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Abstract

The inclusion complex of capric (Cio) and caprilic (Cg) acids with - and y-cyclodextrins (CDs) was analyzed, in the solid
state, by differential scanning calorimetry (DSC), thermogravimetry (TGA), and infrared spectroscopy (FT-IR). Special
attention was paid to the acid behavior in terms of the quantity incorporated and the thermal stability. The results showed that
the maximum amount of incorporated acid in B-CD occurred at molar ratio (CD:acid) of 1:1 and 1:1.5 for C;q and Cg,
respectively. For the same acids in y-CD, the proportions increased to 1:1.5 (Cy) and 1:2 (Cg). The heat for the water
volatilization was higher in y-CD (ca. 91 cal g ') than B-CD (ca. 52 cal g~ ') systems, for both acids, probably because of the
high cavity size of y-CD. Although, both systems improved additional thermal stability with the complex formation, the acids
acquired a higher thermal stability in the B-CD inclusion complex. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cyclodextrins (CD) are host molecules that can
form inclusion complexes with a great variety of guest
molecules [1-6]. They are defined as torus-shaped
cyclic oligosaccharides, consisting commonly of six
(a-CD), seven (B-CD) or eight (y-CD) glucose units
linked by 1,4-a-glucosidic bonds [2,7]. The inclusion
of a guest molecule in the cyclodextrin cavity may
modify physico-chemical properties, such as solubi-
lity [5] and thermal stability [8].

In general, techniques, such as UV [3], NMR [9],
FT-IR [4], conductimetry, potentiometry [10,11] and
X-ray diffraction [1] have been used to analyze the
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inclusion complex formation. Recently, thermal ana-
lysis has also been used in studies of inclusion com-
plexes [4], but only a few researchers have viewed
thermal decomposition quantitavely [5,8]. Novak et al.
[5], for example, studied the inclusion complexes
formed by racemic and optically-active mandelic
acid with a-, B- and y-cyclodextrins. It was observed
that the decomposition of the complexed mandelic
acid occurs 50°C above that of the free mandelic acid.
The thermal decomposition takes place in several
steps due to the formation of complexes with different
molar ratio and consequently with different thermal
stability.

The thermal decomposition of solid inclusion com-
plexes of ferrocene and derivatives with B-CD was
studied by Yilmaz et al. [8]. With the formation of the
inclusion complex, the melting peaks of ferrocene and
derivatives were not observed. The inclusion complex
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is also responsible for the increase of the thermal
stability of the ferrocene derivatives.

Luiz and coworkers reported that 3-CD reduces the
goaty flavor in goat’s milk [12,13], due to the forma-
tion of inclusion complexes between B-CD and mole-
cules, such as short chain fatty acids [14,15]. The
inclusion complex between short chain fatty acids and
B-CD was studied recently in aqueous solution [3,16].
However, although the study of this complex in solid
state seems very important, no reports have been
found in the literature.

The aim of this work was to analyze the inclusion
complex formation between capric (decanoic, Cj)
and caprilic (octanoic, Cg) acids and B- and y-CD,
in the solid state. The main idea was to analyze the
acid behavior in terms of the quantity incorporated and
the thermal stability. The molar ratio (fraction) in
which the maximum amount of encapsulated acid
in each CD occurred was determined by differential
scanning calorimetry (DSC). The thermal decomposi-
tion behavior and the relative stability of both acids,
before and after their inclusion in B-CD and y-CD
cavities, were investigated by thermogravimetric
(TGA) analysis and infrared spectroscopy (FT-IR).

2. Experimental
2.1. Materials

The cyclodextrins were supplied by Cerestar (USA)
and were recrystallized in water. Capric and caprilic
acid, 99%, were purchased from Fluka and were used
without further purification.

2.2. Preparation of solid complexes

The inclusion complexes were prepared by adding
the acid to a saturated cyclodextrin aqueous solution in
a molar ratio (CD:acid) range of 1:0.57 to 1:2, at
approximately 50°C. Each system was stirred for 6 h
and the solvent was evaporated at room temperature.
The samples were dried under vacuum and kept in a
dessecator for analysis.

