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The herbicide terbuthylazine (TBA) is widely used for preemergence or postemergence control of many grass and broadleaf weeds
and has, besides other issues, a poor aqueous solubility profile that results in reduced bioavailability. Cyclodextrins and modified
cyclodextrins were considered, among other substances, appropriate agents for improving pesticide water solubility. Therefore, the
inclusion complex formation of terbuthylazine with 𝛽-cyclodextrin (𝛽-CD) and hydroxypropyl-𝛽-cyclodextrin (HP-𝛽-CD) was
studied to attain its aqueous solubility enhancement. Their characterization was accomplished with different analytical techniques,
namely, by UV-Vis, DSC, FTIR, and 1HNMR. From the analysis of the complexation performance of the herbicide it was concluded
that the interaction of terbuthylazine with CDs leads to the formation of inclusion complexes with a stoichiometry of 1 : 1. The
association constants of the TBA/𝛽-CD and TBA/HP-𝛽-CD complexes were determined by UV.The mean values obtained for the
stability constants are 460.4 ± 26.5 and 532.1 ± 27.6 to TBA/𝛽-CD and TBA/HP-𝛽-CD, respectively. 1H NMR data corroborate the
formation of theTBA/𝛽-CDandTBA/HP-𝛽-CDcomplexes synthesized by the kneadingmethod.A formulation incorporatingTBA
cyclodextrin complexes might lead to an improvement in terbuthylazine bioavailability.The development of TBA-CD formulations
may be interesting since it would enable, through their inclusion into the hydrophobic cavity of CDs, enhancement of solubility,
bioavailability, and stability of the herbicide.

1. Introduction

Pesticides are widely used worldwide in farming since they
fight crop pests and reduce competition from weeds, thus
improving agricultural yields and protecting the availability,
quality, and price of produce to the benefit of farmers and
consumers. However, their use does involve risk, because
most have inherent properties that can endanger health and
the environment if not used properly. Actually, there is now
overwhelming evidence that some of these chemicals do
pose a potential risk to humans arising from the exposure
through environmental contamination or occupational use
[1–3]. Yet, the beneficial outcome from use of pesticides
provides evidence that pesticides will continue to be a
vital tool in the diverse range of technologies that can

maintain and improve living standards for the people of the
world.

The impact on environment and human health by pesti-
cides is associated with factors such as the amount of active
ingredient in the pesticide formulation and/or the use of
additives that are mixed with the active ingredient (wetting
agents, diluents or solvents, preservatives, and emulsifiers) to
improve the formulations performance, namely, their solu-
bility and (photo)chemical and microbial stability. Although
inert ingredients have no pesticidal activity, they may be
biologically active and sometimes the most toxic component
of a pesticide formulation [4].

Cyclodextrins (CDs) are natural cyclic oligosaccharides
with 6, 7, or 8 glucose residues (𝛼-, 𝛽-, and 𝛾-CD, resp.)
linked by a (1–4) glycosidic bond. The 𝛽-form is the most
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commonly employed for encapsulation purposes since it is
the most accessible and the lowest-priced cyclodextrin [5].
Apart from these naturally occurring cyclodextrins, many
other cyclodextrin derivatives have been synthesized. Each
cyclodextrin has its own ability to form inclusion complexes
with specific guests, an ability which depends on a proper
fit of the guest molecule into the hydrophobic cyclodex-
trin cavity [6]. Actually, all derivatives have a changed
hydrophobic cavity volume and also these modifications can
improve solubility and stability against light or oxygen and
help control the chemical activity of guest molecules [5]. 2-
Hydroxypropyl-𝛽-cyclodextrin (HP-𝛽-CD) is an alternative
to natural cyclodextrins, with enhanced water solubility and
improved toxicological profile in comparison to its parent 𝛽-
CD [7]. It has been shown that HP-𝛽-CD is well tolerated in
humans and by several animal species [7] and thus can be
regarded as an interesting excipient for the development of
safer and improved pesticide formulations.

