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Detailed insights regarding the inclusion process between b-cyclodextrin and the N-methylcarbamates
insecticides like Bendiocarb, Carbaryl, Carbofuran and Promecarb, are proposed in bases of experimental
and computational methods. The results from Fourier transform infrared spectroscopy, differential scan-
ning calorimetry, induced circular dichroism and molecular dynamics indicate that only in the case of
Promecarb the interaction with the macrocycle is produced by the alkyl rest of the molecule. In all other
cases the aromatic moiety is the part of the insecticide that is partially included in the cavity of b-
cyclodextrin.

� 2012 Elsevier B.V. All rights reserved.
Introduction

Research on supramolecular chemistry mainly aims to interpret
and design new chemical systems beyond the covalent bond,
building on supramolecular structures with specific new proper-
ties in molecular recognition, catalysis, separations and sensors,
among others [1].

Cyclodextrins (CDs) are cyclic oligosaccharides consisting of six
(aCD), seven (bCD) or eight (cCD) units of a-D-glucose linked by a-
ll rights reserved.

4173; fax: +54 351 4333030.
).
(1,4) bonds [2]. The shape of the cyclodextrin molecules is that of a
hollow truncated cone (a toroid) of height 0.78 nm. These macro-
cycles can act as hosts (H) to form inclusion complexes with guest
molecules (G) both in solution and the solid state. The ability of
CDs to complex guest molecules into their hydrophobic nanocavity
(internal diameter/nm: 0.47–0.53; 0.60–0.65 and 0.75–0.83 for
aCD, bCD and cCD, respectively) [3] has allowed further
applications in different fields due to their biocompatibility and
the physical chemical changes produced in the substrate included
[4]. Therefore, structural characterization of these host–guest
complexes is of relevant importance to assist in the correct
interpretation of the molecular recognition phenomena, that take
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place in these systems, which constitute a fundamental part in the
application of cyclodextrin complexes in chemistry, agriculture,
foods, cosmetic pharmaceuticals and related technologies [5].

Generally, different techniques have been employed to charac-
terize inclusion complexes either in solution or in solid state. For
instance, the interaction between drugs and cyclodextrins in solu-
tion has been demonstrated by phase solubility curves [6,7], UV–
visible and fluorescence spectroscopy [8], Induced Circular Dichro-
ism (ICD) [6,9], 1H and 13C nuclear magnetic resonance (NMR)
[10,11] and microcalorimetry [12], among others. Furthermore,
the techniques mostly applied to corroborate the inclusion phe-
nomenon in solid state include the Fourier Transform Infrared
Spectroscopy (FTIR) [11,13,14] and Differential Scanning Calorime-
try (DSC) [15,16] whereas, the complexes structure, when avail-
able, has been determined by X-rays diffraction [17].

Computational methods have also become an important tool to
study host–guest systems [5,18]. Ability to predict the main bind-
ing modes between a guest and its host through molecular model-
ling is always a challenge to determine accurately the
complexation mechanisms, especially to facilitate the design of
new host–guest systems to have desirable properties [19]. Particu-
larly, Molecular Dynamics (MD) simulations allow us to find local
and global conformational minima throughout the energy hyper-
surfaces explored, and distinct from a certain starting geometry
[20]. Thus, for the last years MD simulations have been widely used
to explore the structural features of CDs and cyclodextrin com-
plexes [20,21].

N-methylcarbamate compounds, such as 2,2-dimethyl-1,3-ben-
zodioxol-4-yl methylcarbamate (Bendiocarb, BC), 3-isopropyl-5-
methylphenyl methylcarbamate (Promecarb, PC), 1-naphthylm-
ethylcarbamate (Carbaryl, CY) and 2,3-dihydro-2,2-dim-
ethylbenzofuran-7-yl methylcarbamate (Carbofuran, CF) (Fig. 1)
are widely used as insecticides. We have recently reported the for-
mation of host–guest complexes in water between bCD and these
N-methylcarbamate insecticides, CF, CY, BC and PC with associa-
tion constants (KA) values of (190 ± 10) mol�1 L�1 [22], (330 ± 50)
mol�1 L�1 [22], (510 ± 80) mol�1 L�1 [23], (1900 ± 200) mol�1 L�1

[23], respectively, by using UV–visible spectroscopy and fluores-
cence. Nevertheless, these methods only give a diffuse idea about
the complex structure. Although the CY:bCD complex has been re-
ported in the solid state by DSC and IR and in solution by circular
dichroism, no information about the geometrical features of the
complex were given [6,7].

