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Quantum chemical calculations, based on Density Functional Theory (DFT) method, were performed on Calix[4]arene and
Polychlorinated Dibenzo-p-dioxins (PCDDs) in gas and liquid phases for comparison purposes. The simulation results show the 1,2,3,4,
6,7,8,9-octachlorodibenzo-p-dioxin (OCDD) is quite a reactive dioxin. This paper attempts to examine the possibility of dioxin adsorption
by Calix[n]arene from the environment. The interaction between Calix[4]arene and OCDD is investigated using the B3LYP method and
LANL2DZ level of DFT in both gas and liquid phases. The results show that the OCDD acts as an electron acceptor and Calix[4]arene acts
as an electron donor. A linear model of Quantitative Structure Activity Relationship (QSAR) has been approximated to calculate the
binding affinity (BA) and induction potencies of aryl hydrocarbon hydroxylase (AHH) and 7-ethoxyresorufin O-deethylase (EROD).

According to this model, the calculated BA of the dioxins were found to be close to their experimental values.
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INTRODUCTION

PCDDs, known as dioxins, are among the most
intensively studied environmental pollutants [1]. It has been
accepted that almost all these compounds are toxic
pollutants. PCDDs have attracted much interest from not
only scientists but also the general public because of their
extreme toxicities in the global environment through
atmospheric transport [2]. PCDDs are resistant to
degradation which results in their persistence in the
environment [3]. The lifetime of these compounds in soil is
about 10 years [3]. These toxic compounds are
accumulating in soil, water, air, plants and animals and
therefore are harmful for living organisms. Dioxins are
transported by lipids in blood serum to liver and fatty
tissues in human body [4]. These compounds cause various
changes in biological processes and also promote behavioral
disorders [5-8]. Researchers are trying to find ways to

*Corresponding author. E-mail: f.shojaie@kgut.ac.ir

remove atmospheric contaminants. The absorption of
pollutants by absorbing materials is a remarkable method
for removal of environmental pollutants.

Calix[n]arenes are macro-cyclic molecules composed of
phenol and methylene bridged units. These compounds with
their notable properties have many applications in all areas
[9]. Since Calix[n]arenes have little to null toxicity [10-12],
they can be used for nanomedicine application in drug-
delivery systems [13-16]. It has been shown that
Calix[n]arenes can be also used to separate and extract
different analytes such as the selective removal of aromatic
amines [17], heavy metal [18,19], dyes [20-22] and
oxyanions [23,24]. In addition to the above mentioned
properties, Calix[n]arenes have been utilized to form stable
host-guest complexes with many organic molecules and
various metal ions [25].

This paper attempts to determine the possibility of
dioxin adsorption by Calix[n]arene from the environment
using a modeling method. The dibenzodioxins studied in
our work are: 1-chlorodibenzo-p-dioxin (1-CDD), 2-
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chlorodibenzop-dioxin  (2-CDD), 2,3-dichlorodibenzo-p-
dioxin (2,3-DCDD), 2,8-dichlorodibenzo-p-dioxin (2,8-
DCDD), 1,2,4-trichlorodibenzo-p-dioxin (1,2,4-TCDD), 2,
3,6-trichlorodibenzo-p-dioxin ~ (2,3,6-TCDD),  2,3,7-tri-
chlorodibenzo-p-dioxin (2,3,7-TCDD), 2,3,6,7-tetrachloro-
dibenzo-p-dioxin (2,3,6,7-TCDD),1,3,7,8-tetrachlorodi-
benzo-p-dioxin (1,3,7,8-TCDD), 1,2,3,4-tetrachlorodibenzo-
p-dioxin (1,2,3,4-TCDD), 2,3,7,8-tetrachloro-dibenzo-p-
dioxin (2,3,7,8-TCDD), 1,2,4,7,8-pentachloro-dibenzo-p-
dioxin (1,2,4,7,8-PCDD), 1,2,3,4,7-pentachloro-dibenzo-p-
dioxin (1,2,3,4,7-PCDD), 1,2,3,7,8-pentachloro-dibenzo-p-
dioxin (1,2,3,7,8-PCDD), 1,2,3,4,7,8-hexachloro-dibenzo-p-
dioxin (1,2,3,4,7,8-HCDD), 1,2,3,6,7,8-hexa-chlorodibenzo-
p-dioxin  (1,2,3,6,7,8-HCDD), 1,2,3,7,8,9-hexachlorodi-
benzo-p-dioxin (1,2,3,7,8,9-HCDD), 1,2,3,4,6, 7,8-hepta-
chlorodibenzo-p-dioxin (1,2,3,4,6,7,8-HpCDD) and 1,2,3,4,
6,7,8,9-octachlorodibenzo-p-dioxin (OCDD).

Several research groups have explored Calix[n]arenes
and its derivatives [26-30]. Calix[4]arene is one of the best-
known members of Calix[n]arene family [31,32].
Calix[4]arene has four stable and relevant conformers: cone,
partial-cone, 1,2-alternate, and 1,3-alternate [33].

In this work, structural properties and reactivity of 19
members of PCDDs are theoretically investigated. Global
reactivity descriptors of these compounds show that OCDD
is the most reactive PCDD. The attachment sites of OCDD
to Calix[4]arene may be determined by Fukui indices
analysis. The changes in electronic and structural properties
of OCDD upon its interaction with Calix[4]arene have been
determined in both gas and liquid phases. A linear model of
QSAR has been approximated to calculate the BA and
induction potencies of AHH and EROD.

COMPUTATIONAL METHODOLOGY

All geometry optimizations and quantum chemical
calculations were performed through Gaussian09 [34]
package using density functional theory (DFT). The B3LYP
(Becke’s hybrid 3-parameter functional with Lee-Yang-Parr
correlation) functional [35] was selected for the
calculations. B3LYP, has been introduced as one of the
most accurate methods for energy calculation [36-38].
Calculations were carried out using the LANL2DZ (Los
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Alamos effective core potential plus DZ) basis set, which
this basis set uses effective core potential (ECP) of Hay and
Wadt [39] for core electrons. With this choice of basis set,
computational time and convergence difficulties are
considerably reduced. This basis set uses D95V for first row
atoms [40] and Los Alamos ECP plus DZ on Na-La and Hf-
Bi [41,42]. The LANL2DZ has been widely used to model
the metal atoms [43-45], Nanotubes [46-48] and also other
compounds [38,49].