Terbuthylazine (N2-tert-butyl-6-chloro-N4-ethyl-1,3,5-
triazine-2,4-diamine, Figure 1) is an herbicide used for
foliar spraying on maize and sorghum against annual and
perennial monocotyledonous and dicotyledonous weeds
[8]. Although terbuthylazine is widely used within the EU,
its frequent detection in surface and groundwater, together
with its medium to high persistence in soil and intrinsic
toxicological properties, may pose a risk both for human
and environmental health [8, 9]. These concerns become
even more relevant as the production of maize is increasing
globally, a trend that is expected to continue in the future
as maize is one of the most dominating crops for biogas
production [10].

The ability of cyclodextrins to alter the physical, chem-
ical, and biological properties of guest molecules has been
considered as an innovative way to improve and/or develop
new formulations of pesticides [11]. Among the advantages of
cyclodextrin complexes of pesticides are enhanced stabiliza-
tion, increased solubility and bioavailability, and controlled
release properties [12–18]. Continuing our investigation on
the complexation of pesticides with cyclodextrins [15–18],
herein we report the preparation and characterization of
some water-soluble inclusion complexes formed by the her-
bicide terbuthylazine and 𝛽-cyclodextrin (𝛽-CD). Further-
more, another modified cyclodextrin, 2-hydroxypropyl-𝛽-
cyclodextrin (HP-𝛽-CD), was used in a comparative way
to ascertain the interested in exploring the solubilization
effect of CDs on terbuthylazine and the binding ability of the
resulting inclusion complexes, which would provide a useful
approach for obtaining novel terbuthylazine-based formula-
tions with increased water solubility, high bioavailability, and
low toxicity.

2. Experimental

2.1. Chemicals. Terbuthylazine (TBA), 𝛽-cyclodextrin (𝛽-
CD), and (2-Hydroxypropyl)-𝛽-cyclodextrin (HP-𝛽-CD)
were purchased from Sigma-Aldrich Quı́mica S.A. (Sintra,
Portugal). Deuterated solvents and tetramethylsilane (TMS)
were obtained from Merck (Lisbon, Portugal). All other
reagents and solvents were proanalysis grade and used
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Figure 1: Chemical structure of the herbicide terbuthylazine.

without additional purification. Deionised water (conductiv-
ity < 0.1 𝜇S cm−1) was used throughout all the experiments.

2.2. Phase Solubility Studies. The stoichiometry of pesticide-
cyclodextrin complexes and their stability or binding con-
stants are frequently obtained from the phase solubility
diagrams. These phase solubility studies were performed
by the method reported by Higuchi and Connors [19].
Excess amount of terbuthylazine (20mg) was added to 25mL
aqueous solutions containing increasing amounts of 𝛽-CD
(0, 1, 3, 6, and 9mmol L−1) and HP-𝛽-CD (0, 5, 10, 15,
20, 25, and 30mmol L−1). The suspensions were shaken on
a rotary shaker (Ika KS 4000i, Germany) at 25 ± 2∘C for
48 h until reaching the equilibrium. All suspensions were
filtered through a 0.45 𝜇m membrane filter (Millipore) and
properly diluted and the concentration of terbuthylazine
was determined by spectrophotometry (Shimadzu UV-Vis
Spectrophotometer, UV-1700, Japan) at 222 nm. The UV
absorption of 𝛽-CD andHP-𝛽-CDwas negligible at the assay
wavelength.

The phase solubility diagrams were obtained plotting
the equilibrium concentrations of terbuthylazine against the
concentration of the respective CD. The apparent stability
constants, 𝐾𝑆, were calculated from the straight line of the
phase solubility diagrams, assuming a 1 : 1 stoichiometry,
using

𝐾𝑆 =
slope

𝑆0 (1 − slope)
, (1)

where 𝑆0 represents the intrinsic solubility of terbuthylazine.
Each experiment was performed in triplicate, with the

mean (±SD) being reported.