In this work, we focus on the structural details of the N-meth-
ylcarbamate insecticides:bCD complexes in solid state by FT-IR,
and for PC:bCD also by DSC. Furthermore, for the complexes in
water, we propose the complexes geometry by interpreting several
key clues extracted from the combination of ICD measurements,
calculation of the dipolar moment direction for the involved elec-
tronic transition, and with molecular dynamics simulations. To
Fig. 1. Structures for the pesticides studied in this work.
the best of our knowledge this characterization has not been re-
ported yet.

We also note that in order to get reliable results by NMR and
considering the value of KA for these pesticides the guest to host ra-
tio (G/H) should be �1 with a maxima host concentration in water
of �10 mM [24]. As water solubility of these insecticides com-
pounds is very low (60.1 mg/mL), NMR measurements were not
worthwhile to be done.
Experimental section

Chemicals

Water was obtained from a Millipore apparatus. Bendiocarb
(99% purity), Carbaryl (99% purity), Carbofuran (98% purity) and
Promecarb (98% purity) (Chem Service); and b-cyclodextrin (Ro-
quette) were used as received. All constituents of the buffers were
commercial reagents of analytical grade and were prepared
according to literature procedures [25]. The reference buffer solu-
tion at pH 7.00 was obtained from monopotassium dihydrogen-
phosphate (0.02 M); disodium hydrogenphosphate (0.03 M) and
sodium chloride (0.02 M).

Preparation of carbamate-bCD solid complexes: solid com-
plexes of each of the pesticides mentioned and bCD were prepared
according to methods described in the literature, with slight mod-
ifications [26]. Briefly, 100 mg bCD were dissolved in 1.5 mL water
at 60 �C assisted by mechanical stirring. After the cyclodextrin was
completely dissolved, this was added to the corresponding sub-
strate (equimolar ratio with respect to the cyclodextrin) dissolved
in the minimum amount of acetone in an Erlenmeyer. The mixture
was stirred at 45 �C for 3 h. Then, the reaction mixture was allowed
to reach room temperature and kept protected from light, and stir-
red for 24 h. The solid obtained was filtered using a nylon mem-
brane (0.2 lm pore size) rinsed with cold water and anhydrous
ethyl ether, and then dried under vacuum to constant weight.
Infrared spectroscopy

FTIR spectra (KBr disk) from 4000 cm�1 to 400 cm�1 were re-
corded on a Nicolet 5SXC spectrometer applying Fourier transfor-
mation of 32 scans, spectral resolution 4 cm�1 Analysis of these
spectra was done using OMNIC v.5.1 software.
Differential scanning calorimetry

DSC measurements were carried out with a MDSC 2920 TA
apparatus. Samples ranging from 1 to 2 mg were placed in pierced
aluminum pans and scanned at a rate of 10 �C/min between 50 �C
and 200 �C. Dry nitrogen was used as the purge gas (50 mL/min
flow rate).
Induced circular dichroism

ICD spectra were collected using a JASCO J-810 spectropolarim-
eter at 25.0 �C in the range 200–350 nm by taking the average
spectrum of five scans on aqueous solutions containing CY, CF,
BC or PC at a concentration which allowed reaching 0.5 units of
absorbance (path length: 2 cm) and 10 mM bCD. Each spectrum
was corrected by the corresponding blank.
Computational details

All calculations were performed with the Gaussian 03 package.
Optimized structures of the substrates were obtained using the



Table 1
Selected frequencies of absorption (cm�1) for bCD complex with PC.

PC

Frequency (cm�1) Rel. A (complex to PM)a Assignation

1718 1.81 mC@O PC
1250 1.58 mas CAOAC PC
1159 1.55 mas CAOAC (glycosidic) bCD
1027 1.62 Coupled mCAC/mCAO bCD

707 1.57 Ring vibration bCD
580 1.61 Ring vibration bCD
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B3LYP hybrid gradient-generalized functional with 6-31G� basis
set.

Dipolar moments for the electronic transitions of the substrates
were calculated with WinMOPAC version 2.0.2 using INDO/S
semiempiric method [27] The r–r overlap weighting factor
(OWFr�r) was 1.267 whereas the OWFp�p was varied depending
on the correlation with experimental results [28], being 0.585 for
CY; 0.610 for CF and 0.629 for BC and PC. Those transitions, which
took place in the range 400–200 nm, were correlated to the UV
spectra of each compound.