The global molecular descriptors of PCDDs were then
compared with those of Calix[4]arene. It is anticipated that
the properties of molecules and ions are different in gas and
liquid phases. In this work, all calculations for solvent effect
were carried out using the integral equation formalism
polarized continuum model (IEFPCM [50]). It seems that
this method is more suitable for our purpose, because it has
been found to be very useful and can describe accurately the
charge distribution of solute outside of the PCM cavity [51-
53].The IEFPCM method exploits a single common
approach for dielectrics of very different nature and it
allows reaching a unified analytical solution of the
electrostatic interaction for all solute-solvent systems
[54,55]. The structures and the optimized configurations of
the studied compounds are shown in Fig. 1. These
conformers are considered to be minima based on the
absence of imaginary frequencies.

The theoretical results can be used to determine
compounds which can be studied by QSAR methods [56].
The correlation between the inhibition efficiencies of the
compounds indicated that QSAR method could be used to
study the BA of these compounds. A linear model has been
suggested to calculate the approximate BA efficiencies.
According to this model, the regression analyses are well
fitted with the experimental data [57] and the calculated BA
efficiencies of PCDDs are found to be close to their
experimental values.

RESULTS AND DISCUSSION

Reactivity Parameters

Global molecular descriptors [58-71] of the lowest
energy structures of PCDDs and Calix[4]arene were
calculated. These descriptors are energy of the Highest
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Compounds Optimized geometries Compounds Optimized geometries
1-CDD 2-CDD

2,3-DCDD 2,8-DCDD

1,2,4-TCDD 2,3,6-TCDD

2,3,7-TCDD 2,3,6,7-TCDD

1,3,7,8-TCDD 1,2,3,4-TCDD

2,3,7,8-TCDD 1,2,4,7,8-PCDD

Fig. 1. Chemical structure and Optimized geometries for the studied compounds.
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1,2,3,4,7-PCDD

1,2,3,7,8,9-HCDD

OCDD

1,2,3,4,6,7,8-HpCDD

1,2,3,7,8-PCDD

1,2,3,6,7,8-HCDD

calix[4] arene

Fig. 1. Continued.

Occupied Molecular Orbital (Epomo), energy of the Lowest
Unoccupied Molecular Orbital (E_umo), energy gap (AE),
lonization Potential (IP), Electron Affinity (EA), global
hardness (1), electronegativity (), global softness (o),
electrophilicity (o), electrodonating (w’), electroaccepting
(o+), mnet electrophilicity (Aw®), fraction of electron
transferred (AN), Total Negative Charge (TNC) and dipole
moment ().
Tables 1-3 show the quantum chemical parameters of
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PCDDs and Calix[4]arene. The energy of HOMO indicates
the ability of a molecule to donate electrons and thus the
higher th e value of E,jomo, the more probable the molecule
would donate electrons. Table 1 shows that OCDD has a
lower Epomo than other PCDDs and Calix[4]arene has the
highest value of Eyomo in comparison to OCDD in both gas
and liquid phases. This means that Calix[4]arene is more
nucleophilic than OCDD. The energy of LUMO describes
the electron accepting ability of a molecule and thus the



Table 1. Quantum Chemical Descriptors for the Studied Compound

Compounds HOMO (eV) LUMO (eV) AE (eV) lonization potential (IP) (eV) Electron affinity (EA) (eV) Electron egativity (y) (eV)
(I1+A)2=y
Gas Liquid Gas Liquid  Gas  Liquid Energetic Orbital Energetic Orbital Energetic Orbital

IP= [E(+1)-E(O)] IP= 'EHOMO EA= [E(O)-E(-l)] EA= 'ELUMO
Gas Liquid Gas Liquid Gas Liquid Gas  Liquid Gas Liquid Gas  Liquid

QSAR Studies of the Dioxins and Interaction of OCDD/Phys. Chem. Res., Vol. 3, No. 3, 247-264, September 2015.

1-CDD 594 606  -1.07 -113 488 493 765 6.00 594  6.06 054 125 107 113 356  3.63 351  3.60
2-CDD 594 601  -108 -112 486 490 764° 595 594  6.01 052 124 108 112 356 3.59 351 357
2,3-DCDD 613 -612  -130 -128 484 484 7.78°  6.06 613 6.12 047 132 130 1.28 413 3.69 371 3.70
2,8-DCDD 617 -614  -135 -128 483 486 781 607 6.17 6.14 022  -1.39 135 1.28 402 234 376 371
1,2,4-TCDD 633 -631  -155 -150 478 481 797 6.24 633 6.31 000  -1.24 155 150 399 250 394  3.90
2,3,6-TCDD 636 -6.30  -153 144 484 4386 798 623 636 6.30 001  -156 153 144 399 234 395 3.87
2,3,7-TCDD 636 -6.25  -155 142 481 483 795  6.18 636 6.25 001  -154 155 142 397 232 395 3584
2,3,6,7-TCDD 652 -639  -173 -157 478 481 808  6.32 652  6.39 023  -1.69 173 157 393 231 412 398
1,3,7,8-TCDD 656 -641 177 -159 479 482 812  6.34 656  6.41 027 171 177 159 393 232 417 4.00
1,2,34-TCDD 645 -638 179 -191 466 447 804 631 645 6.38 012  -1.93 179 191 396 219 412 414
2,3,7,8-TCDD 652 -636  -1.73 -156 480 4.80 8.07°  6.29 652 6.36 003 145 173 156 405 3.87 413  3.96
1,2,4,7,8-TCDD 671 -653  -196 -1.75 475 479 825  6.46 671 6.53 048  -1.56 196 175 389 245 433 414
1,2,34,7-PCDD 665 -6.50  -193 -194 472 456 820  6.43 665 6.50 045  -1.96 193  1.94 387 223 429 422
1,2,3,7,8-PCDD 667 -648 192 171 476 477 8.19° 641 6.67 6.48 016  -1.59 192 171 401 2.4 429 410
1234,78HCDD 681 660  -2.09 -197 472 463 830" 652 681 6.60 049  -1.99 209  1.97 391 227 445  4.28
1236,78HCDD 682 661  -2.08 -1.85 474 476 832 653 682 6.61 036  -1.68 208 185 398 242 445  4.23
123789-HCDD 681 662  -2.07 -185 474 476 831"  6.54 681 6.62 062  -1.69 207 185 384 242 444 423
1,2,34,6,7,8- 695 673 224 203 471 470 842"  6.65 695 6.73 067  -2.07 224 203 387 229 459 4.38
HpCDD

oCDD 707  -685 238 216 469 469 852k  6.77 707 685 098 226 238 216 475 451 473 451
Calix[4]arene 607 -623 066 -080 541 543 736 612 607 6.23 0.66  0.96 066 0.80 335 354 337 352

