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a b s t r a c t

Dieldrin was characterized by using Fourier Transform infrared (FT-IR) and Raman (FT-Raman), Ultra-
violeteVisible (UVeVisible) spectroscopies. The structural and vibrational properties for dieldrin in gas
phase and in aqueous solution were computed combining those experimental spectra with hybrids
B3LYP and WB97XD calculations by using the 6-31G* and 6-311þþG** basis sets. Here, the experimental
available Hydrogen and Carbon Nuclear Magnetic Resonance (1H and 13C NMR) for dieldrin were also
used and compared with those predicted by calculations. The B3LYP/6-311þþG** method generates the
most stable structures while the results have demonstrated certain dependence of the volume and dipole
moment values with the method, size of the basis set and, with the studied media. The lower solvation
energy for dieldrin (�32.94 kJ/mol) is observed for the higher contraction volume (�2.4 Å3) by using the
B3LYP/6-31G* method. The NBO studies suggest a high stability of dieldrin in gas phase by using the
WB97XD/6-31G* method due to the n/p* and n*/p* interactions while the AIM analyses support this
high stability by the C18/H26 and C14/O7 contacts. The different topological properties observed in
the R5 ring suggest that probably this ring plays a very important role in the toxics properties of dieldrin.
The frontier orbitals show that when dieldrin is compared with other toxics substances the reactivity
increases in the following order: CO < STX < dieldrin < C6Cl6 <TCAB < TCAOB < CN� where evidently, the
presence of five rings and six Cl atoms decrease the reactivity of dieldrin, as compared with hexa-
chlorobencene. The WB97XD method and the two basis sets predicted for dieldrin in both media low
reactivities, higher nucleophilicity and, low electrophilicity. All the bands observed in the IR and Raman
spectra were completely assigned to the 75 vibration normal modes and their harmonic force fields and
force constants for first time are reported for dieldrin. The predicted FTIR, FT-Raman, UVeVisible and 1H
and 13C NMR spectra for dieldrin show a reasonable concordance with the experimental ones.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction

Dieldrin is an organochlorine compound whose IUPAC name
and molecular formula are respectively (1R,4S,4aS,5R,6R,7S,8-
S,8aR)-1,2,3,4,10,10- hexachloro-6,7-epoxy-1,4,4a,5,6,7,8,8a-octa-
hydro-1,4:5,8- dimethanonaphthalene and C12H8Cl6O. Due to the
presence of six Cl atoms in their structure it is widely used as
insecticide and pesticide, for which confers to it toxicological
properties [1e18]. Hence, all studies related with this
and�an).
organochlorine compound are of great importance principally to
the environmental and the health human [1,3,5e8,10e13,16e18]. In
this senses, the man is exposed mainly by the dietary intake of food
of animal and vegetal origin [10,11] and, for these reasons, all the
multiple effects associated with that pesticide are strongly
dependent on duration and the length and time of exposure [11].
Consequently, it stimulates the nervous system causing hyper-
excitation neurotoxic, and seizures including cancer [11]. Recent
studies reported by Allen et al. [13] have correlated the environ-
mental exposure to dieldrin pesticide with the incidence of Par-
kinson's disease (PD). Experimentally, the detection of dieldrin, due
to their characteristics toxics, is normally performed by using
infrared and Raman spectroscopies [4,7,8,14,16] because both are
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Fig. 1. Perspective view of the molecule of dieldrin with the identifications of their five
different rings.

Fig. 2. Molecular theoretical structure of dieldrin and the atoms numbering.
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useful techniques to analyze trace samples and to highlight those
studies by Surface-enhanced Raman spectroscopy (SERS) due to the
fact that it is a very important tool to detect little quantity adsorbed
of dieldrin on different surfaces [14,16]. So far, there are not com-
plete assignments of all bands observed in their vibrational spectra
in order to completely identify this substance in all the media in
which it can be found. In this context, the aim of this work is to
study, first, their most stable structure in gas and aqueous solution
phases by using the hybrid B3LYP method [19,20] and the func-
tional which include long range corrections such as the WB97XD
method [21] and the 6-31G* and 6-311þþG** basis sets while in
solution the solvent effects were studied with the PCM and SD
models [22e24]. Hence, their structural properties can be deter-
mined and, after that, to perform the complete assignments of all
the bands observed in both experimental infrared and Raman
spectra by using their internal normal coordinates and the Scaled
Quantum Mechanical Force Field (SQMFF) approach [25]. Their
harmonic force constants were also determined from their corre-
sponding harmonic force fields and by using the Molvib program
[26]. On the other hand, as mentioned by Allen et al. [13] the
concentration of pesticides affects cellular processes associated
with PD patients and, so far, the mechanism and specific cellular
targets have not been fully elucidated. For these reasons, the
frontier orbitals [27,28] and some interesting descriptors [29e32]
were also studied in this work by using both methods because
these parameters are essential to predict their reactivities and
behaviour in any media due to that it is necessary to know and
understand the mechanisms of action and role of dieldrin as a toxic
agent. Then, these descriptors were compared with other reported
results for compounds with different biological properties from
toxic substances up to antiviral agents [32e38].

2. Experimental

The substance dieldrin used to record the IR spectrum was a
pure anhydrous (Riedel de Ha€en) commercial sample. For this
reason, the spectrum of the solid sample was recorded in KBr
pellets (2 mg of solid sample in 200 mg of KBr) in the 4000-
400 cm�1 range with an FT-IR Perkin Elmer spectrophotometer,
provided with a Globar source and DGTS detector. The Raman
spectra of the substance in solid state was recorded in the 4000-
100 cm�1 rangewith a Bruker RF100/S spectrometer equippedwith
a Nd:YAG laser (excitation line of 1064 nm, 800mWof laser power)
and a Ge detector cooled at liquid nitrogen temperature. Both IR
and Raman spectra were recorded with a resolution of 1 cm�1 and
200 scans.

A Beckman spectrophotometer was used to record the ultra-
violetevisible spectrum in CHCl3 solution from 200 up to 500 nm.

3. Computational details

The initial 3D structure of dieldrin was taken from Ref. [39],
modelled with the GaussView program [40] by using the hybrid
B3LYP and WB97XD methods [19e21], where the latter method
includes empirical dispersion and then, these structures were
optimized with the Gaussian 09 program [41] and the 6-31G* and
B3LYP/6-311þþG** basis sets. Dieldrin has five fused rings of which
one of them has three members, other three rings have five
members and, there is only one ring with six members. The defi-
nition of these rings can be clearly seen in Fig. 1 while the dieldrin
structure together with the atoms labeling is presented in Fig. 2. In
this work, we have studied two different charges taking into ac-
count the presence of six Cl atoms in the dieldrin structure, these
are, the atomic natural population charges (NPA) computed by
using the NBO program [42] and, the Merz-Kollman (MK) charges
[43]. With these latter charges the molecular electrostatic potential
were also calculated. The characteristics of different bonds and
interactions were predicted by means of the bond orders, the
donor-acceptor interactions and the topological properties which
were computed with the NBO calculations [42] and the AIM2000
program [44] by using the Bader's theory [45]. The HOMO-LUMO
orbitals were calculated to investigate the reactivities of dieldrin
in the different media and from the differences between both or-
bitals, these are the gap values, their reactivities were also pre-
dicted [27,28]. Later, by using these gap values the chemical
potential (m), electronegativity (c), global hardness (h), global
softness (S) and global electrophilicity index (u) parameters were
calculated with known equations [29e32] by using both levels of
theory.

