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How does a complexed organic guest change its thermal stability during the heating process? How does the
guest release influence the decomposition behavior of the complexed host? To answer these questions, in-situ
Fourier transform infrared spectroscopy and gas chromatography coupled to time-of-flight mass spectrometry
with programmed temperature were employed in the present work. The careful comparisons among the thermal
decomposition behaviors of free �-cyclodextrin (�-CD) and its inclusion complexes of ethylenediamine and
diethylenetriamine indicated that the release of the amines was not a simple physical process without the
rupture of chemical bonds but was instead a complex process together with the fragments from complexed
�-CD. In short, the release and decomposition of the complexed amines drove the decomposition of the
complexed �-CD in their respective inclusion complexes. It was found that the thermal decomposition behavior
of the complexed �-CD was influenced by the complexed amines dependent on the nature of the amines, and
at the same time, �-CD had, to a certain extent, changed the temperature of the phase-change, release, and
decomposition of organic amines by the formation of inclusion complexes with them.

Introduction

�-Cyclodextrin (�-CD, Figure 1) is a cyclic R-1,4-linked
glucose oligomer containing seven R-D-glucose units. Owing
to its geometry, it easily forms inclusion complexes with a
variety of guest molecules.1-3 Many of the inclusion complexes
have been advantageously utilized in food, pharmaceutical, and
cosmetic products.4-6 Ethylenediamine and diethylenetriamine
(EDA and DTA, Figure 1) are both typical amino-functional
organic compounds and have been widely applied to different
chemical problems and, in particular, to the study of synthetic
organic chemistry, coordination chemistry, and supramolecular
chemistry.7-9

To examine or control the temperature of phase-change,
release, and decomposition of the guest is one of the prospective
studies concerning solid inclusion complexes in supramolecular
chemistry.10,11 However, very few papers have concentrated on
how a guest is released and what the effect of the guest release
is on thermal decomposition behavior of survived host during
follow-up. It is currently one of the most important and
intriguing problems in cyclodextrin chemistry not only because
it has practical significance of �-CD inclusion complexes for
medicine, food additive, cosmetics ingredient, biological prod-
ucts, and the like but also because it has implications for the
way in which we should view the differences in the intermo-
lecular interactions among free, complexed, and survived �-CD
(see Figure 1).

In practice, the decomposition processes of inclusion com-
plexes of �-CD are mostly investigated by means of thermo-
gravimetry (TG) analysis,12,13 which only provides information
about mass change. To the best of our knowledge, the below
problems have not been investigated systematically so far. For
example, when and how is the complexed guest set free? How
does the release of the complexed guest partly or completely
influence the thermal decomposition of the complexed or

survived �-CD? What are the decomposition modes of free,
complexed, and survived �-CD? EDA and DTA as multiamine
compounds are constitutively active because of an unshared
electron pair at amino nitrogen atoms. It was found that they
can form the inclusion complexes with �-CD because of
intermolecular interaction between the host and the guest.14 The
differences in both TG profiles and decomposition kinetics
results of the two inclusion complexes also have been observed
in a recent paper.14 Additionally, the comparison between the
TG curves of �-CD and its complexes of the two guests indicates
that the intermolecular complexation between EDA and �-CD
effectively improves the thermal stability of EDA. Contrarily,
the complexation between DTA and �-CD considerably reduces
the thermal stability of DTA.15 The phenomena can be attributed
to different host-guest interaction intensities in the inclusion
systems.16-18 However, there is no explicit description of how
such interactions could lead to an effect on the decomposition
of the complexed �-CD, especially the survived �-CD. In the
present work, we try to examine the relationship between
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Figure 1. A schematical drawing illustrating the formation and
decomposition of the inclusion complexes of �-CD with EDA and DTA.
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intermolecular interactions and thermal decomposition behaviors
of free, complexed, and survived �-CD. As such, we believe
that it will make a major contribution to the research and
application of �-CD inclusion complexes.

Electrospray ionization mass spectrometry (ESI-MS) was
employed to characterize noncovalent interactions. Both in-situ
Fourier transform infrared (FTIR) spectroscopy and gas chro-
matography coupled to time-of-flight mass spectrometry (GC-
TOF-MS) with programmed temperature were carried out to
investigate the thermal decomposition behaviors of free �-CD
and its inclusion complexes with the objective of trying to find
details regarding the decomposition process of samples.

