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Abstract The X-ray crystal structures of the inclusion
complexes formed between three pesticides (two organo-
phosphorus insecticides and one chloroacetanilide herbicide)
and permethylated f-cyclodextrin (TRIMEB) are reported.
The complexes TRIMEB-fenitrothion (1), TRIMEB-fen-
thion (2) and TRIMEB-acetochlor (3) are members of a
commonly occurring isostructural series. The mode of
inclusion of the two organophosphate insecticides is very
similar, while the acetochlor molecule, which is structurally
quite distinct from the two insecticide molecules, adopts a
somewhat different position within the TRIMEB cavity. In
addition to the structural elucidation of these complexes, their
thermal behaviour was investigated using isothermal and
non-isothermal thermogravimetry. The isothermal results
showed that the dissociation of the guest molecules from the
TRIMEB cavities can best be described by two mechanisms,
namely a first-order reaction model and a three-dimensional
diffusion model. Both the isothermal and non-isothermal
methods allowed the determination of the activation energies
of the guest loss process for each complex.
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Introduction

The ability of cyclodextrins (CDs) to form inclusion
complexes with various guest molecules has been studied
extensively over the last few decades especially within the
pharmaceutical industry, as well as the food, cosmetic and
biotechnology industries, and in the field of analytical
chemistry [1]. In 1985 Szejtli [2] reviewed the subject of
CDs and pesticides, stating that within the next decade,
there would be a rapid development in the application of
CDs in pesticide formulations accompanying the decrease
in the price of CDs and the increasing rate of CD pro-
duction. Since then the focus has been on studying the
interactions between pesticides and CDs in solution as well
as in the solid state and evaluating the possible benefits that
could be conferred on pesticides upon their complexation
with biodegradable host molecules such as CDs. In general,
the undesirable physicochemical properties associated with
pesticides include their poor aqueous solubility, chemical,
thermal and physical instability, high volatility, high soil
mobility and poor wettability [3].

The three pesticides selected for this study are the
insecticides fenitrothion [0,0-dimethyl O-(3-methyl-4-
nitrophenyl) phosphorothioate] and fenthion [O,0-dime-
thyl O-[3-methyl-4-(methylthio)phenyl] phosphorothioate],
and the herbicide acetochlor [2-chloro-N-(ethoxymethyl)-
N-(2-ethyl-6-methylphenyl)acetamide] (Fig. 1). These com-
pounds are oils at room temperature and are currently registered
for use in several countries [4]. The reduced chemical and
thermal stability of these pesticides, as well as the difficulties
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Fig. 1 The chemical structures of a fenitrothion, b fenthion and
¢ acetochlor

associated with their handling and transportation, make them
ideal candidates for solid-state formulation prior to application.

Previous studies of the stability of the organophosphate
insecticides fenitrothion and fenthion have shown that the
native CDs have a catalytic effect on the photodegradation
rate of these pesticides in humic water [5]. However, other
investigations have shown that CDs induce an inhibitory
effect on the degradation of fenitrothion in basic media
[6, 7]. No studies on the complexation of the chloroace-
tanilide herbicide acetochlor with CDs in the solid state or
in solution have hitherto appeared in the literature.

Recently we reported the ability of fenitrothion to form
solid inclusion complexes with both hexakis(2,3,6-tri-O-
methyl)-o-CD (TRIMEA) and heptakis(2,3,6-tri-O-methyl)
--CD (TRIMEB) [8]. We have since generated two additional
TRIMEB complexes with guests fenthion and acetochlor
which are isostructural with the TRIMEB—fenitrothion com-
plex. In this paper, the similarities and differences amongst
these three structures will be discussed and an attempt made to
reconcile the crystal structures and the results obtained from
the isothermal and non-isothermal kinetic experiments. The
activation energies of complex dissociation obtained from the
solid-state kinetic experiments will provide an indication of the
thermal stability conferred upon the guest molecules by their
encapsulation within CD molecules.