2.3. Methods

Thermal analysis were carried out using a Shi-
madzu system (DSC-50 and TGA-50) at a heating

rate of 10°C min~' and N, atmosphere (50 ml minfl).
Samples with average mass of 5 and 12 mg were used
for DSC and TGA analysis, respectively. Standard
indium (156.6°C) and hydrate calcium oxalate were
used for DSC and TGA calibration, respectively.

The residual products of the thermal decomposition
reaction were analyzed by FT-IR using Perkin-Elmer
(16PC) equipment with a resolution of 4 cm™'. The
samples were prepared in the form of compressed KBr
disks. The presence of acid (Cg or Cy) in the inclusion
complex at different decomposition stages was ana-
lyzed considering the characteristic bands at
1712 cm™" (stretching C=0) and 1648 cm ™' (cyclo-
dextrin band, [4,5]) from acid and cyclodextrin,
respectively.

3. Results and discussion
3.1. Differential scanning calorimetry

Fig. 1 represents the DSC curves for - and y-CD,
Cg and Cjy acids, showing only an endothermic

transition at ca. 120°C for the CD, corresponding to
the water content. Endothermic peaks at 13.9 and
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Fig. 1. DSC curves for: (a) y-CD; (b) B-CD; (c) C;o and (d) Cs.



M.M. Meier et al./Thermochimica Acta 375 (2001) 153-160 155

Endothermic

_ _— —_— _—
] §<° g |2

0 50 100 150 200 250

Temperature/ °C

Fig. 2. DSC curves of B-CD/C;, system at different molar ratios
(CD: acid): (a) 1:0.57; (b) 1:0.91; (¢) 1:1 and (d) 1:1.14.

33.9°C were observed for Cg and Cj, respectively,
due to the melting transitions.

Fig. 2 shows the DSC curves of different molar ratio
of B-CD/Cq system. Table 1 shows the absorbed heat
related to the endothermic peaks of the pure compo-
nents and the inclusion complex at different molar
ratios (CD:acid). For the CDs and the inclusion com-
plexes, the determined energy is related with the
dehydration of water molecules.

From the literature [17], it is known that if a guest
molecule forms an inclusion complex with cyclodex-
trin, and interaction with other components does not
occur, there is no crystalline guest structure to absorb
energy. Then, the inclusion complex formation can be
confirmed by the comparative analysis of the DSC
curves of pure CD, guest molecule and the complex.

The endothermic peak observed at 28.3°C (Fig. 2,
curve d) corresponds to the melting peak of the Cyg
acid, indicating that in the molar ratio (-CD:Cg)
1:1.14 the acid was not totally encapsulated by B-CD.
A total acid encapsulation (corresponding also to a
maximum) occurred when the proportion B-CD:C
was equal to 1:1 (Fig. 2¢). At this fraction, the melting
acid transition was not observed.

Table 1

DSC results at different molar ratios for the study of inclusion
complexes at a heating rate of 10°C min~' and nitrogen atmo-
sphere (50 ml min~")

System Molar ratio Peak (°C) Heat (cal g’l)
(CD:acid)
B-CD/C,o 0:1 34, 221 35.1, 106.1
1:0 129 91.0
1:0.57 120 53.8
1:0.91 121 52.4
1:1* 115, 127 51.9
1:1.14 28, 103 0.4, 36.7
B-CD/Cg 0:1 14, 166 36.3, 117
1:0.8 114 80.8
1:1 110, 140 55.0
1:1.2 114, 133 73.0
1:1.5% ~100, 128 52.8
1:1.7 11, 119 0.4,71.4
v-CD/Cyo 1:0 120 65.4
1:1 125 87.2
1:1.3 135 79.5
1:1.5% 106 91.6
1:1.8 ~28, 119 91.8
v-CD/Cg 1:1 138 90.7
1:1.5 130 95.6
1:2% 106 90.3
1:2.3 10, 108 0.4, 95.0

# Maximum encapsulated acid.

The same analysis was performed for B-CD/Cg, v-
CD/C,( and y-CD/Cg systems and the results showed a
maximum acid encapsulation at the proportions (CD:
acid) of 1:1.5, 1:1.5 and 1:2, respectively. Two points
are in evidence considering the above results. First, the
amount of encapsulated Cg in $-CD was 50% higher
than of the C;q. Similar behavior was observed for the
v-CD/acid system in which the maximum amounts of
encapsulated C;y and Cg were 1.5 and 2, respectively
for a single molecule of y-CD. The above results are
apparently related with the differences in the chain
size of the two acids. Another aspect is related to the
cavity size of - and y-CD. The increase of the amount
of encapsulated acid in the y-CD can be due also to the
higher cavity size in comparison with B-CD.

