Journal of Molecular Liquids 160 (2011) 1-7

journal homepage: www.elsevier.com/locate/molliq

Contents lists available at ScienceDirect

Journal of Molecular Liquids

Review

Molecular modeling investigation of para-nitrobenzoic acid interaction

in p-cyclodextrin

Nouar Leila *, Haiahem Sakina, Abdelazize Bouhadiba, Madi Fatiha, Lagrate Leila

Department of Chemistry, Faculty of Science, Guelma's University, Algeria

ARTICLE INFO ABSTRACT

Article history:

Received 23 May 2010

Received in revised form 5 February 2011
Accepted 7 February 2011

Keywords:
Para-nitrobenzoic acid
3-cyclodextrin

Geometry optimizations of para-nitrobenzoic acid (PNBA)/B-cyclodextrin complex were carried out using MM+,
PM3 and density function theory B3LYP/6-31G*. Calculations were performed upon the inclusion complexation of
B-cyclodextrin (CD) with neutral (PNBA1) and anionic (PNBA2) species of para-nitrobenzoic acid. The results
obtained from both methods consistently indicate that the complex of PNBA2/3-CD (B) is significantly more
favorable than the others energetically. The negative enthalpy changes calculated from the statistical
thermodynamic calculation suggest that both the inclusion complexation is favored enthalpy-driven process. The
geometry of the most stable complex shows that the aromatic ring is deeply self-included inside the hydrophobic

MM+ cavity of 3-CD and also intermolecular hydrogen bonds were established between host and guest molecules. This
PM3 suggests that hydrophobic effect and hydrogen bond play an important role in the complexation process.
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1. Introduction

Cyclodextrins (CDs) are water-soluble oligosaccharides composed
of 6 (o), 7 () and 8 (vy) units of glycopyranose linked by o (1 —4)
bonds, arranged in a truncated cone-shaped structure as shown in
Fig. 1. They are obtained by enzymatic degradation of the starch. All
the polar groups are located in the exterior of a relatively hydrophobic
cavity [1-4]. This amphiphilic molecular structures of CDs form easily
inclusion complexes with a lot of organic, inorganic and biological
compounds without covalent bond and the resultant inclusion
complexes can induce modification of the physicochemical properties
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of guest molecules (such as water solubility and solution stability)
[5,6]. The most important driving forces in the inclusion complexes
are electrostatic, Van der Waals, hydrophobic interactions, hydrogen
bonding, release of conformational strain, exclusion of cavity-bound
energy water and charge transfer interaction [7,8]. This property of
CDs to form inclusion complexes became the subject of intense
theoretical studies using molecular mechanics, molecular dynamics
and quantum mechanical methods because the combination of
experiment and theory leads to successful results in solving structural,
energetic and dynamic problems [9-23]. Para-nitrobenzoic acid
(Fig. 2) is used as intermediate functional dyes, pharmaceuticals,
and medicines. However, it is also one of the serious organic
contaminations. It is usually difficult to treat industrial waste and
living sewage. In most cases, the complicated equipments are needed
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[n=6(a-CD),n=7(B-CD),n=8(y -CD)]

Fig. 1. Molecular structure of cyclodextrins.
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Fig. 2. Species form of PNBA (1 neutral and 2 anionic species of PNBA).

and cost much for the treatment of contaminations. To solve the
problem, environmental scientists are striving their way to work out
effective and economic methods to treat the pollutions. Cyclodextrins
can increase the solubility of some contaminations reduce their
toxicity, and catalyze their decomposition [24].

Recently, Zhi Fan et al. [25] have studied the encapsulation of
PNBA/B-CD in the solid state and it was observed that the PNBA
prefers to occupy most of the available space in the cavity, and to

(b) Orientation

(a) Orientation

Fig. 3. Two possible orientations of PNBA in (3-CD.

protrude with their polar COOH and NO, groups at hydroxyl group
sides. On the other hand, the PNBA is maintained in positions to form
hydrogen bonds with carboxyl groups and the surrounding hydroxyl
groups.