Experimental
Materials and solid complex preparation

The host compound heptakis(2,3,6-tri-O-methyl)--CD
(TRIMEB) was purchased from Cyclolab (Budapest, Hun-
gary) and was used as received. Fenitrothion was isolated as
a yellow oil from a commercial sample of Sumithion
(Sumitomo Chemical, NY, USA) by column chromatogra-
phy over silica gel and was characterized by 'H and *'P
NMR spectroscopy and GC-MS. The agrochemicals fen-
thion and acetochlor were obtained from Sigma Aldrich
(Germany) and ChemService (USA) respectively.
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Single crystals of each inclusion complex were prepared
using the method of co-precipitation. Preparative details for
TRIMEB-fenitrothion (1) were reported previously [8].
For the preparation of the inclusion complex TRIMEB—
fenthion (2), 119 mg of TRIMEB (0.083 mmol) was
weighed into a vial and 2 cm® of distilled water was added.
An equimolar quantity (23 mg, 0.083 mmol) of the insec-
ticide fenthion was added and the suspension was stirred
for 4 h between 0 and 4 °C. The final clear solution was
then filtered through a 0.45 pum filter into a clean vial and
placed in an oven at 60 °C. The TRIMEB-acetochlor (3)
inclusion complex was prepared by dissolving 106 mg
(0.074 mmol) of the host in 5 cm® of distilled water at
room temperature, and adding to the solution an equimolar
quantity of acetochlor (20 mg, 0.074 mmol). The resulting
suspension was stirred for 8 h and filtered into a clean vial
which was also placed in an oven set at 60 °C. Single
crystals of 2 and 3 appeared within 24 h.

The samples used for the solid-state kinetic studies were
prepared by mechanical grinding of equimolar quantities of
the host and guest in a mortar for 30 min in the absence of
water. The mass of the guest was kept constant at 20 mg and
the mass of TRIMEB varied depending on the molecular
weight of each guest compound. The particle size distribu-
tions of the samples were measured using a Multisizer ™ 3
Coulter Counter. The mechanical co-grinding method yiel-
ded samples with particle diameters in the range 20-45 pm,
with a mean diameter of ca. 25 pm.

Single crystal X-ray diffraction

X-ray structural elucidation of complex 1 was described
earlier [8]. Intensity data-collection for complexes 2 and 3
were performed on a Bruker KAPPA APEX II DUO dif-
fractometer. The crystals were maintained at 100(2) K
throughout the data-collection using Cryostream coolers
(Oxford Cryosystems UK). Unit cell refinements and data
reductions were performed using the program SAINT [9].
For both complexes 2 and 3, the Laue system was found to be
mmm, indicating the orthorhombic crystal system and the
common space group P2,2,2; was uniquely identified from
systematic absences. Data were corrected for Lorentz-
polarization effects and for absorption (program SADABS
[10]). Structure solution for complexes 2 and 3 was achieved
by using the host atomic coordinates of the isostructural
complexes TRIMEB—p-iodophenol [11] and TRIMEB—ethyl
laurate [12] respectively, as trial models. All non-hydrogen
atoms, except 06, C7, C8 and C9 of each methyl glucose
unit, served as the input model. The structures were refined
with SHELXH-97 [13] and successive difference Fourier
maps revealed the methoxyl groups and guest molecules. All
non-hydrogen atoms of complex 2 were refined anisotropi-
cally except for one of the primary methoxyl carbon atoms of



J Incl Phenom Macrocycl Chem (2013) 75:47-56

49

the host, which had a reasonable isotropic thermal parameter
but an unacceptable thermal ellipsoid when refined aniso-
tropically. For complex 3, one primary methoxyl group of the
host molecule was disordered over two positions, as were
atoms C17A and CI18 of the guest molecule. This disorder
was modelled by allowing the two components in each case
to refine isotropically with site-occupancy factors x and 1 —

x. The final value of x refined to 0.65 and 0.57 for the major
components of the host and guest atoms respectively. All
ordered atoms of complex 3 were refined anisotropically.
Although some of the guest H atoms were apparent in the
difference Fourier maps for complexes 2 and 3 all the H
atoms were added in idealised positions in a riding model
with Ui, values 1.2—1.5 times those of their parent atoms.