37.78 eV from Ref. [3]. °7.76 and 7.71 eV from Refs. [3,35]. €7.92 eV from Ref. [3].98.24 and 7.99 eV from Refs. [3,35]. °8.37 and 8.08 eV from Refs. [3,35]. '8.48 from Ref.
[3]. 98.49 and 8.18 eV from Refs. [3,35]. "8.48 eV from Ref. [3]. '8.60 and 8.8 eV from Refs. [3, 35]. 8.71 and 8.42 eV from Refs. [3,35].
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Table 2. Quantum Chemical Descriptors for the Studied Compound

Compounds Global hardness (1) (eV) Chemical potential (1) (eV) Global softness (o) (eV™) Electrophilicity (o) (eV)
n=(1-A)/2 nw=-y =1/ o = x%2n
Energetic Orbital Energetic Orbital Energetic Orbital Energetic Orbital
Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid
1-CDD 410 2.38 2.44 2.47 -3.56 -3.63 -351 -3.60 0.24 042 041 041 1.54 2.77 2.52 2.62
2-CDD 4.08 2.36 2.43 2.45 -3.56 -3.59 -351 -357 025 042 041 041 155 274 2.54 2.60
2,3-DCDD 3.65 237 242 242 -413 -3.69 -3.71 -3.70 0.27 0.42 041 041 2.33 2.87 2.85 2.83
2,8-DCDD 3.80 3.73 241 243 -4.02 -234 -376 -3.71 026 0.27 041 041 2.13 0.73 2.93 2383
1,2,4-TCDD 398 3.74 2.39 240 -3.99 -250 -394 -390 0.25 0.27 0.42 042 1.99 0.84 3.25 3.17
2,3,6-TCDD 3.98 3.90 242 243 -3.99 -234 -395 -3.87 025 0.26 041 041 2.00 0.70 3.22 3.08
2,3,7-TCDD 3.98 3.86 241 241 -3.97 -232 -395 -3.84 025 0.26 042 041 1.98 0.70 3.25 3.05
2,3,6,7-TCDD 415 4.00 239 241 -3.93 -231 412 -398 024 0.25 0.42 042 1.86 0.67 3.56 3.29
1,3,7,8-TCDD 420 4.03 240 241 -3.93 -2.32  -417 -400 024 0.25 0.42 042 1.84 0.67 3.62 3.33
1,2,3,4-TCDD 4.08 4.12 233 224 -3.96 -2.19 -412 -414 025 024 0.43 0.45 1.92 0.58 3.64 384
2,3,7,8-TCDD 402 242 2.40 2.40 -405 -3.87 -413 -396 025 041 0.42 042 2.04 3.09 355 3.26
1,2,4,7,8-TCDD 436 4.01 2.38 2.39 -3.89 -245 -433 -414 023 0.25 0.42 042 1.73 0.75 3.95 358
1,2,3,4,7-PCDD 432 4.20 2.36 2.28 -3.87 -2.23 -429 -422 023 024 0.42 0.44 1.74 0.59 390 391
1,2,3,7,8-PCDD 4.18 4.00 2.38 2.39 -401 -241 -429 -410 024 0.25 0.42 042 1.93 0.73 3.88 3.52
1,2,3,4,7,8-HCDD 440 4.26 236 2.32 -3.91 -2.27 445 -428 023 0.23 0.42 0.43 1.73 0.60 419 3.96
1,2,3,6,7,8-HCDD 434 411 2.37 238 -3.98 -242 -445 -423 023 024 0.42 042 1.82 0.72 418 3.76
1,2,3,7,8,9-HCDD 446 4.11 2.37 238 -3.84 -242 444 -423 022 024 0.42 042 1.65 0.71 416 3.76
1,2,3,4,6,7,8-HpCDD 4.55 4.36 235 235 -3.87 -229 -459 -438 022 0.23 0.43 0.43 1.65 0.60 448 4.08
OCDD 3.77 226 235 235 -4.75 -451 -473 -451 027 044 0.43 0.43 299 451 476 4.32
Calix[4]arene 401 258 271 272 -3.35 -354 -337 -352 0.25 0.39 0.37 0.37 1.40 2.43 2.09 2.28
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Table 3. Quantum Chemical Descriptors for the Studied Compound

Compounds Electrodonating (w") (eV) Electro accepting (w*) (eV)  Net electrophilicity (Aw®) (eV)  Total negative Dipole
w = (31+A)Y/16(1-A) ' = (1+3A)716(1-A) Aw* = (w'+ ) charge (TNC)  moment ()
Energetic Orbital Energetic Orbital Energetic Orbital (©)
Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid Gas Liquid