Experimental Section

Materials. �-CD was purchased from Shanghai Chemical
Reagent Company and was recrystallized twice from deionized
water. The organic amines, EDA and DTA, were purchased
from Shanghai Chemical Reagent Company and were used
without further purification. All other reagents were of analytical
reagent grade unless stated otherwise.

Preparation of the Inclusion Complexes. The solid inclusion
complexes were prepared and purified according to the reported
method.14 The host-guest stoichiometric ratios of the two solid
inclusion complexes, EDA-�-CD and DTA-�-CD, were deter-
mined to be 2:5 and 1:1 on the basis of the results of elemental
analysis and the analysis of 1H NMR data.15 The host-guest
stoichiometries of the two complexes in aqueous solution were
both determined to be 1:1 by means of UV-vis spectropho-
tometry by use of 1-naphthol as a probe.19 The difference in
chemical stoichiometry for the complex of EDA with �-CD in
solid state and in aqueous solution reveals the complexity and
multiformity of the intermolecular complexation process taking
place between them.

Instruments and Methods. ESI-MS was carried out on an
LTQ linear ion-trap mass spectrometer produced by Ther-
moFisher Scientific. Samples were injected via a syringe pump
at a rate of 1-3 µL/min. Nebulizer gas was nitrogen and ion
spray voltage was 5 kV. Data for each sample were acquired
for 2 min in the mass range of m/z 150-2000.

In-situ FTIR spectra were recorded on a Bruker EQUINOX55
spectrometer in the range 4000-400 cm-1. High-temperature
cell (HTC-3) and automatic temperature controller (ATC-24-1)
were made by Harrick Scientific Products, Inc. Data for each
sample were obtained every 10 K with a heating rate of 5
K ·min-1 in the air.

GC-TOF-MS was carried out with a Micromass GCT-MS
spectrometer using the standard direct insertion probe for solid
samples with an increasing temperature. Experimental conditions
are summarized in Table 1.

Three types of diagrams are collected: (1) the variation of
total ion current (TIC) in intensity as a function of heating time,
(2) the variation of ion current for a selected individual fragment
in intensity as a function of heating time, and (3) mass spectra
at specific time points on the basis of the appointed heating

program. Computer analysis allows extraction of signals with
temporal structure.

Results and Discussion

A Direct Proof of the Formation of Two Inclusion
Complexes, EDA-�-CD and DTA-�-CD, under the Condi-
tions of ESI-MS. As a soft ionization technique, ESI-MS has
been playing an important role in describing the host-guest
noncovalent complexation of �-CD with an organic guest
because of many advantages over other techniques, such as high
sensitivity, rapid speed, and low sample consumption.20-22

The features of ESI-MS for EDA-�-CD and DTA-�-CD in
the positive ion mode are illustrated in Figure 2A and 2B,
respectively. Several significant molecule-ion peaks making
establishment of molecular formulas of the two inclusion
complexes straightforward are clearly observed on the basis of
the exact locations of these peaks and their relative abundance
(RA).

The strongest signal at m/z 1195 is traced back to the [EDA-
�-CD]+ of EDA-�-CD. By comparison, the peak intensity of
�-CD at m/z 1135 is rather weak (RA < 10%) in Figure 2A. In
addition, a peak at m/z 1763 with an RA value of 44.37% is
ascribed to the ion [2EDA-3�-CD]2+. The result indicates the
presence of the intermolecular interaction between EDA and
�-CD even under the conditions of ESI-MS.

In Figure 2B, the molecule-ion peaks at m/z 620, 1135, 1239,
and 1754 are attributed to [DTA-�-CD]2+, [�-CD]+, [DTA-�-
CD]+, and [DTA-3�-CD]2+, respectively. The data also point
out the formation of the inclusion complex, that is, DTA-�-CD
under the conditions of ESI-MS.

