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ABSTRACT: We report on the mechanochemical synthesis of
inclusion complexes obtained by reacting the neutral crystalline
herbicide bentazon (HBtz) with native cyclodextrins (CDs). The
reaction of HBtz with γ-CD resulted in the formation of the
inclusion complexes [β-CD·HBtz]·6H2O and [γ-CD·HBtz]·8H2O,
which were characterized via a combination of X-ray diffraction,
Fourier transform infrared (FTIR) spectroscopy, and calorimetric
measurements. No complexation, on the contrary, was achieved
upon the reaction of HBtz with α-CD. The salt NaBtz·1.75H2O,
widely used as a water-soluble salt of bentazon for the
manufacturing of agrochemicals, was also synthesized and
structurally characterized, and its solubility and dissolution
properties were compared to those of neutral HBtz and of the β-
CD and γ-CD inclusion complexes. It was found that the behavior of [β-CD·HBtz]·6H2O and [γ-CD·HBtz]·8H2O in water is
similar, with dissolution rates of 28.4 ng·L−1·min−1 and 39.8 ng·L−1·min−1, respectively, and is intermediate between those of NaBtz·
1.75H2O (228 ng·L−1·min−1) and neutral bentazon (3.5 ng·L−1·min−1). These results were also compared with those of the
dehydrated inclusion complexes, which displayed intermediate dissolution rates between hydrous complexes and NaBtz·1.75H2O.
All findings indicate that the inclusion of HBtz in β-CD and γ-CD might represent a viable alternative for the preparation of
environmentally friendly agrochemicals with controlled bentazon release to be used in the formulation of herbicides.
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■ INTRODUCTION

Bentazon (HBtz) is a cyclic sulfonamide employed as a
selective, contact herbicide for postemergent weed control of
broad-leaved weeds in a wide variety of cultivations.1 Since it
must be applied aerially or through contact spraying on
cultivations, its scarce aqueous solubility represents the main
factor that limits its utility, and the formation of its sodium salt
(known as sodium bentazon) is the only method employed, so
far, to address this shortcoming (Scheme 1).2 The solubility of
sodium bentazon, however, is considerably increased with
respect to pure bentazon, resulting in excess contamination of
water resources. The pollution of water is a topic of
considerable environmental interest, owing to the increasing

number of pesticides detected in waters and to the establish-
ment of strict directives in Europe, aiming at the protection of
water sources used for the production of drinking water.3−5

Bentazon is classified as slightly toxic (class III) by World
Health Organization (WHO)6 and noncarcinogenic to
humans,7,8 although it can undergo photodegradation in
groundwater and soil.8,9 The environmental protection agency
(EPA) and the European Commission for Environmental and
Human Health Risk Indicators for Agricultural Pesticides in
Estuaries10 regulated the levels of pesticide bentazon in waters
and it was recently found still exceeding quality standards in
groundwater, surface water, and surface water infiltration.11 It
has, in fact, low binding affinity with soil, so it can easily runoff
and contribute to leaching into the ground, becoming a major
concern in terms of soil and groundwater contamination.12

Practical applications of agrochemicals are often made difficult
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Scheme 1. Herbicide Bentazon (Left) and its Sodium Salt
(Right)
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by their adverse physicochemical properties, such as poor
solubility, chemical and thermal instability, toxicity to workers,
malodour, volatility, high soil mobility, persistence, and poor
wettability.13 For these reasons, optimization of herbicide
formulations is of paramount importance.14−17