1-CDD 3.84 488 458 4.73 0.28 1.25 1.07 1.13 411 6.12 565 5.86 2.69 275 205 271
2-CDD 3.84 483 460 4.69 028 124 1.09 1.12 412 6.07 568 5.81 2.74 2.80 2.62 3.23
2,3-DCDD 4.85 5.02 501 4.98 0.72 132 1.30 1.28 558 6.34 6.31 4.84 2.53 2,59 4.06 5.07
2,8-DCDD 461 237 511 498 0.59 0.03 1.35 1.28 520 2.40 6.46 6.26 2.57 2.63 221 2.86
1,2,4-TCDD 449 255 552 542 0.50 0.05 158 1.52 498 261 7.09 6.94 2.28 2.32 3.00 3.64
2,3,6-TCDD 450 2.36 550 5.32 0.50 0.02 155 1.45 500 2.38 7.05 6.77 231 215 3.93 5.12
2,3,7-TCDD 446 2.34 552 5.27 0.49 0.02 157 1.43 495 2.36 7.09 6.70 2.37 243 2.01 2.60
2,3,6,7-TCDD 434 232 592 1.60 041 0.01 1.79 1.60 475 2.34 771 7.18 212 217 2.92 3.97
1,3,7,8-TCDD 433 233 6.01 5.63 0.40 0.01 1.84 1.63 473 234 785 7.25 215 221 1.42 1.99
1,2,3,4-TCDD 441 2.20 599 6.19 0.45 0.00 1.87 2.05 486 2.20 7.86 824 2.09 2.08 422 528
2,3,7,8-TCDD 457 5.33 592 554 0.52 1.46 1.79 1.8 509 6.79 770 7.13 2.15 1.67 0.00 0.00
1,2,4,7,8-TCDD 422 247 6.41 5.95 0.33 0.02 2.08 181 455 2.50 850 7.76 1.90 1.94 1.25 1.76
1,2,3,4,7-PCDD 421 223 6.34 6.31 0.34 0.00 2.05 2.09 455 223 839 839 209 1.70 217 2.44
1,2,3,7,8-PCDD 446 243 6.32 5.87 0.44 0.02 2.03 177 490 2.45 835 7.64 193 1.95 1.39 2.00
1,2,3,4,7,8-HCDD 424 227 6.71 6.40 0.33 0.00 226 211 457 227 8.97 851 172 172 0.24 0.29
1,2,3,6,7,8-HCDD 435 2.44 6.70 6.17 0.38 0.02 225 194 473 2.46 895 811 1.71 1.70 0.00 0.00
1,2,3,7,8,9-HCDD 413 2.44 6.67 6.18 0.29 0.02 223 195 442 2.46 891 812 1.71 1.70 2.64 2.44
1,2,3,4,6,7,8-HpCDD 4.15 2.29 7.07 6.57 0.28 0.00 2.48 2.19 443 229 955 875 170 171 1.26 1.93
OCDD 584 7.05 7.42 6.87 1.09 254 2.69 2.37 6.93 9.59 10.12 9.24 136 1.27 0.00 0.00
Calix[4]arene 3.57 452 411 4.37 0.22 0.98 0.75 0.86 3.80 5.50 486 5.23 7.99 8.15 230 241
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lower the value of E_ymo, the more probable the molecule
would accept electrons. Table 1 indicates that OCDD and
Calix[4]arene have the lowest and the highest values of
Enomo in both gas and liquid phases, respectively. This
implies that dioxins are more electrophilic than
Calix[4]arene and OCDD is more electrophilic than other
PCDDs. The energy gap between the HOMO and LUMO
energy levels of a molecule is an important parameter,
because it is a function of the molecule reactivity. Our
calculations indicate that the dioxins have lower energy
gaps than Calix[4]arene in both gas and liquid phases.
Therefore, moving an electron from a HOMO to a LUMO is
more easily achieved in the OCDD than in other dioxins.

lonization potential (IP) is a basic description of the
chemical reactivity of atoms and molecules. High IP
pertains to towering stability. Table 1 shows that both
orbital and energy parameter methods calculate towering IP
values for OCDD compared with other PCDDs in gas and
liquid phases. Calix[4]arene is more nucleophilic than
OCDD because both orbital and energy parameter methods
calculate a lower IP for this compound than that for OCDD
in both phases. Ledn et al. [3] used the Koopman theorem
[72] (IP = -Epomo) to calculate IP values and reported the IP
values for 10 of PCDDs. They calculated an offset
correction value for Eyomo (+2.21 V) and added this to -
Enomo Vvalues to yield the offset-corrected IPs. As seen in
Table 1, the theoretical data obtained by the energy method
are close to the data obtained by using AM1 [73] and DFT
[3] calculations.

As shown in Table 1, calculations of both orbital and
energy parameter methods indicate that OCDD has more
electron affinity and electronegativity than other dioxins and
Calix[4]arene has lower values of electron affinity and
electronegativity than OCDD in two  phases.
Electronegativity indicates electron flow from a lower to a
higher state of electronegativity. Calix[4]arene is more
nucleophilic than OCDD. The absolute hardness and
softness are important properties to measure the molecular
stability and reactivity. As shown in Table 2, calculations of
both orbital and energy parameter methods indicate that
OCDD and 1,2,3,4-TCDD have a lower absolute hardness
than other PCDDs in two phases. The orbital parameter
method indicates that Calix[4]arene is a hard molecule in
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comparison to other PCDDs in both gas and liquid phases,
and, therefore, has a large energy gap in comparison to
other PCDDs. The orbital parameter method indicates that
OCDD is a soft molecule in comparison to Calix[4]arene
and other PCDDs except 1,2,3,4-TCDD in two phases. A
hard molecule has a large energy gap and a soft molecule
has a small energy gap. Soft molecules are more reactive
than hard ones because they could easily offer electrons to
an acceptor.

The ability of the molecules to accept electrons may be
described by the electrophilicity index. In our study, both
orbital and energy parameter methods calculated high
values of electrophilicity for OCDD in two phases and
showed that OCDD is a stronger electronphile than other
PCDDs. Based on orbital and energy parameter
calculations, Calix[4]arene has a lower value of
electrophilicity than OCDD in two phases. In other words,
OCDD is an electronphile and Calix[4]arene is a
nucleophile. The calculated electrodonating,
electroaccepting and net electrophilicity values of PCDDs
and Calix[4]arene are listed in Table 3. A large
electroaccepting value corresponds to a better capability of
accepting charge, whereas a small value of the
electrodonating value of a system makes it a better electron
donor. Calculations of the energy and orbital parameter
methods indicate that OCDD molecule has a good
capability of accepting charge in gas and liquid phases. The
energy and orbital parameters methods indicate
Calix[4]arene is a better electron donor than OCDD in two
phases. The total electrophilicity indicates that OCDD is the
strongest electrophile and Calix[4]arene is the strongest
nucleophile. These are similar to the results obtained from
the electrophilicity index data.