Molecular Dynamics (MD) simulations were done using AMBER
version 7 with GAFF (General Amber Force Field). Atomic charges
for all the guest molecules were calculated through RESP fit (re-
strained electrostatic potential) with HF/6-31G�. The initial struc-
ture of the host was taken from CCDC database (Cambridge
Crystrallographic Data Centre). The pesticide-bCD system was sur-
rounded by approximately 9000 molecules of water using the
TIP3P model in a periodic box between 15 and 25 ÅA

0

. No differences
in the simulation results were found with the box size. Each MD
simulation was run for 3 ns with 2 fs step increments. The system
was heated up to 300 K in 0.02 ns, and then it was held at constant
temperature (300 K) and 1 atm pressure using the Berendsen
method. The equilibration time was 0.5 ns followed by the produc-
tion step. Through all the simulation, the density fluctuates around
0.99 g/mL. Electrostatic interactions were computed employing the
Particle Mesh Ewald (PME) method with 10 ÅA

0

cut-off for the non-
covalent interactions. Non-relevant hydrogen atoms were re-
stricted by SHAKE algorithm. The visualization of the dynamics
was done using VMD version 1.8.5, and the variation analysis of
RMSd for the host skeleton through the trajectory was determined
by ptraj in Amber 7.0.
a Relative absorption of the band in the complex with respect to the same band in
the physical mixture (PM).

Table 2
Selected frequencies of absorption (cm�1) for bCD complex with BC.

BC

Frequency (cm�1) Rel. A (complex to PM)a Assignation

1719 1.60 mC@Ob,c BC
1081 0.73 Coupled mCAC/mCAO bCD
1029 0.69 Coupled mCAC/mCAO bCD

a Relative absorption of this band in the complex with respect to the same band
in the physical mixture (PM).

b In the solid complex, the relative absorption of this band with respect to the
signal at 1081 cm�1 (coupled mCAC/mCAO bCD) is 0.92.

c In the physical mixture, the relative absorption of this band with respect to the
signal at 1081 cm�1 (coupled mCAC/mCAO bCD) is 0.42.

Table 3
Selected frequencies of absorption (cm�1) for bCD complex with CY.

CY

Frequency (cm�1) Rel. A (complex to PM)a Assignation

1711 3.17 mC@Ob,c CY
1598 3.23 Aromatic ring CY
1225 2.21 mas CAOAC CY
1155 1.83 mas CAOAC (glycosidic) bCD
1027 1.79 Coupled mCAC/mCAO bCD

a Relative absorption of this band in the complex with respect to the same band
in the physical mixture (PM).

b In the solid complex, the relative absorption of this band with respect to the
signal at 1225 cm�1 (mas CAOAC CY) is 1.27.

c In the physical mixture, the relative absorption of this band with respect to the
signal at 1225 cm�1 (mas CAOAC CY) is 0.88.
Results and discussion

Complexes in the solid state

Solid complexes of CF, CY, BC and PC with bCD were synthe-
sized. In order to characterize their structures, infrared spectra
(FT-IR) of the insecticides: bCD complexes were analyzed and com-
pared with the spectra of the pure compounds and their physical
mixtures (PMs), respectively.

Since the host–guest interactions are non-covalent, the vibra-
tional spectrum of the inclusion compound should not appreciably
differ from the spectrum of the corresponding physical mixture
[29]. Nevertheless, any significant change in either stretching/
bending frequencies (a frequency shift P instrument resolution,
in this case 4 cm�1) and/or intensities confirms the formation of
the complex in the solid state [30]. Furthermore, the modification
of specific stretching and/or bending group frequencies would
indicate that the inclusion within the host cavity is likely to involve
that specific group.

Neither of the FTIR spectra (not shown) for the complexes was
superimposable with those corresponding to the respective physi-
cal mixtures. The main differences observed between the complex
and physical mixtures spectra corresponded mainly to band inten-
sities in the 2000–500 cm�1 region, belonging to ring vibrations of
bCD (937–529 cm�1) and/or C@O stretching of the pesticide
(1749–1719 cm�1). Particularly the C@O signal showed enhance-
ment of the intensity in the solid complex but no frequency shift,
which might indicate that this group is not inside the cavity. Fur-
thermore, disappearance of the signals for water molecules in the
cavity (1655 cm�1) was clearly observed for CY, CF and BC com-
plexes, indicating that the pesticides have displaced water mole-
cules from the cavity to form a complex. These differences were
attributed to the interaction of the pesticides with the bCD cavity
in the solid state as was determined previously to occur in solution
[22,23]. These results (Tables 1–4) and the assignation of the sig-
nals were done according to literature data [13,31]. However, the
orientation of the insecticides within the host cavity is not conclu-
sive from these data.

