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Abstract

The thermal decomposition behavior of survived B-cyclodextrin in its inclusion complex of clove oil is investigated by nonisothermal ther-
mogravimetry (TG) analysis at the heating rates of 5.0, 10.0, 15.0, 20.0 and 25.0 Kmin~*. The TG profiles based on mass loss as a function
of temperature show a clear trend of increased thermal decomposition temperature with increased heating rate. Gas chromatography coupled to
time-of-flight mass spectrometry (GC-TOF-MS) with a programmed temperature heating treatment is performed to experimentally investigate the
relationship between procedural decomposition temperature and fragment composition of the sample. The results on the basis of fragment analysis
explain the different mass loss of the sample corresponding to different temperatures on the gradient hot stage.

© 2008 Elsevier B.V. All rights reserved.
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1. Introduction

B-Cyclodextrin (B-CD, Fig. 1) is a cyclic oligomer of seven
a-D-glucose units jointed by 1,4-glycosidic bonds. It has the
shape of a hollow truncate cone [1,2]. The hydrophilic outer
surface and relatively hydrophobic inner cavity make it possible
to form supramolecular inclusion complexes with many organic
compounds [3-6].

Clove oil (Clo) is a clear yellow liquid with a characteris-
tic aromatic odor and has been extensively used as flavoring
agent by the food industry. It is a seminatural mixture mainly
comprising 4-allyl-2-methoxyphenol (AMP, >85%, Fig. 1).

The characterizations of the solid inclusion complexes of B-
CD with organic guests have been extensively investigated by
using X-ray powder diffraction, infrared spectra, nuclear mag-
netic resonance spectroscopy, mass spectra, thermal analysis,
and so on [7-9]. Although many efforts have been concentrated
on the thermal decomposition behaviors of 3-CD and its inclu-
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sion complexes [10], most of them investigated the percentage
mass loss of solid samples in the range from 30 to 70% by
thermal degradation, and designated the loss process as the ther-
mal decomposition process of host—guest inclusion complexes
[11,12]. As a matter of fact, in many studies the molecular mass
of the selected organic guest is usually below 400, the percent
of total mass for the guest in its inclusion complex of B-CD
would be less than 30%. Additionally, the boiling points of the
organic guests are often lower than the melting/decomposition
temperature of free B-CD. Therefore, after the mass loss of the
inclusion complex exceeds 30%, only B-CD can remain in the
residue in a specified state. Clearly, the residue should no longer
be regarded as an inclusion complex of B-CD because there is
no guest molecule in it. Furthermore, the residue, even though
consisting of only B-CD, could be different from free B-CD
between their respective three-dimensional molecular stacks.
The residue is named as survived B-CD. According to this view,
many reported results about thermal decomposition behaviors
of so-called inclusion complexes should be those of survived
B-CD molecules [13-15]. It is also worth noting that the ther-
mal decomposition behaviors of the survived 3-CD molecules
depend to some extent upon the nature of guests [14,15].
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Fig. 1. Structural features of 3-CD and AMP.

This study aims to distinguish the different thermal decompo-
sition behaviors of free 3-CD, survived B-CD and the inclusion
complex of B-CD with Clo, Clo—-B-CD. It should be noted
that mass spectrometry (MS) is usually employed to charac-
terize the formation of inclusion complexes, but here we take
advantage of gas chromatography coupled to time-of-flight mass
spectrometry (GC-TOF-MS) with a programmed temperature
to investigate the thermal decomposition behavior of Clo—3-

CD, with the objective of trying to find details regarding the
decomposition process of the sample.

2. Experimental

2.1. Materials

B-CD is purchased from Shanghai Chemical Reagent Com-
pany and recrystallized twice from deionized distilled water.
Clo, aseminatural and semisynthetic product, is purchased from
Shanghai Feixiang Chemical Company and used without further

purification. All chemicals are of general purpose reagent grade
unless otherwise stated.