Powder X-ray diffraction (PXRD)

PXRD patterns were recorded at room temperature using a
Huber Imaging Plate Guinier Camera 670 with nickel-
filtered CuKe; radiation (4 = 1.5405981 10\) produced at
40 kV and 20 mA by a Philips PW1120/00 generator. A 26
range of 4-100° was used with a step size of 0.005° 26. The
samples were exposed to the X-ray beam for 30 min with
10 multi-scans to collect the data.

Thermal analysis

Thermogravimetric analysis (TGA) and differential scanning
calorimetric (DSC) measurements were performed using TA
instruments (TA-Q500 and DSC-Q200) with Universal
Analysis 2000 software. The TG instrument operated with
dry nitrogen purge gas flowing at a rate of 60 cm® min~"
while the DSC operated with a flow rate of 50 cm® min™".
For consistency, the sample size for each isothermal and non-
isothermal TG run was kept small and relatively constant
(1.77-1.94 mg). For each TG experiment the complex
material (1, 2 or 3) was placed in an open aluminium pan and
a specific temperature program was applied. DSC measure-
ments were conducted in closed aluminium pans.
Isothermal TG runs were performed by heating the
sample at a rate of 30 or 40 K min~' to a specific tem-
perature which was then maintained for 300 min. The non-
isothermal (dynamic) TG experiments were performed by
heating the powdered samples from 20 to 300 °C at dif-
ferent heating rates (1.0, 2.5, 5.0, 7.5 and 10.0 K min_l).

Results and discussion

Single crystal X-ray structures

Table 1 lists crystal data and refinement details for com-
plexes 1, 2 and 3. The three complexes are isostructural as

is evident from the close similarity in their unit cell
dimensions and the identical space group (P2,2,2,) in
which they crystallize. The X-ray crystal structure of 1 has
been described in detail previously [8]; however, for
comparison the monomeric units of complexes 1, 2 and 3
are shown in Fig. 2, which views them from a common
direction. The dimethyl phosphorothioate units of fenitro-
thion and fenthion in complexes 1 and 2 are situated close
to the primary rims of the TRIMEB cavities which are
blocked by several methoxyl groups in each case. The
3-methyl and 4-methylsulfanyl groups positioned on the
aromatic ring in complex 2 protrude from the secondary
rim of the TRIMEB cavity into the interstitial spaces
between neighbouring TRIMEB molecules. This particular
location of the aromatic substituents is similar to that in
complex 1.

When compared with the modes of inclusion of the
organophosphate insecticide guest molecules, the aceto-
chlor molecule assumes a different position and orientation
within the TRIMEB cavity (Fig. 2c). The aromatic moiety
is fully encapsulated by the host molecule, while the ethyl
substituent and chloro-ethoxymethyl acetamide group of
acetochlor extend from the secondary rim of the TRIMEB
cavity. The primary rim is once again ‘sealed off’ by the
primary methoxyl groups which fold over giving the
TRIMEB host molecule a cup-like shape. There are no
hydrogen bonds between the acetochlor and TRIMEB
molecules. Several intramolecular and intermolecular host—
host interactions of the type C-H---O exist in all three
complex structures. These hydrogen bonds are essential in
maintaining the overall framework of the crystal structure.

The X-ray structures of 2 and 3 provide the first accurate
representations of the fenthion and acetochlor molecules in
the solid state. It is important to note the geometry of each
guest. The dimethyl phosphorothioate unit of fenthion
adopts the usual tetrahedral conformation and the 4-meth-
ylsulfanyl group displays a slight twist out of the plane of
the aromatic ring (the dihedral angle C—C-S—C is 24.1(7)°).
For acetochlor, the angle between the least-squares plane
through the acetamide group (C,N-C=0) and the phenyl
ring plane is 85.4(3)°. This value is similar to that observed
in the crystal structure of an intermediate used for the
synthesis of acetochlor, namely 78.0(3)° [14]. All other
geometrical parameters for the fenthion and acetochlor
molecules are in the expected ranges.

