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Abstract The present work revealed there was a con-

ceptual difference in the thermal decomposition behaviors

between the complexed b-cyclodextrin (CD) in an inclu-

sion system and the b-CD complex of guest. The thermal

decomposition behaviors of the solid inclusion complexes

of b-CD with ethylenediamine (Eda), diethylenetriamine

(Dta) and triethylamine (Tea) were investigated using

nonisothermal thermogravimetry (TG) analysis based on

weight loss as a function of temperature. In view of TG

profiles, a consecutive mechanism describing the formation

and thermal decomposition of the three solid supermole-

cules of b-CD was presented. Heating rate has very

different effects on the thermal decomposition behaviors of

these complexes. The faster the heating rate is, the higher

the melting-decomposition point of the complexed b-CD in

an inclusion system is, and on the whole the bigger the rate

constant (k) of the thermal decomposition reaction of the

complexed b-CD is. The thermal decomposition process of

the complexed b-CD for each inclusion system is deter-

mined to be simple first-order reaction using Ozawa

method. The apparent activation energies (Ea) and fre-

quency factors (A) of the thermal decomposition reactions

of the complexed b-CD molecules have been also calcu-

lated. It is found that when the decomposition reaction of

the complexed b-CD encountered a large value of Ea, such

as that in Dta–b-CD system, an apparent compensation

effect of A on Ea can provide enough energy to conquer the

reaction barrier in prompting the k value of thermal

decomposition reaction of the complexed b-CD according

to Arrhenius equation.
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Introduction

b-Cyclodextrin (b-CD) is a cyclic oligosaccharide com-

posed of seven a-D-glucopyranosyl units. It can be

visualized as a toroidal, hollow, truncated cone having

highly hydrophilic surface and relatively hydrophobic

cavity [1–3]. Because of the hydrophobic environment

within intramolecular cavity, b-CD can form various

supramolecular inclusion complexes with a wide variety of

guest molecules [4–6].

Amines take part in many kinds of chemical reactions,

and in particular, they can react with an acyl chloride, acid

anhydride or ester to form an amide bond. All simple

reactions of amines involve bonding of an electron-defi-

cient atom to the amino nitrogen through its unshared

electron pair. Ethylenediamine (Eda), diethylenetriamine

(Dta) and triethylamine (Tea) are all very typical primary,

secondary and tertiary amino-functional organic com-

pounds, respectively. They have been widely applied to

areas of synthetic chemistry, coordination chemistry and

supramolecular chemistry.

So far, much less attention has been paid to the prepa-

ration and characterization of solid b-CD inclusion

complexes of organic guests especially short acyclic

compounds such as small aliphatic amines, relative to large

L. X. Song (&) � C. F. Teng � P. Xu � H. M. Wang �
Z. Q. Zhang

Department of Chemistry, University of Science and Technology

of China, Hefei 230026, China

e-mail: solexin@ustc.edu.cn

Q. Q. Liu

Department of Polymer Science and Engineering, University of

Science and Technology of China, Hefei 230026, China

123

J Incl Phenom Macrocycl Chem (2008) 60:223–233

DOI 10.1007/s10847-007-9369-1



numbers of reports on complexation interactions between

b-CD and alkyl or aryl guests in solution [7–9]. Toxicity

experiments show that b-CD as a host molecule can be

absorbed as carbohydrate by animal and human bodies

[10], and its inclusion complexes of many organic guests

have been successfully utilized in perfume, pharmaceuti-

cal, food additives and other fields [11]. To improve the

thermal stability of guest or to control the release of guest

is one of the most interesting problems concerning the

studies of solid CD inclusion complexes [12–14].

It is clear that the investigations on the kinetic mecha-

nism of thermal decomposition and the stability of CD

inclusion complexes will help us further reveal the nature

of inclusion phenomena, and can allow us to estimate the

potential practical application of CDs in many industries

[15, 16]. It stands to reason that if the thermal decompo-

sition behavior of complexed CD is regarded as that of its

inclusion complex of guest, a serious mistake will certainly

occur [17–19]. The present work revealed a conceptual

difference in the thermal decomposition between the

complexed b-CD (without guest) and the complex of b-CD

(with guest). In view of the low release temperatures of

organic guests compared to the melting-decomposition

points of free and complexed b-CD, thermal decomposition

behaviors of b-CD complexes occur only before guests

disappear from their complexes of b-CD. After entirely

releasing guest molecules, thermal decomposition behav-

iors of b-CD complexes should be regarded as thermal

decomposition behaviors of the complexed b-CD without

guest. Therefore, it really becomes absolutely necessary to

make clear the relationships among the thermal decom-

position behaviors of free b-CD, the complexed b-CD

without guest and the complex of b-CD with guest. For

these reasons, three aliphatic amines: Eda, Dta and Tea

were chosen as guest molecules, and b-CD was selected as

the host molecule in this study. Their molecular structures

are shown in Fig. 1.