2.2. Preparation of Clo—B-CD

Clo—B-CD is prepared by mixing Clo with 3-CD and stirring
for48hat298.2 K. The initial molar ratio of Clo to 3-CD is 10:1
in deionized water. The separated crude product is washed using
small amounts of deionized water (3mL x 5mL) and alcohol
(95%, 3mL x 3mL) to remove the unreacted Clo. The obtained
sample is dried for 24 h at 383.2 K in vacuo, and then stored in
a vacuum desiccator over silica gel.

The studies on UV-visible spectroscopy and high perfor-
mance liquid chromatography of the prepared sample in aqueous
solution, and on nuclear magnetic resonance, powder X-ray
diffraction and infrared spectroscopy of the sample in solid
state are described in a paper entitled “Inclusion phenomena
of clove oil with a-, B-, y- and heptakis(2,6-di-O-methyl)-3-

cyclodextrin” which has been submitted to Natural Product
Research.

2.3. Instrument and method

Thermogravimetric (TG) curves are recorded on Shimadzu
TGA-50 thermogravimetric analyzer at the heating rates of 5.0
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(¢1), 10.0 (£2), 15.0 (¢3), 20.0 (¢4), 25.0 (¢5) Kmin~! under a
nitrogen gas flow of 25 mL min—1.

The sample is analyzed by GC-TOF-MS (Micromass GCT-

MS). Itis introduced by a direct insertion probe and heated with
an increasing temperature. Firstly, it is kept 3min at 303.2 K.
When the temperature isincreased to 553.2 K ata 100.0 K min—1
rate, it is allowed to stabilize for 5 min at 553.2 K. Subsequently,
continue to raise the temperature until 653.2 K ata 5.0 Kmin—1
rate and stabilize it for 5 min at 653.2 K. Finally, the temperature
is enhanced to 723.2K at a rate of 100.0 Kmin—1. Two types
of diagrams are analyzed: total ionic current (TIC, expressed
in intensity according to the time) and mass spectrum at accu-
rate time during temperature increase. Computer analysis allows
extraction of specific fragments abundance.

3. Results and discussion

3.1. TG profiles of B-CD at a 5.0 Kmin~" rate and
Clo—B-CD at five different heating rates

The thermal decomposition of 3-CD or Clo—-CD is a hetero-
geneous reaction process, in which TG analysis is an important
method to examine the changes in the solid samples when heated.
The typical TG curves of B-CD at a 5.0 Kmin~1 rate (£1) and
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Fig. 2. TG profiles of (A) B-CD at a 5.0 Kmin—1 rate (£1) and (B) Clo-B-CD
at different heating rates (£1—¢s).
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Table 1
The RM values (%) of B-CD and Clo—B-CD at different temperatures
Compound T (K) RM (%)
&1 &2 3 4 {s
B-CD 393.2 87.56 89.43 92.02 90.35 91.63
636.5 18.14 22.58 25.76 23.22 30.05
Clo-B8-CD 393.2 97.16 97.52 95.92 97.21 96.51
Survived B-CD 597.3 30.32 61.44 7181 80.74 82.18
636.5 18.13 22.87 23.16 25.60 29.92

Clo—B-CD at five different heating rates (¢1-¢s) are depicted in
Fig. 2A and B, respectively.

As shown in Fig. 2A, the mass loss (ML, %) of free B-
CD at the heating rate of 5.0Kmin~—! can be divided into
four consecutive processes (a—d). The sample in Process a is
in the temperature range from 302.8 to 377.7 K with a ML of
12.44%, which is due to the release of water molecules from
the outside or/and inside of B-CD cavity. Subsequently, the
sample in Process b is kept in a very wide temperature range
from 377.7 to 524.1 K (AT =146.4 K). Then the sample in Pro-
cess ¢ undergoes a rapid melting/decomposition (ML =52.76%,
AT=84.1K). During continuous heating, the sample in Process
d is carbonized and incinerated (ML =17.95%, AT =165.0 K).
Finally, the residue mass (RM) of the remains at 773.2K is
16.85%. It should be noted that the temperatures correspond-
ing to the RM values of 70 and 30% are 577.5 and 626.5K,
respectively. The temperature difference (AT) between them is
49.0K at ¢1.