A promising approach for controlling the solid-state features
of molecules, in the solid state, comes from crystal engineer-
ing,18−20 which aims to modify the solid-state properties
through careful control of the interactions that lead to the
assembly of components into the final solid. Within this
strategy, polymorphism, cocrystallization, and salt formation
are the most powerful tools used to generate a range of new
bulk properties, including modulation of optical features,21−23

enantioselectivity,24,25 and solubility in water,26,27 among
others. For these reasons, the preparation of cocrystals and
salts, as well as the screening of different crystal forms of a
compound are not only an academic challenge but also an
opportunity for innovation.
Complexation with cyclodextrins may be regarded as a

special case of cocrystal formation, particularly useful when the
active molecule cannot undergo proton exchange for salt
formation, nor it possesses functional groups able to form
strong intermolecular interactions, like hydrogen or halogen
bonds. Cyclodextrins (CDs) are cyclic oligosaccharides
produced from starch,28−30 not from fossil resources, and are
nontoxic;31 all native cyclodextrins are accepted as food
additives and “generally recognized as safe” (GRAS).32,33

Thanks to their hydrophilic outer surface and internal
hydrophobic cavities, CDs are able to host many nonpolar
guest compounds34 having a suitable size and shape to fit the
cavity, thus forming inclusion complexes soluble in aqueous
media. The principal advantage is that the guest is not
permanently bound but is in a dynamic equilibrium with the
CD host, therefore dissociation of the inclusion complex with
the consequent guest release may occur in certain conditions,
e.g., following a large increase in the number of water
molecules in the surrounding environment.34,35 For these
reasons, encapsulation of molecules in cyclodextrins has been
extensively investigated in the last decades, and stable inclusion
complexes have been obtained with useful applications in many
fields, ranging from drug delivery36,37 to pesticides13,35 and
from cosmetics13,38−43 to sunscreens.44,45

The aim of this research was twofold: on the one hand, we
were interested in exploring the complexation ability of the
whole series of native cyclodextrins toward the herbicide
bentazon (HBtz) (see Scheme 2), using a variety of preparative

methods, including mechanochemistry (i.e., grinding and
kneading) and crystallization from solution; on the other
hand, we wanted to compare the water dissolution properties
of the inclusion complexes with those of neutral bentazon
(HBtz) and of its sodium salt, NaBtz·1.75H2O, which was
structurally characterized in this work for the first time.
This study complements previously published accounts of

CD inclusion complexes with agrochemicals and herbi-
cides,46−51 including the early results obtained by Yañ́ez et
al., who first reported on the complexation ability and
solubility features of inclusion complexes obtained by reacting
bentazon with a series of native and modified β-cyclodextrin
such as the sulfobutylether-β-CD (SBE-CD) and 2-hydrox-
ypropyl-β-cyclodextrin (HPCD).49,52,53 The improved solubil-
ity in water, the presence of harmless CD excipients, the
possibility of achieving release control in the soil, and the
“green” mechanochemical preparations could all positively
impact the preparation of agrochemical products and,
ultimately, prove to be beneficial to the environment.

■ EXPERIMENTAL SECTION
Materials. All reagents were purchased from Sigma-Aldrich and

used without further purification. The reagents used were α-
cyclodextrin (972.84 g/mol), β-cyclodextrin·8H2O (1278.98 g/
mol), γ-cyclodextrin·10H2O (1477.12 g/mol), and bentazon
(240.28 g/mol). Double-distilled water and reagent-grade solvents
were used.

NaBtz·1.75H2O. Overall, 120 mg (0.05 mmol) of bentazon was
suspended in ca. 10 mL of water, then 1 equiv of NaOH (20 mg, 0.05
mmol) was added, and the resulting clear solution was stirred
overnight at ambient conditions. The solution was then filtered to
remove unreacted material and the solvent was left to evaporate in
open air at RT. After 1 week, a white crystalline powder was
recovered. Single crystals suitable for X-ray diffraction (XRD) were
obtained by recrystallization from DMF.