To our knowledge, the complexation of CD with anionic specie of
PNBA molecule has not yet been studied theoretically. So, the aim of
this investigation is to study molecular mechanics, quantum mechan-
ics PM3 and density function theory (DFT) methods the inclusion
complex between neutral (PNBA1) and anionic (PNBA2) species of
para-nitrobenzoic acid and (3-CD with stoichiometry 1:1 specifically to
determine its optimum geometrical structure, to describe the nature
of intermolecular binding, the conformational changes of PNBA inside
the B-CD cavity, the stability of the complex as well as the inclusion
energetic of the formation process between the guest molecule and
the host CD including thermodynamic parameters.

Since 1995, a great number of researches were focused on the
study of inclusion complex of cyclodextrins by semi empirical
methods AM1 and PM3 to obtain electronic properties and to have

Table 1
The bond lengths, bond angles and dihedral angles of the crystalline 3-CD and the PM3-
optimized R-CD.

B3-CD 3-CD Difference

crystalline PM3-optimized
Bond lengths (A)
C—C, 1.527 1.557 0.030
C—C3 1.534 1.549 0.015
C—Cy 1.532 1.557 0.025
Cy4—Cs 1.527 1.551 0.024
Cs—Cs 1.534 1.547 0.013
05—C4 1410 1.402 —0.008
C—0, 1.426 1.412 —0.014
C,—0, 1.428 1413 —0015
C3—03 1431 1.411 —0.020
Bond angles (°)
C—C,—Cs 110.300 110.299 —0.001
C—C3—Cy 109.370 109.056 —0314
C3—C4—Cs 110474 110.399 —0.075
C,—Cs—Cs 110.518 111.170 0.652
0g—Cs—Cs 108.484 112.722 4.238
05—C1—C;, 110.451 112.449 1.998
0,—Co—C3 110.841 113.224 2.383
03—C3—C4 108.285 111.638 3.353
Dihedral angles (°)
C;—Cy—C5—Cy —53273 —53.487 —0214
C—C3—C4—Cs 56.087 54.081 —2.006
C3—C4—Cs—Cg —58.228 —53.480 4,748
C4—Cs—05—C; 62.167 54,940 —7.227
Cs—05—C1—C, —61.145 —54.874 6.271
05—C1—C—C3 55.214 53.444 —1.770
0,—C,—C3—Cy —174.670 —173.625 1.045
03—C3—C4—Cs 175.478 171.268 —13.79
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more information about geometry of the complex. The results
suggested that PM3 should be more advantageous than AM1 and
give results which coincide with the experimental observations [26-
38]. In 2000 some studies were carried out about the performances of
AM1 and PM3 methods on CD systems. On the basis of AM1 and PM3
calculation results for some model compounds including hydroxyethyl
ether and « (1-4) — glucobiose, it suggested that PM3 should be
advantageous to AM1 in CD chemistry because PM3 can predict the
O—H...0 hydrogen bonds better than AM1. This proposal was
supported by direct structure optimization of & and 3-CD with AM1
and PM3, in which AM1 gave badly distorted geometries due to
unreasonable hydrogen bonding, whereas PM3 reproduced the
crystalline structures rather well.

In the present work, we wish to report the inclusion process of
natural p-CD with neutral and anionic species of PNBA by molecular
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mechanics, quantum mechanics PM3 and density function theory
(DFT) methods. The difference in energy was computed and the
conformations of the formed stable complexes were analyzed. Our
special interest is to give more information about the location of nitro
and carboxylic groups compared to position of primary or secondary
of hydroxyl of CD.

2. Computational method

All calculations were carried out using Hyperchem 7.51 [39] and
Gaussian 03W version 6.0 [40] packages respectively for molecular
and quantum mechanics methods.