DSC is also a useful technique to confirm inclusion complexes in
the solid state. Generally, the interaction of the guest within the
cavity of the CD modifies its physical properties, such as the melt-
ing point [32,33]. For example, the salbutamol:bCD complex, in the
solid state, did not show the melting point for salbutamol [32].
Similar results have been reported for the prazosine:bCD complex
[34].

As an additional proof of the formation of the complex in the so-
lid state, we chose to perform DSC measurements of the pesticide
with the higher KA (PC, 1900 mol�1 M�1), because the stronger the
interaction, the larger the modification in the physical properties
that we could observe. The DSC scans of the PC-bCD complex dif-
fers from that corresponding to the physical mixture (Fig. 2). The
endothermic peak for the melting of PC (88.48 �C) showed a slight



Table 4
Selected frequencies of absorption (cm�1) for bCD complex with CF.

CF

Frequency
(cm�1)

Rel. A
(complex)

Rel. A
(PM)

Assignation

1709 1.12a 0.79a mC@O CF
1157 1.61b 0.41b mas CAOAC (glycosidic)

bCD

a Relative absorption of this band with respect to the signal at 1230 cm�1 (mas

CAOAC CF).
b Relative absorption of this band with respect to the signal at 1030 cm�1 (Cou-

pled mCAC/mCAO bCD).

Fig. 2. DSC scans of (a) PC, (b) bCD, (c) physical mixture and (d) PC:bCD solid
complex.

Fig. 3. Induced circular dichroism spectra for insecticides at pH 7.00 in the presence
of bCD. Curves: (j) [BC] = 0.13 mM. (N) [CF] = 0.096 mM. (s) [PC] = 0.37 mM and
(d) [CY] = 0.14 mM. [bCD] = 10.0 mM for BC, CF and CY, and 5.0 mM for PC.

Table 5
Comparison of experimental data and calculated electronic transition by INDO/S.

Compound Experimentala INDO/Sb

kmax (nm) e (mol�1 dm3 cm�1) kmax f

PCc 260 210 260 0.0014
CYd 280 4920 279 0.1925
CFe 276 2570 275 0.0147
BCc 275 1870 274 0.0164

a Data correspond to values in water previously reported, Refs. [22,23].
b This work.
c OWFp�p = 0.629, Ref. [28].
d OWFp�p = 0.585.
e OWFp�p = 0.610.
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shift to higher temperatures (89.31 �C) and a decrease in intensity.
Moreover, the endothermic peak corresponding to the release of
water from the bCD cavity was shifted to lower temperatures
(shoulder at temperatures lower than 89 �C). This shift to lower
temperatures (from 136.52 �C to <89 �C) indicates a weaker inter-
action between the water molecules contained in the host cavity,
as they are displaced by the PC inclusion [15]. Interestingly, the
shift observed for the endothermic peak of PC in the physical mix-
ture (Fig. 2) might indicate an interaction established by the simple
mixture of the components.

Structural characterization in solution: induced circular dichroism

General rules for Induced Circular Dichroism (ICD) of a chromo-
phore located inside or outside the cavity of a chiral macrocycle
have been derived from the Kirkwood–Tinoco equation firstly by
Harata and Uedaira [35] and later by Kodaka [36]. These rules have
established that when the dipolar moment (lA–B) for the electronic
transition responsible for the absorption of the chromophore
(guest), is aligned parallel to the 7-fold symmetry axis of bCD, a po-
sitive ICD will be observed. On the other hand, if the alignment is
perpendicular, the ICD will be negative.

Spectroscopic information obtained from ICD is unique, as the
sign and magnitude of the ICD signal depends on the relative ori-
entation of the chromophore within the receptor cavity [37]. ICD
as a main tool for determining the orientation of a guest in the cav-
ity of CDs has been used with naphthalene derivatives [35,38],
substituted benzenes, benzophenone, barbiturics and coumarins
[39], methyl phenols [40], indazolinones [9] and bicyclic azoal-
canes [41].

From the ICD spectra for PC, CY, CF and BC complexes with bCD
(Fig. 3), the region analyzed corresponds to that where the pesti-
cides absorb (290–250 nm). BC showed a positive ICD at 275 nm
whereas the other complexes showed negative ICD signals at
286 nm (CY), 278 nm (CF) and 268 nm (PC), indicating that the
lA–B of the CY, CF and PC transitions is aligned perpendicular to
the bCD axis and parallel for BC.