[β-CD·HBtz]·6H2O and [γ-CD·HBtz]·8H2O. The inclusion
complexes were obtained by ball-milling bentazon (50 mg, 0.21
mmol), for 60 min at 20 Hz in an agate jar, with 1 equiv of the
corresponding native cyclodextrin (β-CD: 0.269 mg, 0.21 mmol; γ-
CD: 0.310 mg, 0.21 mmol) in the presence of two drops of water (ca.
50 mg). Single crystals suitable for XRD were obtained via slow
evaporation from a water solution obtained dissolving the kneading
products at RT (ca. 25 °C). To facilitate the dissolution of the
components, the magnetic stirrer was set at ca. 100 rpm; once a clear
solution was obtained, the stirring was suspended, and the solution
was left to evaporate. Alternatively, they can be grown by slow
evaporation of a solution obtained by mixing equimolar amounts of
bentazon and β-CD or γ-CD previously dissolved at RT in EtOH and

Scheme 2. Series of Native Cyclodextrins Used in this Work
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water, respectively. Powders of the inclusion complex [γ-CD·HBtz]·
8H2O suitable for Pawley refinement were obtained using a slurry:
160 mg (0.06 mmol) of commercial γ-CD was dissolved in 5 mL of
water at RT, and 1 equiv of solid bentazon (37 mg, 0.06 mmol) was
added in small portions. The suspension was stirred for 1 week at
ambient conditions, filtered under vacuum, and washed with cold
water (3 × 1 mL). The pure inclusion complex was recovered as a
white crystalline powder.
Single-Crystal XRD. Single-crystal data for NaBtz·1.75H2O were

collected at RT with an Oxford XCalibur S CCD diffractometer
equipped with a graphite monochromator (Mo Kα radiation, λ =
0.71073 Å). Data for the inclusion complexes [β-CD·HBtz]·6H2O
and [γ-CD·HBtz]·8H2O were collected at a low temperature (100 K)
on a Bruker D8 Venture diffractometer, equipped with a PHOTON
III detector, an IμS 3.0 microfocus X-ray source (Cu-Kα radiation, λ =
1.54056 Å), and a cryostat Oxford CryoStream800. The structures
were solved by intrinsic phasing with SHELXT54 and refined on F2 by
full-matrix least-squares refinement with SHELXL55 implemented in
Olex2 software.56 All nonhydrogen atoms were refined anisotropically.
HCH atoms for all compounds were added in calculated positions and
refined riding on their respective carbon atoms. HOH atoms were
either directly located or added at the calculated positions. Data
collection and refinement details are given in Table S1. The position
of bentazon and disordered water molecules in the structure of [γ-
CD·HBtz]·8H2O could not be unambiguously determined because of
severe disorder; therefore, their contribution to the calculated
structure factors was removed using the solvent mask function
implemented in Olex2 software.57 The program Mercury58 was used
for molecular graphics and analysis of intermolecular interactions.
Crystal data can be obtained free of charge via www.ccdc.cam.ac.uk/
conts/retrieving.html (or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB21EZ, U.K.; Fax: (+44)1223-
336-033; or Email: deposit@ccdc.cam.ac.uk). CCDC numbers
2070875-2070877.
Powder XRD. For phase identification, diffractograms were

recorded on a PANalytical X’Pert Pro automated diffractometer
equipped with an X’Celerator detector in the Bragg−Brentano
geometry, using Cu-Kα radiation (λ = 1.5418 Å) without a
monochromator in a 2θ range between 3 and 40° (continuous scan
mode, step size 0.0167°, counting time 19.685 s, Soller slit 0.04 rad,
antiscatter slit 1/2, divergence slit 1/4, and 40 mA·40 kV). The
program Mercury58 was used for the calculation of the X-ray powder
patterns on the basis of single-crystal data either retrieved from the
Cambridge structural database (CSD) or collected in this work. For
indexation and Pawley refinement purposes, X-ray powder diffracto-
grams in a 2θ range of 3−60° (step size, 0.003°; time/step, 99s; 0.02
rad soller; and 40 mA·40 kV) were collected on a Panalytical X’Pert
PRO automated diffractometer operated in a transmission mode
(capillary spinner) and equipped with a Pixel detector. Powder
diffraction data were analyzed using software X’pert HiScorePlus,59