The calculations show that OCDD has the lowest TNC
and Calix[4]arene has the highest TNC in both gas and
liquid phases. The TNC value of the OCDD molecule is
higher in gas phase than in liquid phase. In contrast, the
TNC value of the Calix[4]arene molecule is higher in liquid
phase than in gas phase. The TNC property expresses the
electron donating capability of a molecule. The polarity of a
molecule describes its dipole moment. 1,2,3,6,7,8-HCDD
and OCDD have low dipole moments in gas and liquid
phases. Tables 1-3 show that OCDD molecule has a better
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capability of accepting charge than other PCDDs. In
reactions between OCDD and Calix[4]arene, OCDD can act
as an electrophile and  Calix[4]arene can act as a
nucleophile.

The fractional number of electrons (AN) [74] and
electrophilic charge transfer (ECT) [75] methods may be
used to study charge transfer between OCDD and
Calix[4]arene. AN and ECT may be obtained from Egs. (1)
and (2).

AN = o =Ha @)
2(na+r]b)
ECT :(ANmax)a_(ANmax)b zz[wa/Za_a)b/Zb] (2)

If "a" and "b" are reactants and AN and ECT are greater
than zero, then charge transfers occur from "b" to "a" ("a"
acts as an electron acceptor and "b" acts as an electron
donor) and if AN and ECT are less than zero, then charge
transfers occur from "a" to "b"("b" acts as an electron
acceptor and "a" acts as an electron donor) [74,75]. In this
work, "a" is OCDD and "b" is Calix[4]arene. Table 4 shows
that both the energy and orbital parameter methods calculate
AN and ECT to be greater than zero in two phases, and,
therefore, charge flows from Calix[4]arene to OCDD. It
means that Calix[4]arene acts as an electron donor
(nucleophilic) and OCDD toxins acts as electron acceptors
(electrophile). These are similar to the results obtained by
quantum chemical calculations (Tables 1-3).

QSAR CONSIDERATION

Several research groups have explored QSAR models to
determine the BA and induction potencies of AHH and
EROD of PCDDs using quantum chemical descriptors [76],

DFT-calculated tensors [1] and other methods [77-82]. In
this work, the QSAR method was used to correlate the BA
values (logl/EC50) of PCDDs with their molecular
structures in gas and liquid phases using two quantum
chemical parameters. Attempts were made to establish a
relationship between the experimental toxicity values and
the calculated quantum chemical parameters. To obtain
equations that are useful in predicting the BA, AHH and
EROD induction potencies and their quantum chemical
parameters, Eqs. (3) and (4) have been proposed to calculate
the 1og1/EC50 values of PCDDs in gas and liquid phases,
respectively.

logl/EC,, = A+B,X, +B,X2+B,X3+..+B, X" 3)
logl/EC,, = A+B,X, +B,X, + B,X, +..+ B X, 4

Where A and B, are constants obtained by regression
analysis and X, parameters are the independent variables
consisting of quantum chemical values. To simplify the Egs.
(3) and (4), only the first eight terms were used and we
obtained Egs. (5) and (6).

logl/EC,, = A+B X, +B,X2 +B,X3 +B,X/ + (5)
B XS +BX& + B, XJ + B, X¢

logl/EC,, = A+B,X, +B,X, + B; X, +B,X, + (6)
B, X; +B X, + B, X, + By X,

Equations (5) and (6) were utilized to correlate the
composite index of the quantum chemical parameters with
the experimental BA, AHH and EROD induction potencies
of the studied PCDDs. The QSAR for the BA, AHH and
EROD induction potencies is obtained by Egs. (7-9) in gas
phase and Egs. (10-12) in liquid phase.

Table 4. Calculated ECT and AN Using B3LYP/LANL2DZ

Molecular descriptors Parameter Calix[4]arene -1-OCDD
Gas Solvent
ECT Energetic 1.51 1.46
Orbital 1.62 1.48
AN Energetic 0.09 0.10
Orbital 0.13 0.09
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log1/EC,,(BA) = -5.275x10% +9.791x10' AE - 5.412x 10'n” — 4.511x 10" HOMO®
—2.047x102 1Py, —1.039x107 LUMO® —=3.570x10™° 18,4y, —4.058x 1007,

Energy
+5.948x10°0% 1

()

10g1/EC,, (AHH) = -2.714x10" — 6.934AE +1.466x10'n* +1.908x10" 0},
—7.947x102 1P}

Energy
4 8
+2.2x10 Oorbital

+5.342LUMO® +2.947x 107 ) guoial — 8.184x 10° O nergy

(8)

10g1/EC ,(EROD) = 4.612 x10" ~1.217 x10"AE + 2.0859 x10'* +2.627 x10" 02,y
+7.232 LUMO® +4.032 1070 %piat —1.0696 x10°

O Energy

-1.128x107* IR

Energy

+3.022 %107 0 nergy

©)

l0gL/EC 4, (BA) = 1.228x10° + 4.528x 10° AE — 2.512x 10?5 — 2.782 x10' 03 e
~2.532x10% yf o, —9.109x10° LUMO® +8.820x10° 15, +2.221x10°5,

GEnergy
~1.372x10°0 ..,

(10)

10g1/ECq, (AHH) = 2.693x10° +3.345x 10°AE —3.335x10'% - 6.707x 10 03, e

~5.178x10" 7y, — 7.334x10°LUMO® +7.716x10° 8,y +1.861x10%07 .,

~3231x10%%,,
(11)

I0gL/EC ¢,(EROD) = 2.674x10° +2.542 x10° AE — 2.114x10?* —5.989x 10" 03,
~2.324x10% 7, ~5.538x10° LUMO® +5.217x10° 78, +2.121x10%a .
~3.189x10°E ..,

(12)

The biological activity data of PCDDs are presented in
Table 5 and they may be compared with their experimental
values [57] and [76]. The R? coefficient values, obtained by
different QSAR approaches, are shown in Table 6. The
calculated and observed results for the BA, AHH and
EROD induction potencies are shown in Fig. 2.

Figure 2, Tables 5 and 6 data clearly indicate that the
results of our study are in good agreement with the
experimental data [57].