The DSC curves of B-CD/C (Fig. 2) and B-CD/Cg
(not shown) systems exhibit small endothermic peaks
(like a shoulder) in the range 80-150°C, suggesting
that the energies for dehydration of water molecules
are different. It is known that some of the water
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molecules included in the CD cavity are able to form
hydrogen bonding with carboxylic acid groups (guest
molecules), thus changing the dehydration energy.
Similar behavior was reported by Li and coworkers
[18], considering the DSC curves of B-CD/cinnamic
aldehyde inclusion complex.

Some general features can be recognized from
Table 1. For the y-CD/C;y (1:1.5) and 7y-CD/Cg
(1:2) systems, the dehydration temperatures are lower
than the dehydration temperature of pure y-CD, indi-
cating that the inclusion of capric and caprilic acids
into CD cavities results in the weakening of the bonds
between the remaining water molecules. Yilmaz et al,
[8] observed similar behavior for B-CD/ferrocene
derivative inclusion complexes.

The heat necessary for the volatilization of the water
molecules from the inclusion complexes with a max-
imum quantity of encapsulated acid is 51.9 and
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Fig. 3. TGA (dashed line) and DTG (solid line) curves of (A) B-
CD and (B) B-CD/Cq inclusion complex.

91.6 cal/g for B-CD and y-CD systems, respectively.
The values of 51.9 cal/g for B-CD/C; and 52.8 cal/g
for B-CD/Cg inclusion complexes suggest a volatiliza-
tion of approximately the same number of water
molecules from these systems. The heat value
increases to ca. 91 cal/g in the y-CD inclusion com-
plexes, probably due to the y-CD cavity which can
hold more water molecules than the B-CD cavity.
Systems with uncomplexed acid exhibit a lower fusion
enthalpy, attributable to a better dispersion of the acid
microcrystals in the CD [4].

3.2. Thermogravimetry

The TGA and DTG curves for pure B-CD and B-
CD/Cy (1:1), y-CD and y-CD/C;q (1:1.5) inclusion
complexes are shown in Figs. 3 and 4, respectively.
The decomposition stages, temperature ranges,
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Fig. 4. TGA (dashed line) and DTG (solid line) curves of (A) y-
CD and (B) y-CD/Cq inclusion complex.
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Table 2
Thermogravimetric results considering the TGA curves at 10°C min’l, for pure B-CD, y-CD, Cj( and Cg

System Stage TGA (temperature range, °C) DTG, (°C) Weight loss (%)

B-CD 1 33-130 94 10.3 (7.3 mol)
2 291-850 338 71.5

v-CD 1 30-213 83 7.8 (6.2 mol)
2 288-850 342 79.4

Cio 1 117-243 224 99.2

Cg 1 75-225 196 99.4

experimental and estimated weight loss of pure com-
ponents and inclusion complexes are presented in
Tables 2 and 3, respectively.

The first stages of thermal decomposition for pure
B-CD (Fig. 3A) and y-CD (Fig. 4A) are related to the
dehydration at the temperature range of 33-130°C,
with 10.4% of water weight loss (7.3 mol), and 30-
213°C, with 7.8% of water weight loss (6.2 mol),
respectively. The second stages are related to the
decomposition of CD structure, and weight losses
of 77.5 and 79.4% were observed, indicating that
residual masses of ca. 15 and 10% in the - and y-
CD samples remained. The decomposition stages
discussed above have been described elsewhere

[4,5,8,19]. Pure Cg and C(, on the other hand, exhibit
a single decomposition stage, due to the acid volati-
lization. At 225 and 243°C, the Cg and C,, acids
(respectively) are totally volatilized.