In the present work, the inclusion complexes of b-CD

with the three simple alkyl amines were prepared and

characterized by elemental analysis and 1H NMR spec-

troscopy. The thermal decomposition behaviors of free b-

CD, the complexed b-CD without guest and the b-CD

complexes: Eda–b-CD, Dta–b-CD and Tea–b-CD, were

investigated using non-isothermal thermogravimetry

analysis.

Experimental

Materials

b-Cyclodextrin was purchased from Shanghai Chemical

Reagent Company and recrystallized twice from deionized

distilled water before use. Three simple organic amines as

guests: Eda, Dta and Tea, were purchased from Shanghai

Chemical Reagent Company and used without further

purification. All other chemicals were of general-purpose

reagent grade unless otherwise stated.

Preparation and characterization of the solid inclusion

complexes

The solid inclusion complexes were prepared and purified

according to the following method: A guest/host molar

ratio of 10:1 was used in the initial reaction mixture with

stirring 48 h at 298.2 K. The crude reaction products were,

in turn, washed with deionized distilled water (3 · 5 mL),

anhydrous ethanol (3 · 3 mL) and anhydrous diethyl ether

(3 · 3 mL). After the solvents were removed under vac-

uum, the solid inclusion complexes were dried over 24 h at

383.2 K in vacuo. The host–guest stoichiometries in the

solid complexes were determined to be 2:5 for Eda–b CD

(Anal. Calcd. for C94H180N10O70� 4H2O: C, 42.73; H, 7.12;

N, 5.30. Found: C, 42.40; H, 7.16; N, 5.53), 1:1 for Dta–b-

CD (Anal. Calcd. for C46H83N3O35� H2O: C, 43.98; H,

6.77; N, 3.35. Found: C, 44.16; H, 6.80; N, 3.09) and 3:1

for Tea–b-CD (Anal. Calcd. for C132H225NO105�21H2O: C,

40.81; H, 6.88; N, 0.36. Found: C, 40.95; H, 6.77; N, 0.49),

based on elemental analysis. And the stoichiometries were

further confirmed by comparing the relative integral areas

of the related proton signals between b-CD and the guests.

For example, the integral area ratios of the sum of signals

of H-2 and H-4 protons of b-CD to CH2 proton signals of

Eda at 2.67 ppm, Dta at 2.74 ppm and Tea at 2.81 ppm in

their respective inclusion complexes were 1.42, 1.79 and

7.07, respectively, which were in accordance with the

results (1.40, 1.75 and 7.00) from elemental analysis.

TG curves were recorded on Shimadzu TGA-50 ther-

mogravimetric analyzer at constant heating rates of 10.0

(f1), 15.0 (f2) and 20.0 (f3) K�min–1 under a nitrogen

atmosphere. The solid samples in the study were used as

crystallite powders. The sample size was about 5.5 mg for

the various TG experiments. Elemental analyses were

carried out on an Elementar Vario EL III elemental ana-

lyzer. 1H NMR spectra of the solid samples were obtained
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Fig. 1 Molecular structures of b-CD and guests
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on Bruker NMR spectrometer at 300 M Hz at 298.2 K,

using D2O as solvent and TMS as internal reference.

Results and discussion

TG profiles of b-CD and its inclusion complexes

The thermal stabilities of solid inclusion complexes and the

kinetic mechanisms of their thermal decomposition reac-

tions can have an important prognostic value not only in

academic studies but also in industrial applications [16, 20–

22]. The typical TG curves of free b-CD and its three

supramolecular inclusion complexes: Eda–b-CD, Dta–b-

CD and Tea–b-CD, at three constant heating rates (f1, f2

and f3) were depicted in Fig. 2A–D, respectively.

Thermal decomposition of free b-CD

Figure 2A illustrated the TG curves of free b-CD hydrate,

b-CD�8H2O, under three constant heating rates, and the

weight loss processes of free b-CD could be divided into

three stages. The first weight loss (Stage a) in the range of

298.2–454.4 K was attributed to the release of eight water

molecules (cal. 7.71), including complexed water inside the

cavity of b-CD and uncomplexed water outside the cavity

of b-CD. The second weight loss (Stage b) in the range of

539.3–694.1 K was due to melting-decomposition of

b-CD. And finally a nonlinear decline of remains appeared

(Stage c). In both a and b stages, the thermal decomposi-

tion of free b-CD at a faster heating rate f2 or f3 compared

with f1 not only needed a wider range of temperature, but

also occurred at a promoted temperature point. And the

residual weights (RW, %) at 773.2 K were 12.82% and

13.74% for f2 and f3, respectively, while RW of 16.80% for

f1.

Thermal decomposition of the b-CD complexes

with guest and the complexed b-CD without guest

In Fig. 2D, it could be seen that the TG curves of Tea– b-CD

slightly shifted to high temperature with increasing heating

rates especially in the temperature range from 580 to 630 K.