The complete assignments of all bands observed in the experi-
mental infrared and Raman spectra were performed by using the
harmonic force fields computed to both levels of theory with the
SQMFF methodology [25], the Molvib program [26] and, by using
the normal internal coordinates. Here, it is necessary to clarify that
three rings coordinates were removed, as a consequence of the five
fused rings that has dieldrin, in similar form that were built the
coordinates for tropane, cocaine andmorphine alkaloids [36,37,46].
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Then, the vibrational assignments were performed taking into ac-
count those potential energy distribution (PED) contributions
� 10%. At this point, the properties of dieldrin were compared with
other chlorinated compounds with different properties
[32,36,37,46].
4. Results and discussion

4.1. Structural study

Calculated total energies, dipolar moments, solvation energy
and volume values for dieldrin in gas phase and, in aqueous and
ethanol solution by using the two B3LYP and WB97XD methods
[19e21] with the 6-31G* and 6-311þþG** basis sets can be seen in
Table 1. Here, the volume values were calculated with the Moldraw
program [47]. The detailed analysis of the results shows that: (i) the
B3LYP/6-311þþG** method generate the most stable structures for
dieldrin in all media, (ii) the higher dipole moment values are
observed with theWB97XD/6-31G* method in bothmedia and, (iii)
the B3LYP method predicted the higher volume in gas phase by
using the 6-31G* basis set and in aqueous solution by using the
higher size basis set. In Fig. S1 (supporting material) we clearly
observed the influence of bothmethods and basis sets on the dipole
moment and volume values of dieldrin in gas and aqueous solution
phases. Hence, the dipole moment presents higher values in solu-
tion and the highest values are observed with both methods by
using the 6-31G* basis set while when in the volumes, the same
behaviour is analyzed and is observed with both methods by using
the 6-311þþG** basis set in both media but when the B3LYP/6-
31G* method is used the values in both media notably change
presenting the higher volume value in gas phase. Probably, for this
reason the higher volume variation in solution (�2.4 Å3) is
observed with this method. In relation to the solvation energy, the
B3LYP/6-311þþG** method predicted the higher value for the
lower volume contraction.

The experimental structure of dieldrin was not reported so far,
and, for this reason, their calculated geometrical parameters in gas
phase for those two methods and two basis sets are summarized in
Table 2. These results were compared with those experimental
obtained by X-ray diffraction for 1,2,3,4,10,10-hexaehloro-
1,4,4a,5,8,8a-hexahydro-endo-1,4-endo-5,8-
dimethanonaphthalene (Isodrin) [48] and dimethyl 1,2,3,4,7,7-
hexachloro-5-endo-methoxybicyclo[2.2.1]hept-2-ene-5-exo,6-
endo-dicarboxylate [49] by means of the root-mean-square devia-
tion (RMSD) values which were included in Table 2. The
Table 1
Calculated total energy (E), dipolar moments, solvation energy and volume values for Di

Property GAS PHASE

6-31G* Basis set

B3LYP WB

E (Hartrees) �3298.3747 329
m (D) 1.70 1.75
V (Å3) 294.6 292
Property AQUEOUS SOLUTION/PCM

B3LYP WB
E (Hartrees) �3298.3820 �32
m (D) 2.55 2.61
V (Å3) 292.2 293
Solvation energies (kJ/mol) and volume variations
Methods DGun DG
B3LYP/6-31G* �19.15 13.7
WB97XD/6-31G* �20.20 13.6
B3LYP/6-311þþG** �23.34 13.7
WB97XD/6-311þþG** �22.56 13.6
concordance between the theoretical and experimental values with
both methods and basis sets are reasonable when they are
compared with the two compounds because these calculations
show rmsd values between 2.6 and 2.7 Å for bond lengths and
3.4e3.2� for bond angles but the better values are evidently ob-
tained when the bond lengths and angles are compared with those
experimental observed for isodrin [48].
4.2. NPA and MK charges, MEP and bond orders (BO)

Taking into account the toxicological properties of dieldrin and
the presence of six Cl atoms in their structure [1,3,5,13,14] it is very
important to analyze different types of charges and their distribu-
tions by means of the molecular electrostatic potentials (MEP)
values and their surfaces mapped. Hence, we have analyzed theMK
and NPA charges, the molecular electrostatic potential (MEP) and
the bond orders, expressed as Wiberg indexes, by using the two
methods and basis sets and in gas and aqueous solution phases. In
Table S1 theMK and NPA charges are summarized and predicted for
dieldrin while in Table S2 Wiberg indexes are given the and, in
Table S3 the MEP values. In Fig. S2 the influence of B3LYP and
WB97XD methods [19e21] and 6-31G* 6-311þþG** basis sets on
the MK charges are presented for dieldrin in gas phase while in
Fig. S3 the variations of these charges for dieldrin are shown in both
media. The same MK variations on all atoms are practically
observed in Fig. S2 with both methods by using the 6-311þþG**
basis set while different behaviour is observed on all atoms with
both methods when the 6-31G* basis set is used showing the lower
values on the C9 and C17 atoms by using the WB97XDmethod. The
low values on these latter atoms are probably justified because they
belong to the CCl2 groups where the two Cl3 and Cl4 atoms
involved present the higher positive values, as observed in Fig. S2
and S3.

The comparisons between the MK and NPA charges by means of
graphics can be seen in Fig. S4 where it is possible to observe clearly
that the behaviour of both charges with the different methods are
completely different, thus, the NPA charges with both methods and
basis sets present practically the same behaviour, however, the MK
charges by using the two B3LYP and WB97XD methods and the 6-
31G* basis set have different behaviour from that observed by using
6-311þþG** basis set. Hence, these results show that bothmethods
and set basis have notable effects on the MK charges than the NPA
charges.

In relation to the BO, we observed that in both media the B3LYP
method predicted values slightly higher than theWB97XDmethod,
eldrin in different media.

6-311þþG** Basis set

97XD B3LYP WB97XD

8.1535 �3298.6826 3298.4482
1.47 1.50

.4 294.1 292.3

97XD B3LYP WB97XD
98.1612 �3298.6915 �3298.4568

2.43 2.47
.0 293.6 291.5

ne DGcorrected DV(Å3)
9 �32.94 �2.4
7 �33.87 0.6
5 �37.09 �0.5
3 �36.19 �0.8



Table 2
Calculated geometrical parameters for the Dieldrin in gas phase.

Parameter B3LYPa Wb97xda Expb Expc

6-31G* 6-311þþG** 6-31G* 6-311þþG**

Bond Length (Å)
Cl1eC15 1.780 1.779 1.766 1.765 1.745 1.74
Cl2eC16 1.780 1.779 1.766 1.765 1.749 1.74
Cl3eC17 1.798 1.796 1.782 1.781 1.775 1.75
Cl4eC17 1.793 1.792 1.778 1.778 1.771 1.86
Cl5eC18 1.714 1.713 1.705 1.704 1.689 1.70
Cl6eC19 1.714 1.713 1.705 1.704 1.702 1.69
O7eC12 1.435 1.434 1.422 1.420
O7eC13 1.435 1.434 1.422 1.421
C8eC9 1.578 1.577 1.568 1.566 1.566 1.53
C8eC10 1.558 1.557 1.551 1.549 1.59
C8eC15 1.565 1.562 1.557 1.554 1.607 1.57
C8eH20 1.093 1.090 1.093 1.091 1.09
C9eC11 1.558 1.557 1.551 1.549 1.527 1.64
C9eC16 1.565 1.563 1.557 1.554 1.548 1.58
C9eH21 1.093 1.090 1.093 1.091 1.05
C10eC12 1.544 1.543 1.539 1.537
C10eC14 1.545 1.544 1.539 1.538
C10eH22 1.092 1.089 1.091 1.089 1.02
C11eC13 1.544 1.543 1.539 1.537
C11eC14 1.545 1.544 1.539 1.538
C11eH23 1.092 1.089 1.091 1.089 0.97
C12eC13 1.474 1.472 1.468 1.467
C12eH24 1.088 1.085 1.087 1.085
C13eH25 1.088 1.085 1.087 1.085
C14eH26 1.085 1.082 1.084 1.082
C14eH27 1.090 1.088 1.090 1.088
C15eC17 1.578 1.576 1.570 1.567 1.536 1.48
C15eC18 1.527 1.526 1.521 1.520 1.535 1.43
C16eC17 1.578 1.576 1.570 1.567 1.544 1.51
C16eC19 1.527 1.526 1.521 1.520 1.515 1.46
C18 ¼ C19 1.341 1.337 1.335 1.331 1.310 1.34