LOCAL MOLECULAR REACTIVITY

Fukui functions can be used to predict reactivity sites of
a molecule. Fukui indices (f" and f) permit the distinction
between the reactive regions and the nucleophilic and
electrophilic behavior of a molecule, as well as the molecule
chemical reactivity [83]. The maximum value of f"
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corresponds to nucleophilic attack sites and the maximum
value of f indicates the preferred site for adsorption of
electrophilic agents [84]. Calix[4]arene is a nucleophile,
and, therefore, its maximum value of f is suitable for the
electrophilic attack. In contrast, the OCDD is electrophile
and its maximum value of f * indicates suitable sites for
adsorption of nucleophile agents. The calculated values of
the f"and f for OCDD and Calix[4]arene atoms are reported
in Tables 7 and 8. For OCDD, the highest f" is associated
with 017 and O18 while the highest f is at C3, C4 and C8
in the two phases. For Calix[4]arene, the sites for
nucleophilic attack are the oxygen atoms in gas and liquid
phases. However, Calix[4]arene sites for electrophilic attack
are H50, H54, H56 and H52 in both gas and liquid phases.
From Tables 1-3 data, one can infer the significance of
electrophilic  attack  associated  with  nucleophilic
Calix[4]arene and also the significance of nucleophilic
attack associated with electrophilic OCDD. Tables 1-3 also
show that high negative charges exist on the oxygen atoms
in our studied compounds because these oxygen atoms have
a lone pair of electrons.

The interaction energy (E), the enthalpy (H), the entropy
(S) and the Gibbs free energy (G) of interaction between
Calix[4]arene and OCDD can be obtained from Eq. (13).

AX = XCUmpIex - (XCaIix[A]arene +NXocop) (13)

Where X compiex 18 Calix[4]arene-n-OCDD and n is 1 or
2. The E values and quantum chemical descriptors of
Calix[4]arene-1-OCDD and Calix[4]arene-2-TCDD
complex systems are listed in Table 9 for both gas and
liquid phases. The E, the H and the G of interaction increase
with increasing OCDD in both gas and liquid phases.
Positive values of the G for a complex system suggest that
this interaction is spontaneous and solubility of the complex
system in aqueous media increases with the increase of
OCDD. The H value is negative in gas phase but is positive
in liquid phase. Therefore, this interaction is exothermic in
its gas phase and endothermic in its liquid phase. Table 9
shows that the global hardness and the energy gap of the
complex system will increase as OCDD increases. This is in
contrast to the decrease of the global hardness and energy
gap of the pristine Calix[4]arene. The increase in the global
hardness and the energy gap of the complex system will
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Table 5. Calculated Toxicity Values of PCDDs with other Works

Compounds BA? AHH? EROD? BA® AHH® EROD" BA®
Gas Liquid Gas Liquid Gas Liquid
1-CDD 403 421 399 397 394 396 400 400 400 4.10
2-CDD 458 589 434 574 461 654 - - - -
2,3-DCDD 514 651 545 801 668 854 - - - -
2,8-DCDD 565 526 419 395 399 363 550 400 400 6.79
1,2,4-TCDD 460 508 527 58l 442 456 489 566 432 523
2,3,6-TCDD 655 642 618 614 540 559 666 - - 6.41
2,3,7-TCDD 701 715 687 6.68 663 674 715 685 644 7.32
2,3,6,7-TCDD 6.79 667 7.37 782 695 742 680 796 722 6.69
1,3,7,8-TCDD 6.66 608 718 740 652 7.06 6.10 650 623 7.01
1,2,3,4-TCDD 585 573 550 550 518 530 589 562 543 523
2,3,7,8-TCDD 779 781 962 951 1002 979 800 972 1014 7.87
1,2,4,7,8-TCDD 570 586 7.22 697 695 657 59 796 7.68 6.17
1,2,3,4,7-PCDD 581 558 7.05 651 697 672 519 6.09 618 570
1,2,3,7,8-PCDD 717 773 813 832 798 823 710 777 7.96 -
1,2,3,4,7,8-HCDD 6.10 620 813 7.87 874 799 655 839 868 6.21
1,2,3,6,7,8-HCDD 6.43 7.4 780 807 7.8 797 - - - -
1,2,3,7,8,9-HCDD 6.16 6.98 1035 811 1180 7.89 - - - -
1,2,3,46,7,8-HpCDD 520 544 1209 7.28 1500 7.72 - - - -
OCDD 507 497 615 635 651 682 500 616 651 4.63

*This work. "Ref. [1].

Table 6. Calculated Determination Coefficient (R?) with other Works

R? Ref.
1 0.92 [57]
2 0.84 [58]
3 0.78 [59]
4 0.75 [60]
5 0.84 [61]
6 0.88 [62]
7 0.92 (BA) [1]
8 0.77 (BA) [1]
9 0.927 This work (BA)
10 0.94 This work (BA)
11 0.84 (AHH) [1]
12 0.92 This work ( AHH)
13 0.92 This work ( AHH)
14 0.83 (EROD) [1]
15 0.97 This work (EROD)
16 0.92 This work (EROD)
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Fig. 2. The plots of experimental BA, AHH and EROD induction potencies of PCCDs vs calculated at different

using [7-9] in gas phase and Eqs. (10-12) in liquid phase. The R? values are also reported.
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Table 7. Calculated Fukui Functions for OCDD Using B3LYP/LANL2DZ