The TG data of Clo—3-CD at five different heating rates are
shown in Table 1. The RM values of the samples at 393.2 K are
97.16%, 97.52%, 95.92%, 97.21% and 96.51% from ¢1 to ¢s,
respectively. However, at the same temperature, the RM value
of free B-CD is 87.56%, 89.43%, 92.02%, 90.35% and 91.63%
from ¢1 to ¢s, respectively. This difference can be explained as
a result of the formation of the inclusion complex of 3-CD with
AMP, the main component of Clo. AMP as a guest molecule
substitutes for the original water molecules in the cavity of B-
CD. Then a continuous volatilization of AMP in Clo occurs in a
wide temperature range from 393.2 to about 564.7 K (the boiling
point of AMP is 526.4 K). Since the total content of water and
guest is less than 30%, it is the thermal decomposition process
of the survived B-CD when the RM value is below 70%.

No significant difference in two narrow areas (f and j)
among these curves is found in Fig. 2B. However, each dif-
fered from one another to a considerable degree in area h,
in which the ML values of the sample at different heating
rates are kept in the range from 30 to 70%. On the whole,
the temperature difference (AT) between the ML values of 30
and 70% increases with increasing heating rates. For example,
AT=19.8Kat¢1 (T1=577.5K, T =597.3K) and AT=28.3K
at ¢5 (T3=608.3K, T4 =636.5K). The values of AT of sur-
vived B-CD are all below 30.0 K, and obviously lower than that
(49.0K) of free 3-CD in the same range of ML at ¢3.

According to the data in Table 1, an obvious difference in the
RM values under the same heating rate at 636.5 K (74) between
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Fig. 3. A sketch depicting measured TIC throughout the heating time.

free B-CD and survived B-CD is observed. This finding should
be ascribed to the fact that a guest molecule can change the type
of B-CD molecular stack when it formed an inclusion complex
with B-CD [16].

Furthermore, inareah, itis found that, with increasing heating
rate, the thermal decomposition temperature of survived B-CD
at the same value of RM increases gradually. This phenomenon
may be because the thermal decomposition of the survived B-
CD is an endothermic process [17], that is, the real temperature
of the solid sample failed to catch up with the programmed
temperature.

Area h in Fig. 2B clearly depicts the main mass loss in the
TG curves of Clo—3-CD system. As described in introduction,
the ML range from 30% to 70% should approximately reflect
the melting-decomposition process of survived B-CD after the
completely release of the main component in Clo.

3.2. MS analysis on the thermal decomposition process of
the survived B—CD in Clo—B-CD system

Thermoanalytical techniques are frequently used in the inves-
tigation of the thermal properties of CDs and their inclusion
complexes, but they do not provide any information on the chem-
ical composition of the split fragments from heated samples
[9,18,19].

MS measurements in this study are carried out under vac-
uum. Hence, the mass loss range of measured sample under
vacuum may be different from those described above under the
atmosphere of nitrogen gas. Here, both a direct sample injection
method and a temperature-programmed heating treatment are
carried out. A set of MS spectra under various temperatures are
obtained.

Fig. 3 is the measured values of TIC as a function of # (min).
The program for the temperature-controller is given in the sec-
tion of “Instrument and method”. The shaded areas with the
same pattern have identical temperature behavior in the figure.
In the two peaks in Fig. 3, one (small peak at 553.2 K) indicates
arelease of AMP (boiling point, 526.4 K) as main component of
Clo fromits inclusion complex of B-CD; the other one implies a
rapid increase of fragments of the survived B-CD (large peak at
647.1 K). The intensity difference between the two peaks is quite
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Fig. 4. Mass spectrum of the sample at 553.2 K.

obvious, which is closely related to the relative mass content
of host and guest in Clo—B-CD. Furthermore, a swift increase
in TIC occurred in a narrow temperature range from 604.7 to
647.1 K, which is in accordance with the fast mass loss of the
sample in its TG profiles.