Geometrical parameters for the host molecule in com-
plexes 2 and 3 are comparable to those observed in com-
plex 1 [8] and in several other isostructural TRIMEB
complexes [15]. Figure 3 illustrates the packing arrange-
ment for complex 2 as representative. The complex units
pack in a screw-channel mode and are arranged in a head-
to-tail manner parallel to the b-axis. This diagram shows
that the guest molecules are isolated from one another. The
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Table 1 Crystal data and

1
structure refinement for the

2 3

complexes 1 [8], 2 and 3 Chemical formula

C63H112035'C9H12NOSPS C63H112035'C10H1503PSZ C63H112035'C14H20C1N02

Dimensions (mm)

0.24 x 0.13 x 0.11

0.30 x 0.12 x 0.05

Formula weight 1706.75 1707.84 1699.29
Crystal system Orthorhombic Orthorhombic Orthorhombic
Unit cell constants
Space group P2,2,2, P2,2,2, P2,2,2,
a (A) 15.1588(4) 15.084(2) 14.728(2)
b (A) 21.1279(4) 21.164(3) 21.542(3)
¢ (A) 27.5575(7) 27.491(3) 27.604(4)
a=pF=7() 90 90 90
Volume (A%)/Z 8825.9(4)/4 8,776(2)/4 8,758(2)/4
Density calc) 1.284 1.293 1.289
(gem™)
Temperature (K) 173(2) 100(2) 100(2)
Wavelength (A) 0.71073 0.71073 0.71073

0.30 x 0.27 x 0.07

O-range collection  2.69-25.70 1.48-24.75 1.83-25.87
©)
Index range —18<h <18 -9<h<17 —-17<h<15
—25<k<?25 —25<k<?25 —26 <k<22
-33<1<33 -32<1<32 —29<1<33
Reflections 121,751 73,115 55,784
collected
Independent 16,732 8,481 9,159
reflections
Reflections with 11,175 6,530 6,877
1> 20(])
Number of 959 1,026 1,034
parameters
Rin 0.0568 0.0459 0.0485
Goodness of fit 1.021 0.977 1.025
Ry [I>20(D)] 0.0626 0.0519 0.0540
WR; 0.1428 0.1316 0.1301
Largest difference  0.71/—0.74 0.64/—0.60 0.92/—0.69

peak and hole
(€A™

isostructurality of complexes 1, 2 and 3 implies a common
arrangement of the host molecules and thus the packing
arrangements of the complex units are identical. This is
evident from the experimental PXRD patterns of the three
complexes that were obtained by kneading (Fig. 4). These
patterns are also consistent with the corresponding com-
puted patterns (see supporting information), confirming
that the single crystals selected for X-ray analyses are
representative of the respective bulk materials. A detailed
comparison of the computed patterns for complexes 1 and
2, containing guests that are close analogues, shows the
patterns to be in very good correspondence. Significant
intensity differences arise for 3, owing to the different
nature of the included acetochlor molecule and its unique
location in the host cavity.

@ Springer

Thermal analysis
Thermal profiles

The TG traces for the three TRIMEB inclusion complexes all
display two-step mass losses. The first one corresponds to a
single guest molecule being released from the CD cavity
[exptl. 16.5 £ 0.1, 16.5 £ 0.2 and 163 £ 0.2 % (n = 5);
calcd. for a 1:1 host—guest ratio, 16.2, 16.3 and 15.9 % for
complexes 1, 2 and 3, respectively] and the second mass loss
can be attributed to host decomposition (Fig. 5). There was a
considerable difference in the onset temperatures of guest
loss for the samples prepared by co-grinding (see supporting
information) vis-a-vis those prepared by co-precipitation, on
which the crystal structure determinations were based. These
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Fig. 2 Stereoviews of the
complexes 1, 2 and 3 with their
host residue numbering. For
clarity, only the major host and
guest components of complex 3
are shown

differences have been summarised in Table 2 and are a result
of the different average particle sizes of each sample. The co-
precipitation method produced large single crystals that were
gently crushed and blotted dry on filter paper before being
placed in the TG instrument, whereas the materials obtained
by kneading contained particles of smaller average size,
resulting in guest loss occurring at a lower temperature. The
melting points of the complexes (as determined by DSC)
prepared by the two methods differ by a maximum of only
3 K. This minimal temperature difference is due to the
excellent heat transference between the closed sample pans
and the thermoelectric discs on which the pans are positioned.