It is obvious, therefore, that only 1:1 stoichiometry may be
envisaged under the current conditions according to the ESI
mass spectra of EDA-�-CD and DTA-�-CD. The stabilities of
the two inclusion complexes of �-CD with the two organic
amines are rather different. For example, their stability constants
(Ks) in aqueous solution were estimated to be 83.4 and 368.0
mol-1 ·dm3 by UV-vis spectrophotometry by use of 1-naphthol
as a probe.19 Moreover, an experimental investigation on the
thermal decomposition kinetics shows that the apparent activa-
tion energies (Ea) of �-CD, EDA-�-CD, and DTA-�-CD during
thermal decomposition process were 86.2, 34.4, and 84.2
kJ ·mol-1, respectively, according to Ozawa theory.14 Clearly,
there is a considerable difference in the values of both Ks and

TABLE 1: Appointed Heating Program for the Samples

step
temperature
range (/K)

heating rate
(/K ·min-1)

retained
time (/min)

1 303 0 3
2 303-363 80 5
3 363-463 80 6
4 463-553 80 7
5 553-653 80 5
6 653-773 100 3

Figure 2. ESI mass spectra of EDA-�-CD (A) and DTA-�-CD (B).
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Ea between the two complexes reflecting their different stabili-
ties. These results were caused by the minor structural difference
of the two guests.

A Difference in in-Situ FTIR Spectra between Free �-CD
and DTA-�-CD. The thermal decomposition behaviors of free
�-CD and DTA-�-CD are investigated by in-situ FTIR spec-
troscopy to evaluate whether there are significant differences
in the main thermal decomposition mode between the free �-CD
and the complexed �-CD in DTA-�-CD.

As may be seen from the FTIR curve of free �-CD at 298 K
in Figure 3A, the absorption bands at 1157, 1080, and 1029
mainly correspond to the stretch vibrations of C-O and
C-O-C of glucose units of �-CD, and the bands at 2923 and
3427 cm-1 are due to the symmetric stretching vibration of CH2

groups and the stretching vibration of OH groups of �-CD,
respectively. The band at 1640 cm-1 is ascribed to the OH
bending vibration. The absorption around 2360 cm-1 is assigned
as the antisymmetric stretching vibration of CO2 molecules
arising from CO2 in an ambient air test environment.23,24

The differences in the decomposition profiles between free
�-CD and DTA-�-CD are summarized as follows:

(1) There are different intensity changes in the absorption
signal of CO2 at 2360 cm-1 between the two samples with the
increase of temperature. The intensities of the band from free
�-CD decrease gradually from 298 to 523 K, and they almost
disappear at 533 K and above. However, the band from the
complexed �-CD is clearly observed even at 573 K. The
intensity of the band becomes stronger and stronger from 298
to 533 K and then decreases slowly up to 573 K. The finding
reflects that the mechanism of this decomposition reaction is
more complicated than that of free �-CD.

(2) There are significant differences in intensity and shape
of the vibration bands of C-O and C-O-C at 1157, 1080,
and 1029 cm-1 between the two samples. The intensities of the
bands in the free �-CD decrease gradually from 298 to 533 K,
and they disappear above 543 K. The two phenomena cor-
respond to partial and complete decomposition of the free �-CD,

respectively. The bands look like a combination of a broad signal
and its left shoulder. However, though the intensities of the
bands in the complexed �-CD also decrease gradually from 298
to 573 K, they do not disappear even at a higher temperature
of 573 K. In addition, there is a sharp signal at 1029 cm-1

appearing in all the 10 curves. The phenomena indicate that
the complexed �-CD is more stable than free �-CD.

(3) There are different intensity and position changes in the
broad band of OH at 3427 cm-1 as well as in the narrow band
of OH at 1640 cm-1 between the two samples. The intensities
of the bands in the free �-CD decrease gradually from 298 to
533 K, and they almost disappear at 543 K and above. The
decrease of absorption is caused by the loss of OH which comes
from earlier water and later �-CD. At the same time, the
absorption intensities at 945 and 857 cm-1 because of the stretch
vibration of C-O of glucose units decrease synchronously.
These observations imply that the rapid dissociation of �-CD
begins at around 543 K. However, for the complexed �-CD,
on one hand, the broad band shifts to a higher wavenumber
and disappears at a higher temperature of 573 K. On the other
hand, along with the losses of water and DTA, the OH bending
vibration at 1640 cm-1 does not disappear even at 573 K
suggesting that though the OH groups can still exist in the
survived fragments of the DTA-�-CD, their vibration modes
have been limited. The survived fragments of the complexed
�-CD can be regarded as the survived �-CD.25 Further, there
are no obvious signals in curves g and h in free �-CD, but those
signals due to �-CD even in curves i and j still exist in the
sample of DTA-�-CD. Clearly, these phenomena can be
explained as the effect of the complexed amines on the stack
structure of �-CD molecules because the different molecular
stack will lead to the different hydrogen interaction between
�-CD molecules.