RMSDa 0.027 0.026 0.021 0.021

RMSDb 0.060 0.059 0.058 0.057

Bond angle (degrees)

C9eC8eC10 103.1 103.1 103.2 103.2
C9eC8eC15 102.8 102.8 102.8 102.8 110.0 104.7
C9eC8eH20 111.5 111.5 111.7 111.6
C10eC8eC15 122.3 122.3 121.9 122.0 124.3
C10eC8eH20 110.3 110.3 110.2 110.3
C15eC8eH20 106.4 106.4 106.7 106.7
C8eC9eC11 103.1 103.1 103.2 103.2 100.1
C8eC9eC16 102.8 102.7 102.8 102.8 104.6 103.5
C8eC9eH21 111.5 111.5 111.7 111.6
C11eC9eC16 122.3 122.4 121.9 122.0 113.4 127.0
C11eC9eH21 110.3 110.4 110.2 110.3
C16eC9eH21 106.4 106.4 106.7 106.7
C8eC10eC12 100.8 100.8 100.5 100.5
C8eC10eC14 104.6 104.5 104.8 104.7
C8eC10eH22 115.4 115.5 115.4 115.4
C12eC10eC14 100.2 100.4 100.2 100.4
C12eC10eH22 116.1 116.0 116.3 116.2
C14eC10eH22 117.3 117.4 117.3 117.4
C9eC11eC13 100.8 100.8 100.5 100.5
C9eC11eC14 104.6 104.4 104.8 104.7
C9eC11eH23 115.4 115.5 115.4 115.4
C13eC11eC14 100.2 100.4 100.2 100.4
C13eC11eH23 116.1 116.0 116.3 116.2
C14eC11eH23 117.3 117.4 117.3 117.4
O7eC12eC10 116.2 116.2 116.3 116.2
O7eC12eH24 116.0 115.9 116.2 116.2
C10eC12eC13 105.2 105.2 105.2 105.2
C10eC12eH24 121.2 121.3 121.1 121.1
C13eC12eH24 123.8 123.9 123.7 123.8
O7eC13eC11 116.2 116.1 116.3 116.2
O7eC13eH25 116.0 115.9 116.2 116.2
C11eC13eC12 105.2 105.3 105.2 105.2
C11eC13eH25 121.2 121.2 121.1 121.1
C12eC13eH25 123.8 123.9 123.7 123.8
C10eC14eC11 95.4 95.3 95.3 95.3

(continued on next page)
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Table 2 (continued )

Parameter B3LYPa Wb97xda Expb Expc

6-31G* 6-311þþG** 6-31G* 6-311þþG**

C10eC14eH26 115.0 114.9 115.2 115.1
C10eC14eH27 111.3 111.5 111.3 111.4
C11eC14eH26 115.0 114.8 115.2 115.1
C11eC14eH27 111.3 111.5 111.3 111.5
H26eC14eH27 108.4 108.4 108.1 108.1
Cl1eC15eC8 114.0 114.2 114.1 114.2 117.6 112.0
Cl1eC15eC17 116.2 116.1 116.3 116.2 116.4 118.2
Cl1eC15eC18 115.6 115.6 115.7 115.6 114.0 116.2
C8eC15eC17 100.5 100.5 100.7 100.6 102.8 96.8
C8eC15eC18 110.1 110.1 109.7 109.7 104.6 108.9
C17eC15eC18 98.3 98.4 98.5 98.5 99.3 103.7
Cl2eC16eC9 114.0 114.2 114.1 114.2 114.1 111.9
Cl2eC16eC17 116.2 116.1 116.3 116.2 116.0 117.9
Cl2eC16eC19 115.6 115.6 115.7 115.6 116.5 119.1
C9eC16eC17 100.6 100.5 100.7 100.6 99.9 93.4
C9eC16eC19 110.1 110.2 109.7 109.7 109.4 109.5
C17eC16eC19 98.3 98.3 98.5 98.5 98.7 101.7
Cl3eC17eCl4 107.2 107.1 107.5 107.4 107.0 107.6
Cl3eC17eC15 114.4 114.4 114.3 114.3 113.3 119.3
Cl3eC17eC16 114.4 114.5 114.3 114.4 113.7 116.4
Cl4eC17eC15 114.3 114.3 114.2 114.2 113.9 109.2
Cl4eC17eC16 114.3 114.3 114.2 114.2 115.4 108.2
C15eC17eC16 92.0 92.0 92.0 92.1 93.4 95.3
Cl5eC18eC15 124.3 124.3 124.2 124.2 124.5 127.7
Cl5eC18eC19 127.7 127.6 127.8 127.7 128.3 124.2
C15eC18eC19 107.7 107.7 107.7 107.7 107.2 108.1
Cl6eC19eC16 124.3 124.3 124.2 124.2 123.8 124.4
Cl6eC19eC18 127.7 127.6 127.8 127.7 127.8 128.6
C16eC19eC18 107.7 107.8 107.7 107.7 108.3 107.0

RMSDa 2.7 2.7 2.6 2.6

RMSDb 3.2 3.3 3.4 3.4

Diedral angles (degrees)

C10eC8eC9eC11 0.0 0.2 0.0 0.0
C10eC8eC9eC16 �128.0 �127.9 �127.6 �127.6
C10eC8eC9eH21 118.3 118.5 118.3 118.4
C15eC8eC9eC11 128.0 128.2 127.6 127.7
C15eC8eC9eC16 0.0 0.1 0.0 0.1
C15eC8eC9eH21 �113.7 �113.5 �114.1 �113.9
H20eC8eC9eC11 �118.4 �118.2 �118.3 �118.3
H20eC8eC9eC16 113.6 113.8 114.1 114.0
H20eC8eC9eH21 0.0 0.2 0.0 0.1
C9eC8eC10eC12 �71.4 �71.5 �71.5 �71.5
C9eC8eC10eC14 32.3 32.3 32.1 32.2
C9eC8eC10eH22 162.7 162.7 162.6 162.7
C15eC8eC10eC12 174.0 173.9 174.0 174.0
C15eC8eC10eC14 �82.3 �82.3 �82.4 �82.3
C15eC8eC10eH22 48.1 48.1 48.1 48.2
H20eC8eC10eC12 47.8 47.6 47.9 47.7
H20eC8eC10eC14 151.5 151.4 151.5 151.4
H20eC8eC10eH22 �78.1 �78.1 �78.0 �78.0
C9eC8eC15eCl1 162.7 162.5 162.8 162.7
C9eC8eC15eC17 37.6 37.5 37.4 37.4
C9eC8eC15eC18 �65.4 �65.5 �65.7 �65.7
C10eC8eC15eCl1 �82.6 �82.7 �82.5 �82.6
C10eC8eC15eC17 152.4 152.3 152.1 152.1
C10eC8eC15eC18 49.3 49.3 49.0 49.0
H20eC8eC15eCl1 45.4 45.2 45.1 45.2
H20eC8eC15eC17 �79.7 �79.8 �80.2 �80.1
H20eC8eC15eC18 177.3 177.2 176.7 176.8
C8eC9eC11eC13 71.4 71.3 71.5 71.5
C8eC9eC11eC14 �32.3 �32.6 �32.1 �32.3
C8eC9eC11eH23 �162.7 �163.0 �162.6 �162.8
C16eC9eC11eC13 �174.0 �174.2 �174.0 �174.0
C16eC9eC11eC14 82.3 82.0 82.4 82.2
C16eC9eC11eH23 �48.1 �48.4 �48.1 �48.3
H21eC9eC11eC13 �47.8 �47.9 �47.9 �47.8
H21eC9eC11eC14 �151.4 �151.7 �151.5 �151.5
H21eC9eC11eH23 78.1 77.9 78.0 78.0
C8eC9eC16eCl2 �162.6 �162.7 �162.8 �162.8
C8eC9eC16eC17 �37.6 �37.7 �37.5 �37.5
C8eC9eC16eC19 65.5 65.3 65.6 65.6
C11eC9eC16eCl2 82.6 82.6 82.5 82.6
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Table 2 (continued )