2.3. Preparation of Solid Binary Systems

2.3.1. Inclusion Complexes. The preparation of terbuthyl-
azine/𝛽-CD and terbuthylazine/HP-𝛽-CD inclusion com-
plexes was performed using the kneading method. An
equimolar amount of terbuthylazine and each of the CD
under study were accurately weighed and transferred to
a mortar. The mixture was then triturated in the mortar
with a small volume of methanol until a homogenous paste
was formed. The paste was kneaded for 30min and then
dried overnight, at room temperature, in a desiccator under
vacuum. The dried complex was ground using a mortar,
sieved (60 mesh), and kept in a closed container protected
from light.
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2.3.2. Physical Mixtures. Physical mixtures of terbuthylazine
and cyclodextrins (𝛽-CD and HP-𝛽-CD) in 1 : 1 molar ratio
were prepared by blending the individual components, pre-
viously sieved (60 mesh), in a mortar for 15 minutes. The
mixtures obtained were kept in a closed container protected
from light.

2.4. UV/Visible Spectroscopy. Spectrophotometric measure-
ments were performed to quantify terbuthylazine in its
free and CD-complexed form. Given the poor water sol-
ubility of terbuthylazine standard curves were prepared
in water/methanol (v/v = 4 : 1). Spectrophotometric scans
were performed between 190 and 340 nm to monitor the
UV spectra of terbuthylazine. The absorbance maximum of
222 nm was used to quantify terbuthylazine concentration.

2.5. Differential Scanning Calorimetry (DSC). DSC measure-
ments were performed with a Netzsch DSC 204 calorimeter
(Netzsch, Germany). The accurately weighed sample was
placed in an aluminum pan. An empty aluminum pan was
used as reference. The experiments were carried out in
nitrogen atmosphere (flow rate 70mLmin−1) at a scanning
rate of 10∘C/min in the range of 25–400∘C.

2.6. Fourier Transform Infrared Spectroscopy (FTIR). Infrared
spectra were obtained using aThermo Scientific Nicolet 6700
FTIR spectrometer (Thermo Fisher Scientific, USA) using
KBr disks. The samples were ground and mixed thoroughly
with KBr and the disks were prepared by compressing the
powder.The scanning range was kept from 4000 to 400 cm−1.

2.7. 1H NMR Analysis. 1H NMR spectra were performed
at room temperature and recorded on a Bruker Avance
III operating at 400MHz. According to the overall solubil-
ity of terbuthylazine, 𝛽-CD, HP-𝛽-CD, and the respective
inclusion complexes, NMR spectra were accomplished in
deuterated dimethyl sulfoxide (DMSO-d6) for 𝛽-CD com-
plexes experiments and in an 8 : 1 (v : v) mixture of deuterated
methanol and chloroform (CD3OD :CDCl3) for HP-𝛽-CD
experiments. The same final concentration (about 50mM) of
all the solutions and volume of solvent was used throughout
all the experiments in order to accurately correlate the
chemical shifts of the different spectra. Chemical shifts are
expressed in 𝛿 (ppm) values relative to tetramethylsilane
(TMS) as internal reference. Chemical shifts changes (Δ𝛿)
were calculated according to the formula Δ𝛿 = 𝛿(complex) −
𝛿(free).

3. Results and Discussion

3.1. Phase Solubility Studies. One of the most useful and
widely applied analytical approaches for measuring equilib-
rium solubility is based on the phase solubility technique
proposed by Higuchi and Connors [19]. Phase solubility
analysis involves an examination of the effect of cyclodextrin
on the substrate, that is, the herbicide. Thus, the evaluated
equilibrium concentrations of terbuthylazine were plotted
against the concentration of the respective CDs and in
this way the phase solubility diagrams were constructed
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Figure 2: Phase solubility diagrams of terbuthylazine with (◼, —
blue) 𝛽-CD and (, — red) HP-𝛽-CD, in aqueous solution at 25 ±
2∘C. Values are mean ± SD (𝑛 = 3).

Table 1: Stability constants (𝐾𝑆) of terbuthylazine inclusion com-
plexes with the studied cyclodextrins.

𝑆0 ± SD (10−3M) 𝛼 ± SD 𝐾𝑆 ± SD (M−1) 𝑅2

𝛽-CD 0.0439 ± 0.0005 0.0198 460.4 ± 26.5 0.999
HP-𝛽-CD 0.0388 ± 0.0070 0.0201 532.1 ± 27.6 0.992

(Figure 2). In both cases, the aqueous solubility of the
herbicide increased linearly as a function of CD.