Despite the early onset temperatures at which guest loss
for the complexes commences, the entire process of guest
loss takes place over a wide temperature range (onset temp.
to ~240 °C). Consequently, the processes of guest loss
and complex fusion partially overlap, guest loss preceding
fusion in each case.

Isothermal method
The general equation used to study the kinetics of a solid-

state process at a constant temperature can be represented
by Eq. 1 or by the integral form (Eq. 2),

@ Springer



52

J Incl Phenom Macrocycl Chem (2013) 75:47-56

Fig. 3 A packing diagram of complex 2 viewed along [100].
Hydrogen atoms have been omitted for clarity
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Fig. 4 Experimental PXRD patterns of the three isostructural com-
plexes obtained by kneading TRIMEB and the respective guests.
These patterns match those generated from the single crystal X-ray
data (see supporting information)
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Fig. 5 A schematic TG trace for the TRIMEB inclusion complexes
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do
T = K (1)
g(a) = kit (2)

where « is the fractional mass loss [(m, — m,)/(m,, — m,)]
at reaction time ¢, k is the rate constant and f(o) and g(o)
are functions that describe a particular reaction mechanism.
The a-time curves obtained from the isothermal experiments
conducted for each complex are shown in Fig. 6. These plots
show deceleratory behaviour and were analysed using
various mathematical expressions derived from proposed
mechanisms for a range of solid-state processes [16]. For our
results, the equation based on the first-order reaction model
(F1, Eqg. 3) as well as the equation based on the 3-D
diffusion model (3D, Eq. 4), showed a high degree of
linearity and good correlation coefficients when fitted to the
o versus time graphs over an o range of 0.0-0.8 for the F1
model and 0.1-0.9 for the 3D model.

“In(1—a) = kt (3)

1—(1 —a)l/fz kt. 4)

Using both models we were able to obtain two sets of
rate constants (k) at specific temperatures for each complex
studied. An Arrhenius plot (In k vs. 1/T) provided a straight
line (Fig. 7), from which the activation energy (Table 3)
associated could be determined. We interpret the derived
E, values here as referring to the composite process of
guest loss and complex fusion owing to the wide a-ranges
spanned in the isothermal experiments.

There are many instances in the literature where more
than one solid-state model can be used to describe a par-
ticular process [17, 18]. The F1 model is based on the
apparent ‘order’ of reaction as seen for rate laws estab-
lished in solution; however, it does not have the same
significance for solid-state reactions. The mechanism of a
first-order reaction involves random nucleation (either at a
particle surface or at an imperfection) and growth of these
nucleation sites that does not advance beyond the indi-
vidual crystallite nucleated [16]. The activation energies
obtained using this model (Table 3) are not statistically
different, suggesting that the kinetics of the process of
guest loss and melting of a given complex is not dependent
on the structure of the guest molecule within the TRIMEB
cavity.

The 3D model applies to a diffusion-limited reaction
which takes place at a phase interface that forms between
the product (TRIMEB) and the reactant (TRIMEB—pesti-
cide complex). During the process of dissociation, the
guest molecules diffuse towards the crystal surface and
finally desorb from the surface. The activation energies
obtained from the 3D model (Table 3) are very similar
once again but do display a decreasing trend. One can
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Table 2 The onset temperatures of guest loss and the melting points of the three complexes prepared using two methods