The release of water and guest molecules has already fin-

ished before 550 K (the boil point of Tea is 386.9 K), and

then the residual should be the complexed b-CD. That is to

say, the thermal decomposition temperature of the com-

plexed b-CD in Tea–b-CD system was elevated about

9.5–10.5 K along with the increase of heating rates by

5.0 K�min–1. The sharp weight loss resulting from melting-

decomposition of the complexed b-CD was much more at a

slow heating rate f1 than at a fast heating rate f2 or f3 at the

same temperature. For example, the RW values of the

complex at 596.3 K with the heating rates of f1, f2 and f3

were 53.24, 69.21 and 77.78%, respectively.

However, these phenomena could not be observed in the

TG curves of Eda–b-CD and Dta–b-CD shown in Fig. 2B

and C respectively. As can be seen in Fig. 2C, the order of

the weight loss rates of Dta–b-CD was f2 [ f1 [ f3 until

503.0 K (the boil point of Dta is 329.1 K), but the rule was

changed to f3 [ f1 [ f2 when it was over 503.0 K. In

Fig. 2B, the fastest weight losses of water and guest in
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Fig. 2 TG curves of (A) b-CD,

(B) Eda–b-CD, (C) Dta–b-CD

and (D) Tea–b-CD at three

different heating rates:

f1 (10.0 K�min–1),

f2 (15.0 K�min–1)

and f3 (20.0 K�min–1)
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Eda–b-CD occurred at the medium heating rate of

15.0 K�min–1 at any temperature, and also the melting-

decomposition of the complexed b-CD in Eda–b-CD sys-

tem was obviously postponed until a higher temperature

(TP, 613.2 K) at the heating rate of 20.0 K�min–1(the boil

point of Eda is 390.2 K). However, the decomposition

point of the complexed b-CD in the three inclusion systems

was more or less enhanced with the raise of the heating

rate, which was the same as that of free b-CD. These

results described above clearly indicated that different

heating rates could produce rather different effects on the

thermal decomposition of the solid supramolecular inclu-

sion complexes of b-CD.

The decomposition temperature point (TP) with a rapid

weight loss, the temperature range (TR) of each stage of the

thermal decomposition of b-CD and its inclusion com-

plexes, and the values of RW at 773.2 K are displayed in

Table 1.

In Stage a, the temperatures of releasing water mole-

cules in the two complexes: Eda–b-CD and Dta–b-CD

were elevated slightly at the heating rate of f1, compared

with that of free b-CD. However, there was an obvious

temperature decrease for Tea–b-CD. The TP value of

releasing water molecules of each inclusion complex

seemed to change almost nonlinearly with increasing

heating rates. It descended firstly from f1 to f2 and then

ascended from f2 to f3.

It could be easily observed from Fig. 2 that a new stage

(Stage a0) appeared in the processes of thermal decompo-

sition of the solid supramolecular complexes because of the

release of guest molecules, which did not exist in the TG

curves of free b-CD. Furthermore, in Stage a0, Tea–b-CD

had a wider temperature range (TR, 383.0–533.5 K; DT,

150.5 K) of guest release than Eda–b-CD (TR, 417.1–

514.0 K; DT, 96.9 K) and Dta–b-CD (TR, 402.6–512.4 K;

DT, 109.8 K) at the heating rate of f1. At the heating rates

of f2 and f3, DT of the TR values decreased in the order:

Eda–b-CD [ Dta–b-CD [ Tea–b-CD and Dta–b-CD [
Eda–b-CD [ Tea–b-CD, respectively. Moreover, in this

stage, both TP and DT of the TR values had the smallest

values at the heating rate of f2, and showed the same trend

as them in Stage a with increasing heating rates.

However, after all the water and guest molecules has

been released, in Stage b, the melting-decomposition

points of the complexed b-CD in the inclusion systems all

increased to a certain degree in comparison with free b-

CD even though three different heating rates were used,

suggesting that the thermal decomposition temperature of

b-CD as a host could be more or less raised after it

formed the supramolecular inclusion complexes with

these simple alkyl amines. Moreover, in Stage b, DT of

the TR values decreased in the order: Eda–b-CD [ Dta–

b-CD [ Tea–b-CD at the heating rates of both f1 and f3,

but in the order: Dta–b-CD [ Eda–b-CD [ Tea–b-CD

at the heating rate of f2. And TP of melting-decomposi-

tion of the complexed b-CD decreased in the order: f3

[ f2 [ f1, that is to say, the faster the heating rates were,

the higher the decomposition points of the complexed b-

CD in these systems were, suggesting that there should

exist a close relationship between heating rates and

Table 1 Thermal decomposition processes of b-CD and its three inclusion complexes at three constant heating rates

