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ation and thermal kinetics of the
inclusion of cis-jasmone in b-cyclodextrin

Lvye Ai,a Jingyan Hu,a Xiaoming Ji *a and Huaxin Zhao*b

In this study, inclusion complex of cis-jasmone in b-CD (b-CD-CJ) was synthesized to improve cis-jasmone

stability. The structure and thermal kinetics of the inclusion complex was investigated by Fourier transform

infrared spectroscopy (FTIR), thermogravimetric analysis (TG) and differential scanning calorimetry (DSC).

DSC studies showed that the stability of cis-jasmone after b-cyclodextrin encapsulation was improved.

The dissociation kinetics of b-CD-CJ at different heating rates was studied by TG, and the activation

energy E of b-CD-CJ thermal decomposition kinetic parameters was defined by Flynn–Wall–Ozawa

method. The results showed that the average activation energy E was 121.16 kJ mol�1.
1. Introduction

b-Cyclodextrin (b-CD) is a cone-shaped cavity polymer consisting of
seven glucopyranose units linked by a-(1,4) bonds.1 The cone-
shaped cavity of b-CD allows the accommodation of the different
classes of molecules to form inclusion complexes for the purpose of
increasing solubility and stability.2–7 The inclusion complexes are
constituted by a host molecule and a variety of guest molecules. In
addition to slight deformation, the size and shape of the available
cavity of the host molecules and the structural features of the guest
molecules are almost unchanged.8 The capability of cyclodextrins
for complex formation depends on the guest molecule's size, which
should t inside the cavity of cyclodextrin, and on thermodynamic
interactions between cyclodextrins guestmolecule, and the solvent.9

Therefore b-CD is typically used as a host molecule encapsulating
agent for food additives, avorings, vitamins and pharmaceutical
development.8,10 Aer being encapsulated by b-CD, the physical,
chemical and biological properties of molecules may be modied.
For instance, b-CD acts as a avor sealant to protect against oxida-
tion, or reduce unwanted taste.11 Inclusion complex of trans-cinna-
maldehyde in b-CD is blended with chitosan to treat fresh-cut
melon, which can effectively maintain the hardness and color of
melon, reduce weight loss and prolong shelf life.12 Inclusion
complexes between drug and (b-CD) can increase the apparent
aqueous solubility and enhance bioavailability of the drug.13 Car-
valho et al. used two different techniques to prepare inclusion
complexes between FZD and b-cyclodextrin (b-CD), and physico-
chemical analysis revealed the inclusion complexes could be used in
the pharmacotherapy of leishmaniasis in dogs infected with L.
amazonensis.14 What's more, b-CD is a safe natural inclusion
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material.15,16 The inclusion complex of cyclodextrin and perfume
molecules can improve the water solubility of perfume molecules,
increase the stability of perfume molecules, and improve the
availability of perfume molecules. Extend the fragrance period and
improve the quality of the product.17 Cis-jasmone is widely available
in jasmine, orange blossom, bergamot, sea tong, kiwi, honeysuckle,
magnolia, lotus root, and tobacco.18–21 It is repellent to aphids and
reduces secondarymetabolites of pest's development.22–24Moreover,
cis-jasmone is the most important contribution to the scents of
perfumes and cosmetics.25 Therefore, cis-jasmone has received
more and more attention. However, the scent of the cis-jasmone is
extremely volatile and their fragrance is easily lost. The instability
limits the application of cis-jasmone. The complexity of cis-jasmone
in b-CD (b-CD-CJ) was rarely reported in the literature before, let
alone the thermal dissociation kinetics of them. The aim of this
study was to prepare and characterize b-CD-CJ, providing a way to
increase the stability of the cis-jasmone. In this work, b-CD-CJ was
prepared under controlled experimental conditions.26 Then the
inclusion complex was characterized by FTIR. Finally, the thermal
dissociation kinetics of the inclusion complex was evaluated.
2. Materials and methods
2.1. Materials