The water contents determined for pure - and y-
CD was 7.3 and 6.2 mol, respectively (Table 2). Con-
nors [7] reported the presence of 11 or 12 water
molecules in B-CD, but this number was changeable
depending on the relative humidity. On the other hand,
v-CD is able to crystallize with 7-8 molecules of
water.

In this work, B- and y-CD were recrystallized from
concentrated solutions and allowed up to 4 days for the
crystal formation. Due to the organized structure in the

Table 3
Thermogravimetric results considering the TGA curves at 10°C min~!, for B-CD/Cyq (1:1), B-CD/Cg (1:1.5), y-CD/C (1:1.5) and y-CD/Cg
(1:2) inclusion complexes

Inclusion Stage TGA (Temperature DTG (°C) [Weight loss (%)] Molar quantity®
Complex range, °C) - [(mol)]
Experimental Estimated”

B-CD/Cyg (1:1) 1 22-232 93 12.2 5.8 (H,0)
2 232-327 320 7.8 12.0 1.0 (C0)°
3 327-637 346 71.0

B-CD/Cg (1:1.5) 1 25-135 98 5.7 4.3 (H,0)
2 136-260 154 4.8 13.7 0.5 (Cy)°
3 266-632 346 80.2

y-CD/Cyq (1:1.5) 1 30-130 84 13.0 11.2 (H,0)
2 134-283 189 9.6 11.0
3 295-311 309 1.9 1.2 (Cip)°
4 316-650 343 61.0

v-CD/Cg (1:2) 1 23-134 91 14.3 12.6 (H,0)
2 136-255 178 9.7 15.0
3 255-302 281 2.3 1.5 (Cy)°
4 302-643 335 58.0

# According to the initial mass used for the complex preparation.
® Approximately 0.3 mol of the C;, decomposed in the first stage.
¢ The remaining acid decomposed in the last stage, in agreement with the FT-IR results.
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crystalline form of B- and y-CD, fewer water mole-
cules could be incorporated in the structure. However,
the inclusion complexes with the acids Cg and C; did
not formed crystalline structures, permitting a higher
hydration and thus justifying the significant difference
between the water content of the inclusion complexes
and that of the pure cyclodextrins. Another aspect is
related to the formation of hydrogen bonding between
the water molecules and the carboxylic groups of the
acids Cg and C,(. Considering that the content of
encapsulated acid in y-CD is higher than in B-CD,
a higher content of water molecules is expected in the
complexes with y-CD, as shown in Table 3.

For the inclusion complexes studied in the present
work, the decomposition reactions (TGA curves)
suggest three mass-loss stages corresponding to: (i)
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water release; (ii) acid volatilization; and (iii) the CD
decomposition. The above behaviour was observed in
the TGA/DTG curves for B-CD/C;, (1:1) inclusion
complex (Fig. 3B). The FT-IR analysis of B-CD/Cq
samples submitted to different heat temperatures was
used to demonstrate at which temperature range the
C,o volatilization occurred. As may be observed in
Fig. 5A, the band intensity at 1712 cm ™" (correspond-
ing to the acid stretching C=0) decreased in compar-
ison with the band at 1648 cm ™! (cyclodextrin band),
at a temperature range of 25-200°C, suggesting a
partial acid decomposition until ca. 200°C. These
results confirm that part of C, is released in the first
decomposition stage (Table 3) and part of it is released
in the second stage. The third stage represents only the
decomposition of B-CD structure.
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Fig. 5. FT-IR spectra at different temperatures of: (A) pure B-CD and B-CD/C, (1:1) inclusion complex; (B) pure y-CD and y-CD/C (1:1)

inclusion complex.
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The release of part of Cg from the f-CD/Cg (1:1.5)
complex occurred at 136-260°C with 4.8% of weight
loss, instead of 13.7% which was estimated according
to the initial mass used for the complex preparation.
Part of the acid (ca. 9%) volatilized above 260°C,
suggesting an increase in the acid thermal stability
with the inclusion complex formation. The residual
acid apparently decomposed at the same temperature
range as the B-CD. The above results are in agreement
with the FT-IR analysis (not shown).