The initial structures of both species of PNBA were constructed by
module builder of Hyperchem then optimized with B3LYP method at
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Fig. 4. Binding energies of the inclusion complexation of neutral and anionic species of PNBA into 3-CD at different positions (Z) and for both orientations (1 neutral and 2 anionic species of PNBA).
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6-31G* level (the charge —1 for anionic specie and 0 for neutral
specie of PNBA).

The initial structure of 3-CD is built with CS Chem3D Ultra (version 10,
Cambridge software) from the crystal structure [41] and fully optimized
by PM3 method without imposing any symmetrical restrictions.

For the construction of PNBA/B-CD complex, the glycosidic oxygen
atoms of 3-CD were placed onto the XY plane; their center was defined
as the origin of the coordinate system. The primary hydroxyl groups
were oriented pointing towards the positive Z axis. The guest molecule
placed on the Z axis was allowed to approach the 3-CD cavity from the
large rim at a distance of 10 A which separates the 3-CD equatorial plane
and the reference atom (C-6) in PNBA (Fig. 3).The inclusion process
emulation was then achieved along the Z axis to — 10 A with a step of
1 A The generated structures at every step were minimized keeping the
movement of the reference atom (C-6) and the p-CD structure totally
restricted, and to obtain optimal complex geometry, each derived
complex was completely optimized without any restriction using the
MM+ force field, considering the conjugate gradient Polak-Ribiere
algorithm with a Root Mean Square gradient of 0.01 kcal/mol.

Two possible orientations were considered (as shown in Fig. 3).
Carboxylic group (COOH) orientated to the center of mass of 3-CD,
namely A orientation. Nitro group (NO2) orientated to the center of
mass of 3-CD, namely B orientation.

So, the most stable complexes found by MM+ calculations were
re-optimized by PM3 semi empirical method under no constraints.
We calculated the harmonic vibration frequencies at PM3 theory level
to confirm that the PM3-optimized geometries correspond to a true
minimum on the potential energy surfaces.

Because of the computation of Density Functional Theory (DFT)
levels is prohibitively expensive in treating such large molecular

Table 2

systems, we just proceed to single point energy calculations to the
PM3 optimized geometries using the density functional theory (DFT)
at the level of B3LYP/6-31G*, which considers the electron correlation
and high precision of energy calculations [42,43].

To quantify the interaction between host and guest in the
optimized geometries, we have evaluated binding (AE binding)
energy, which was calculated by subtracting the sum of the energy
of individual free host and guest molecules to the energy of the
inclusion complex (using the following formula (1)):

AEbinding = Ecomplex_(ECD + Epnga)isolated- (1)

3. Result and discussion
3.1. Reliability of PM3 method

The experimental structural parameters of the crystalline B-CD
[41] and those of the PM3 optimized data of 3-CD are summarized in
Table 1.

From Table 1, which clearly shows that the PM3 structural
parameters of 3-CD are well reproduced compared with the experi-
mental data. The differences of the bond-length (—0.020-0.030 A),
bond-angle (—0.001 t03.353°) and dihedral-angle (—13.79 to 6.271°)
are very small, indicating that the PM3 method has highly computa-
tional efficiency, it permits the modeling of large systems beyond the
capacity of ab-initio method, and the precision is comparable to that of
ab-initio with medium-sized basis set [44-47].

Binding and complexation energies (kcal/mol) at the minimum energy for both orientations (neutral specie of PNBA).

PNBA1 p-CD PNBAT/RCD (A) PNBA1/3CD (B) PNBA2 PNBA2/BCD (A) PNBA2/BCD (B)

MM +

Epending (kcal/mol) 2241 22922 22181 219.52 20.76 222.06 219.72
AEpending (keal/mol) ~29.77 ~32.06 2787 —3021
E interaction 23.54 231.57 224.45 222.82 21.33 223.16 221.07
AE interaction —30.66 —32.29 —29.75 —31.83
VDW 10.95 106.46 97.45 95.57 9.82 98.03 95.79
AVDW —19.96 — —18.25 —20.49

21.84

Edeformation (PNBA) —0.29 —0.36 —0.25 —031

Table 3

Thermodynamic parameters of the complexes A and B (neutral and anionic species of PNBA) calculated by PM3 method and the single point energies of them calculated by B3LYP/6-31G*.