Compound f Stage a Stage a0 Stage b Stage c

K�min–1 TP/K TR/K TP/K TR/K TP/K TR/K RW/%

b-CD f1 356.6 323.5–383.2 – – 596.0 573.0–623.3 16.80

f2 364.8 298.2–454.4 – – 611.3 539.3–694.1 12.82

f3 364.7 310.9–423.1 – – 617.6 571.4–675.1 13.74

Eda–b-CD f1 359.0 339.7–385.7 461.6 417.1–514.0 597.3 515.7–671.0 23.50

f2 348.2 313.5–385.2 456.1 414.6–504.4 597.4 530.2–656.2 9.60

f3 367.1 323.2–373.2 456.4 411.3–513.2 613.2 538.4–674.2 8.60
a PWL/% 2.73 11.36

Dta–b-CD f1 365.2 328.6–384.1 435.2 402.6–512.4 605.6 513.0–637.6 18.26

f2 350.0 323.8–378.4 430.7 401.0–482.2 617.5 525.5–644.0 15.53

f3 364.5 320.1–380.0 431.7 398.2–503.0 624.8 543.3–651.6 14.99

PWL/% 1.43 8.21

Tea–b-CD f1 346.9 294.4–379.3 450.9 383.0–533.5 596.3 534.1–626.6 6.69

f2 343.2 308.3–373.5 438.2 380.1–423.3 606.8 548.8–636.9 4.79

f3 350.4 297.7–378.8 458.8 383.9–475.5 615.3 564.8–640.7 6.29

PWL/% 9.74 2.60

a PWL represents the predicted weight losses (%) of the three solid inclusion complexes at Stage a (release of water) and Stage a0 (release of

guest), which were calculated according to the results of elementary analysis
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melting-decomposition temperatures of the complexed b-

CD molecules.

In Stage c, as shown in Fig. 2, the value of RW for the

same complex at f1 was very different from that either at f2

or at f3 even at the same temperature. From Table 1, there

was the smallest difference (\3%) of the RW values in

Tea–b-CD among three heating rates, and the largest dif-

ference ([13%) in Eda–b-CD between f1 and f2 or f3,

reflecting that heating rate had quite different effects on the

final thermal decomposition of these complexed b-CD

molecules in different solid complexes.

As discussed above, the thermal decomposition processes

of the b-CD inclusion complexes of guest consisted of two

stages, the first released water molecules and the second

excluded guest molecules. And the thermal decomposition

of the complexed b-CD without guest molecules contained

two steps, the first corresponded to a rapid melting-decom-

position and the second corresponded to a slow

carbonization and incineration. Obviously, there is a con-

ceptual difference in the thermal decomposition behaviors

between the complexed b-CD and the complexes of b-CD.

It should be noted that the values of PWL in Table 1

corresponding to the release of water and guest molecules

were in good agreement with the weight losses of the

observed steps in TG profiles of Eda-b-CD at f1 or f3 and

Dta–b-CD at f1–f3. However, the correlation between the

PWL values and the observed weight losses of Eda-b-CD at

f2 and Dta–b-CD at f1–f3 was poor. When this phenome-

non occurred, it could be attributed to the factors as

follows: First, some of guest molecules were released

ahead of time (before its boiling point) due to the phase

change heat of water, which resulted in that the observed

weight loss of water in TG profiles seemed to be bigger

than its PWL value. Second, the complexed b-CD were

partly decomposed ahead of schedule (before its melting-

decomposition) resulting from latent heat of evaporation of

guest, which led to that the observed weight loss of the

guest in TG profiles seemed to be bigger than its PWL

value. Third, heating rates of samples and physical prop-

erties of guest such as boiling point might be also related

with the phenomenon. Additionally, the number of hydra-

tion water molecules of the detected samples in air before

and during measurements of TG and elemental analyses

could be different from each other.

A proposed consecutive mechanism describing the

formation and decomposition of b-CD complexes

According to the findings in Fig. 2 and Table 1, a con-

secutive mechanism describing the processes (A–D)

concerning the formation and thermal decomposition of the

solid inclusion complexes of b-CD was depicted in Fig. 3.

The formation of hydrated inclusion complexes was

regarded as process A; the releases of water and guest in

these complexes referred to processes B and C, respec-

tively, and the melting-decomposition of the complexed

b-CD was looked on as process D.

Stages a, a0 and b listed in Table 1 corresponded to

decomposition processes B, C and D, respectively, in

Fig. 3. Stages c shown in Table 1 and Fig. 2 revealed a

further weight loss of the complexed b-CD because of

being incinerated. In general, four TG curves (2A–2D) in

Fig. 2 and four consecutive steps (A–D) in Fig. 3

approximately draw the outline of the formation and

decomposition of the b-CD supermolecules of the organic

amines. Furthermore, many obvious differences in the four

figures, as well as important differences among the TG

curves in the same figure such as Fig. 2B, C and D at

different heating rates, should be ascribed to structural

differences in solid b-CD complexes of these guests.