Synoptically speaking, the comparison of variations in
infrared absorption signal strength between free �-CD and the
complexed �-CD reflects that the latter has a higher heat-
resistant ability than the former. That is to say, free �-CD has
a limited heat-resistant ability, but the complexed as well as
the survived �-CD has a higher heat-resistant ability. To achieve
the deep and comprehensive understanding of the thermal
decomposition differences between free �-CD and the com-
plexed �-CD, GC-TOF-MS measurement is performed to
investigate the detailed decomposition processes of the samples.

A Short Description about GC-TOF-MS Measurement
System. Thermoanalytical techniques such as TG and DSC are
frequently used to investigate the thermal properties of �-CD
and its inclusion complexes, but they only display the change
of mass or energy when a sample is continuously heated.26,27

However, GC-TOF-MS measurement system equipped with a
direct sample injection valve and temperature-programmed
heating chamber can provide information on the chemical
composition of the split fragments, which allows us to illustrate
the decomposition approach of the sample.

Three kinds of graphs, that is, TIC graphs, thermal trace
curves of fragments, and mass spectra on the thermal decom-
position processes of the three samples, have been constructed
in this work to investigate the thermal decomposition differences
between free �-CD and complexed �-CD in its inclusion
complexes with two organic amines.

A Direct Comparison in TIC Profiles among Free �-CD,
EDA-�-CD, and DTA-�-CD. The plots of TIC versus heating
time of free �-CD and its two inclusion complexes are shown
in Figure 4. The curves a, b, and c are ascribed to free �-CD,
EDA-�-CD, and DTA-�-CD, respectively. The decomposition

Figure 3. In-situ FTIR spectra of (A) free �-CD from 493 to 553K
(b-h) and (B) DTA-�-CD from 493 to 573K (b-j) at intervals of 10
K.
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processes of the samples are controlled by the temperature
program as described in the Experimental Section. A low-
temperature gap can appear when the real temperature of a
sample fails to catch up with the rapid rise of the surrounding
temperature. The sample will continue to be heated and will
decompose as the surrounding temperature is sustained at the
required level for a while. Thus, the change of the TIC values
mainly occurs at a relative stable level for the surrounding
temperature.

The appointed temperature levels are selected according to
the TG analyses of the samples. Their TG profiles are reported
in a recent paper.14 In the temperature range from 373 to 573
K, free �-CD does not lose any mass, but its two inclusion
complexes decrease their mass all the way. For instance, the
TG curve of DTA-�-CD shows three stages of mass loss. Thus,
the appointed temperature levels are selected to be at 463 (stage
one), 553 (stage two), and 653 K (stage three) corresponding
to heating time ranges of 10.00-16.00, 17.12-24.12, and
25.37-30.37 min, respectively, in the heating program of the
GC-TOF-MS system.

As can be seen from Figure 4, there are two obvious peaks
at 10.40 and 17.24 min in curve c before the appearance of the
main peak of DTA-�-CD at 25.64 min. Contrastively, the peaks
of EDA-�-CD at 11.00 and 18.25 min are quite weak in curve
b. Clearly, the peaks are attributed to the release of the organic
amines from their respective inclusion complexes because, as
would be expected, there are no such kinds of peaks of free
�-CD in curve a.

Again, the TIC profiles indicate that the positions and shapes
of the main peaks of the samples are different from one another.
First, the main peak of free �-CD at 25.63 min appears earlier
in comparison with those of its two inclusion complexes
implying that it begins to decompose slightly earlier than its
inclusion complexes. Second, the shapes and numbers of the
main peaks in the TIC curves of the three samples are
significantly different in the heating time range from 20 to 30
min. DTA-�-CD presents a single strong peak at 25.64 min
(curve c), but the other two show similar double peaks, that is,
a major peak and a minor right shoulder peak (curves a and b).

The important differences in the TIC profiles among the
samples allow us to conclude that the existence and nature of
organic amines must influence the thermal decomposition
behavior of the complexed �-CD even if the amines are released
from their respective inclusion complexes of �-CD. The
magnitude of the influence depends, to some extent, on the
nature of the amines. This can occur because the different amine
molecules have, to a different extent, promoted the interaction
between �-CD molecules during the formation of an inclusion
complex. The observation is in good agreement with that from
in-situ FTIR spectra.