Parameter B3LYPa Wb97xda Expb Expc

6-31G* 6-311þþG** 6-31G* 6-311þþG**

C11eC9eC16eC17 �152.3 �152.4 �152.1 �152.2
C11eC9eC16eC19 �49.3 �49.4 �49.0 �49.1
H21eC9eC16eCl2 �45.3 �45.5 �45.2 �45.3
H21eC9eC16eC17 79.7 79.5 80.2 80.0
H21eC9eC16eC19 �177.2 �177.5 �176.7 �176.9
C8eC10eC12eO7 135.7 135.7 135.5 135.6
C8eC10eC12eC13 73.1 73.0 73.1 73.1
C8eC10eC12eH24 �74.0 �74.2 �73.6 �73.7
C14eC10eC12eO7 28.6 28.7 28.3 28.4
C14eC10eC12eC13 �34.1 �34.0 �34.2 �34.1
C14eC10eC12eH24 178.9 178.8 179.1 179.1
H22eC10eC12eO7 �98.8 �98.9 �99.1 �99.2
H22eC10eC12eC13 �161.5 �161.6 �161.6 �161.7
H22eC10eC12eH24 51.5 51.2 51.7 51.5
C8eC10eC14eC11 �50.7 �50.8 �50.2 �50.4
C8eC10eC14eH26 70.1 69.7 71.0 70.5
C8eC10eC14eH27 �166.0 �166.5 �165.5 �165.9
C12eC10eC14eC11 53.5 53.2 53.6 53.4
C12eC10eC14eH26 174.2 173.8 174.8 174.3
C12eC10eC14eH27 �61.9 �62.4 �61.7 �62.1
H22eC10eC14eC11 �180.0 179.8 �179.6 �179.8
H22eC10eC14eH26 �59.2 �59.6 �58.4 �58.9
H22eC10eC14eH27 64.7 64.2 65.1 64.7
C9eC11eC13eO7 �135.7 �135.8 �135.5 �135.6
C9eC11eC13eC12 �73.0 �73.1 �73.1 �73.1
C9eC11eC13eH25 74.0 74.2 73.6 73.7
C14eC11eC13eO7 �28.6 �28.8 �28.3 �28.4
C14eC11eC13eC12 34.1 33.9 34.2 34.1
C14eC11eC13eH25 �178.9 �178.7 �179.1 �179.1
H23eC11eC13eO7 98.8 98.8 99.2 99.2
H23eC11eC13eC12 161.5 161.5 161.6 161.7
H23eC11eC13eH25 �51.5 �51.2 �51.7 �51.5
C9eC11eC14eC10 50.6 50.9 50.2 50.4
C9eC11eC14eH26 �70.2 �69.7 �71.0 �70.4
C9eC11eC14eH27 166.0 166.5 165.5 166.0
C13eC11eC14eC10 �53.5 �53.2 �53.6 �53.4
C13eC11eC14eH26 �174.3 �173.8 �174.8 �174.3
C13eC11eC14eH27 61.9 62.4 61.7 62.1
H23eC11eC14eC10 179.9 �179.8 179.6 179.8
H23eC11eC14eH26 59.1 59.6 58.4 58.9
H23eC11eC14eH27 �64.7 �64.2 �65.1 �64.7
C10eC12eC13eC11 0.0 0.1 0.0 0.0
C10eC12eC13eH25 �145.9 �146.1 �145.6 �145.7
H24eC12eC13eC11 145.9 146.2 145.6 145.7
H24eC12eC13eH25 0.0 0.0 0.0 0.0
Cl1eC15eC17eCl3 �64.4 �64.5 �64.5 �64.6
Cl1eC15eC17eCl4 59.7 59.5 59.8 59.6
Cl1eC15eC17eC16 177.5 177.4 177.6 177.4
C8eC15eC17eCl3 59.2 59.2 59.3 59.3
C8eC15eC17eCl4 �176.7 �176.8 �176.4 �176.5
C8eC15eC17eC16 �58.9 �58.9 �58.6 �58.7
C18eC15eC17eCl3 171.6 171.6 171.3 171.3
C18eC15eC17eCl4 �64.3 �64.4 �64.4 �64.5
C18eC15eC17eC16 53.5 53.4 53.4 53.3
Cl1eC15eC18eCl5 25.3 25.6 26.0 26.4
Cl1eC15eC18eC19 �160.3 �160.2 �160.5 �160.3
C8eC15eC18eCl5 �105.7 �105.7 �104.7 �104.5
C8eC15eC18eC19 68.6 68.6 68.8 68.8
C17eC15eC18eCl5 149.7 149.9 150.7 150.9
C17eC15eC18eC19 �35.9 �35.9 �35.8 �35.8
Cl2eC16eC17eCl3 64.4 64.5 64.5 64.6
Cl2eC16eC17eCl4 �59.7 �59.5 �59.8 �59.6
Cl2eC16eC17eC15 �177.5 �177.4 �177.6 �177.4
C9eC16eC17eCl3 �59.2 �59.1 �59.3 �59.2
C9eC16eC17eCl4 176.7 176.8 176.4 176.5
C9eC16eC17eC15 58.9 59.0 58.6 58.7
C19eC16eC17eCl3 �171.6 �171.5 �171.3 �171.3
C19eC16eC17eCl4 64.3 64.4 64.4 64.5
C19eC16eC17eC15 �53.5 �53.4 �53.4 �53.3
Cl2eC16e19eCl6 �25.3 �25.5 �26.0 �26.4
Cl2eC16e19eC18 160.3 160.1 160.5 160.3
C9eC16e19eCl6 105.7 105.7 104.7 104.5
C9eC16e19eC18 �68.6 �68.6 �68.8 �68.8
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Table 2 (continued )

Parameter B3LYPa Wb97xda Expb Expc

6-31G* 6-311þþG** 6-31G* 6-311þþG**

C17eC16e19eCl6 �149.7 �149.8 �150.7 �150.9
C17eC16e19eC18 35.9 35.8 35.8 35.8
Cl5eC18e19eCl6 0.0 0.0 0.0 0.0
Cl5eC18e19eC16 174.1 174.1 173.2 173.0
C15eC18e19eCl6 �174.1 �174.1 �173.2 �173.0
C15eC18e19eC16 0.0 0.0 0.0 0.0

a This work.
b From Ref [48].
c From Ref. [49].
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as observed in Table S2, but when the 6-311þþG** basis set is used
it is possible to observe higher values than the other basis set. The
higher values are observed in the Cl5 and Cl6 atoms, the C atoms
belonging to R1 rings and the H24 and H25 atoms. In solution, the
variations in the BO values can be clearly seen when the 6-
311þþGþþ basis set is employed. In general with this basis set, a
slight decrease it is observed in the BO values corresponding to the
Cl, C and H atoms.