which is designed to analyze monochromatic and nonmonochromatic
data. Peaks were automatically chosen in a 2θ range 4−40°, and a
tetragonal cell, with the unit-cell axis very close to those determined
via SCXRD (see Table S1), was found using the algorithm
DICVOL04.60 Unit-cell parameters were then refined by the Pawley
method with software TOPAS4.1.61 A shifted Chebyshev function
with eight parameters was used to describe the background.
Refinement converged with Rwp = 2.7%, χ2 = 3.1, and Rexp = 0.9%.
Figure S4 shows experimental, calculated, and difference curves.
IR Spectroscopy. Attenuated total reflectance Fourier transform

IR (ATR-FTIR) spectra were obtained using a Bruker α FTIR
spectrometer. For the inclusion complexes, ATR-FTIR spectra were
run on polycrystalline samples obtained via grinding, slurry, and
solution, while for all of the reactants, measurements were run on the
commercially available products.
Thermogravimetric Analysis. TGA measurements on all

samples were performed with a Perkin-Elmer TGA7 thermogravi-
metric analyzer, in a 30−400 °C temperature range, under a N2 gas
flow and at a heating rate of 5.00 °C min−1.

Differential Scanning Calorimetry (DSC). DSC traces were
recorded using a Perkin-Elmer Diamond differential scanning
calorimeter. All samples (ca. 10 mg) were placed in open Al pans.
All measurements were conducted under a N2 atmosphere in a 30−
200 °C temperature range, at a heating rate of 5.00 °C min−1.

1H-NMR Spectroscopy. 1H-NMR spectra were recorded on a
Varian INOVA 400 (400 MHz) spectrometer; the solvent used was
dimethylsulfoxyde-d6 (DMSO-d6), bought from Sigma-Aldrich.
Chemical shifts are reported in ppm, with tetramethylsilane as an
internal reference standard.

UV−Vis Spectroscopy. UV−vis spectra were recorded in a water
solution with an Agilent Cary 60 UV−vis spectrophotometer.

Dissolution Rate Measurements. Dissolution rate measure-
ments were performed at 295 K at a stirring rate of 100 rpm. [β-CD·
HBtz]·6H2O, [γ-CD·HBtz]·8H2O, bentazon, and NaBtz·1.75H2O
(8−10 mg of the inclusion complexes, corresponding on average to
1.7 mg of bentazon, 3 mg of bentazon, and 5 mg of its sodium salt,
corresponding to 3.6 mg of bentazon) were added to 70 mL of
deionized water, and measurements were carried out to reach a
plateau (20 min for all, except for 35 min for [β-CD·HBtz]·6H2O and
80 min for bentazon) using a Varian Cary 50 spectrophotometer
equipped with an optic-fiber dip probe. The wavelengths used to
follow the dissolutions are the same as those reported for calibration
curves (see SI). In the case of the anhydrous compounds, each sample
was kept at 60 °C for 72 h and measured immediately afterward. The
resulting values for all measurements were then converted from
absorbance to concentration, via the calibration curves reported in
Figures S18−S21.

Solubility Measurements. Solubility was measured by stirring
saturated water solutions of [β-CD·HBtz]·6H2O and [γ-CD·HBtz]·
8H2O for 24 h. After stirring, they were centrifuged at 5000 rpm for
30 min, and then the solutions were filtered with a 0.45 μm syringe
filter. Overall, 250 μL was collected from each solution and added to
previously weighed vials. After evaporation, the vials were weighed
again. The resulting values were averaged on five samples for each
compound.

Optical Microscopy. Images of single-crystal specimens of [β-
CD·HBtz]·6H2O and [γ-CD·HBtz]·8H2O were taken under polarized
light using an OLYMPUS BX41 microscope equipped with a NIKON
DS FI3 camera, and are shown in Figure S24.