Thermal Trace Curves for Several Key Fragments. In
multiple ion detection mode (MID), the ion currents belonging
to the selected individual m/z species of the three samples are
detected, and their values of RA are plotted against heating time
in Figure 5.

Figure 5 displays the MID curves of two key fragments that
appeared in all three samples. The fragment of m/z at 43.99 in
Figure 5A is identified as CO2

+, which is the decomposition
product of glucopyranose units. At about 10 min, that is, at the
third step of the applied heating program, the values of RA of
CO2

+ in the two inclusion complexes are obviously higher than
that of it in free �-CD, and the RA value of CO2

+ in DTA-�-
CD is larger than that of it in EDA-�-CD, suggesting that the
release of the amines drives the decomposition of the two kinds
of complexed �-CD, each to a different extent. However, the
release-driven decomposition only occurs slightly in the light
of the TIC curves described before. Also, the peaks of CO2

+ in
the three samples are observed in a rather high and wide
temperature range.

The fragment of m/z at 60.02 in Figure 5B also comes from
the glucopyranose units.25 In the time range from 20 to 30 min,
that is, at the fourth and fifth steps of the heating program, the
shapes of the three curves are rather different. The starting time
of the fragment release in the two inclusion complexes is
seriously delayed because of the intermolecular interactions
between the host and the guest16-18 as well as between hosts.
The results agree with those from IR and TIC. Interestingly,
upon release, the intensity of the fragment peak increases
abruptly.

MS Analysis on the Thermal Decomposition Process of
Free �-CD. First, the surrounding temperature is kept at 463
K in the time range from 10 to 16 min to eliminate the
temperature difference between the inside of the test samples
and their surroundings. It is seen from Figure 6A that free �-CD
already has started to decompose. The disruption of chemical
bonds only produces a few free radicals or other reactive species.
Obviously, the fragments of m/z at 43.99 (RA, 100.0%), 57.03
(13.20%), and 60.02 (40.33%) are CO2

+, C3H5O+, and
C2H4O2

+, respectively. Actually, they are relative to the rupture
initiation of the bonds of C-O and C-C in the glucopyranose
as well as of the 1,4-glycosidic bonds.

Figure 4. TIC curves of free �-CD (a), EDA-�-CD (b), and DTA-�-
CD (c).

Figure 5. MID curves of key fragments: m/z at 43.99 (A) and m/z at
60.02 (B).

11344 J. Phys. Chem. A, Vol. 112, No. 45, 2008 Song and Xu



Second, when the environment is kept at 553 K from 17.12
to 24.12 min, more small fragments with low values of RA less
than 6% are observed in Figure 6B. Otherwise, the positions
and relative intensities of three major fragments are similar to
those in Figure 6A even with an increment of temperature of
90 K. No peaks with m/z at higher than 100 appear in the two
figures. For these reasons, it is possible to hypothesize that only
a few glucopyranose units have been broken down to pieces;
free �-CD has not decomposed to any important extent. This
has been proved by the TIC graph of free �-CD in Figure 4.

Third, as the temperature rises from 553 to 653 K, the
decomposition behavior of free �-CD escalates to a crisis (see
Figure 4a). When compared with the two figures described
above, Figure 6C shows a large number of additional fragments
with higher values of RA and m/z. In other words, many new
fragments are found in the figure, such as the fragments of m/z
at 29.00 (RA, 22.67%), 85.03 (57.14%), and 163.06 (14.43%)
are CHO+, C4H5O2

+, and C6H11O5
+, respectively. Besides, the

RA values of many fragments also are greatly enhanced, such
as the fragments of m/z at 43.02 (C2H3O+, 77.16%), 60.02
(97.62%), and 73.03 (C3H5O2

+, 100.0%). Also, the peak at m/z
73.03 has become the strongest instead of that at m/z 43.99 in
Figure 6A and 6B.

Fourth, when continuing to increase the temperature, the
sample indicates the strongest peak with m/z at 43.02 in Figure
6D.

The results indicate that the thermal decomposition mode of
free �-CD is dependent on heating temperature and time. We
try to illustrate two rupture modes (I and II) of chemical bonds
in the decomposition path of free �-CD to small fragments on
the basis of the findings in this study (Figure 6A-D).

As can be seen in Figure 7, in mode I, the disruption of one
glucose unit mainly produce three types of fragments of m/z at
43.99, 57.03, and 60.02. The mode is relatively simple corre-
sponding to the thermal decomposition of lower temperature
region.