PNBA1 BCD PNBA1/3-CD (A) PNBA1/3-CD (B) PNBA2 PNBA2/B-CD (A) PNBA2/p-CD (B)
PM3
E?* (kcal/mol) —71.18 —1457.1 —1538.08 —1536.48 —109.47 —1588.45 —1599.76
AE (kcal/mol) —9.80 —820 —21.88 —33.19
EHOMO® (eV) —7.82 —10.39 —8.16 —8.15 —7.92 —820 —825
ELUMOY (eV) —036 1.46 —028 —029 —0.38 —030 —033
EHOMO — ELUMO (eV) —7.46 —11.85 —7588 —7.86 —7.54 —7.90 —7.92
H° (kcal/mol) 100.87 —667.31 —644.93 —664.27 —37.01 —723.51 —698.28
AH® (kcal/mol) —78.49 —97.83 —~19.19 —6.04
G° (kcal/mol) 5431 —788.48 —779.75 —802.48 4387 —857.76 —828.25
AGE (keal/mol) —4558 —68.31 —113.15 —83.64
S° (kcal/mol-Kelvin) 88.61 406.38 45217 463.54 95.842 450.25 435.89
AS® (kcal/mol-Kelvin) —42.82 —3145 —5497 —69.33
B3LYP/6-31G*
E?* (kcal/mol) —392174.9 — 26818322 —30741107.5 —3074101.3 —391930.17 —30731762.4 —30737749
AE (kcal/mol) —100.4 —948 0 —12.53

@ E is the total optimized energy.

b AE is the binding energy upon complex:AEpinging = E complex — Epnga — ER-CD.
¢ Energy of the highest occupied molecular orbital.

Energy of the lowest unoccupied molecular orbital.

AA= Acomplex — Apnpa — Ap-cp; A=H,G.

a

o
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3.2. Force field calculations

In this study we have considered only the inclusion compounds in
molar proportion 1:1 formed between one molecule of 3-CD and one
of PNBA species abbreviated PNBA1/3-CD (A), PNBA1/3-CD (B),
PNBA2/R-CD (A), PNBA2/3-CD (B), (1 and 2 represent neutral and
anionic species of PNBA respectively).

The graphical representation of the energy changes involved
during the inclusion passing process of PNBA in 3-CD at different
position Z for both orientations are illustrated in Fig. 4.

The first remark is that all binding energies are negative which
demonstrate that the inclusion process of PNBA in 3-CD is thermody-
namically favorable. Second, the curves show several local minima,
where the lowest minimum energy is precisely located at Z value of
—4 A and — 2 A respectively for neutral and anionic species of PNBA for
A orientation. For the B orientation the energy minimum is located at Z
values of 1 Aand 2 A respectively for neutral and anionic species of PNBA.

In order to refine our results, we re-optimized each previous
energy minimum structure, this time without restraint and adding the
circling process adopted for each orientation, lead to structures with
better stability whose different energetic characteristics are summa-
rized in Table 2. The quantification of the interaction between PNBA
and p-CD in these most stable geometries is represented by the
energetic term E interaction which was calculated using Eq. (2).

Einteraction = E complex- (E wcp +E ;&BA) )

In this equation, E*Pg_cpand E*Ppnpa correspond respectively to the
single point energy of the 3-CD and PNBA in the optimized complex.
While the deformation energy of each component (host or guest) can
be obtained by the difference between the single point energy of the
component in the optimized complex and its energy when it is
optimized in free form (Eq. (3)) [48]:

DEF (component) = E(component)fgt_E (component) opt (3)

The results summarized in Table 2 for the most stable structures
obtained by MM+ study confirm that the binding energy is in favor of
neutral and anionic species of PNBA for B orientation respectively of
2.29 kcal/mol and 2.34 kcal/mol. Moreover, the similarity in the
magnitude of the energetic contribution of VAW interaction and the
interaction energy is an indication that the driving forces responsible of
the stability of the inclusion PNBA/B-CD complexes are VAW interaction.