Atom Gas Liquid

Onv  Ona Qna fr f Onv  Ona Qna fr f
C1 -0.04 0.03 0.02 0.06 -0.07 -0.03 0.04 0.02 0.05 -0.07
C2 -0.04 -0.03 -0.04 0.00 0.00 -0.03 -0.02 -0.04 -0.01 -0.01
C3 0.27 019 018 -0.09 0.08 0.28 0.212 0.18 -0.10 o0.07
C4 0.27 019 0.18 -0.09 0.08 0.28 0.212 0.18 -0.10 o0.07
C5 -0.04 -0.03 -0.04 0.00 0.00 -0.03 -0.02 -0.04 -0.01 -0.01
C6 -0.04 0.03 0.02 0.06 -0.07 -0.03 0.04 0.02 0.05 -0.07
Cc7 -0.04 0.19 0.18 0.22 -0.23 0.28 0.21 0.18 -0.10 0.07
Cc8 0.27 019 018 -0.09 0.08 0.28 0.212 0.18 -0.10 o0.07
C9 -0.04 -0.03 -0.04 0.00 0.00 -0.03 -0.02 -0.04 -0.01 -0.01
C10 -0.04 0.03 0.02 0.06 -0.07 -0.03 0.04 0.02 0.05 -0.07
Cl1 -0.04 0.03 0.02 0.06 -0.07 -0.03 0.04 0.02 0.05 -0.07
C12 -0.04 -0.03 -0.04 0.00 0.00 -0.03 -0.02 -0.04 -0.01 -0.01
Clia3 003 0.08 -0.02 -0.05 -0.05 0.01 0.05 -0.02 -0.03 -0.04
Cli4 003 008 -0.02 -0.05 -0.05 0.01 0.05 -0.02 -0.03 -0.04
Cli5 003 0.08 -0.02 -0.05 -0.05 0.01 0.05 -0.02 -0.03 -0.04
Clie 0.03 008 -0.02 -0.05 -0.05 0.01 0.05 -0.02 -0.03 -0.04
017 -0.52 -0.12 -0.27 0.25 -0.40 -052 -0.11 -0.28 0.25 -0.41
018 -0.52 -0.12 -0.27 0.25 -0.40 -052 -0.11 -0.28 0.25 -0.41
Cl19 003 004 -001 -0.04 -0.01 0.02 0.03 -0.01 -0.03 -0.01
Cl20 0.03 0.04 -0.01 -0.04 -0.01 0.02 0.03 -0.01 -0.03 -0.01
Cl2z1 003 004 -001 -0.04 -0.01 0.02 0.03 -0.01 -0.03 -0.01
Cl22 003 004 -001 -0.04 -0.01 0.02 0.03 -0.01 -0.03 -0.01

Table 8. Calculated Fukui Functions for Calix[4]arene Using B3LYP/LANL2DZ

Atom Gas Liquid
Qn Qn+1 On1 f* f Qn Qnet Qna f* f

C1 -0.05 0.00 -0.02 0.04 -0.02 -0.10 -0.03 -0.03 0.06 -0.06
Cc2 0.33 0.20 0.17 -0.16 0.12 0.33 0.21 016 -0.17 0.12
C3 -0.04 0.01 -0.02 0.02 -0.06 -0.06 0.02 -0.01 0.05 -0.08
C4 -0.21 -0.11 -0.10 0.11 -0.10 -0.21 -0.11 -0.09 012 -0.10
C5 -0.22 -0.03 -0.11 0.11 -0.18 -0.23 -0.04 -0.13 010 -0.19
Cc6 -0.21 -0.10 -0.11 0.10 -0.11 -0.23 -0.10 -0.10 013 -0.14
H7 0.22 0.12 0.10 -0.11 0.10 0.23 0.12 011 -0.12 0.11
H8 0.22 0.12 0.10 -0.12 0.10 0.23 0.12 011 -0.12 0.11
H9 0.22 0.12 0.10 -0.11 0.09 0.23 0.12 011 -0.12 0.11
C10 -0.46 -0.23 -0.23 0.23 -0.22 -0.46 -0.23 -0.23 023 -0.22
H11l 0.25 0.13 0.12 -0.13 0.12 0.24 0.13 012 -0.12 0.11
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H12
C13
Cl14
C15
C16
C17
H18
C19
H20
H21
C22
H23
H24
C25
C26
C27
C28
H29
C30
C31
H32
H33
C34
H35
H36
C37
C38
C39
C40
C41
H42
C43
H44
H45
C46
H47
H48
049
H50
051
H52
053
H54
055
H56

0.23
-0.05
0.33
-0.21
-0.05
-0.22
0.22
-0.22
0.22
0.21
-0.45
0.23
0.24
-0.06
-0.20
0.34
-0.22
0.22
-0.10
-0.25
0.22
0.22
-0.45
0.25
0.23
-0.05
0.31
-0.20
-0.05
-0.21
0.22
-0.20
0.22
0.22
-0.46
0.23
0.25
-0.82
0.53
-0.80
0.54
-0.78
0.53
-0.77
0.53

0.12
-0.01
0.22
-0.09
0.02
-0.02
0.12
-0.12
0.12
0.12
-0.23
0.13
0.13
0.01
-0.11
0.20
-0.05
0.12
-0.03
-0.11
0.12
0.12
-0.23
0.13
0.13
-0.01
0.18
-0.10
-0.02
-0.05
0.12
-0.10
0.12
0.12
-0.23
0.13
0.13
-0.37
0.27
-0.34
0.27
-0.36
0.27
-0.30
0.26

0.11
-0.01
0.16
-0.10
0.00
-0.12
0.10
-0.09
0.10
0.10
-0.23
0.11
0.11
0.01
-0.08
0.16
-0.13
0.10
-0.02
-0.09
0.10
0.10
-0.23
0.12
0.11
0.00
0.15
-0.09
-0.01
-0.12
0.10
-0.09
0.10
0.10
-0.23
0.11
0.12
-0.41
0.27
-0.40
0.27
-0.40
0.27
-0.39
0.26

-0.12
0.04
-0.17
0.11
0.04
0.10
-0.12
0.12
-0.12
-0.11
0.23
-0.12
-0.13
0.06
0.12
-0.18
0.09
-0.12
0.08
0.15
-0.12
-0.12
0.23
-0.13
-0.12
0.05
-0.16
0.11
0.04
0.09
-0.12
0.11
-0.12
-0.12
0.23
-0.12
-0.13
0.41
-0.27
0.41
-0.27
0.39
-0.26
0.38
-0.27

0.10
-0.07
0.08
-0.09
-0.05
-0.21
0.10
-0.12
0.10
0.09
-0.22
0.10
0.11
-0.05
-0.09
0.17
-0.14
0.10
-0.08
-0.15
0.10
0.11
-0.22
0.13
0.10
-0.01
0.11
-0.09
-0.05
-0.14
0.10
-0.10
0.10
0.10
-0.23
0.10
0.12
-0.49
0.26
-0.50
0.27
-0.45
0.27
-0.40
0.25

0.24
-0.05
0.33
-0.22
-0.06
-0.23
0.23
-0.22
0.23
0.23
-0.46
0.25
0.24
-0.05
-0.21
0.31
-0.22
0.23
-0.05
-0.21
0.23
0.23
-0.46
0.25
0.25
-0.11
0.34
-0.23
-0.05
-0.23
0.23
-0.20
0.23
0.23
-0.46
0.25
0.24
-0.81
0.54
-0.80
0.53
-0.76
0.52
-0.78
0.54