■ RESULTS AND DISCUSSION
Inclusion Complexes and Bentazon Sodium Salt:

Synthesis and Solid-State Characterization. We have
focused our attention mainly on preparing the inclusion
complexes via mechanochemistry, viz. grinding and kneading.
To this end, solid bentazon (HBtz) and native cyclodextrins
(α-CD, β-CD, and γ-CD) were ground together with and
without a catalytic amount of water; the products were then
analyzed with powder XRD and FTIR spectroscopy to assess
complexation between CDs and HBtz in the solid state.
Monitoring the position of the CO stretching band
represents a good indicator for the formation of inclusion
complexes, as the CO stretching mode is quite sensitive to
weak intermolecular interactions,38 and the hydrophobic cavity
of the cyclodextrins affects the relative contributions of the
nonpolarized and polarized resonance structures of the CO
bond (CO and +C−O−, respectively), as also observed for
other inclusion complexes.38,49,62−65

As shown in Figure 1, the band for the CO stretching
occurs at 1645 cm−1 in the spectrum of pure HBtz, whereas a
new and blue-shifted band appears at 1689 and 1687 cm−1 in
the spectra of the products obtained via kneading with β-CD
and γ-CD, respectively. These results are also in good
agreement with previously IR data presented from Yañ́ez et
al.49,52 According to the literature,49,63,66 these blue shifts arise
from the stabilization of the nonpolarized resonance structure
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of the CO bond, as well as from the disruption of the
hydrogen bonding interaction between molecules of pure HBtz
(N−H···OC), thus giving a first indication of the presence
of a monomeric bentazon in the cyclodextrin cavity. Inclusion
of bentazon in α-CD, on the contrary, was not successful, as no
shift was detected for the CO band in the products obtained
either via grinding or kneading (see Figure 1b). Comparisons
between the IR spectra of the components, bentazon and CDs,
and the products obtained via grinding and kneading are
shown in Figures S5−S7.
Figure 2 shows a comparison between the experimental X-

ray powder patterns for the starting materials (HBtz and the
three cyclodextrins) and, as an example, the pattern for the
LAG product of γ-CD and HBtz, as well as the ones obtained
via a solution and a slurry. In the absence of water, the grinding
process resulted in a physical mixture of the reagents, whereas
the addition of a few drops of water yielded a new crystalline

phase, perfectly superimposable to the ones obtained from the
solution and the slurry. It is worth noting how they all closely
resemble the reference pattern for the tetragonal P4212
isostructural series for γ-CD inclusion complexes.38,48,67,68

Analogous behavior was observed for the synthesis of the
inclusion complex with β-CD; in this case, the X-ray pattern
for the product is similar to those of the isostructural series P1
or C2, corresponding to channel-type structures of β-CD
complexes.38,48,67,68 In the case of α-CD, on the other side,
both the grinding and kneading processes with HBtz resulted
in a physical mixture of the starting compounds.
These findings suggest that the cavities of β-CD and γ-CD,

with a free volume of 262 Å3 and 427 Å3,35 respectively, are
more effective in hosting molecular bentazon (with a molecular
volume of ca. 260 Å3), while the cavity in α-CD, with a volume
of 174 Å3,35 is too small to host the herbicide molecule. The
mechanochemical synthesis was repeated with an α-CD:HBtz
stoichiometric ratio of 2:1, in the attempt to force an
encapsulation for bentazon by two α-CD molecules; also in
this case, however, no evidence of inclusion complex formation
was detected.
Single crystals for the kneading products of HBtz with β-CD

and γ-CD were grown from solution; even after many
attempts, only a tiny and poorly diffracting specimen could
be obtained, but a detailed structural characterization was still
possible, especially in the case of the β-CD inclusion complex.
The inclusion complex [β-CD·HBtz]·6H2O crystallizes in