Complex Onset temperature of guest loss as determined by TGA (°C)?* Temperature of complex fusion determined by DSC (°C)
Co-precipitation Co-grinding Co-precipitation Co-grinding”
1 129 100 160 158
2 135 93 153 152
3 109 83 136 133
* These temperatures were measured based on the standard 10 K min™" heating rate
® See Supplementary data for the DSC profiles
@ ' (b) !
0.8 4 —145°C 0.8
——150°C —1402C
T T e
3 —165°C 5 150°C
0.4 1 0.4
0.2 0.2
0+ T T T T 0 v T T ™ 0 T T T T
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250
Time (min) Time (min) Time (min)
Fig. 6 Isothermal plots of a versus time for complexes a 1, b 2 and ¢ 3
(a)-1 (b) -1 (c) -1
¢F1 ®F1 ®F1
21 uD3 21 mD3 21 mD3
N R -‘\\ N \
2 =
o -4 ': -4 = 41
® < I\I\‘\‘ N g
-6 -6 -6
-7 T T T -7 T T -7 T T T
2.28 231 2.34 2.37 2.40 231 234 2.37 2.40 2.36 2.38 2.40 242
1/T x 10° (K1) 1/T x 10° (K1) T x 10° (K™Y
Fig. 7 Arrhenius plots obtained from the isothermal kinetic data fora 1, b 2 and ¢ 3
Table 3 Activation energies 1 2 3
determined from the isothermal
experiments for each complex F1 3D F1 3D F1 3D
using the two best-fitting
models (F1 and 3D) E, (k] mol™") 126 £ 4 114 £ 1 129 £ 10 109 +£ 9 130 + 13 86 £ 8
P 0.997 0.999 0.989 0.986 0.990 0.991

therefore propose that the kinetics of the process is
dependent on the structure or physical properties of the
complexes, e.g. their melting points (decreasing in the
order 1> 2 > 3). Even though the guest loss process
being studied is complicated due to two simultaneous
events occurring (guest loss and complex fusion), the 3D
model appears to be a reasonable one to be applied to the

kinetics of the above events. Prior to the complexes
melting, the 3D model is consistent with the crystal
packing arrangement of the complexes. The guest mole-
cules pack within their respective TRIMEB crystal struc-
tures such that they are isolated from one another and
there are no particular directional constraints on their
diffusion (Fig. 8).

@ Springer



54

J Incl Phenom Macrocycl Chem (2013) 75:47-56

Fig. 8 A stereoview showing o a
the packing in the crystal of %
complex 2 viewed along the b- B '
axis to illustrate the lack of X : e
continuous channels. Hydrogen e Ty
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Fig. 9 Plots of log 8 versus 1/T for complexes a 1, b 2 and ¢ 3

Non-isothermal method

A model-free isoconversional method based on the Ozawa,
Flynn and Wall (OFW) method [19, 20] was used to
determine the activation energies for comparison with
those obtained from the isothermal experiments performed
on the three isostructural complexes. Equation 5 allowed
the determination of the activation energies at each con-
version level, where f3, is the heating rate, A, the frequency
factor, E,, is the activation energy, T, is the temperature at
each conversion level and g(o) refers to the kinetic model.

AO(EEI(X anc (5)
g(x)R RT,

Activation energies were evaluated at the conversion
levels 8, 12, 16 and 20 %. These levels were chosen since
the vast majority of the temperatures derived at the
different heating rates for the specific conversion levels
were lower than the respective melting points of
the complexes, thus precluding the influence of melting
on the dissociation kinetics. The plots of log f3, versus the
reciprocal temperature values are shown in Fig. 9.
Figure 9a and b illustrate fairly linear plots whereas in

— 2315 — 0457

logfi, = log
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UT x 10° (K

1/T x 10° (K)

Fig. 9c the slopes of the plots increase at lower conversion
levels, possibly indicating that the process observed is a
composite one. For all three complexes the activation
energies were calculated by equating the slopes of the
curves to (—0.457E,,/R) and solving for E,, (refer to
Eq. 5). These values are reported in Table 4 and have been
averaged for each sample.