0.13
0.03
0.25
-0.12
0.00
0.00
0.12
-0.10
0.12
0.12
-0.23
0.13
0.13
-0.01
-0.11
0.18
-0.08
0.12
-0.02
-0.09
0.12
0.12
-0.23
0.13
0.13
-0.04
0.20
-0.11
0.00
-0.07
0.12
-0.10
0.12
0.12
-0.23
0.13
0.13
-0.33
0.27
-0.30
0.27
-0.33
0.26
-0.37
0.27

0.12
-0.01
0.15
-0.10
-0.01
-0.13
0.11
-0.10
0.11
0.11
-0.23
0.12
0.12
-0.01
-0.09
0.15
-0.13
0.11
-0.01
-0.09
0.11
0.11
-0.23
0.12
0.12
-0.04
0.16
-0.11
-0.01
-0.13
0.11
-0.09
0.11
0.11
-0.23
0.12
0.12
-0.41
0.27
-0.40
0.26
-0.39
0.26
-0.39
0.27

-0.13
0.04
-0.17
0.12
0.05
0.10
-0.12
0.12
-0.12
-0.12
0.23
-0.13
-0.13
0.04
0.12
-0.17
0.09
-0.12
0.04
0.12
-0.12
-0.12
0.23
-0.13
-0.13
0.07
-0.18
0.13
0.04
0.10
-0.12
0.11
-0.12
-0.12
0.23
-0.13
-0.13
0.40
-0.27
0.39
-0.26
0.38
-0.26
0.39
-0.27

0.11
-0.08
0.08
-0.10
-0.06
-0.22
0.11
-0.12
0.11
0.11
-0.23
0.12
0.12
-0.04
-0.11
0.14
-0.14
0.11
-0.03
-0.12
0.11
0.11
-0.23
0.12
0.12
-0.06
0.14
-0.12
-0.05
-0.16
0.11
-0.10
0.11
0.11
-0.23
0.12
0.11
-0.48
0.27
-0.50
0.26
-0.43
0.26
-0.41
0.27
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Table 9. Thermodynamic Parameters and Quantum Molecular Descriptors for
Calix[4]arene-1-OCDD and Calix[4]arene-2-OCDD Calculated

Molecular descriptors

Calix[4]arene-1-OCDD

Calix[4]arene-2-OCDD

Gas Solvent Gas Solvent
AHiy (Kcal mol?) -1.18 2.93 -3.30 3.86
AGiy (Kcal mol?) 8.54 16.38 14.62 23.72
ASin (cal mol™* k) -32.58 4511  -60.09 -66.59
HOMO (eV) -6.23 -6.30 -6.23 -6.31
LUMO (eV) -2.05 -2.15 -2.46 -2.17
AE (eV) 4.18 4.15 3.77 4.14
IP = -Enomo (V) 6.23 6.30 6.23 6.31
EA = -E umo (eV) 2.05 2.15 2.46 2.17
(1-A)/2 (eV) = 2.09 2.07 1.89 2.07
(1+A)/2 (eV) =y 4.14 4.23 4.35 4.24
=7y (eV) -4.14 -4.23 -4.35 -4.24
o=1/m VY 0.48 0.48 0.53 0.48
o = ¢42n (eV) 4.10 4.31 5.01 4.34
Dipole moment (u) (D) 3.31 3.97 3.68 4.03

increase the complex system reactivity in both gas and
liquid phases. It is also observed that in the presence of
solvents, the energy gap and the S value of the complex
system are lower in the gas phase which validates an
increase in the complex system solubility. Electron affinity
and electronegativity of the complex system will increase as
the OCDD increases, implying that Calix[4]arene can
withdraw electrons more readily from the complex system
in both gas and liquid phases.

CONCLUSIONS

The quantum chemical parameters provide information
about the chemical reactivity of our studied molecules in
gas and solution. From these parameters, calculated for the
18 members of PCDD molecules, it can be inferred that
OCDD is the most reactive dioxin. When two molecules
interact, one will act as a nucleophile and the other one acts
as an electrophile. OCDD has high values of electrophilicity
index, electronegativity, electroaccepting, electron affinity
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and a low value of E yvwo in comparison to Calix[4]arene,
while Calix[4]arene has low values of electrophilicity index,
electronegativity, electroaccepting, electron affinity and a
high value of Ejomo in comparison to OCDD. Therefore,
OCDD acts as an electron acceptor and Calix[4]arene acts
as an electron donor.

The following conclusions may be drawn using the
molecular properties of PCDDs and Calix[4]arene:
(1) The quantum chemical descriptors of PCDDs and
Calix[4]arene obtained using energetic mode are similar
with those obtained using orbital mode in gas and liquid
phases.
(2) The Epomo and E umo values indicate that dioxins are
more electrophilic than Calix[4]arene and OCDD is more
electrophilic than other PCDDs.
(3) The AE values suggest that OCDD is more reactive than
other dioxins in both phases.
(4) Low ionization potential indicates low stability, OCDD
has lower ionization energy than other dioxins.
(5) The electron affinity, electronegativity, electrophilicity
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and total electrophilicity indicate that OCDD is the
strongest electrophile and Calix[4]arene is the strongest
nucleophile.

(6) Both methods appear to give a higher sum of the
negative charges for Calix[4]arene in two phases. This
property expresses the capability of a molecule's donating
electrons.

The Fukui indices have been used to
intramolecular reactivity of the studied
Behavior of molecules as electrophiles or nucleophiles
during reaction depends on how the atomic sites of the
molecule react towards the approaching reagent. The results
show that for OCDD (electrophile) the highest f* is
associated with oxygen atoms and for calix [4]arene the
sites for electrophilic attack are the hydrogen atoms (H50,
H54, H56 and H52) which connect to oxygen atoms in the
gas and liquid phases. This means that the hydrogen
bonding between oxygen atoms of the OCDD and OH of
Calix[4]arene has been assigned as the dominant
interaction. Increasing the number of OCDD molecules
loaded onto Calix[4]arene leads to a decrease in global
hardness, energy gap and entropy energy, indicating that the
reactivity of the system increases in both gas and liquid
phases. A linear model of QSAR has been approximated to
calculate the BA and induction potencies of AHH and
EROD. According to this model, the calculated BA
efficiencies of the dioxins were found to be close to their
experimental values.

explain the
compounds.
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