Therefore, the results from TG profile analyses clearly

revealed that in the case of the same host, minor structural

differences of these alkyl amines as guest molecules, such

as different chain lengths and different numbers of amino

groups and ethyl groups among the three guests, Eda, Dta

and Tea, could lead to the significant differences in the

formation (different stoichiometry) and decomposition

(different TP, TR and DT) of their solid inclusion com-

plexes of b-CD [23–28].

Several sequential chemical or physical processes could

describe the consecutive mechanism depicting the forma-

tion and decomposition of the three supramolecular

inclusion complexes according to Fig. 3 as follows:

(1) x b-CD (l) + nH2O (l) + y guests (l) ? (b–CD)x�
(guest)y� nH2O (s)

(2) (b-CD)x� (guest)y� nH2O (s) ? (b–CD)x� (guest)y (s) +

nH2O (g)

(3) (b-CD)x� (guest)y (s) ? (b–CD)x (s) + y guest (g)

(4) (b-CD)x (s) ? melting, decomposition, boiloff ?
carbonization, incineration ? remains

Different guests produced different n, x and y values (for

Eda, n = 4, x = 2, y = 5; for Dta, n = 1, x = 1, y = 1 and

for Tea, n = 21, x = 3, y = 1), which resulted in a

different molecular stack form of the complexed b-CD

molecules, (b-CD)x (s), in their respective supramolecular

complexes even after the release of guest molecules from

these inclusion complexes. The fourth process described

above corresponded to main part of weight loss (WL, %) in

the TG profiles shown in Fig. 2. The WL range of TG

curves in the b-CD complexes from 30% to 70% should be

able to approximately reflect the melting-decomposition

process of the complexed b-CD after the complete release

of guest molecules.
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Nonisothermal thermogravimetry analysis

of the complexed b-CD

Continuous distribution kinetics is generally employed to

analyze the thermal decomposition of solid samples

according to Ozawa theory [29]. Equation 1 can represent

the kinetics of the melting-decomposition reaction of the

complexed b-CD,

dx

dt
¼ k � f ðxÞ ¼ A expð�Ea

RT
Þ � f ðxÞ ð1Þ

where x is the fraction of WL at the heating time t, k is the

rate constant. Ea is the apparent activation energy. A, Rand

T are the frequency factor, molar gas constant and absolute

temperature, respectively. And f(x) only depends on the

fraction of WL relating to the reaction mechanism. As

regards a simple dissociation reaction, f(x) can be described

by Eq. 2,

f ðxÞ ¼ ð1� xÞn ð2Þ

where n is the apparent reaction order. If heating rate (f) is

defined by Eq. 3,

f ¼ dT

dt
ð3Þ

then substitute f(x) from Eq. 2 and f from Eq. 3 into Eq. 1

affords Eq. 4, which relates dx/dT to A, f, Ea, x, n and T.

dx

dT
¼ dx

dt
� dt

dT
¼ k � f ðxÞ � 1

f
¼ A

f
� exp

�Ea

RT

� �
� ð1� xÞn

ð4Þ

After separating variables in Eq. 4, an integral treatment

is given, and then Eq. 5 can be obtained.

Zx

0

dx

ð1� xÞn ¼
A

f
�
ZT

T0

exp
�Ea

RT

� �
dT þ C ð5Þ

If n = 1, the following equation i.e. Eq. 6 is given after

integral of Eq. 5 [31].

ln ln 1=ð1� xÞ½ �f g ¼ ln
A

f
� exp

�Ea

R
� 1

T

� �
þ C

� �

¼ �Ea

R
� 1
T
þ C ð6Þ

where C is a constant. The typical linear plots of ln{ln[1/

(1–x)]} against 1/T of the complexed b-CD in Dta–b-CD

and Tea–b-CD systems, were shown in Fig. 4, corre-

sponding to three different heating rates, respectively. It

could be easily seen from Fig. 4A and B, that there existed

a very good linear correlation between ln{ln[1/(1–x)]} and

1/T. The correlation coefficients (r) of the six straight lines

were all in the range from 0.994 to 0.999. A similar sig-

nificant linear relationship, not perfect, but still pretty

good, between ln{ln[1/(1–x)]} and 1/T of the complexed

b-CD in Eda–b-CD system at f2 (r = 0.964) or f3 (r =

0.983) was also found (see Fig. 5B).

However, as can be seen in Fig. 5A, the r value of the

linear relationship between ln{ln[1/(1–x)]} and 1/T of the

complexed b-CD in Eda–b-CD system at f1 was only

0.897, due to a large relative deviation between the data

point at WL of 70% and the other data points. But as for the

other four data points, a very good linear relationship (r =

0.999) was also observed (see Fig. 5A). When it was

turned to f2 and f3, as can be seen in Fig. 5B, the r values

of the linear relationships of the five data points were not as

good as that of the four data points except for the one at WL

of 30%.