Cis-jasmone, 97%, was purchased from Henan Xinzheng Gold
Leaf Spice Co., Ltd (China) and was without further purication.
b-Cyclodextrin was purchased from Tianjin Kermel Chemical
Reagent Co., Ltd (China).
2.2. Preparation of b-CD-CJ

b-CD-CJ was prepared by adding the cis-jasmone to a saturated
b-CD solution in a molar ratio (b-CD: cis-jasmone) of 1 : 2, at
60 �C for 6 h, then slowly reduced the temperature of the
reaction to 4 �C. Aer 24 h, the reaction solution was ltered,
then the solid was washed with distilled water and ethanol,
This journal is © The Royal Society of Chemistry 2019
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respectively. Aerward the solid was dried under vacuum and
stored in an airtight glass vessel. This method resembles that
previously described in literature.27

2.3. Methods

The samples (b-CD, cis-jasmone, b-CD-CJ, a mixture of b-CD and
cis-jasmone (molar ratio 1 : 1)) were analyzed by FTIR (Nicolet
iS50), samples and spectroscopic-grade KBr were compressed
into a 1 mm wafer. For each sample scanning range was from
4000 to 400 cm�1 and a resolution of 4 cm�1.

Thermal analysis was carried out using a simultaneous
thermal analyzer (NETZSCH STA 449 F3, Germany). Spectro-
scopic pure Al2O3 was taken as a reference substance, and Ar2
was used as protective gas (ow rate 60 mL min�1) and purge
gas (ow rate 20 mL min�1). Thermal degradation temperature
ranged from 30 to 900 �C. The mass of each sample used for
DSC and TG analysis was approximately 10 mg. The heating rate
of the precursor materials (b-CD, cis-jasmone), a mixture of b-
CD and cis-jasmone (MCJ) and b-CD-CJ were 10 K min�1.
Furthermore, two heating rates, 5 K min�1 (F1) and 20 K min�1

(F3), have been used to measure thermogravimetric of b-CD-CJ.

3. Results and discussion
3.1. Structure identication

The infrared characterization curves of the samples are illus-
trated in Fig. 1 curves (a), (b), (c) and (d) are infrared charac-
teristic peaks of b-CD, cis-jasmone, MCJ and b-CD-CJ,
respectively. Among the Fig. 1, it is clear that the infrared
characteristic peaks of cis-jasmone and b-CD can be found in
the curve (c), indicating that MCJ is just a simple mixture of b-
CD and cis-jasmone. Compared with the curve (c), the number
of peaks shown in the curve (d) is reduced, the peak strength is
weakened, and the shape of the peak becomes wider. Moreover,
the characteristic peak of cis-jasmone carbonyl group had an
obviously decrease in the intensity of the peak at 1698 cm�1 and
1645 cm�1, 1698 cm�1 for C]O stretching vibration this data is
Fig. 1 FTIR for: (a) b-CD; (b) cis-jasmone; (c) MCJ; (d) b-CD-CJ.

This journal is © The Royal Society of Chemistry 2019
similar to that previously described in literature,28 1645 cm�1

for C]C stretching vibration, indicating that these part of the
carbonyl group and carbon–carbon double bond are likely to be
inserted into the cone-shaped cavity of b-CD.
3.2. Thermal analysis

3.2.1. TG analysis. The TG and DTG curves of samples for
the heating rate of 10 K min�1 are indicated from Fig. 2–5. The
curves prole of Fig. 2 suggests that the process of thermal
decomposition of cis-jasmone occurred apparently in two steps.
From 30 to 200 �C, cis-jasmone exhibited a sharp decrease with
a mass loss of 97.33%. The second stage exhibited a slow mass
loss process with mass loss of 2.15%. Within the temperature of
30–200 �C, the DTG prole of cis-jasmone exhibited two peaks
temperature (Tp,1 ¼ 135 �C, Tp,2 ¼ 175.5 �C).

The relationship between temperature change and mass loss
of b-CD is illustrated in Fig. 3. It revealed that three stages of the
thermal degradation of b-CD can be observed, with temperature
increasing. The rst stage occurred in the temperature range of
30 to 300 �C, and the mass loss of b-CD was about 23.09%. At
this stage, there was one peak temperature on the top of the
DTG curve (Tp,1 ¼ 100 �C). The second stage mass loss started at
300 �C and ended at 375 �C. This was the main mass loss stage
as indicated and total mass loss was 74.6%. The DTG prole of
b-CD depicted one obvious peak temperature (Tp,2 ¼ 322.5 �C).
From 375 �C to 900 �C, the TG curve became at, which showed
the residual carbonaceous material of the former steps.