In mode II, the rupture of 1,4-glycosidic bonds not only
induces the formation of a new fragment CHO+ but also results
in the rupture of more bonds of C-C and C-O in glucose units.
Also, mode II describes that there are several possibilities of
the covalent bond ruptures in the glucopyranose of �-CD. It is
reasonable that the larger fragments will be split into smaller
ones under the increased temperature. However, according to

Figure 6C and 6D, CO2
+ is not one of the main dissociation

products under high temperature.
To make a direct comparison in decomposition mode between

free and complexed �-CD, several key problems need to be
solved. For example, whether such decomposition of �-CD is
influenced by a guest molecule? If yes, what is the influence?
Where is the difference between the influences of two guests?

MS Analyses on the Decomposition Processes of EDA-�-
CD and DTA-�-CD. Attention is paid to the detailed compari-
son among the thermal decomposition processes for free �-CD
and its inclusion complexes in this section. EDA and DTA are
short-chain alkyl di- and triamines, respectively. Clearly, the
molecular sizes and chain lengths of the two amines are different
from each other. It is well-known that �-CD has different
binding abilities to different guests even if the guests possess
very similar structure.28 We now aim at evaluating the effect
of the different intermolecular interactions between �-CD and
similar guests on the thermal decomposition behaviors of a
complexed �-CD in several different heating stages. A series
of mass spectra of the two inclusion complexes are collected
and given in Figures 8, 10, and 11.

When the surrounding temperature of the samples is kept at
463 K, that is, in the time range from 10 to 16 min (see Figure
8), it is clear to see that the existence of EDA, especially DTA

Figure 6. Mass spectra of free �-CD at 10.17 (A), 17.33 (B), 25.41 (C), and 26.33 min (D).

Figure 7. Proposed two rupture modes of chemical bonds in the
decomposition path of free �-CD to small fragments in the lower (I)
and higher (II) temperature regions.
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with a longer chain, complicates markedly thermal decomposi-
tion behavior.

As can be seen in Figure 8A, the fragments of m/z at 30.03
(CH4N+, 82.41%) and 60.07 (denoted by 60*, C2H8N2

+,
10.09%) both come from the guest EDA. In comparison with
the mass spectrum of free �-CD in 10.17 min, no fragments
appearing in Figure 6A are observed in Figure 8A except for
the fragment with m/z 43.99. The observations indicate that the
stability of the complexed �-CD for EDA-�-CD seems to be
higher than that of free �-CD at 463 K.

The fragments of DTA-�-CD at 10.17 min in Figure 8B are
mainly because of the large decomposition of guest DTA, such
as those of m/z at 44.05 (C2H6N+, 61.57%) and at 73.08
(C3H9N2

+, 92.02%). At the same time, all the fragments in
Figure 6A, that is, the inset of Figure 8A, are present in Figure
8B, and the RA value of the strong peak with m/z at 43.99
because of CO2

+ in Figure 6A, which comes from a glucose
unit, does not change in the case of both EDA-�-CD and DTA-
�-CD. It is interesting that not only the fragment amount of
DTA-�-CD is much larger than that of EDA-�-CD but also
many fragments in the mass spectrum of DTA-�-CD are found
to contain H, N, and O atoms simultaneously. The results
indicate that the complexed �-CD in EDA-�-CD has a higher
thermal stability than that in DTA-�-CD at 463 K. It is well-
known that a solid inclusion complex molecule consists of
complexed hosts and complexed guests in a certain stoichiom-
etry. The stability of the inclusion complex in solid state is
dependent not only on the association ability between the
complexed hosts and the complexed guests but also on their
respective stabilities to heat including their phase characteristics
such as phase-change temperature in their respective inclusion
complexes (see Figure 9).

The boiling point of DTA (475.2 K) is obviously higher than
that of EDA (390.7 K), and the surrounding temperature of the
samples at 463 K is just between their boiling points. Therefore,
we consider that the abnormal behavior of the thermal decom-
position of DTA-�-CD as well as the marked differences in the
thermal decomposition products between the two inclusion
complexes may involve the relative strength among three kinds
of intermolecular interactions, that is, host-host, host-guest,

and guest-guest. The larger the difference of these forces, the
larger will be the difference of the decomposition behaviors
for the samples and the smaller will be their contribution to the
stabilities of the samples. This can be caused by the variation
of the chain length in the two amines. Theoretically, as can be
seen in Figure 9, after liquefaction of the complexed guests,
the van de Waals interaction among the EDA molecules should
be weaker than that among the DTA molecules.