When the WL value of Eda–b-CD system at f1 increased

from 30% to 60%, the linear temperature rise was only

36.7 K (from 583.3 to 620.0 K, see Table 3). However,

when the temperature rose from 620.0 to 692.2 K, the WL

value only increased by 10% (from 60% to 70%), indi-

cating that a higher temperature ([671.0 K, see Table 1)

would lead, at most, to a very slight increase of the WL

value of Eda–b-CD system at f1. The WL values of Eda–b-

CD system at f2 and f3 showed a linear increase from 40%

to 70% in the temperature range 596.7–620.4 K and 606.7–

627.9 K, respectively. However, when the temperature fell

from 596.7 to 573.1 K for Eda–b-CD system at f2 or from

602.4 to 596.0 K for Dta–b-CD system at f3, the WL value

only decreased by 10% (from 40% to 30%), indicating that

a lower temperature (see Table 1) would only lead to a

very slight increase of the WL values of Eda–b-CD system

at f2 and f3.

The relationship of ln{ln[1/(1–x)]} against 1/T for free

b-CD in the three heating rates were also examined in order

to compare with complexed b-CD. In Fig. 6A, the data

A B C

guest

H2O

Hydrated complex Complex Remains

Free -CD ( -CD)x(guest)y( b bb b -CD)x(guest)ynH2O Complexed -CD

D

Fig. 3 The preliminary sketch

in distinguishable processes of

the formation and

decomposition of the inclusion

complexes of b-CD with the

three guests: Eda, Dta and Tea
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points presented a linear distribution, and the values of r

were pretty good for f2 and f3 (0.998), which is similar to

the complexed b-CD. The preceding experimental results

permitted us to presume that the melting-decomposition

processes of both free b-CD and the complexed b-CD were

likely to be simple first-order reactions i.e. n = 1 [31–34].

The Ea values of the melting-decomposition reaction of

free b-CD and the complexed b-CD can be calculated by

Ozawa method [29]. Equation 7 can be obtained after

doing an integral treatment to Eq. 4 [30].

logf ¼ log
AEa

R � f ðxÞ � 2:315� 0:4567
Ea

RT
ð7Þ

Because f(x) does not change under the same fraction

of WL, the kinetic parameters of the thermal dissociation

of the complexed b-CD can be determined based on the

slope and interact of a linear plot of log f against 1/T

[35]. The calculated values of Ea and A were listed in

Table 2. The apparent activation energy of the thermal

dissociation of the complexed b-CD decreased in

the order: Dta–b-CD [ Tea–b-CD [ Eda–b-CD system,

reflecting there was a relative high activation energy

barrier against the thermal dissociation of the complexed

b-CD in Dta–b-CD system. These average values of Ea in

both Eda–b-CD (x/y = 2/5, Ea = 34.4 kJ�mol–1) system

and Tea– b-CD (x/y = 3/1, Ea = 38.5 kJ�mol–1) system

were very low relative to those in both Dta–b-CD (x/y =

1/1, Ea = 84.2 kJ�mol–1) system and vanillin–b-CD (x/y =

1/1, Ea = 180.2 kJ�mol–1) system [36], suggesting the

host–guest stoichiometries in the solid complexes could

produce an effect on the thermal dissociation of the

complexed b-CD, possibly because the molecular stack of

the complexed b-CD molecules in its solid supermolecules

was a close relative of host–guest stoichiometry. As for Dta–

b-CD system with a one-to-one chemical stoichiometry,

structurally, there probably was a relatively strong
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interaction of intermolecular hydrogen bonding between

two complexed b-CD molecules. The different thermal

stability of the complexed b-CD in the three solid

complexes should be attributed to the differences in

supramolecular conformations of the complexes or in

molecular stacks of the complexed b-CD. The frequency

factor (A) of the complexed b-CD in these inclusion

systems also had the same descendent order as calculated

values of Ea.

The melting-decomposition time and temperature cor-

responding to different WL (from 30% to 70%) in the TG

curves of the complexed b-CD in the inclusion systems at

three different heating rates were listed in Table 3. These

values of k were determined based on Arrhenius equation

(see Eq. 8) and also listed in Table 3.

k ¼ A � exp
�Ea

RT

� �
ð8Þ

Good linear relationships between logA and Ea

Based on a simple compensating rule: logA = QEa + P (Q

and P are given compensating constants), the linear cor-

relation between logA and Ea for the thermal

decomposition reaction of free b-CD was given in Fig. 6B

with the r value of 0.932 for Eq. 9.