This linear relationship is a feature of a𝐴𝐿 phase solubility
profile [20]. As the slope of the plots is less than unity, a
1 : 1 molecular complex is formed for the two 𝛽-CDs [20].
The stability constant (𝐾𝑆) is a useful index to estimate
the binding strength of host-guest and the changes in the
physicochemical properties of the guest in the complex. The
𝐾𝑆 values of the complexation were calculated from the phase
solubility diagrams according to (1) (see experimental). Sta-
bility constants, 𝐾𝑆, calculated for terbuthylazine/𝛽-CD and
terbuthylazine/HP-𝛽-CD inclusion complexes, were 460.4 ±
26.5 and 532.1 ± 27.6M−1, respectively (Table 1). The results
found showed that the hydroxypropyl substitution in 𝛽-CD
enhances both cyclodextrin solubility and its complexation
ability, expressed by the highest 𝐾𝑆 value (Table 1).

3.2. Inclusion Complexes Characterization. The assessment
of the formation of an inclusion complex and its full char-
acterization often requires the use of different analytical
methods, whose results have to be combined and examined
together, since each method explores a particular feature of
the inclusion complex.The concomitant use of different tech-
niques can allow a better and more in-depth understanding
of host-guest interactions and help in selection of the most
appropriate CD for a given guest molecule [21].

3.2.1. UV/Visible Spectroscopy. UV-Vis spectroscopy is a sim-
ple and useful technique to study the formation of host-guest
complexes in solution. Modifications of the UV spectrum of
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Figure 3: UV-Vis spectral changes in terbuthylazine upon addition
of different concentrations of HP-𝛽-CD at 25 ± 2∘C: (— light gray)
0mM; (— gray) 5mM; (—dark gray) 10mM; and (—black) 20mM.

a guest molecule in presence of CDs can provide evidence of
the formation of an inclusion complex.

Upon addition of increasing concentrations of the cyclo-
dextrins (𝛽-CD and HP-𝛽-CD), the absorption maximum of
terbuthylazine at 222 nm increases in intensity which can be a
consequence of the inclusion complex formation.The results
obtained for terbuthylazine in the absence and presence of
HP-𝛽-CD are shown in Figure 3.

3.2.2. Differential Scanning Calorimetry (DSC). DSC is the
most largely used thermal method for the investigation of
solid-state interactions between guest molecules and CDs.
The DSC profiles of pure components (terbuthylazine, HP-
𝛽-CD) and binary systems (physical mixture and inclusion
complex) are shown in Figure 4. The thermal curve obtained
for terbuthylazine is typical of a crystalline anhydrous sub-
stance with a sharp fusion endotherm at 177.2∘C, corre-
sponding to the melting point of the herbicide, followed
by a liquid-gas-phase transition process at 273.2∘C [22].
The first endotherm peak observed around 100∘C for HP-
𝛽-CD corresponds to dehydration process, followed by an
irreversible solid-solid phase transition at 260∘C and, finally,
to a degradation process, which took place at around 330∘C.
The thermal curve of the physical mixture is the sum of
the curves of the pure components, presenting the CD
dehydration band and the terbuthylazine melting peak. The
thermal curve obtained for the solid inclusion complex of
terbuthylazine with the cyclodextrins, obtained by kneading
method, does not show the herbicide endothermic peak
at 177.2∘C (Figure 4). The same pattern was observed for
terbuthylazine/𝛽-CD complex. The complete disappearance
of the crystalline melting peak of terbuthylazine in the DSC
curve of the complexes can be assumed as an evidence
of the insertion of the herbicide molecule inside the CDs
cavity.
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Figure 4: DSC thermograms of terbuthylazine/HP-𝛽-CD system:
(— black) terbuthylazine; (— red) HP-𝛽-CD; (— green) physical
mixture; (— blue) inclusion complex.