The variation in E, values obtained for complexes 1 and
2 is random with no trend evident as the conversion level
increases. The relative percentage errors for these activa-
tion energies are less than 10 %, which is within the con-
ventionally accepted range for isoconversional methods
[18]. The decrease in the activation energy for dissociation
of complex 3 as a function of o can be explained by the
significantly lower melting point of 3 (133 °C) in com-
parison to complexes 1 (158 °C) and 2 (152 °C); and thus,
one, two and three reciprocal temperature values recorded
at the 12, 16 and 20 % conversion levels, respectively,
were lower than the reciprocal fusion temperature of 3 (see
supporting information).

With regard to the activation energies obtained from the
isothermal and non-isothermal experiments, the latter are
nominally larger; however if their values are examined for
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Table 4 Activation energies obtained at specific conversion levels
for the three inclusion complexes using non-isothermal thermo-
gravimetric methods

Conversion level (%) E., (k] mol™1)

1 2 3

8 142.9 130.1 185.5

12 158.2 155.3 157.8

16 167.7 160.6 138.0
20 166.8 150.4 123.0
Average 158 (12) 149 (13) 151 (27)

each complex, the largest difference in E, magnitude cor-
responds to only ~2.5 combined standard deviations. On
the other hand, direct comparison of the two sets of acti-
vation energies is not strictly justified due to the different
methodologies used to obtain them (model-fitting versus
model-free/isoconversional methods) and furthermore, the
conversion level ranges over which the activation energies
were determined were different for the two methods.

We consider the non-isothermal kinetic method as the
preferred method to study the complicated systems pre-
sented by the three isostructural inclusion complexes since
the activation energies calculated from these experiments
depend mainly on the initial stages of guest loss, with
minimal interference from the process of complex fusion.

Conclusion

The X-ray crystal structures of complexes 2 and 3 provide
the first accurate molecular parameters for the guest mole-
cules fenthion and acetochlor. These complexes are also
new members of a well-established isostructural TRIMEB
inclusion complex series and their addition extends further
the already wide variety of guest molecules capable of being
included within the host TRIMEB [15]. Furthermore, the
present report is the first in which an attempt is made to
reconcile kinetic data for the dissociation of guest molecules
from permethylated-CD inclusion complexes with the
crystal structures of the complexes. There are several studies
that have investigated the dissociation of a guest molecule
from native CDs [21-23]. The activation energies reported
for the thermal dissociation of benzyl alcohol and cinna-
maldehyde from their S-CD inclusion complexes, for
example, were reported as 158 and 160 kJ mol™" respec-
tively [21, 23], which are very similar to the values of E,
determined here for the three TRIMEB inclusion complexes
using the method of non-isothermal TGA. The guest loss
process for the -CD complexes containing benzyl alcohol
and cinnamaldehyde occurs via a diffusion-based mecha-
nism, the latter being proposed here as applying also to the
TRIMEB inclusion complexes. The dimensionalities of the

diffusion-based models are obviously dependent on the
packing arrangement of the complex units and are different
for the f-CD and TRIMEB complexes discussed here.

It is important to assess the thermal stability of CD
inclusion complexes in the solid state. These studies show
that a relatively high energy barrier is associated with guest
loss from a TRIMEB molecule and that these solid-state
complexes should remain intact during normal handling
and storage of the material. Finally, the method of
mechanical co-grinding employed here, involving a solid
host and a guest which is an oil at ambient temperature,
may be feasible in an industrial setting to produce large
quantities of the complex, thereby stabilising oil-based
agrochemicals in a solid form [2].

Supporting information

The CIF files for the complexes 2 and 3 have been
deposited with the Cambridge Crystallographic Data Cen-
tre (CCDC 857692-857693). These data may be obtained
free of charge on request from the CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK. Tel.: +44-1233-336408; Fax:
+44-1233-336033; E-mail: deposit@ccdc.cam.uk. Addi-
tional data: DSC and TG profiles of the co-ground material
as well as the computed PXRD patterns generated from the
single crystal X-ray structures of the three complexes are
supplied. The reciprocal temperature values for the non-
isothermal experiments have been tabulated.
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