The analysis of the molecular electrostatic potentials (MEP)
values from Table S3, by using both methods and basis sets, in-
crease in the following order, as it is expected due to the higher
electronegativity of the Cl atoms than the other ones:
Cl > O > C > H. The MEP values by using the 6-31G* basis set do not
show differences between both methods in aqueous solution,
however, when the 6-311þþG* basis set is employed the values
change slightly in solution. The least negative values are observed
on the H24 and H25 atoms, for these reasons whenwe observed the
mapped surface from Fig. S5 the strong blue colours are observed
on these atoms indicating that these regions are electrophilic sites
while on the O7 atoms are observed the strong red colours
demonstrating that these regions are nucleophilic sites while the
regions around the Cl atoms are slightly green and, for this reason,
there are regions potentially inert.

4.3. NBO and AIM studies

The studies related to the stabilities of dieldrin in bothmedia are
very important because of their toxics properties, hence, NBO [42]
and AIM [44,45] calculations were employed to analyze the donor-
acceptor energy interactions and their topological properties in
both media and by using the two methods and basis sets. The re-
sults presented in Table S4 show clear differences between the two
studied B3LYP and WB97XD methods where the influence of both
basis sets is notable especially by using the WB97XD/6-31G*
method. Thus, this latter method predicts a higher total energy
value (385.23 kJ/mol) for dieldrin in gas phase while in solution the
WB97XD/6-311þþG** method predicts a value of 311.45 kJ/mol.

The stabilities of dieldrin in both media were also performed by
using the AIM calculations with the AIM 2000 program [44]
because it is very important to investigate the presence of poten-
tial intra-molecular interactions and the values of their topological
properties. This way, the electron density distribution, r(r), the
values of the Laplacian, V2r(r), the eigenvalues (l1, l2, l3) of the
Hessian matrix and the l1/l3 ratio were calculated in the bond
critical points (BCPs) and ring critical points (RCPs) taking into
account the Bader's theory [45]. This study shows two new
C18/H26 and C14/O7 interactions observed only for dieldrin in
gas phase with the B3LYP/6-31G* method which have character-
istics of H bonds interactions because they present l1/l3 < 1 and
V2r(r) > 0 (closed-shell interaction). Here, it is necessary to clarify
that the new C18/H26 interaction is formed in gas phase from the
middle of the C18eC19 bond towards the H26 atom. However,
when the WB97XD method is used in the two media with both
basis sets only the C18/H26 interaction it is observed and, besides,
with the B3LYP/6-311þþG** in solution. Then, the parameters
calculated in the two BCPs C18/H26 and C14/O7 by using the two
methods and both basis sets can be seen in Table S5 while in
Tables S6 and S7 the properties observed in the properly RCPs of the
five rings (named RCP from 1 to 5) are presented and, in those three
new RCPs are observed and were named RCPN1, RCPN2 and RCPN3.
In Fig. 3 the molecular graphic for dieldrin in gas phase by using the
B3LYP/6-31G* method can be seen where we can observe the two
C18/H26 and C14/O7 BCPs, the five RCPs of the rings and, also,
those three new RCPN1, RCPN2 and RCPN3. Table S5 shows that the
properties of the BCPs practically do not change neither in solution
nor with the method but only, the C14/O7 interaction disappears
when the basis set change from 6 to 31G* to 6-311þþG** and when
the medium changes from gas phase to solution. Comparisons of
the topological properties in the ring critical points (RCPs) by using
the two B3LYP and WB97XD methods and different basis sets for
dieldrin in gas and aqueous solution phases can be seen in Figs. S6
and S7. Both figures clearly show that only the RCP5 present their
properties different from the other ones with higher r(r),V2r(r) and
l1/l3 values. Hence, these studies suggest: (i) the high stability of
dieldrin in gas phase by using the B3LYP/6-31G* method, (ii) the
dependence of the basis set, the method and the medium used to
perform the calculations on the topological properties, (iii) the
characteristic of the C18/H26 interaction supports that both new
rings RCPN1 and RCPN2 formed can exhibit the same properties, as
observed in Table S6 and S7 and, finally, (iv) the different properties
observed in the RCP5 suggest that probably the R5 ring plays a very
important role in the toxics properties of dieldrin.

4.4. Frontier orbitals and descriptors

Due to the toxic properties of dieldrin it is very important to
evaluate their reactivities and behaviour in different media and, for
this reason, the frontier orbitals were computed with both B3LYP
and WB97XD methods and by using the 6-31G* and 6-311þþG**
basis sets. Later, in accordance to Parr and Pearson [27] the gap
values were computed together with the chemical potential (m),
electronegativity (c), global hardness (h), global softness (S) and
global electrophilicity index (u) descriptors [29e32] in order to
calculate their values and predict their reactivities. These results are
presented in Table S8 together with the corresponding equations
used to calculate the descriptors while in Table S9 we have pre-
sented comparisons among the results obtained for dieldrin by
using B3LYP/6-31G* calculations in gas phase with those reported
for other chlorinated compounds such as, hexachlorobencene
(C6Cl6) [50], 3,30,4,40-tetrachloroazobenzene (TCAB) [51], 3,30,4,40

tetrachloroazoxybenzene (TCAOB) [52] and for other toxics agents
as saxitoxin (STX), ion CN� and CO [53] by using the same level of
theory. Analyzing first the gap values for dieldrin we observed that
the B3LYP/6-31G* method predicted higher reactivities for dieldrin



Fig. 3. Details of the molecular model for dieldrin in gas phase showing the geometry of all their bond critical points (BCPs) and ring critical points (RCPs) at the B3LYP/6-31G* level
of theory.
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in both media than the wb97xd/6-31G* method, showing it in so-
lution the lower values while the reactivity increases in this me-
dium when the B3LYP/6-311þþG** method is used. Hence, the
election of themethod is very important in dieldrin to explain these
properties. The descriptors are also influenced by the method,
hence, the higher u and Е values are observed for dieldrin in so-
lution with the wb97xd/6-311þþG** method while the low values
are observed for dieldrin in gas phase by using the B3LYP/6-
311þþG** level of theory. The comparisons of these properties
for dieldrin with other of species toxics can better be seen from
Fig. S8. Thus, the frontier orbitals of dieldrin show practically the
same behaviour than hexachlorobencene [50] while these orbitals
for 3,30,4,40-tetrachloroazobenzene (TCAB) [51] have the same
behaviour than 3,30,4,40 tetrachloroazoxybenzene (TCAOB) [52], as
it is expected because both have similar structures but, the saxi-
toxin (STX), ion CN� and CO [53] species show behaviours
completely different from the other species. Table S9 shows clearly
that the reactivity increases in the following order: CO <
STX < dieldrin < C6Cl6 <TCAB < TCAOB < CN�. Evidently, the
presence of five rings and six Cl atoms decreases the reactivity of
dieldrin, as compared with hexachlorobencene [50] while TCAB,
TCAOB and CN� are themost reactive species.When the descriptors
are compared, from Fig. S8, we observed that Х, h and S do not
change and only changes in m,u and E are observed. Hence, the high
global electrophilicity index observed for CN� could probably
explain in part their high toxicity.