The MCJ had undergone four major mass loss stages was
presented in Fig. 4. From 30 to 345 �C, MCJ had three consec-
utive mass loss processes, with a total mass loss of 74.6%.
During this process, the DTG curve of MCJ shows two evident
peak temperatures (Tp,1 ¼ 195 �C, Tp,2 ¼ 325 �C).

The TG and DTG curves of the b-CD-CJ were shown in Fig. 5.
As can be seen from the TG curve, there were three stages of
thermal decomposition, the rst step of decomposition
occurred from 30 to 227.5 �C, there was almost no loss of mass,
meaning that b-CD-CJ was almost not decomposed. The second
mass loss step began at 227.5 and ended at 360 �C, the TG
Fig. 2 TG and DTG curves of cis-jasmone.
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Fig. 3 TG and DTG curves of b-CD.

Fig. 4 TG and DTG curves of MCJ.
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curves depict a very sharp decrease loss process with mass loss
of 76.3% of original mass. In this stage, the DTG curve of b-CD-
CJ had only one peak temperature (Tp,1 ¼ 327 �C). Aer 360 �C,
Fig. 5 TG and DTG curves of b-CD-CJ.

26226 | RSC Adv., 2019, 9, 26224–26229
TG curve became stable and themass loss was about 4.1% of the
original mass.

The results indicated that the thermal stability of cis-jasmone
was improved aer encapsulation, because the decomposition
reaction of b-CD-CJ began at 227.5 �C, in contrast to cis-jasmone
which thermal decomposition started at 30 �C. It was observed that
the mass loss of decomposition of b-CD-CJ (76.3%) was lower than
that of cis-jasmone (97.33%), indicating the inclusion effect was
effective.

3.2.2. DSC analysis. The results shown in the TG, DTG and
DSC curves coincide with each other. The onset temperatures
and peak temperatures of the samples were recorded by DSC
curves. Fig. 6 and 7 show that the onset temperatures of thermal
decomposition of cis-jasmone and b-CD were 137.5 �C, 90.8 �C,
and the Tpeak of cis-jasmone and b-CDmeasured by DSC was 185
and 297.7 �C, respectively. The DSC results for MCJ and b-CD-CJ
are shown in Fig. 8 and 9, respectively. DSC measured the
thermal decomposition onset temperature of MCJ was 103.5 �C,
and the Tpeaks were 198.6 and 280.2 �C, respectively. However, b-
CD-CJ has only one Tpeak temperature of 307.1 �C. This further
demonstrated that b-CD-CJ was not a mixture of cis-jasmone
and b-CD, but an inclusion complex of cis-jasmone in b-CD.
3.3. Kinetic analyses

The TG curves of thermal decomposition of b-CD-CJ with
various heating rates were shown in Fig. 10. That can be seen
from the gure, with the heating rate increasing, the TG curve
moves to the right. The reason for it because the different
heating rates affects mass loss rates of the b-CD-CJ, as well as
high heating rates effectively facilitates the thermal decompo-
sition reaction of the inclusion complex.

The simple thermal decomposition reaction equation24 is as
follows:

ln ln(1/(1 � a)) ¼ �E/RT + b (1)
Fig. 6 DSC curve of cis-jasmone.

This journal is © The Royal Society of Chemistry 2019
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Fig. 7 DSC curve of b-CD.

Fig. 8 DSC curve of MCJ.

Fig. 9 DSC curve of b-CD-CJ.

Fig. 10 TG curves of b-CD-CJ in different heating rate.

This journal is © The Royal Society of Chemistry 2019
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When the reaction order is 1, the plot of ln ln(1/(1 � a))
against 1/T is a straight line. When the reaction order is less
than 1, the lower half of the straight line is shied to the le,
otherwise, it moves to the right.