the triclinic space group P1 with two β-cyclodextrins in the
asymmetric unit, each β-CD including a molecule of bentazon
in the hydrophobic cavity. Six water molecules per formula unit
could also be detected. The β-CD molecules are stacked in
pairs, slightly tilted with respect to each other, along the
crystallographic b-axis (see Figure 3), thus forming the
channel-type structure typically observed for β-CD inclusion
compounds in the P1 isostructural series;67,68,70−72 hydrogen
bonds connect the β-CD molecules via the glucopyranose units
[OOH···OOH = 2.721(1) − 2.973(9) Å]. HBtz molecules are
arranged “head-to-tail” within a dimeric β-CD pair (see Figure
3c) in such a way as to maximize the π−π interaction between
the aromatic rings [d = 3.452(1) Å]; hydrogen bonds are also
present inside the cavities between the NH group on HBtz and
the glycosidic O atoms on β-CD [NNH···Og = 2.99(1), 2.95(1)
Å].
Crystalline [γ-CD-Hbtz]·8H2O represents a more difficult

case, and we were unable to fully modeling the structure
because of the disorder affecting the bentazon molecule inside
the hydrophobic cavity. The host γ-CD molecules lie on a
fourfold symmetry rotational axis and display the expected
channel-like structure typical of the tetragonal P4212
isostructural series for γ-CD inclusion complexes (see Figure
4).67,68,70 The channels run parallel to the crystallographic c-
axis, and the γ-CD molecules interact along the channel via
hydrogen bonds between the glucopyranose units [OOH···OOH
= 2.815(3) − 2.998(4) Å] (see Figure 4a).
The water molecules present in the crystal occupy the

cavities between the channels, forming hydrogen bonds with
the host molecules. Due to the large size of the γ-CD
hydrophobic cavity, the bentazon molecule is free to occupy
different orientations with respect to the rotational axis; for this
reason, it was not possible to locate with confidence the
position of the bentazon atoms; the same problem was
encountered with the water molecules outside the cavity. The
contribution of HBtz and H2O molecules was therefore

Figure 1. Comparison of the FTIR spectra recorded for pure
bentazon (a) and on the solids obtained by kneading HBtz with α-CD
(b), β-CD (c), and γ-CD (d).

Figure 2. Comparison of the experimental powder XRD patterns for:
(a) γ-CD, (b) HBtz (form I), (c) grinding product, (d) kneading
product, (e) solution product, (f) slurry product, and (g) calculated
reference pattern for the refcode SIBJAO, chosen as representative of
the tetragonal P4212 isostructural series.69
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subtracted in the refinement procedure (see the Experimental
Section). The heavy disorder inside the cavity of γ-CD is
supported by the fact that: (i) the guest molecules are located
within infinite channels of the C4 symmetry, typical of the
tetragonal P4212 isostructural series, generated by overlapping
the central cavities of the stacked γ-CD molecules;68 (ii) only
guests also possessing a fourfold symmetry are usually located
well inside the channel;73 and (iii) the volume of the γ-CD
cavity is large enough to allow for the orientational disorder of
HBtz around the molecular main axis (see Figure 5). The
possibility that the inclusion complex might have formed with
a substoichiometric amount of guest, i.e., with an HBtz/γ-CD
ratio <1, was ruled out, as 1H-NMR solution spectra for a

polycrystalline sample were obtained via a slurry, which
showed the same unit cell determined via SCXRD (see Pawley
refinement in Figure S4), confirming a 1:1 stoichiometric ratio
(see Figure S8).
Finally, we shall also discuss in short, the main structural

features, obtained via single-crystal X-ray diffraction, of the
sodium bentazon salt. The salt NaBtz·1.75H2O crystallizes in
the triclinic P1̅ space group, with four ionic pairs and seven
water molecules in the asymmetric unit.
The geometry and the intramolecular distances/angles for all