Table 2 Apparent activation energies (Ea /kJ�mol–1) and frequency factors (A /mol�L–1�min–1) of the melting-decomposition reaction of b-CD

and the complexed b-CD

WL b-CD Eda–b-CD Dta–b-CD Tea–b-CD

% Ea
bEa

0
A Ea Ea

0
A Ea Ea

0
A Ea Ea

0
A

30.0 82.8 86.7 8.7 · 106 24.6 23.5 9.3 · 103 94.8 95.5 2.4 · 1015 39.1 39.1 1.9 · 106

40.0 92.8 93.2 4.4 · 107 32.4 33.8 8.3 · 104 80.7 83.0 3.5 · 1012 38.6 38.8 1.1 · 106

50.0 92.5 91.3 2.7 · 107 36.9 38.8 2.4 · 105 80.9 81.8 1.8 · 1012 38.4 38.5 6.8 · 105

60.0 84.1 82.9 3.4 · 106 37.5 37.4 1.8 · 105 85.5 83.5 4.4 · 1012 38.1 38.2 4.1 · 105

70.0 78.9 76.7 7.3 · 105 40.8 38.8 2.4 · 105 78.3 77.2 1.6 · 1011 38.3 38.0 2.8 · 105

a AV 86.2 86.2 1.7 · 107 34.4 34.5 1.5 · 105 84.0 84.2 4.8 · 1014 38.5 38.5 8.7 · 105

a AV represents an average value of Ea or A at different WL values.
b Ea

0
is the corresponding fitted value of apparent activation energy based on the linear relationship between log A and Ea

Table 3 Heating time (t, min), temperature (T, K) and rate constant (k, mol�L–1 � min–1) of b-CD, and the complexed b-CD at different WL (%)

and f (K�min–1)

WL f1 /K � min–1 f2 /K � min–1 f3 /K � min–1

% b-CD Eda Dta Tea b-CD Eda Dta Tea b-CD Eda Dta Tea

t 30 29.1 28.5 29.5 29.2 19.7 18.3 19.9 19.9 15.6 14.6 15.1 15.3

40 29.6 30.0 30.5 29.7 20.4 19.9 20.5 20.3 15.9 15.4 15.6 15.6

50 30.2 31.0 31.2 30.1 21.1 20.6 21.0 20.6 16.1 15.9 16.0 15.8

60 30.8 32.2 31.8 30.4 21.8 21.1 21.3 20.8 16.4 16.2 16.3 16.0

70 31.9 39.4 32.6 30.8 22.7 21.5 21.8 21.2 16.7 16.5 16.6 16.2

AV 30.3 32.2 31.1 30.0 21.1 20.3 20.9 20.6 16.1 15.7 15.9 15.8

T 30 589.0 583.3 593.2 590.2 593.5 573.1 596.3 596.0 609.9 590.6 599.3 604.6

40 594.1 598.0 603.5 594.9 603.7 596.7 606.2 602.4 615.5 606.7 610.8 610.3

50 599.7 608.1 610.2 598.7 614.9 607.5 612.5 606.9 621.0 615.5 617.5 614.6

60 606.1 620.0 616.3 602.2 625.4 614.3 618.1 610.9 626.7 621.7 623.3 618.6

70 617.1 692.2 624.6 606.3 638.0 620.4 625.9 615.5 633.0 627.9 629.5 623.0

AV 601.2 620.3 609.6 598.5 615.1 602.4 611.8 606.3 621.2 612.5 616.1 614.2

k 30 3.90 58 1.1 · 107 670 4.45 53 1.2 · 107 720 0.70 62 1.3 · 107 810

40 0.30 120 3.6 · 105 440 0.41 120 3.9 · 105 480 0.58 140 4.4 · 105 530

50 0.24 160 2.1 · 105 300 0.38 160 2.3 · 105 330 0.45 180 2.6 · 105 370

60 0.19 120 2.4 · 105 200 0.32 110 2.6 · 105 230 0.33 120 3.0 · 105 250

70 0.15 200 4.4 · 104 140 0.25 89 4.6 · 104 160 0.22 980 5.0 · 104 170

AV 0.96 132 2.4 · 106 350 1.16 106 2.6 · 106 384 0.46 296 2.8 · 106 426
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logA ¼ 0:108Ea � 2:424 ð9Þ

While the linear correlations between logA and Ea for the

thermal decomposition reaction of the complexed b-CD

molecules in the three inclusion systems were shown in

Fig. 7A–C. And they could be expressed by Eq. 10 with r

of 0.967 for Eda–b-CD system, Eq. 11 with r of 0.967 for

Dta– b-CD system and Eq. 12 with r of 0.899 for Tea–b-

CD system, respectively.

logA ¼ 0:0921Ea þ 1:807 ð10Þ
logA ¼ 0:228Ea � 6:391 ð11Þ
logA ¼ 0:782Ea � 24:27 ð12Þ

Equation 13 with r of 0.993 represents the linear cor-

relation between logA and Ea for the thermal

decomposition reaction of the complexed b-CD molecules

of all the three complexes at different WL values.

logA ¼ 0:162Ea � 0:470 ð13Þ

Then putting the calculated values of A into the Eqs. 9–

12, the corresponding fitted values (Ea

0
) of apparent

activation energies were obtained (see Table 2). From

Table 2, it was found that both of the values of Ea and Ea

0

were quite close, and their relative deviation was not higher

than 5%. Furthermore, the average value of Ea pretty well

approximated to that of Ea

0
. And their relative deviation was

lower than 0.5%, indicating that there was a very good

compensation relationship between logA and Ea.