The kinds and amounts of the fragments, in which there are
many oxygen atoms because of �-CD, corresponding to the
release of DTA are more than those of the fragments corre-
sponding to the release of EDA indicating that the interaction
between the complexed �-CD molecules in DTA-�-CD is
weaker than that between the complexed �-CD molecules in
EDA-�-CD. Furthermore, DTA seems to be more easily released
from its complex of �-CD than EDA on the basis of the
comparison between the TIC curves b and c in Figure 4. The
phenomena cannot be explained by the different interaction
strengths between �-CD and the amines because our results from
PM3 calculations according to a similar method described in a
recent paper26 indicate that the interaction energy (-65.0
kJ ·mol-1 in vacuo and -71.8 kJ ·mol-1 in water) between �-CD
and DTA with a longer chain is markedly lower than the
interaction energy (-40.7 kJ ·mol-1 in vacuo and -45.0
kJ ·mol-1 in water) between �-CD and EDA with a shorter chain
both in vacuo and in water. This finding implies that the
intermolecular interaction strengths between �-CD and the
amines in solid state could be significantly different from those
between �-CD and the amines in vacuo and in water.

The fragment information in Figure 10A and 10B is signifi-
cantly more than that in Figure 6B, that is, the inset of Figure
10A. The release of EDA and DTA from the samples is still in
progress at this time, that is, at 17.33 min.

In Figure 10A, many new fragment peaks appear when
compared with Figure 8A. The decomposition of EDA is greatly
affected by the decomposition of �-CD since there are many
fragments that contain both N and O atoms, such as the
fragments of m/z at 94.05 (C2H8NO3

+, 15.34%), 122.08
(C2H10N4O2

+, 9.63%), and 163.10 (C5H14N3O3
+, 3.15%). This

result is one of the important clues for the simultaneous
decomposition of EDA and �-CD at this temperature. The
strongest peak at m/z 43.99 (CO2, 100%) in Figure 6B is not
observed in Figure 10A, but a novel peak with m/z at 44.99
(COOH+, 2.99%) is found. Nonetheless, the typical fragments
due to the decomposition of �-CD, such as m/z at 57.03
(C3H5O+) and 60.02 (C2H4O2

+), possess only low RA values
of 6.48% and 1.55%, respectively.

The fragments, such as m/z at 44.05 (C2H6N+, 82.05%) and
73.08 (C3H9N2

+, 100%), have very strong signals in Figure 10B.
Their existence provides a direct proof for the further release
and decomposition of DTA. Besides, the RA values of the two
fragments of m/z at 43.99 (100.0%) and 60.02 (26.92%) in
Figure 6B are severely weakened to 9.63% and 11.87%,
respectively. By appearances, the amount of the fragments in
Figure 10B seems to be reduced by the further release of DTA.
However, we have to take into consideration the fact that many
of them contain both N and O atoms. Therefore, it should be
reasonable that the release process of DTA refers to the rupture
and formation of chemical bonds.

The mass spectra involving the fragment information of EDA-
�-CD and DTA-�-CD at 25.41 min are shown in Figure 11A
and 11B, respectively. Although the profiles of the figures for
the two inclusion complexes are somewhat similar to each other

Figure 8. Mass spectra of EDA-�-CD (A) and DTA-�-CD (B) at 10.17
min. The inset of A is the mass spectrum of free �-CD at 10.17 min.
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in appearance, they are greatly different from that of Figure 6C
for free �-CD at 25.41 min.

At this time, the decomposition of free �-CD is progressed
according to mode II in Figure 7. As described before, there
are three main strong peaks in Figure 6C, that is, the inset of

Figure 11A, corresponding to the fragments of m/z at 73.03
(100.0%), 60.02 (97.62%), and 43.02 (77.16%). However, at
the same heating time, the RA values of the peaks are changed
into 24.98, 34.66, and 100.0% for EDA-�-CD and into 43.18,
52.40, and 100.0% for DTA-�-CD. In other words, the order
of the RA values of the fragment peaks is just reversed, and the
first strongest peak corresponds to the small fragment with m/z
at 43.02 (C2H3O+). Additionally, the fragments of m/z at 31.02
and 85.03 both have large RA values of more than 49.50% in
the samples of the two complexes. Interestingly, the RA value
of the fragment peak at 43.99 because of CO2