Although the appearance of many unexpected fragment peaks
in MS spectra makes it complicated to analyze all of the molecu-
lar ions with structural models of host and guest, the differences
among the spectra with increasing temperature are rather obvi-
ous. These differences in MS spectra are just what we need in
such experiments.

When the temperature stays at 553.2 K for 5 min, a prominent
molecular ion peak at m/z 164.0846 (C19H1202) with a relative
abundance (RA) 100% appears in the mass spectrum (see Fig. 4),
which is attributed to the molecular fragment of AMP in Clo.

In such temperature environment, no other fragment peak is
particularly intense. Moreover, the corresponding peaks of B-
CD are not found in Fig. 4, suggesting that it does not start to
decompose at least at 553.2 K.

As the temperature increases to 626.7 K in Fig. 5, the RA
values of the top three intense fragment peaks are m/z 60.0214
(RA of 100%, Cy H40z), milz 73.0293 (RA of 58.77%, Cs H402)
and m/z 57.0344 (RA of 51.55%, C3Hs0). Clearly, they are
all due to the thermal decomposition products of the survived
B-CD after rupture of 1,4-glycosidic bonds. Compared with the
fragment peak at m/z 60.0214 (RA, 100%) resulting from B-CD,
the first strongest peak at m/z 164.0846 in 553.2 K (see Fig. 4)
has become to be the fifth strongest peak with a value of RA of
43.49%.

It is well known that the relative mass content of an organic
guest is usually much lower than that of B-CD in its inclu-
sion complex. Therefore, the fragment peaks resulting from the
organic guest will be very weak relative to those of B-CD if
a great number of B-CD molecules have already decomposed
into radicals. But here the difference (ARA, 56.51%) in the
two RA values between m/z at 164.0846 and m/z at 60.0214 is
not extremely large so that it can deduce that the survived B-
CD in Clo—B-CD system is just at the beginning of its thermal
decomposition reaction.

While at 628.3 K, the RA value of the peak at m/z of 164.0846
has declined to 19.08%. An astonishing change happens in an
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Fig. 5. Mass spectra of the sample at 626.7 and 628.3 K.

extremely narrow temperature range of less than 2.0K. The
observation reveals that once B-CD begins to decompose, its
thermal decomposition reaction will be very violent. It is wor-
thy of note that the molecular ion peaks concerning mono-, di-
and poly-glucose units of 3-CD has not been yet found, even in
Fig. 5.

When it reaches 647.1 K, the MS spectrum in Fig. 6 is con-
siderably different from that in Fig. 5, in particular, from that
under 626.7 K. The peak at m/z 60.0214 (RA, 100%) in Fig. 5
is still the first strongest. However, in Fig. 6, the intensity of
the peaks at m/z 73.0293 (RA, 79.78%) and m/z 57.0344 (RA,
55.77%) increase to a certain extent in comparison with those
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Fig. 6. Mass spectrum of the sample at 647.1 K.
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Fig. 7. Mass spectrum of the sample at 653.2 K.

in Fig. 5. The peak at m/z 163.0608 (RA of 11.09%, CgH110s),
which is due to mono-glucose unit of 3-CD, appears. In addi-
tion, a few fragments with m/z value between those of mono-
and di-glucose are also found, but they have quite low values of
RA.

When the temperature arrives at 653.2 K, the sample is kept
for 5min, and the fragment peak at m/z of 164.0846 disappears
(see Fig. 7). Although the peaks at m/z of 207.0328 (RA of
6.65%, C19H70s) and m/z value of 281.0501 (RA of 2.17%,
C16H9Og) increase to a certain degree, the intensities of many
fragment peaks all decrease, such as m/z of 163.0608 decreases
10 6.19%, m/z 0f 191.0556 (C7H110g) decreases to 4.02%. Some
fragment peaks shown in Fig. 6, such as one at m/z of 235.0809
and the other at m/z 255.1233, have disappeared in Fig. 7.