On the other hand, the results of the investigation of deformation
energy reported in Table 2 demonstrate that the PNBA (in neutral and
anionic species) molecule for B orientation requires slightly more
energy than that of the A orientation (in neutral and anionic species) in
order to adapt its structure to bind within the cavity of 3-CD as indicated
by the DEF [PNBA] of about —0.31 and — 0.36 kcal/mol respectively.
This can be supported by the fact that flexibility of the guest structure is
one of the important structural requirements for 3-CD upon
complexation.

3.3. Semi empirical and quantum mechanical calculations

Unfortunately, molecular mechanics methods do not treat explic-
itly the electrons [49]; therefore they cannot predict electronic
properties of molecules. Also, it may not accurately describe the
geometries or energetic of intermolecular interactions if a force field
for a molecule is not available or not very well defined. Hence, to
verify the reliability of our approach and to be consistent with
experiment we have used quantum mechanical methods.

Semi-empirical (PM3) calculations were performed starting from
the structures of minimal binding energy obtained in the previous
MM+ study. Table 3 shows the calculated binding energy (AEpending) Of

PNBA complexed with 8-CD. The negative binding energy (AEpending)
changes upon complexation clearly demonstrate that £-CD can form
stable complexes with PNBA. The B orientation in PNBA2/3-CD is the
most favored for the two species of PNBA according to PM3 calculations.
The same result is also obtained with the B3LYP/6-31G* single point
calculation in which the energy difference becomes 12.53 kcal/mol.

In this case, one H bond (Fig. 5d) was formed between oxygen
(011) of COO™ and H135 of secondary hydroxyl of 3-CD positioned at
1.75 A. H-bond lengths shorter than 3.0 A which just falls in the
reported data [50].

Thus, the complex formed by neutral PNBA prefers the encapsu-
lation of carboxylic group (COO) in 3-CD cavity. This orientation is
preferred by 1.60 kcal/mol. The A and B orientation in neutral specie
does not seem to be stabilized by such an interaction (Fig. 5a and b).

(a) PNBAL/ B-CD (A) (b) PNBAL/ B-CD (B)

Fig. 5. Structures of the energy minimum obtained by the PM3 calculations.
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Milliken charges of the atoms of PNBA (neutral PNBA1 and anionic PNBA2 species, charge transfer of the complexes A and B calculated by B3LYP/6-31G* (and PM3) method.

Atoms PNBA1 PNBA1/3-CD (A) PNBA1/p-CD (B) PNBA 2 PNBA2/3-CD (A) PNBA2/j3-CD (B)
G (0.140) 0.052 0.053 (0.122) 0.067 (0.112) 0.020 (0.075) —0.007 (0.086) 0.012 (0.092)
G (0.011) —0.001 0.058 (0.060) 0.045 (0.059) —0.034 (0.022) 0.030 (0.017) 0.006 (0.020)
G (—0.106) 0.056 0.095 (—0.049) 0.096 (— 0.067) 0.067 (—0.036) 0.099 (—0.027) 0.110 (—0.006)
Cs (0.094) 0.103 0.062 (0.076) 0.054 (0.059) —0.034 (0.022) 0.011 (0.023) —0.008 (0.021)
Cs (0.142) 0.126 0.051 (0.122) 0.064 (0.107) 0.020 (0.075) 0.007 (0.079) 0.012 (0.085)
Cs (—0.357) 0.230 0.397 (—0.370) 0.388 (—0.365) 0.307 (—0.457) 0.370 (—0.453) 0.369 (—0.439)
N (1.215) —0.027 —0.022 (1.227) —0.022 (1.312) 0.054 (1.317) —0.008 (1.321) —0.020 (1.247)
N=0 (—0.590) —0.206 —0.281 (—0.585) —0.260 (—0.587) —0.333 (—0.635) —0.334 (— 0.650) —0.322 (—0.622)
N=0 (—0.594) —0.206 —0.274 (—0.580) —0.276 (—0.597) —0.334 (—0.635) —0.335 (—0.616) —0.304 (—0.611)
c (0.424) 0.403 0.446 (0.427) 0.424 (0.426) 0.383 (0.451) 0.261 (0.469) 0.267 (0.427)
=0 (—0.321) —0.368 —0.391 (—0.389) —0.398 (—0.392) —0.558 (—0.599) —0.503 (—0.629) —0.520 (—0.600)
=0 (—0.059) —0.161 —0.151 (—0.054) —0.169 (—0.065) —0.558 (—0.599) —0.535 (—0.565) —0.529 (—0.605)
Charge transfer 0.000 (0.000)) 0.043 (0.004) 0.013 (0.001) —1.000 (—1.000) —0.924 (—0.945) —0.927 (—0.990)