The dipolar moments for the electronic transitions of the differ-
ent chromophores and the oscillator strength (f) were calculated
using INDO/S [27] with the optimized geometries of the pesticides.
They strongly correlated with experimental data (Table 5).

A default value of 1.267 for the sigma overall weighting factor
(OWFr�r), as included in the software, was employed; whereas
the OWFp�p was evaluated in order to obtain the best correlation
between the experimental absorption spectra and the predicted
maximum absorption wavelengths. These OWFp�p values were in
accordance with those reported in literature [28].



Fig. 4. Possible structures of the different complexes proposed from ICD experi-
ments and INDO/S calculus. The orange arrows indicate the direction of the dipolar
moment for the electronic transition calculated by INDO/S. (A) BC:bCD complex; (B)
PC:bCD; (C) CF:bCD and (D) CY:bCD. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.).

Fig. 5. (Top) Initial structure of PC:bCD complex before MD. (Bottom) Final
geometry of the PC:bCD complex after 3 ns MD. For simplicity, water molecules are
not shown.

Table 6
Energies determined by molecular docking for the preferred orientations.

Complex DG�a (kJ mol�1) DG�b (kJ mol�1)

PC:bCD �55.14 �18.70
BC: bCDc �38.95 �15.45
BC: bCDd �38.74
CY: bCD �26.07 �14.37
CF: bCD �25.86 �13.00

a Determined as the docking energy. Ref. [42].
b Determined from the association constant at 298 K. Refs. [22,23].
c This complex geometry corresponds to Fig. 4A-left.
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From the ICD results and the corresponding calculated lA–B for
the different pesticides, the following illustrations represent the
possible complexes geometries (Fig. 4).
d This complex geometry corresponds to Fig. 4A-right.
Molecular dynamics simulations

Generally, in water, the hydrophobic effect involves the driving
force leading to the formation of inclusion complexes between or-
ganic molecules with bCD. Consequently, it is fundamental to in-
clude solvent effects in the calculus of the most stable complex
geometries. For this reason, molecular dynamics simulations in ex-
plicit solvent were done for the above-mentioned pesticides, with
the aim of discerning which of the two probable orientations,
determined from ICD and INDO/S data, would be the most
favorable.

Molecular Dynamics (MD) simulations were performed starting
from both probable orientations (Fig. 4). To gain a greater under-
standing of the complexation process, the guest was placed in
one of the potential orientations but outside the cavity. Interest-
ingly, the complexation took place only for one of the orientations
tested, and after 500 ps they were already in equilibrium with a
Root-Mean Square Deviation (RMSd) value 62.0. In the case of
PC, the isopropyl and methyl groups led the inclusion into the cav-
ity (Fig. 4B left). The initial and final structures obtained by MD for
PC are shown in Fig. 5. Nevertheless, for BC the obtained results did
not allow to completely discern between the two possible inclu-
sion modes (Fig. 4A). As regards CF and CY, the favoured geome-
tries corresponded to those shown in Fig. 4C left and D left,
respectively.

Furthermore, in order to compute the interaction energies
(Table 6), the four guests were docked to the bCD by using
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AutoDock [42]. Most stable conformations of the complexes as pre-
dicted by docking were in agreement with those obtained as final
geometries using MD. It could be noticed that the calculated ener-
gies follow the same trend than that of the association constants
determined experimentally, although they are systematically low-
er than the experimental value at 298 K (Table 6). The most stable
structure for CY is in agreement with similar results reported for
other naphthalene derivatives [43]. In the case of PC, our results
agree with those observed for 3,5-substituted phenols [40] and.
For CF, the more stable complex geometry found by ICD and MD,
in which the benzofuran ring is included, would explain the
enhancement of the FTIR signals observed involving the CAOAC
strength vibrations (Table 4).

Also, the preferred alkyl vs aromatic inclusion for the N-meth-
ylcarbamates studied is in accord with the high vs low value of
the association constants determined previously [22,23], as ob-
served for a series of hydroxyphenyl alkyl ketones [44].

Conclusions

Complexes of N-methyl carbamate insecticides and bCD are also
present in solid state as was confirmed by FT-IR spectroscopy. In
solution, the most stable geometries found for the host–guest com-
plexes between bCD and N-methylcarbamates were that proposed
using ICD combined with INDO/S results, and molecular dynamics
simulations.
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