It is surprised that at a higher temperature of 720.1K, as
shown in Fig. 8, the RA value of fragment peak at m/z of
207.0347 increases to 100% from 6.75% in Fig. 7. It should
be noted that the peak becomes the maximum only in a rather
short time interval (AT=66.9K, Ar=0.669 min). We know
from general knowledge that the higher the temperature the rapi-
der the rupture of a covalent bond, and the smaller the fraction
component. In this paper, we attempt to explain the abnormal
phenomenon as a result of the effective collision and mutual
combination among smaller fragments when the temperature
increases to a certain degree.
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Fig. 8. Mass spectrum of the sample at 720.1 K.

Table 2
Some major fragments related to the decomposition of Clo-3-CD
mlz Composition RA (%) T (K) Ascription
51.55 626.7
57.0344 C3Hs0 55.77 647.1 B-CD
54.87 653.2
100 626.7
60.0214 C2H402 95.15 720.1 B-CD
58.77 626.7
79.78 647.1
73.0293 C3Hs02 81.23 653.2 B-CD
10.35 647.1 Gl
163.0608 CsH10s 6.19 653.2 .
100 553.2 uni
43.49 626.7
164.0841  CioH120 0 647.1 AMP
177 626.7
0 647.1
207.0328 C3H11010 100 7201 B-CD

The properties of several major fragments described above
are summarized in Table 2. The measured m/z for the fragment
ions is in good accordance with the calculated results according
to accurate atom mass.

When the main component of Clo is partly or entirely releases
from its inclusion complex at 553.2 K or below, which is defined
as the thermal decomposition of the inclusion complex Clo—B-
CD, the survived B-CD does not start to decompose. In view
of the TIC, MS spectrum at 626.7 K and TG curves in area h
(577.5-636.5 K), it can be sure that a rapid, large mass loss pro-
cess in TG profiles is indeed due to the thermal decomposition
of the survived B-CD in Clo—3-CD system (system denotes the
inclusion system consisting of 3-CD and Clo, but Clo has been
released), which is confirmed by the following experimental
result.

The peak of m/z at 164.0846, which represents the AMP in
Clo, suddenly decreases from RA 43.49% to almost RA 0%
in a narrow temperature range of 626.7 to 647.1 K. Although
the relative mass content of AMP is rather low relative to that
of B-CD, the RA of 0% at 647.1K gives a strong impression
that the survived B-CD molecules decompose quickly in a tem-
perature range of about 20.4 K and the signal of the fragment
(C2H402) with RA 100% is so strong that the signals from the
guest fragments seems to be negligible. Therefore, this experi-
mental result proves that the thermal decomposition curves of
area h in Fig. 2, with sharp slopes in TG profiles, are ascribed to
the survived B-CD, not the B-CD complex of Clo, which is to
dispel a conceptual confusion about the thermal decomposition
of guest—-CD complexes.

The changes of characteristic fragment signal intensities can
enlighten us on what the decomposition process of the survived
B-CD is. It is found that the infrared absorption band in the
region of C—O—C stretching vibration due to the glucose ring
in B-CD disappears faster than the other bands with increasing
temperature [20]. Combined with the changing of MS fragment
signals, it reminds us that the dissociation of any two contiguous



P. Xu et al. / Thermochimica Acta 469 (2008) 3642

41

a d ~ c (164.0846 ) (207.0328
C3H40; C3H40, C3Hs0O C1oH1202 C3H41040

100% 58.77% 51.55% 43.49% 1.77%

626.7 K a r d G (164.0846
628.3 K C;H,O, C3H40; C3H50 C1oH1202

. 100% 62.69% 53.16% 19.68%

TIK B d b

SR =i | S ) G
" CazH70035 653.2 K =t ) ~—
z Coie a rd (207.03287Y (281.0501
G C,H,0O, C3H,0, C3H11040 CgH13010
2901 K 100% L 81.23% 6.65% 2.17%