Despite the four linear relationships, not good enough

(0.890 \ r \ 0.970), between logA and Ea of the com-

plexed b-CD in any one of the inclusion systems and the

free b-CD at different WL values (5 data points), it showed

us the tendency of the increased Ea accompanied advanced

value of logA. Then a very good linear correlation (r =

0.993) between logA and Ea of the complexed b-CD in the

three inclusion systems at different WL values (15 data

points) has been found in Fig. 7D, indicating the statistical

significance of the linear regression concerning the kinetic

compensation of logA to Ea of thermal decomposition

reaction of the complexed b-CD in the inclusion systems of

b-CD with the selected alkyl amines.

It is worth stressing that all the values of Ea and k

especially A were markedly larger in thermal decomposi-

tion reaction of the complexed b-CD in Dta–b-CD system

than in both Eda–b-CD system and Tea–b-CD system, as

shown in Tables 2 and 3, strongly suggesting that a very

large frequency factor should play an important compen-

satory role in getting over the relative high activation

energy barrier and in prompting the reaction rate constant

of thermal decomposition of the complexed b-CD

according to Arrhenius equation. Moreover, the Ea values

basically kept invariable with increasing fraction of weight

loss, further demonstrating that the thermal dissociation of

the complexed b-CD in the three inclusion systems was a

very simple one-step dissociation reaction [35, 36].

It could be found from Table 3 that, corresponding to the

same weight loss, the decomposition temperature became

higher in most instances, when the heating rates increased

from 10.0 to 20.0 K�min–1 for the three inclusion systems,

and the decomposition time (t, min) and temperature (T, K)

of the complexed b-CD under the same weight loss condi-

tions tended to be in agreement with each other. Moreover,

the value of k declined accompanying the increase of WL

under all the three heating rates, and the decomposition

reaction were accelerated to a certain degree with the

increase of the heating rates while the value of k for free

b-CD was found rather smaller compared with that of the

complexed b-CD. Furthermore, the k values of these com-

plexed b-CD molecules decreased in the same order as the

values of Ea and A: Dta–b-CD[ Tea–b-CD[ Eda–b-CD

system, as shown in Table 3. And the faster the heating rate

was, on the whole, the bigger the reaction rate constant of

thermal decomposition of the complexed b-CD was.

Clearly, loose fluffy powders were not good thermal

conductors because they took up a large volume of space.

When a sample was heated in the loose state, a temperature

gradient might occur in the different parts of the sample.
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The formation of thermal gradients could influence the

differences observed in TG experiments. It should be noted

that b-CD and its inclusion complexes were used as fine

crystallite powders in the present work. The heating rates

of the samples were moderate in the range of 10–

20 K�min–1. When the sample inside the furnace was

heated at the moderate heating rates, the temperature dif-

ference in the furnace should be rather small because the

inner diameter of the furnace was less than 5 cm and the

detected samples were fine crystal powders spread on the

sample pan in the center of furnace. Moreover, the thermal

convection caused by the flowing nitrogen of 25 mL�min–1

at the same time could further decrease such temperature

difference to a certain extent. Additionally, the sample

weight used in TG measurements was not too big (only

about 5.5 mg). All of these should be able to effectively

reduce the effect of thermal gradients throughout the

sample on TG analysis.

Conclusions

There have been different effects of different heating rates

on the thermal decomposition of the three solid supramo-

lecular inclusion complexes of b-CD. In the case of the

same host, the minor structural differences of these alkyl

amines as guest molecules could result in very important

differences in the formation and decomposition of the solid

inclusion complexes. The thermal decomposition processes

of these complexed b-CD molecules are all simple first-

order reactions based on Ozawa method. The complexed

b-CD in Dta–b-CD system has the largest value of Ea, A

and k when compared with it in the other complexes under

various weight loss and heating rate conditions. A very

large frequency factor plays an important compensatory

role in getting over the relative high activation energy

barrier and in prompting the reaction rate constant of

thermal decomposition of the complexed b-CD molecules

according to Arrhenius equation. Moreover, the faster the

heating rate is, the higher the decomposition point of the

complexed b-CD in an inclusion complex is, and on the

whole, the bigger the rate constant of the thermal decom-

position reaction is. The different thermal stability of the

complexed b-CD in the three solid complexes should be

attributed to the differences in supramolecular conforma-

tions of the complexes or in molecular stacks of the

complexed b-CD in an inclusion system.
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