The TGA/DTG curves for y-CD and y-CD/Cq
(1:1.5) inclusion complexes are shown in Fig. 4.
For both systems, the first decomposition stage is
related to the water release which corresponds to
7.8 and 13.0% of weight loss for y-CD and y-CD/
Co, respectively. In Fig. 4A, the second decomposi-
tion stage represents the weight loss for pure y-CD.
For the y-CD/C,( (1:1.5) inclusion complex, on the
other hand, the second and third mass-loss stages, at
temperature ranges of 134-283°C and 295-311°C,
represent the acid volatilization. The CD structure
decomposition occurred at the fourth decomposition
stage. Similar behavior was observed for the y-CD/Cg
inclusion complex.

As observed in Table 3 for the acid decomposition
in the y-CD inclusion complexes, the percentages of
weight loss up to ca. 300°C are consistent with the
estimated values (ca. 11 and 15% of C;y and Csg,
respectively) considering the initial mass used in
the preparation of the complex. The above results
are in agreement with the FT-IR shown in Fig. 5B
for the y-CD/C( inclusion complex, in which at
190°C only a shoulder corresponding to the acid
C=0 stretching at 1712cm™" was observed. The
shoulder suggests that a small amount of C;, acid
remained incorporated in the y-CD cavity. The same
behavior was observed for the y-CD/Cg inclusion
complex (not shown). The percentages of water and
acid loss (Table 3) were estimated as molar quantities
which are in agreement with the decomposition stages
described earlier. For example, in the -CD/Cg (molar
ratio, 1:1.5) inclusion complex, 4.3 mol of water was
lost in the first stage and 0.5 mol of Cg was volatilized
in the second stage. The remaining 1.0 mol of Cg was
probably volatilized in the last stage as observed by
FT-IR. Similar considerations could be made for the
other complexes. The molar quantities for the corre-
sponding CD decomposition were not estimated

Table 4
Percentage of C;o and Cg that remained encapsulated in the CD
cavities at over 243 and 225°C, respectively.

Complex Temperature (°C) Acid (%)
B-CD/C,o >243 62
B-CD/Cg >225 71
v-CD/Co >243 31
v-CD/Cg >225 46

because a residual mass was observed in all the
TGA curves.

The above results suggest that in the y-CD and B-
CD inclusion complexes the volatilization of C;( and
Cg occurs in two stages due to the formation of
complexes with different molar ratio and consequently
with different thermal stability. Novak et al. [5]
observed similar behavior in the f-CD/mandelic acid
inclusion complex.

In order to analyze whether the C, and Cg acids had
gained additional thermal stability after encapsulation
in the CD cavities, we summarized in Table 4 the acid
percentage that remained encapsulated above 243 and
225°C, which are the temperatures corresponding to
the total volatilization of pure C,y and Cg, respec-
tively, as shown in Table 2. We observed that 62 and
71% of Cg and Cg, respectively, remained inside the
B-CD cavity, and that only 31 and 46% remained in the
v-CD cavity after the mentioned temperatures. In
comparison with pure C;o and Cg, both CD cavities
brought additional thermal stability to the acids after
encapsulation. Therefore, the thermal stability in the
B-CD cavity was higher than that of the y-CD cavity,
probably because of a strong association with the
acids.

4. Conclusions

The formation of inclusion complexes, with a max-
imum amount of incorporated acid, occurred at a
molar ratio (CD:acid) of 1:1 and 1:1.5 for B-CD/
Cyo and B-CD/Cg, respectively. For y-CD/C;, and
v-CD/Cg, the amount of incorporated acid was
increased and the molar ratios were 1:1.5 and 1:2.
The heat related to the water volatilization in the $-CD
complexes was ca. 52 cal/g for both acids. In the y-CD
complexes, the heat was ca. 91 cal/g for both acids,
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indicating the volatilization of a higher number of
water molecules than occurred in the B-CD systems.
The observed behavior is related with a high cavity
size for y-CD. The thermogravimetric results showed
that C;( and Cg, encapsulated in B-CD, volatilized at
higher temperatures than the free acids did. In the y-
CD systems, on the other hand, the acid thermal
stability did not increase by the same proportion as
it did in the B-CD systems. Despite the difference, the
acids gained an additional thermal stability with the
formation of inclusion complex.
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