Survived 4-CD 207.0328 a d ("43.0188 ((97.0295
in Clo-4-CD C3H11010 C;H4,0, C3H40; C,H30 CsH50,5
100% 95.17% __75.30% 70.32% 44.99%

W

OH
OH
o
o TIK >

60.0214

a

7
HO OH

OH
8 QO
0} o
73.0293
d
HO OH

OH
o]
@]

HO

H
/Q\ 163.0608 57.0344 @
.

HO OH

Fig.9. Aschematic sketch describing the formation and properties of the main fragments resulting from the thermal decomposition of the survived B-CD in Clo—3-CD

system under different temperatures.

glucose units in B-CD is more advantageous than the rupture of
covalent bonds in a glucose unit.

Fig. 9 summarizes the thermal decomposition behaviors of
the survived B-CD in Clo—3-CD system at different tempera-
tures. Since there is the existence of the strain among the glucose
units of B-CD, we consider that 1,4-glycosidic bonds will first
be destroyed by the enhanced temperature to release the strain.
Simultaneously, some covalent bonds such as C—C especially
C—O bonds in the glucose units will also start to rupture.

Vacuum environment allows us to simplify the analysis of
thermal decomposition process by avoiding the disturbance of
oxygen. The loop backbone of B-CD is divided into many parts,
and then each part will be further cracked into small fragments
with the increasing temperature. Only the fragments with a
higher stability and suitable molecular mass at a correspond-
ing temperature are able to transfer into gas phase so as to be
detected by ion detector. The largest fragment appeared in the
gas phase is the one with a peak at m/z of 281.0501. We con-
sider it as a residue with a loss of some small groups from a
di-glucose unit because no molecular ion peaks at m/z of 324
(corresponding to a di-glucose unit) or above are observed.
Moreover, the number and intensity of the peaks larger than m/z
of 163.0608 (fragment b, corresponding to a glucose unit) are
all decreased with increasing temperature on the whole, except
for the incineration temperatures of the sample, such as 720.1 K
and above.

The peaks due to fragments a, d and c in Fig. 9 appeared in MS
spectra of the sample corresponding to the top three peaks almost
throughout the whole process of rapid thermal decomposition
(626.7-653.2 K) of the survived B-CD. The algorithm is used to

assign the most probable composition to each of these fragments
using the mass spectra data. The structural information and the
formation manners of the fragment structures are also illustrated
in Fig. 9. In general, there are two possible decomposition pat-
terns: single (c) and double (a and d). They are represented
using an arrow notation indicating the direction in which the
covalent bonds are expected to rupture. The latter (double pat-
tern) could produce a higher abundance than the former (single
pattern).

The applications of B-CD and its inclusion complexes play
an important role in many fields as food, cosmetics, agricul-
ture and pharmaceutical technology [1,21]. Thermal analysis
is one of the most important methods to characterize the for-
mation and stability of solid guest—3-CD inclusion complexes
[10]. Clearly, the investigation on the thermal decomposition
process of B-CD complexes can be helpful to predict and con-
trol the release of an included guest. Several significant problems
are needed to be considered when B-CD inclusion complexes
are applied in practice: (1) whether and when the guest is
released alone (2), whether the thermal decomposition reac-
tion of an inclusion complex produces harmful radicals. The
present work, based on the combined technique (TG-GC-TOF-
MS), reveals the diversity of the decomposition products of the
solid inclusion complex of Clo with B-CD. Many small rad-
ical fragments from the covalent bond rupture instead of the
retention of glucose units that compose the backbone of B-CD
structure have been detected. The detected fragment structures
create an impression that there should be a limitation on the
applications of B-CD and its inclusion complexes at higher tem-
perature.
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