3.2.3. Fourier Transform Infrared Spectroscopy (FTIR). FTIR
is widely used in the study of guest-CD solid complexes
since the occurrence of changes in the characteristic bands
of the guest molecule spectrum (broadening, variations in
peak intensity, and/or shifts in their wavenumber) can be
an indication of complex formation. Figure 5 illustrates the
FTIR spectra of 𝛽-CD, HP-𝛽-CD, terbuthylazine, and the
inclusion complexes. IR spectra of 𝛽-CD and HP-𝛽-CD both
showed characteristic bands belonging to oligosaccharides:
3401 cm−1 (O–H stretching vibration), 2930 cm−1 (C–H
stretching vibration), 1640 cm−1 (O–H bending vibration),
and 1157 cm−1 (C–O stretching vibration). Terbuthylazine
is characterized by the appearance of bands at 3261 cm−1
(N–H stretching), 3116 cm−1 (NH⋅ ⋅ ⋅N combination band),
1618 cm−1 (triazine ring vibration), 1545 cm−1 (N–H defor-
mation), 1398 cm−1 (C–C aliphatic, C (CH3)3), and 1224 cm

−1

(C–C aliphatic).
The spectra of physical mixtures of terbuthylazine with

native and modified 𝛽-cyclodextrin were almost the sum of
pure components spectra, and no significant variations of the
drug FTIR bands were observed. On the contrary, changes in
the FTIR spectra were observed after the inclusion complexes
of terbuthylazine and cyclodextrins were formed (Figure 5).
In both cases, the band at 1545 cm−1 assigned to N–H defor-
mation shifted to 1552 cm−1 and its intensity significantly
decreased in the inclusion complex. Although all other peaks
decrease in their intensity, they showed insignificant shifts,
considering the spectral resolution used. This data seems to
show that the inclusion of TBA in the cyclodextrins occurs
through the𝑁-ethyl side chain, which makes the interaction
more evident for the N–H deformation band. These results
are consistent with the data from NMR studies (see next
section). The changes that occurred in IR spectra of samples
indicated the formation of inclusion complexes in solid
state.

3.2.4. Nuclear Magnetic Resonance (NMR) Analysis. NMR is
a technique that is often used in the study of cyclodextrin
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Figure 5: FTIR spectra of (— dark gray) 𝛽-CD; (— black) HP-𝛽-CD; (— red) terbuthylazine; (— green) terbuthylazine/HP-𝛽-CD physical
mixture; (— turquoise) terbuthylazine/𝛽-CD inclusion complex; and (— blue) terbuthylazine/HP-𝛽-CD inclusion complex.

inclusion complexes since it can provide information about
the presence of guest-host interactions and the stoichiometry
of the inclusion process [23–26]. H3 and H5 protons of
glucose (or modified glucose) units of cyclodextrins are
facing the interior of the CD cavity whereas H6 protons
are located in its rim. All the other protons (H1, H2, and
H4) are located outside the cavity [27, 28]. The guest-
host inclusion process will produce variable changes in the
chemical shifts (𝛿) of some hydrogens belonging either to
the ligand or the CD. In fact, if the chemical environment is
affected by the inclusion of a compound in CD, the chemical
shifts of the hydrogens of the internal surface of the CDs
cavities (H3 and H5) will change significantly, whereas the
external surface hydrogens (H1, H2, and H4) will remain
mainly unaffected.

Accordingly, additional data supporting the inclusion of
terbuthylazine (TBA) in the cavity of CDs was obtained by
proton nuclearmagnetic resonance spectroscopy (1H-NMR).
The formation of TBA/CDs complexes can be established
by determining the chemical shift displacements (Δ𝛿) of
the proton signals of the guest (TBA) and the hosts (CDs)
after complexation. When TBA is incorporated in CD, the
hydrogen atoms located inside the cavity (H3 and H5)
should experience significant changes in their chemical shift
(𝛿) values when compared to the hydrogens outside the
cavity. Simultaneously, hydrogens of TBA that interact more
closely with the cavity should also be the ones that experience
more noteworthy displacements.

In summary, the formation of an inclusion complex can
be established from the comparison of the chemical shifts of
the guest before and after interaction with CDs.The complete

Table 2: 1HNMRchemical shift (𝛿) data of TBA,𝛽-CD, andTBA/𝛽-
CD complex (see Scheme 1).