The PNBA prefers to occupy most of the available space in the
cavity of -CD, which is in good agreement with experimental results
[25].

The geometries of the studied complexes found by PM3 method
showed that PNBA species were deeply included in 3-CD especially for
B orientation in PNBA2/3-CD.

Besides, the gap (E.umo — Enomo) is an important stability index
[51], and chemicals with larger (E ymo — Enomo) values tend to have
higher stability, therefore, the B orientation in PNBA2/B3-CD and A
orientation in PNBA1/p-CD are significantly more favorable than the A
orientation in PNBA2/3-CD and B orientation in PNBA1/3-CD by
(Erumo — Eromo) values.

3.4. Thermodynamic parameters

To investigate the thermodynamics of the binding process, the
statistical thermodynamic calculation was carried out at 1 atm and
298.15 Kby PM3. The thermodynamic quantities, the enthalpy change
(AH), the thermal Gibbs free energy (AG) and entropy contribution
(AS) are given in Table 3. The complex reactions of PNBA with 3-CD
are exothermic judged from the negative enthalpy changes. And the
negative enthalpy changes suggest that both the inclusion processes
are enthalpically favorable in nature. In addition, it can be seen that
the entropy change (AS) of A and B orientation in two species are also
both negative, this indicates that the formation of the complex
becomes an enthalpy-driven process. The four complexation reactions
have negative AG values and are therefore spontaneous processes,
implying that binding interactions are favored. Certainly, since the
inclusion reactions happen in aqueous solution, the influence of water
molecules on the inclusion process should be very important.
However, because of the limitation of our computer, it can hardly
calculate the interactions of cyclodextrin systems in aqueous solution.
Therefore, the values of thermodynamics calculated have no absolute
meaning.

3.5. Charge transfer

Liu and Guo suggest that charge transfer interactions play a relevant
role in the stabilization of their inclusion complexes [51]. The Milliken
charges of the heavy atoms of PNBA1 and PNBA2, charge transfer of
complexes PNBA1/3-CD and PNBA2/3-CD are summarized in Table 4 by
B3LYP/6-31G* and PM3 methods. The data show that the 3-CD molecule
accepts the electron from PNBA, and the charge transfer of PNBA2/3-CD
in B orientation (PM3: 0.0927 e, B3LYP/6-31G*: 0.990 e) is the largest of
all complexes.

In Table 5, we report the bond distances, bond angles and the most
interesting dihedral angles of PNBA molecule before and after
complexation in 3-CD obtained from PM3 and B3LYP/6-31G* calcula-
tions for the most stable structure in B orientation of PNBA2/3-CD. It is
evident that in 3-CD, the geometry of PNBA is completely altered. The

alteration is significant in dihedral angles, which, indicates that
PNBA must adapt a specific conformation to form a more stable
inclusion complex. The intermolecular hydrogen bonds also play
pivotal role for the conformational exchange. The calculation
dihedral angle (011—C10—C3—C4) was changed to —17.3° and

Table 5
Geometrical parameters of PNBA before and after inclusion in 3-CD, bond distances (A),
angle (°) and dihedral angles (°) calculated by PM3 and B3LYP/6-31G* methods.