The kinetics of any solid-state decomposition reaction can be
dened by the Flynn–Wall–Ozawa method29,30 as shown in the
following:

log F ¼ log(�AE/Rf(a)) � 2.315 � 0.4567(E/RT) (2)

When n ¼ 1, eqn (2) can be converted into the following
form:

log F ¼ log(�AE/R ln(1 � a)) � 2.315 � 0.4567(E/RT) (3)

where b is a constant, T is temperature (K), a is mass loss rate, E
is activation energy (J mol�1), R is gas constant (8134 J mol�1

K�1) andF is the heating rate (Kmin�1), f ðaÞ ¼ Ð
da=ð1� aÞn, (n
Fig. 11 The relation of [ln ln(1/(1 � a))] and [1/T] in different heating
rate.

RSC Adv., 2019, 9, 26224–26229 | 26227
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Table 1 Temperatures corresponding to the same mass loss in
different heating rate

a

T (K)

5 (K min�1) 10 (K min�1) 20 (K min�1)

0.30 573.15 588.1 605.1
0.35 575.65 590.6 607.6
0.40 578.65 593.1 610.1
0.45 580.65 595.6 613.1
0.50 583.15 598.1 615.6
0.55 585.65 600.6 618.1
0.60 588.15 603.1 620.6

Fig. 12 Plots of the kinetics analysis based on the Ozawa method.
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is the number of reaction order). If the plot of ln F against 1/T is
linear, the activation energy E and pre-exponential factor A can
be calculated from the slope and intercept, respectively.

Fig. 11 is obtained according to eqn (1). As shown,
ln ln(1/(1 � a)) and 1/T exhibited straight lines relationship,
indicating the thermal decomposition of b-CD-CJ is a rst-
order reaction.

The values of temperatures (T) at the same mass loss (a) on
three TG curves of the b-CD-CJ are summarized in Table 1. By
substituting the values of F and T in Table 1 into eqn (3), the
slope and the intercept at the different mass loss rate were
Table 2 The values of the kinetic parameters computed by the Flynn–
Wall–Ozawa method

Sample a Slope Intercept E (kJ mol�1) A

b-CD-CJ 0.30 �6.53228 12.09999 118.89 6.48 � 1012

0.35 �6.58786 12.14706 119.90 8.65 � 1012

0.40 �6.75153 12.37249 122.88 1.68 � 1013

0.45 �6.59913 12.06948 120.10 1.00 � 1013

0.50 �6.65454 12.11579 121.11 1.28 � 1013

0.55 �6.71019 12.1621 122.13 1.63 � 1013

0.60 �6.76606 12.20841 123.14 2.06 � 1013

Average activation energy E (kJ mol�1) 121.16

26228 | RSC Adv., 2019, 9, 26224–26229
achieved by the linear least squares method with [log F] versus
[1/T]. The results received were presented in the Fig. 12 and the
Table 2. Judging from the results of Table 2, the average acti-
vation energy of b-CD-CJ was 121.16 kJ mol�1. The lower acti-
vation energy value indicated that there was no strong chemical
bond between b-CD and the guest molecule cis-jasmone. The
host molecule and the guest molecule were mainly based on van
der Waals force.31,32

4. Conclusion

In FTIR analysis, the structure of the inclusion complex was
monitored by the changes of the carbonyl indexes which indi-
cated the structural characteristics of cis-jasmone aer encap-
sulation. The results showed that the carbonyl peak intensity of
the inclusion complex was signicantly lower than the carbonyl
peak intensity of cis-jasmone.

TG and DTG curves showed that the mass loss of the b-CD-CJ
was less than cis-jasmone. DSC curves demonstrated that the b-
CD-CJ has only one Tpeak temperature of 307.1 �C.

The results of the kinetic analysis indicated that the thermal
decomposition of b-CD-CJ was dominated by a rst-order
thermal decomposition reaction process. The average activa-
tion energy for the process was 121.16 kJ mol�1. The average
activation energy in the range of 40 kJ mol�1 to 400 kJ mol�1

belongs to chemical reaction control process.33

In a nutshell, cis-jasmone could form a stable inclusion
complex with b-CD was revealed by FTIR, TG/DTG and DSC, and
the thermal stability of cis-jasmone was improved by encapsu-
lation, which provided some theoretical basis for the applica-
tion of cis-jasmone.
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