H
assignment

𝛿 TBA
(DMSO)

𝛿 𝛽-CD
(DMSO)

𝛿 TBA/𝛽-CD
(DMSO) Δ𝛿

CH2 3.244 — 3.370 0.126
t-Butyl 1.346 — 1.344 −0.002
CH3 1.100 — 1.067 −0.033
H1 — 5.708 5.708 0.000
H3 — 5.661 5.654 −0.007
H5 — 4.828 4.854 0.026
H6 — 4.434 4.432 −0.002
H2 — 3.642 3.640 −0.002
H4 — 3.566 3.568 0.002

NMRproton assignment for𝛽-CD andHP-𝛽-CD has already
been reported, and the data obtained during this work are in
good agreement with previous reported results [29, 30].
1H NMR spectra of TBA, 𝛽-CD, and the inclusion com-

plex of TBA with 𝛽-CD in DMSO-d6 are shown in Figure 6.
The chemical shift (𝛿) data of TBA and 𝛽-CD before and after
the formation of inclusion complex were listed in Table 2. A
positive Δ𝛿 result is an evidence of downfield displacements
while a negative one supports upfield displacements. The
significant chemical shift displacements found in the spectra
of TBA/𝛽-CD sample, when comparing with free 𝛽-CD
(host) (Table 2), point out the occurrence of a complexation
process.
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Figure 6: 1H NMR spectra of TBA, 𝛽-CD, and TBA/𝛽-CD complex in DMSO-d6.

N

N

N

N
H

N
H

Cl

O

H

O

H

HO

H

H

OHH
O

OH

𝛽-CD unit TBA

1

2

5
6

4

3 H

7

Scheme 1

From the data analysis one can conclude thatCH3 protons
from TBA undergo upfield displacements in the presence of
cyclodextrin while CH2 protons experience downfield dis-
placements.These findings are due to host-guest interactions,
which cause anisotropic effects, occurring in the CD cavity
[31, 32]. In fact, the most important changes were observed

for 𝑁-ethyl side chain, namely, with CH2 and CH3 protons,
indicating that this part of TBA is deeply included in the
CD. The previous assumptions are also sustained by the
downfield displacements observed for H5 protons of 𝛽-CD
cavity and upfield displacements for H3. These shielding
and deshielding effects on these particular hydrogens on the
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Figure 7: 1H NMR spectra of TBA, HP-𝛽-CD, and TBA/HP-𝛽-CD complex in an 8 : 1 (v : v) mixture of CD3OD and CDCl3.

cavity, along with no significant changes on the protons of
the external surface of CD, are consistent with host-guest
interaction.

The same 1H NMR spectroscopy study was also per-
formed for TBA/HP-𝛽-CD inclusion complex (Figure 7).The
chemical shift data (𝛿) of free TBA, HP-𝛽-CD, and TBA/HP-
𝛽-CD complex are presented in Table 3. The observed
chemical shift displacements present in the TBA/HP-𝛽-CD
complex spectra, when compared to that found in free
TBA and HP-𝛽-CD, suggest the occurrence of interactions
between TBA and cyclodextrin.The variation of the chemical
shifts of the hydrogen atoms (H3 and H5) of the CD in
the complex is a clear indicative of the inclusion of TBA
inside of HP-𝛽-CD cavity. The upfield chemical shift of these
hydrogens is coherent with the increase in electron density
inside the cavity. TBA inclusion is also highlighted by the
neglectable displacement effects on chemical shifts of the

hydrogen atoms located outside of the cavity of HP-𝛽-CD.
In the presence of cyclodextrin the TBA protons exhibit
significant upfield and downfield shifts that are more evident
for the 𝑁-ethyl side chain of TBA. The data support the
hypothesis that the protons of this group are placed inside the
HP-𝛽-CD cavity.

4. Conclusions

The inclusion process of terbuthylazine, an herbicide with
limited solubility, with native and a modified 𝛽-cyclodextrin
was investigated in both solid state and aqueous solu-
tion. Phase solubility studies indicate that the solubility
of terbuthylazine is significantly increased in the pres-
ence of both cyclodextrins, 𝛽-CD, and HP-𝛽-CD. Informa-
tion obtained using different analytical techniques showed
that solid terbuthylazine/𝛽-CDand terbuthylazine/HP-𝛽-CD
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Table 3: 1H NMR chemical shift (𝛿) data of TBA, HP-𝛽-CD, and TBA/HP-𝛽-CD complex (see Scheme 2).