4.5. Vibrational study

The theoretical dieldrin structures modelled with both B3LYP
and WB97XD methods and the two 6-31G* and 6-311þþG**
basis sets were optimized with C1 symmetries and, due to the
presence of 27 atoms in their structure, 75 vibration normal
modes are expected. In Fig. 4 the experimental IR spectrum of
dieldrin in the solid state can be seen compared with the cor-
responding predicted in gas phase by using both methods while
in Fig. 5 the experimental Raman spectrum and their
comparisons is presented with the theoretical ones. Both figures
show a satisfactory correlation among the experimental and
theoretical spectra in their intensities, positions and forms of the
bands. In the 3500-2000 cm�1 and 1800-500 cm�1 wavenumbers
regions it is observed that in both predicted IR and Raman
spectra by using the two methods the bands are slight shifted in
relation to the observed in the experimental ones. These differ-
ences observed in the higher wavenumbers region can be
attributed in part to the calculations because they were per-
formed considering harmonic frequencies where the anharmo-
nicity due to the H atoms was no considered. On the other hand,
the calculations were performed in gas phase where the mole-
cules move freely while in the solid state the forces due to the
crystalline packing are important.

In particular, the activities predicted by the calculations for
the Raman spectra with both methods were corrected to in-
tensities by know equations [54,55] and, for this reasons, their
comparisons with the experimental one show a very good
concordance. The harmonic SQMFF approach [25] and the Molvib
program [26] were used to perform the complete vibrational
assignments taking into account their internal coordinates and
the potential energy distribution (PED) contributions � 10%.
Besides, the scale factors used were those reported by Rauhut
and Pulay [25] by using the B3LYP method. Here, the internal
normal coordinates as redundant as a consequence of the
different fused rings that were removed, in a way that was
similar to the performed for tropane alkaloids [36,37,46]. The
observed and calculated wavenumbers and assignments for
dieldrin in gas phase by using B3LYP/6-31G* and WB97XD/6-
31G* levels of theory can be seen in Table 3. Note that there
are notable differences in the assignments between both
methods because many modes are predicted coupled with other
ones and at different wavenumbers, as indicated in Table 3. Be-
sides, it is necessary to clarify that in this work the harmonic
force fields were performed with both methods and basis sets.
Some important assignments were discussed below only for
dieldrin in gas phase by using the B3LYP/6-31G* method.



Fig. 4. Comparisons between the experimental FTIR spectra of dieldrin with the corresponding predicted in the gas phase at B3LYP/6-31G* and WB97XD/6-31G* levels of theory.

Fig. 5. Comparisons between the experimental FTRaman spectra of dieldrin with the corresponding predicted in the gas phase at B3LYP/6-31G* and WB97XD/6-31G* levels of
theory.

M.V. Castillo et al. / Journal of Molecular Structure 1154 (2018) 392e405400
4.5.1. Band assignments

4.5.1.1. CH modes. In dieldrin, the CeH stretching modes are
formed by aliphatic C atoms with sp3 hybridization, very different
from TCAB [51] and TCAOB [52] where the vibration CH modes
belong to aromatic C atoms with sp2 hybridization. Hence, for
dieldrin the CH stretching are expected, rocking and CCC and CCO
deformation modes depending from the involved H atoms. Thus,
the CH stretching, rocking and CCC or CCO deformation modes are
predicted by SQM/B3LYP/6-31G* calculations respectively between
3053/2979, 1387/993 and 1056/477 cm�1. Therefore, the IR and
Raman bands, observed in the different 3063/2973, 1389/1004 and
1051/487 cm�1 regions, are assigned to those vibration modes, as it
is detailed in Table 3.
4.5.1.2. CH2 modes. Dieldrin presents a CH2 group and, for this
reason, six vibration modes related to this group are expected.
Hence, the antisymmetrical stretching mode is predicted at
3092 cm�1 while the corresponding symmetrical mode at
3018 cm�1.Thus the IR bands at 3063 and 3032 cm�1 are clearly
assigned to both stretchingmodes while the IR bands at 1468,1334,



Table 3
Observed and calculated wavenumbers (cm�1) and assignment for the Dieldrin in gas phase by using the B3LYP and WB97XD methods and the 6-31G* basis set.

Experimentala B3LYP wb97xd

IR Solid Raman Solid IR Calc. SQM Assignment IR Cal. SQM Assignment

3226 3092 naCH2 3294 3156 naCH2

3063w 3062 m 3184 3053 nsCeH(C12,C13) 3215 3082 nsCeH(C12,C13)
3050w 3062 m 3173 3042 naCeH(C12,C13) 3203 3071 naCeH(C12,C13)
3032w 3034 m 3148 3018 nsCH2 3183 3051 nsCH2

2997w 3008 m 3133 3003 nC10eH22 3170 3039 nC10eH22
2997w 2998 m 3132 3003 nC11eH23 3168 3037 nC11eH23
2981w 2982 m 3115 2986 nsCeH(C8,C9) 3142 3012 nsCeH(C8,C9)
2973w 2975 m 3108 2979 naCeH(C8,C9) 3135 3005 naCeH(C8,C9)
1597 m 1599 m 1657 1594 nC18 ¼ C19 1713 1647 nC18 ¼ C19
1468w 1469w 1539 1471 dCH2 1529 1462 dCH2

1389vw 1431 1387 rC13eH25 1459 1411 rC13eH25
1371 m 1371w 1389 1354 r0C9eH21 1402 1365 r0C8eH20
1341sh 1340sh 1382 1343 r0C8eH20 1388 1350 r0C9eH21
1334w 1332w 1343 1315 wagCH2 1357 1326 r0C12eH24
1298s 1295vwv 1319 1286 r0C12eH24 1337 1300 rC10eH22
1276 m 1278vw 1315 1282 rC11eH23 1322 1293 wagCH2

1270 m 1296 1263 rC8eH20 1306 1274 rC8eH20
1248 m 1248w 1288 1251 r0C11eH23, r0C10eH22 1303 1265 r0C10eH22,r0C11eH23
1229vw 1230ww 1271 1238 rC10eH22 1277 1244 rC11eH23
1200mw 1201w 1241 1204 r0C12eH24, nC12eC13 1256 1221 r0C12eH24
1178 m 1181vw 1216 1180 rC8eH20, rC10eH22 1238 1202 nC8eC10
1178 m 1181vw 1207 1179 rC9eH21 1229 1198 rC9eH21,nC9eC11
1132vw 1147vvw 1184 1150 nC19eC16 1222 1186 nC18eC15
1115w 1115w 1150 1123 rCH2 1155 1127 rCH2

1103w 1103w 1113 1084 r0C13eH25 1142 1103 nC19eCl6
1091w 1090 m 1108 1072 bR2(A2) 1126 1102 nC16eC19
1075 m 1075 m 1094 1069 nC18eC15 1125 1096 r0C13eH25
1051 m 1052w 1087 1056 dCeCeC 1120 1087 bR1(A2),
1040s 1019 m 1059 1016 nC8eC15 1088 1049 nC8eC15
1019w 1005 m 1045 1015 nC9eC11 1076 1042 nC9eC16
1004s 1039 993 rC12eH24 1067 1033 nC15eC17
988w 988 m 1019 985 bR1(A2), tR2(A1) 1057 1011 rC12eH24
988w 982sh 1016 984 nC9eC16 1037 1005 r0C11eH23
956sh 969sh 1002 962 tR2(A3) 1012 977 tR2(A3)
930w 928w 946 919 bR2(A4), nC11eC14 965 932 bR2(A4),
911s 915 m 942 902 bR1(A2), twCH2 964 927 nC8eC9, nC10eC12
899 m 930 897 nC10eC14 955 917 twCH2