four independent molecules are almost coincident with those
observed for HBtz form I (CSD refcode FAXWAB); it is
difficult, judging from a comparison of these data, to assign the
negative charge to the nitrogen or the carbonyl oxygen, i.e., to
define the anion as the result of the deprotonation of the keto
or enol form of neutral bentazon (Scheme 3); in the solid
state, the charge is probably delocalized (short distances to the
sodium cation are observed both for the oxygen and nitrogen
atoms [Na···OSO = 2.299(5) − 2.482(7) Å, Na···OW =
2.25(1) − 2.691(8) Å, and Na···OCO/C−O − = 2.313(6) −
2.360(6) Å]) although a short value of the C−O distance in all
anions seems to hint at the presence of a CO double bond.
Bentazon anions in crystalline NaBtz·1.75H2O are arranged

in such a way as to form channels extending parallel to the
crystallographic [101] direction (see Figure 6a); the channels
are filled with the sodium cations and the water molecules
(Figure 6b).

Thermal Behavior of the Inclusion Complexes.
Crystalline bentazon is stable up to ca. 140 °C (Figure S10,
bottom), while TGA traces for hydrated β-CD and γ-CD show
first a weight loss, corresponding to dehydration, in the 40−
100 °C range, followed by complete degradation starting at ca.
280 °C. TGA traces for the β-CD and γ-CD inclusion
complexes are characterized by a weight loss, complete at ca.
100 °C, corresponding to ca. six and eight water molecules,
respectively, thus defining the inclusion complexes formulae as

Figure 3. Relevant packing features in crystalline [β-CD·HBtz]·6H2O: (a) Stacking of the β-CD molecules along the crystallographic b-axis in
crystalline, showing the channel-like structure typical of the P1 isostructural series; (b) projection down the b-axis showing the channel-like
structure hosting the HBtz molecules, with water molecules (in blue) filling the cavities outside the channels; and (c) section of one channel, with
walls (β-CD molecules) in light blue, showing the π−π interaction between the aromatic rings of the guest molecules. H atoms are omitted for
clarity.

Figure 4. (a) Channel-like structure formed by the host molecule in
crystalline [γ-CD·HBtz]·8H2O and (b) crystal packing viewed along
the c-axis. H atoms are omitted for clarity, and water molecules are
shown in blue.
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[β-CD·HBtz]·6H2O and [γ-CD·HBtz]·8H2O. It is interesting
to note that decomposition of the inclusion compounds starts
only at ca. 180−200 °C: the thermal stability of bentazon is
thus enhanced, and its degradation accompanies that of the β-
and γ-cyclodextrins.
DSC traces for pure β-CD and γ-CD show a broad

endothermic peak centered at ca. 114 and 87 °C (Figure
S10), respectively, which can be attributed to dehydration

processes; dehydration can also be observed for the inclusion
compounds (see Figures S11 and S14). DSC measurement for
pure HBtz shows an endothermic peak corresponding to
melting at 140 °C;76 the peak is still present in the physical
mixtures resulting from the grinding processes with β-CD and
γ-CD (see Figures S13 and S16), but it is absent in the DSC
traces of the inclusion compounds, obtained via kneading.
These results are consistent with the results of FTIR
spectroscopy and X-ray diffraction analyses.

Dissolution Studies. Dissolution rates were measured for
and compared between polycrystalline samples of pure HBtz,
NaBtz·1.75H2O, [β-CD·HBtz]·6H2O, [γ-CD·HBtz]·8H2O,
and the dehydration products of the inclusion complexes.
As evidenced in Figure 7, a clear trend can be observed

among the series of compounds: pure bentazon shows the
lowest dissolution rate (0.0147 mmol·L−1·min−1 or 3.5 ng·L−1·
min−1), while the sodium salt, NaBtz·1.75H2O, showed the
highest dissolution rate, 0.335 mmol·L−1·min−1 (228 ng·L−1·
min−1).

Figure 5. Depiction of disorder for bentazon within the γ-CD host likely to occur in crystalline [γ-CD·HBtz]·8H2O. The two molecules of HBtz,
interacting via π stacking inside the large cavities of the γ-CD dimeric unit, have the shape of a cylinder (a), and this can assume different
orientations around the channel axis: two possible orientations are graphically presented here (b).