H
assignment

𝛿 TBA
(CD3OD/CDCl3)

𝛿HP-𝛽-CD
(CD3OD/CDCl3)

𝛿 TBA/HP-𝛽-CD
(CD3OD/CDCl3)

Δ𝛿

CH2 3.400 — 3.445 0.045
t-Butyl 1.426 — 1.430 0.004
CH3 1.192 — 1.150 −0.042
H1 — 5.099 5.097 −0.002
H3 — 3.974 3.963 −0.011
H5 — 3.830 3.821 −0.009
H6 — 3.757 3.757 0.000
H2 — 3.520 3.521 0.001
H4 — 3.416 3.416 0.000
CH3 — 1.126 1.126 0.000
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inclusion complexes can be prepared at a 1 : 1 molar ratio by
kneading method. NMR data confirm the formation of the
TBA/HP-𝛽-CD and TBA/HP-𝛽-CD complexes, synthesized
by the kneading method.

The data presented here may be used for the development
of novel TBA formulations as CDs have been shown to
be effective in increase of the solubility of the herbicide.
Therefore, terbuthylazine complexes can contribute to an
improvement of the effectiveness of herbicide, namely, its
bioavailability, by providing the same effect using a lower
dose.

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors would like to thank Eng. Paula Venda (Depart-
ment of Chemical Engineering, ISEP) for her assistance in
DSC data collection.

References

[1] M. F. F. Bernardes, M. Pazin, L. C. Pereira, and D. J. Dorta,
“Impact of pesticides on environmental and human health,” in
Toxicology Studies–Cells, Drugs and Environment, chapter 8, pp.
195–233, InTech, Rijeka, Croatia, 2015.

[2] W. Aktar, D. Sengupta, and A. Chowdhury, “Impact of pesti-
cides use in agriculture: their benefits and hazards,” Interdisci-
plinary Toxicology, vol. 2, no. 1, pp. 1–12, 2009.

[3] C. A. Damalas and I. G. Eleftherohorinos, “Pesticide exposure,
safety issues, and risk assessment indicators,” International
Journal of Environmental Research and Public Health, vol. 8, no.
5, pp. 1402–1419, 2011.

[4] C. Bolognesi, “Genotoxicity of pesticides: a review of human
biomonitoring studies,” Mutation Research, vol. 543, no. 3, pp.
251–272, 2003.

[5] E. M. M. Del Valle, “Cyclodextrins and their uses: a review,”
Process Biochemistry, vol. 39, no. 9, pp. 1033–1046, 2004.

[6] K. Uekama, F. Hirayama, and T. Irie, “Cyclodextrin drug carrier
systems,” Chemical Reviews, vol. 98, no. 5, pp. 2045–2076, 1998.

[7] S. Gould and R. C. Scott, “2-Hydroxypropyl-𝛽-cyclodextrin
(HP-𝛽-CD): a toxicology review,” Food and Chemical Toxicol-
ogy, vol. 43, no. 10, pp. 1451–1459, 2005.

[8] European Food Safety Authority (EFSA), “Conclusion on the
peer review of the pesticide risk assessment of the active
substance terbuthylazine,” EFSA Journal, vol. 9, no. 1, p. 1969,
2011.
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M. Maŕın-Benito, M. J. Sánchez-Mart́ın, and A. B. Caracciolo,
“Effects of wood amendments on the degradation of terbuthy-
lazine and on soil microbial community activity in a clay loam
soil,”Water, Air, and Soil Pollution, vol. 223, no. 8, pp. 5401–5412,
2012.



Journal of Chemistry 9

[10] E. Pannacci and A. Onofri, “Alternatives to terbuthylazine for
chemical weed control in maize,” Communications in Biometry
and Crop Science, vol. 11, no. 1, pp. 51–63, 2016.