880w 881w 922 888 nC11eC13,nC10eC12, nC12eO7 943 909 nC10eC14
873w 870sh 901 864 tR2(A2), twCCl2 937 896 tR2(A29)
863sh 891 857 nC8eC9 921 882 nC8eC9
846 vs 847 m 870 840 nC15eC17, nC16eC7 905 873 nC15eC17
830 m 830w 864 834 nC12eC13 881 851 nC12eC13
809s 810w 855 828 nC13eO7 877 850 nC12eO7 nC11eC13
800 m 801vw 810 792 bR1(A4) 831 806 bR2(A2)
784 m 785w 809 789 bR2(A2) 826 803 bR1(A4)
777sh 763vvw 785 765 nC11eC14 802 786 naCCl2
769sh 763vvw 784 760 naCCl2 797 779 nC11eC14
703s 704w 706 683 nsCCl2, dCeCeC 722 698 dCeCeC
681 m 687 672 wagCCl2, tR1(A1) 706 690 wagCCl2
629w 630vw 640 628 bR2(A4), bR2(A3) 651 640 bR2(A3)
607 m 607vw 628 618 gaC18eCl5, tR1(A1) 645 635 gaC18-Cl5
572 m 572w 599 578 tR2(A3), naCCl2 618 598 tR2(A1)
550vw 540vvw 575 553 tR2(A4) 582 559 tR2(A4)
519vw 517 m 528 519 gaC18eCl5 542 533 gaC18-Cl5
487 m 488w 484 477 dCeCeO 493 483 dCeCeO
415w 428w 432 422 tR1(A4) 440 430 tR1(A3),
398w 396s 402 388 gsC18eCl5, tR2(A3) 413 399 nsCCl2
375 vs 376s 370 357 nsCCl2, nC15eCl1 384 371 nC15eCl1

351vs 353 342 bR2(A1), nC18eCl5,nC19eCl6 362 351 bR2(A1),nC18eCl5
322s 345 331 nC16eCl2 358 344 nC16eCl2
310vvw 319 310 tR1(A4), bR2(A2) 329 317 tR1(A4)
300vvw 318 305 naCCl2, tR2(A2) 325 314 tR2(A2)
275w 271 258 twCCl2 275 262 twCCl2
253s 250 246 dCCl2 257 253 dCCl2
213vw 187 182 rC18eCl5 192 188 rC18-Cl5
187vvw 184 181 rC16eCl2, rC15eCl1 189 185 r0C15eCl1
170vvw 173 171 rC19eCl6 177 175 rC19eCl6
165vvw 165 163 wagCCl2, r0C16eCl2 170 167 r0C16eCl2
150vvw 155 152 r0C15eCl1 160 158 rC16eCl2
140vvw 142 140 rCCl2 146 145 rC15eCl1
122vvw 126 123 rCCl2, tR1(A3) 128 126 rCCl2
110vvw 111 106 tR1(A3), tR1(A2) 114 109 tR2(A1)
106vvw 109 105 tR2(A2) 109 107 tR1(A2)

(continued on next page)
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Table 3 (continued )

Experimentala B3LYP wb97xd

IR Solid Raman Solid IR Calc. SQM Assignment IR Cal. SQM Assignment

90 88 tR1(A1) 95 93 tR1(A1)
80 78 gsC18eCl5, tR2(A1) 87 85 gsC18eCl5

Abbreviationsn, stretching; b, deformation in the plane; g, deformation out of plane; wag, wagging; t, torsion; bR, deformation ring tR, torsion ring; r, rocking; tw, twisting; d,
deformation; a, antisymmetric; s, symmetric; A1, Ring 1; A2, Ring 2; A3, Ring 3; A4, Ring 4; A5, Ring 5.

a This work.
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1115 and 911 cm�1 are associated to the CH2 deformation, rocking,
wagging and twisting modes, respectively because they are pre-
dicted by SQM/B3LYP/6-31G* calculations in these regions.
4.5.1.3. CCl modes. Dieldrin has six Cl atoms, of which two, belong
to a CeCl2 group, two belong to C atoms with sp2 hybridization
and, the other two CeCl groups belong to C atoms with sp3 hy-
bridization. Obviously, all these modes are expected at different
wavenumbers. Thus, the antisymmetrical CeCl2 stretching mode is
predicted at 760 cm�1 while the corresponding symmetrical
mode is predicted coupled with a CeCl stretching mode at 683/
357 cm�1, hence, they can be easily assigned in these regions. The
expected CeCl2 twisting, wagging, deformation, and rocking
modes are predicted at 864/258, 683/163, 246 and 140/123 cm�1
and, for this reason, the observed Raman bands in theses regions
can be clearly assigned to those vibration modes. For the CeCl
groups belong to C atoms with sp2 hybridization are expected the
stretching, rocking and out-of-plane deformation modes, as in the
aromatic CeH groups. In aromatic compounds, as in TCAB, the CeCl
stretching modes were assigned between 606 and 442 cm�1 [51]
while in the Trans isomers of TCAOB [52] these modes are
assigned between 795 and 372 cm�1 while for the Cis forms they
are assigned between 782 and 401 cm�1. Hence, the C18eCl5 and
C19eCl6 stretching modes are assigned at 1132 and 1075 cm�1
because they are predicted at 1150 and 1069 cm�1, respectively
although these modes are predicted coupled at 342 cm�1. The
rocking modes are predicted at lower wavenumbers than the out-
of-plane modes and, hence, they can be associated to the very
weak Raman bands at 213 and 170 cm�1 while the out-of-plane
modes are predicted in phase between them and in the 618/519/
388/78 cm�1 regions coupled with other modes. The other modes
related to the two CeCl groups belong to C atoms with sp3 hy-
bridization are the stretching and rocking modes, therefore, the
strong Raman bands at 376, 351 and 322 cm�1 are associated to
the vibration CeCl stretching modes because they are predicted by
the SQM calculations in these regions. The rocking modes of these
groups are expected in the 182/152 cm�1 region, as observed in
Table 3.
4.5.1.4. Skeletal modes. Two CeO stretching modes are expected for
dieldrin which belongs to the ring R5 (C12eO7 and C13eO7). Both
are predicted at 888 and 828 cm�1, thus, the weak and strong IR
bands at 880 and 809 cm�1 are assigned to those two stretching
modes. The C18 ¼ C19 stretching modes are predicted by the SQM/
B3LYP/6-31G* calculations at 1594 cm�1; hence, it is assigned at
1597 cm�1. On the other hand, the CeC stretching modes were
predicted between 1204 and 765 cm�1and, for this reason, they are
assigned as predicted by the SQM calculations and as observed in
Table 3. The expected deformation and torsion ring modes for the
five rings are predicted in approximately the same regions reported
for other fused rings [36,37,46] and, as a consequence they are
clearly assigned in those regions. The assignments of the remaining
skeletal modes expected for dieldrin can be seen in Table 3.
5. Force fields

For dieldrin in gas and aqueous solution phases we have
calculated the harmonic forces constants from their corresponding
harmonic force fields computed employing the SQMprocedure [25]
and the Molvib program [26] with the B3LYP and WB97XD
methods and the two 6-31G* and 6-311þþG** basis sets. Thus, the
results are summarized in Table 4 compared with those reported
for TCAB and TCAOB [51,52]. Here, we clarify that the f(nC-Cl) forces
constants are different from the f(nC-Cl2) ones because the former
are related to the CeCl bonds and the second ones specifically to
the CeCl2 group.