Bond lengths (A) PNBA PNBA2/CD (B)
PM3//B3LYP/6-31G* PM3//B3LYP/6-31G*
Cc1—C2 1.337/1.334 1.405/1.403
C1—H133 1.100/0.911 1.051/1.050
C2—H14 1.100/0.981 1.050/1.049
c2—C3 1.337/1.334 1.408/1.408
C3—C10 1.351/1337 1.473/1.470
C10—011 1.208/1.204 1.231/1.230
C10—012 1.335/1.331 1.231/1.220
c3—C4 1.337/1.335 1.407/1.406
C4—H15 1.100/0.985 1.051/1.050
C4—C5 1.337/1.321 1.404/1.404
C5—H16 1.100/1.100 1.049/1.047
C6—N7 1.266/1.258 1.419/1.418
N7—08 1.316/1.302 1.277/1.277
N7—09 1.316/1.301 1.276/1.274
Bond angles (°)
H13—C1—C2 120.0/118.0 119.1/118.7
C1—C2—H14 120.0/118.0 119.1/118.9
C1—C2—C3 120.0/118.0 120.7/119.4
C2—C3—C10 120.0/118.0 120.8/119.5
C3—C10—011 120.0/118.0 120.8/118.2
C3—C10C012 120.0/118.0 120.9/118.6
C10—C3—C4 120.0/118.0 120.6/120.9
C3—C4—H15 120.0/118.0 120.3/118.0
H15—C4—C5 120.0/118.0 119.1/118.3
C4—C5—H16 120.0/118.0 120.1/118.1
C5—C6—N7 120.0/118.0 120.5/118.4
C1—C6—N7 120.0/118.0 120.9/118.2
C6—N7—08 120.0/118.0 121.1/118.1
C6—N7—09 120.0/118.0 121.1/120.2
Dihedral angle (°)
H13—C1—C2—H14 0.0/7.1 0.2/0.1
C1—C2—C3—C10 180.0/120.0 179.4/176.1
H14—C2—C3—C10 0.0/0.0 —0.7/-0.5
C2—(C3—C10—011 180.0/118.0 166.0/161.2
C2—C3—C10—012 0.0/23.1 —17.3/-144
011—C10—C3—C4 0.0/—6.0 —14.3/-11.8
012—C10—C3—C4 180.0/120.0 162.1/159.2
C10—C3—C4—H15 0.0/0.9 —0.2/-0.2
C3—C4—C5CH16 0.0/118.0 179.2/165.2
H15—C4—C5—C6 —180.0/120.0 —179.3/—175.1
C4—C5—C6—N7 180./120.0 179.1/178.0
C5—C6—N7—08 0.0/0.7 3.1/29
C5—C6—N7—09 —180.0/120.0 —174.4/—168.2
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—14.4° for the B orientation in PNBA2/R-CD respectively based on PM3
and B3LYP/6-31G* calculations.

4. Conclusion

The complexation of neutral (PNBA1) and anionic (PNBA2) species
of para-nitrobenzoic acid with 3-CD was studied by force field MM+,
semi-empirical PM3 and single point DFT calculations. The result
suggests that the complexation of the PNBA2/3-CD in B orientation is
significantly more favorable than the others. We note that the
aromatic ring for each species of PNBA is totally embedded in 3-CD
cavity. In addition, the statistical thermodynamic calculations suggest
that the formation of the inclusion complex is an enthalpy-driven
process. We can note also that the results show that PM3 is a good
feasible quantum mechanics method in the study of CD complexation.
From this study we suggest the complexation of anionic specie of
PNBA because it forms the most stable complex.
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