Scheme 3. Keto−Enol Tautomerism Observed for Neutral
Bentazon in Solution.74,75

Figure 6. Channels in crystalline NaBtz·1.75H2O, formed by the bentazon anions (a) and the channels are filled with sodium cations (in violet)
and water molecules (in blue) (b). H atoms are omitted for clarity.
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The hydrated inclusion complexes obtained with β-CD and
γ-CD dissolve with rates of 0.021 mmol·L−1·min−1 (28.4 ng·
L−1·min−1) and 0.0259 mmol·L−1·min−1 (39.8 ng·L−1·min−1)
for [β-CD·HBtz]·6H2O and [γ-CD·HBtz]·8H2O, respectively.
Dissolution rates were measured also on dehydrated inclusion
complexes [β-CD·HBtz] and [γ-CD·HBtz] (see Figures S9,
S12, and S15 for characterization) and their values are 0.0251
mg·L−1·min−1 (33.2 ng·L−1·min−1) and 0.133 mmol L−1 min−1

(205 ng·L−1·min−1), respectively. As expected, as this is usually
the case when comparing anhydrous and hydrated compounds,
dissolution in water is faster for [β-CD·HBtz] and [γ-CD·
HBtz] with respect to [β-CD·HBtz]·6H2O and [γ-CD·HBtz]·
8H2O. The dissolution rates for the anhydrous forms, however,
are still lower than the one determined for NaBtz·1.75H2O; for
[β-CD·HBtz]·6H2O, the difference is of one order of
magnitude.
Solubility in water was also measured for all compounds, and

the values are given in Table 1. With respect to pure bentazon,

the solubility of [β-CD·HBtz]·6H2O shows a higher value, and
this is even more pronounced in the case of [γ-CD·HBtz]·
8H2O. According to our dissolution rate study, for both
compounds, the solubility is lower compared to that for NaBtz·
1.75H2O, which is the solid form currently commercialized
and used in the fields. Inclusion of bentazon in cyclodextrins
would, therefore, make spray loading of this herbicide,
previously dissolved in water, a viable process. At the same
time, the lower solubility, compared to that of NaBtz·1.75H2O,
would help in preventing its leaching into ground water.

■ CONCLUSIONS
In this work, we reported on the synthesis and structural
characterization of two new inclusion complexes obtained by
reacting the native cyclodextrins β-CD and γ-CD with the
herbicide bentazon, viz. [β-CD·HBtz]·6H2O, and [γ-CD·
HBtz]·8H2O. The novel compounds were assembled in a
solid state via mechanochemistry (kneading with water),

exploiting the cyclodextrins hydrophobic effect. Additionally,
the salt NaBtz·1.75H2O, commonly used to make HBtz soluble
in water and for the manufacturing of commercial pesticides,
was also synthesized and structurally characterized.
Dissolution rates and solubilities in water were measured for

all compounds, and a clear trend was observed. The increase is
definitely larger for the sodium salt, whereas for the inclusion
complexes, [β-CD·HBtz]·6H2O and [γ-CD·HBtz]·8H2O, it is
intermediate. The anhydrous counterparts, [β-CD·HBtz] and
[γ-CD·HBtz], provided an additional “fine” tuning of the
dissolution rates.
This study proves that the inclusion of nonsoluble molecules

in cyclodextrins would represent a viable route to overcome
the solubility issues of a widely employed herbicide and to
allow for spray loading processes. At the same time, the lower
dissolution rate and solubility, compared to those of the
sodium bentazon salt, suggest that complexation could help in
preventing the herbicide to leach into ground water. Cost
issues might be relevant in selecting one of the two host−guest
systems: as β-CD is cheaper than its larger homologue γ-CD,
[β-CD·HBtz]·6H2O could be more suitable for scale-up
production.
Work is in progress to further extend this strategy to other

molecules of agrochemical, cosmetic, and pharmaceutical
interests.
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