Regarding first the calculated values by using the hybrid B3LYP/
6-31G* method in different media we observed that the values for
the f(nCH2) and f(nC-H) forces constants slightly increase in solution
while the values corresponding to f(nC-O), f(nC-Cl) and f(nC-Cl2)
decrease in that medium. These diminishing in solution probably
are related to the hydration of dieldrin with the water molecules.
When the forces constants are compared at the same level of theory
with the other basis set we observed a significant decrease in the
values in both media. Analyzing the obtained values by using the
WB97XD level of theory, the values by using the 6-31G* basis set
are higher than those calculated by using the B3LYP method and
the same variations are observed in the forces constants values.
Hence, in solution the f(nCH2) and f(nC-H) forces constants slightly
increase while the f(nC-O), f(nC-Cl) and f(nC-Cl2) decrease in this
medium. When they increase, the size of the basis set all force
constant values decreases by using the WB97XD method. A very
important result is that for a same basis set the f(nC-C) force con-
stants remaining practically constant which implies that the CeC
bonds do not change in solution, as it is expected because these
bonds are not hydrated due to that they belong to the different
rings. On the other hand, when the values are compared with those
reported for TCAB and TCAOB [51,52] the difference among the f(nC-
H) and f(nC-C) forces constants is notable because these two species
with rings are planar and where the CeH bonds present the C
atoms in sp2 hybridization. On the contrary, in dieldrin the ring are
not planar and the C atoms belong to the rings have sp3 hybridi-
zation. In particular, the f(nC-Cl) forces constants by using the
B3LYP/6-31G* method for dieldrin are practically similar to those
calculated for TCAB and TCAOB [51,52] because in dieldrin two CeCl
bonds have their C atoms in sp2 hybridization.

6. NMR study

In this study, the Gauge-Independent Atomic Orbital (GIAO)
method [56] using tetramethylsilane (TMS) as reference was
employed in order to compute the 1H and 13C chemical shifts for
dieldrin. The experimental available 1H and 13C NMR spectra of
dieldrin in CDCl3 were taken from Refs. [57,58]. On the other hand,
in Table S10 the predicted 1H and 13C NMR chemical shifts are
summarized by using the GIAO method [56] with both B3LYP and
WB97XD methods and the two basis sets in ethanol and CHCl3
solution. The comparisons between the calculated values with the
corresponding experimental ones were performed by using the



Table 4
Comparison of calculated harmonic scaled internal force constants for dieldrin in gas and aqueous solution phases by using two methods an.

Force constants B3LYPa Wb97xda B3LYP

6-31G*

6-31G* 6311þþG** 6-31G* 6-311þþG** TCABb TCAOBc

Gas PCM Gas PCM Gas PCM Gas PCM Trans I Trans II

f(nCH2) 5.04 5.08 4.98 5.02 5.16 5.18 5.08 5.07
f(nCeH) 4.96 5.00 4.89 4.93 5.08 5.11 5.00 5.02 5.261 5.344
f(nCeO) 3.94 3.68 3.78 3.46 4.36 4.08 4.21 3.93
f(nCeC) 4.02 4.02 3.96 3.97 4.28 4.29 4.25 4.24 6.447 6.476
f(nCeCl) 3.42 3.35 3.36 3.31 3.72 3.66 3.70 3.61 3.430 3.454
f(nCeCl2) 2.77 2.70 2.74 2.66 3.13 3.06 3.08 3.02

Units are mdyn Å�1 for stretching and stretching/stretching interaction.
a This work.
b From Ref [51].
c From Ref [52].

Fig. 6. Comparisons between the experimental ultravioletevisible spectra of dieldrin
in CHCl3 solution (Top) with the corresponding predicted in the same solution at
B3LYP/6-31G* (medium) and 6-311þþG** levels (Bottom) of theory.
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RMSD values. Thus, analyzing the calculated values we observed
that for the 1H nucleus there is a very good concordancewith values
between 0.7 and 0.3 ppmwhile for the 13C nucleus the rmsd values
increase between 12.9 and 5.3 ppm because the values are over-
estimated in relation to the experimental ones, as observed in
compound with rings [31,59]. Here, the RMSD values show a better
correlation for both H and C nucleus by using the WB97XD/6-
311þþG** calculations. Here, probably the differences observed
among the calculated and experimental the 1H and 13C chemical
shifts values could be attributed in part to the calculations because
they were performed for dieldrin in ethanol and CHCl3 solution
instead CDCl3.

7. Ultravioletevisible spectrum

The electronic spectrum of dieldrin recorded in CHCl3 solution
was compared with the corresponding predicted in the same me-
dium by using Time-dependent DFT calculations (TD-DFT) at the
B3LYP/6-31G* and 6-311þþG** levels of theory with the Gaussian
09 program [41]. These comparisons can be observed in Fig. 6. The
experimental spectrum shows a very intense band at 249 nm and,
between 200 and 249 nm, a total of seven bands of approximately
the same intensities located at 231, 224, 219, 218, 213, 209 and
204 nm are observed being the most weak band that observed at
219 nm. On the other hand, the theoretical spectrum by using the
B3LYP/6-31G* method predicted in total four bands where three of
them are located between 140 and 200 nmwhich are, a very strong
band at 144 nm and the other one weak at 159 and 189 nm,
respectively. Then, between 200 and 300 nm a band of medium
intensity at 217 nm is predicted. Obviously, the experimental UV
spectrawas recorded from 200 to 500 nm and, for this reason, there
are not bands observed in the 100e200 nm region. In the theo-
retical spectrum predicted by using the B3LYP/6-311þþG** level of
theory only three bands of strong, weak andmedium intensities are
observed at 160, 192 and 223 nm, respectively. Dieldrin presents a
C]C double bond in their structure, hence, the bands calculated at
lower wavelengths can be easily assigned to n/p* transitions due
to the lone pairs of the six Cl atoms, as predicted by NBO calcula-
tions (Table S4), while the band observed in the experimental
spectrum at 249 nm could be attributed to the p/p* transitions, as
reported for compounds with C]C bonds [31,59e61].

8. Conclusions

Here, dieldrin in the solid phase has been characterized by using
the FTIR and Raman spectroscopies and in ethanol solution by using
UVeVisible spectroscopy. The molecular structures in gas phase
and in aqueous solution were theoretically studied by using the
hybrids B3LYP and WB97XD methods with the two 6-31G* and 6-
311þþG** basis sets. The results show that the B3LYP/6-311þþG**
method generates the most stable structures for dieldrin while all
the calculations have demonstrated certain dependence of the
volume and dipole moment values with the method, size of the
basis set and, with the studied media. In particular, the lower sol-
vation energy for dieldrin (�32.94 kJ/mol) is observed for the
higher contraction volume (�2.4 Å3) by using the B3LYP/6-31G*
method. The studies of the MK and NPA charges have showed
that both methods and set basis have notable effects on those two
charges. The NBO studies suggest a high stability of dieldrin in gas
phase by using the WB97XD/6-31G* method due to the n/p* and
n*/p* interactions while the AIM analyses support the high
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stability of dieldrin in that medium attributed to the C18/H26 and
C14/O7 contacts. Besides, the different topological properties
observed in the R5 ring suggest that it probably plays a very
important role in the toxics properties of dieldrin. The frontier or-
bitals show that when dieldrin is compared with other toxics
substances the reactivity increases in the following order:
CO < STX < dieldrin < C6Cl6 <TCAB < TCAOB < CN� where
evidently, the presence of five rings and six Cl atoms decrease the
reactivity of dieldrin, as compared with hexachlorobencene.
Moreover, the WB97XD method and the two basis sets predicted
for dieldrin low reactivities, higher nucleophilicity anf low elec-
trophilicity in both media.

All the bands observed in the infrared and Raman spectra were
completely assigned to the 75 vibration normal modes and their
harmonic force fields and harmonic force constants for firs time are
reported for dieldrin.

The comparisons among the experimental FTIR, FT-Raman,
UVeVisible and 1H and 13C NMR spectra and their corresponding
theoretical ones present a very good concordance.
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