[11] E. Morillo, “Application of cyclodextrins in agrochemistry,”
in Cyclodextrins and Their Complexes: Chemistry, Analytical
Methods, Applications, H. Dodziuk, Ed., pp. 459–467, Wiley-
VCH, Weinheim, Germany, 2006.

[12] D. L. Cruickshank, N. M. Rougier, V. J. Maurel et al., “Perme-
thylated 𝛽-cyclodextrin/pesticide complexes: X-ray structures
and thermogravimetric assessment of kinetic parameters for
complex dissociation,” Journal of Inclusion Phenomena and
Macrocyclic Chemistry, vol. 75, no. 1-2, pp. 47–56, 2013.

[13] A. Gurarslan, J. Shen, Y. Caydamli, and A. E. Tonelli, “Pyriprox-
yfen cyclodextrin inclusion compounds,” Journal of Inclusion
Phenomena and Macrocyclic Chemistry, vol. 82, no. 3, pp. 489–
496, 2015.

[14] J. Zhang, B. Li, H. Bi, and P. Zhang, “Clathration of chlo-
rimuron-ethyl by 𝛽-cyclodextrin for improvement of water
solubility,” Journal of Pesticide Science, vol. 40, no. 2, pp. 33–37,
2015.

[15] E. M. Garrido, M. Santos, P. Silva, F. Cagide, J. Garrido, and
F. Borges, “Host-guest complexes of phenoxy alkyl acid her-
bicides and cyclodextrins. MCPA and 𝛽-cyclodextrin,” Journal
of Environmental Science and Health. Part B Pesticides, Food
Contaminants, and Agricultural Wastes, vol. 47, no. 9, pp. 869–
875, 2012.

[16] S. Benfeito, T. Rodrigues, J. Garrido, F. Borges, and E. M. Gar-
rido, “Host-guest interaction between herbicide oxadiargyl and
hydroxypropyl-𝛽-cyclodextrin,” The Scientific World Journal,
vol. 2013, Article ID 825206, 6 pages, 2013.

[17] J. Garrido, F. Cagide, M. Melle-Franco, F. Borges, and E. M.
Garrido, “Microencapsulation of herbicide MCPA with native
𝛽-cyclodextrin and its methyl and hydroxypropyl derivatives:
an experimental and theoretical investigation,” Journal ofMolec-
ular Structure, vol. 1061, no. 1, pp. 76–81, 2014.

[18] C. Fernandes, I. Encarnação, A. Fonseca, J. Garrido, F. Borges,
and E. M. Garrido, “Cyclodextrins: a valuable resource to
attain environmental sustainability,” in Cyclodextrins: Synthesis,
Chemical Applications and Role in Drug Delivery, F. G. Ramirez,
Ed., Nova Science Publishers, Hauppauge, NY, USA, 2015.

[19] T. Higuchi and K. A. Connors, “Phase solubility techniques,”
Advances in Analytical Chemistry and Instrumentation, vol. 4,
pp. 117–212, 1965.

[20] S. S. Jambhekar and P. Breen, “Cyclodextrins in pharmaceuti-
cal formulations I: structure and physicochemical properties,
formation of complexes, and types of complex,”Drug Discovery
Today, vol. 21, no. 2, pp. 356–362, 2016.

[21] P. Mura, “Analytical techniques for characterization of
cyclodextrin complexes in aqueous solution: a review,” Journal
of Pharmaceutical and Biomedical Analysis, vol. 101, pp.
238–250, 2014.

[22] F. Rodante, G. Catalani, andM. Guidotti, “Thermal analysis and
kinetic study of decomposition processes of some commercial
pesticides. I. Triazine derivatives,” Journal of Thermal Analysis
and Calorimetry, vol. 53, no. 3, pp. 937–956, 1998.

[23] D. A. Skoog, F. J. Holler, and T. A. Nieman, Principles of Instru-
mental Analysis, Saunders College Pub, 1998.

[24] K. Uekama, F. Hirayama, and S. Nasu, “Determination of the
stability constants for inclusion complexes of cyclodextrins with
various drugmolecules by high performance liquid chromatog-
raphy,”Chemical and Pharmaceutical Bulletin, vol. 26, no. 11, pp.
3477–3484, 1978.
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