with an sp” hybrid on C2 for

fluorobenzene.
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(C1-C6) NBO is formed from an sp'* hybrid on C1 interacting with an sp*’’ hybrid on C2, for
benzene, formed from an sp'®’ hybrid on C1 interacting with an sp!® hybrid on C2 for
fluorobenzene, formed from an sp-8° hybrid on C1 interacting with an sp->® hybrid on C2 for chloro,
benzene, formed from an sp'’® hybrid on C1 interacting with an sp®® hybrid on C2 for
bromoobenzene, formed from an sp® hybrid on C1 interacting with an sp'® hybrid on C2 for

fluorobenzen shows that the groups attached to the C atom affect the type of hydration.

4. CONCLUSIONS

The results show that the energy required for the removal of 1 proton decreases in the gas and water
phase as benzen > fluorobenzene > chlorobenzene > bromobenzene. The contribution of the C6 and
C3 atoms to HOMO in gas and water phase is highest in fluoro benzene among the mono substituted
benzene derivatives studied. The hardness of the nitrobenzene molecule was found to be the lowest
among the molecules examined. The substituents attached to the C6 atom affect the contribution of

the s and p orbitals in the hybridization of the C atoms in the bond formation.
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