+ has also
significantly increased from 19.2% in �-CD to more than
52.82% in the two complexes at the same temperature. The
finding is in accordance with the result of IR observations in
the antisymmetric stretching vibration of CO2 at 2360 cm-1. In
IR spectrum of free �-CD, the small peak at 2360 cm-1 can be
clearly seen at 513 K and below in the curves a-d of Figure
3A. However, when the sample is heated to a higher temperature
such as 523 K and above, because the fragment of CO2 is no
longer one of the main decomposition products, the signal of
the peak in IR spectra at first decreases (curves from d to f)
and then disappears (curves g and h). However, when the sample
of DTA-�-CD is heated, the fragment of CO2 is detected both
in a lower temperature region and in a higher temperature region
(Figure 3B). CO2 becomes one of the main decomposition
products all the time. Thus, the absorption intensity of CO2

presents an increasing trend (curves from a to g) in the IR
spectrum. Subsequently, because of the sample loss, the intensity
of the signal of CO2 (curves from g to j) decreases slowly. It is
important and instructive that, like the high-temperature region,
no observable peaks attributing to the amines are found in Figure
11A and 11B.

The results strongly suggest that the decomposition mode of
the �-CD molecules complexed by different amines has been
fundamentally changed even if the amines originally included
in the cavity of �-CD have been expelled from their inclusion
complexes completely. The results of the decomposition kinetics
experiments about the systems support the view that there are
different decomposition activation energies among �-CD and
its inclusion complexes of the amines.14

The proposed decomposition modes III and IV are illustrated
in Figure 12. Only so-called survived �-CD molecules23 are still
left in samples after all of the amine molecules are fully
expelled. There is an interaction between the amines and �-CD
in light of our recent study.14 The NH2 groups at the end of
EDA or DTA molecular chain can form hydrogen bonds with
the OH groups on the rim of the �-CD cavity.

As depicted in Figure 9, when an inclusion complex is heated
to a certain extent, the amines having low melting point and
boiling point are changed into liquid from solid at first and then
lose their masses because of volatilization and, finally, are
rapidly released after reaching the boiling point. At a higher
temperature, the disruption extent of the complexed and survived

Figure 9. A schematic drawing depicting the phase changes of EDA and DTA before and after inclusion by �-CD.

Figure 10. Mass spectra of EDA-�-CD (A) and DTA-�-CD (B) at
17.33 min. The inset of A is the mass spectrum of free �-CD at 17.33
min.

Figure 11. Mass spectra of EDA-�-CD (A) and DTA-�-CD (B) at
25.41 min. The inset of A is the mass spectrum of free �-CD at 25.41
min.
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�-CD molecules will be spread along those broken line
boundaries. The 2-C, 3-C, and 6-C on the glucose units are
connected with OH groups, and so the small fragments
expressed in Figure 12 are easily formed around these sites.
Such a process is greatly influenced by the nature of the lost
amines because they can lead to a new stack frame of the
complexed �-CD differently from that of free �-CD.

The order of the calculated values of Ea for �-CD, EDA-�-
CD, and DTA-�-CD is �-CD (86.2 kJ ·mol-1) > DTA-�-CD
(84 kJ ·mol-1) > EDA-�-CD (34.4 kJ ·mol-1),14 which is not
in agreement with the result of the thermal stabilities of the
samples �-CD < DTA-�-CD < EDA-�-CD on the basis of the
measurements by GC-TOF-MS. The significant difference
between them implies the complexity of the thermal decomposi-
tion processes of the samples. Additionally, the minor difference
in temperature response between IR and GC-TOF-MS measure-
ments can be caused by the difference on the current experi-
mental circumstance (IR in air, GC-TOF-MS in vacuum) and
different heating rates (IR, 5 K ·min-1; GC-TOF-MS, 80
K ·min-1).

Conclusion

In summary, for the inclusion complexes of �-CD with the
amines, the release of complexed amine molecules drives the
decomposition of complexed �-CD, and at the same time, the
decomposition mode of the complexed �-CD is greatly changed.
This investigation would contribute to a better understanding
of the intermolecular interactions in host-guest chemistry and
further to the application of the solid inclusion complexes of
�-CD in medicine, food additives, biological products, and so
on.
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Figure 12. Proposed decomposition modes for the complexed and
survived �-CD at high temperature.
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