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ABSTRACT: 1-Methylcyclopropene (1-MCP) is an excellent safe and commercially available ethylene antagonist for the
preservation of horticultural products. However 1-MCP has to be stored in absorbents due to its gaseous and unstable
characteristics. In this paper cucurbit[6]uril (CB[6]) was used as the absorbent to encapsulate 1-MCP, and the resultant inclusion
complex was characterized by IR, powder X-ray diffraction, thermal analysis, and fluorescent spectra. The effects of encapsulation
conditions on the formation of inclusion complex were also investigated. The amount of 1-MCP encapsulated by CB[6] was about
4.5% by weight when the initial concentration of 1-MCP, encapsulation temperature, CB[6] concentration, and encapsulation time
were set at 75 mL/L, 20 �C, 30 mM, and 8 h, respectively. Furthermore, the release of 1-MCP from the complex can be realized with
different solutions such as sodium bicarbonate, benzoic acid, and distilled water. CB[6] can be used as an excellent absorbent for
encapsulation of 1-MCP.
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’ INTRODUCTION

As a plant growth regulator, ethylene can mediate a variety of
growth phenomena including ripening and senescence in plants.1

Accordingly, ethylene can profoundly affect the quality of
harvested products, which may be beneficial or deleterious
depending on the product, ripening stage, and desired use.
However, avoiding exposure to ethylene and/or attempting to
diminish ethylene biosynthesis and action during the ripening,
harvest, storage, transport, and handling of horticultural products
is more frequently desired.2 Thus, ethylene antagonists are of
tremendous commercial value in the horticultural industry. The
most prominent of currently known ethylene antagonists are
1-alkylcyclopropenes, which are believed to interact with ethy-
lene receptors and thereby prevent ethylene-dependent re-
sponses. Among them, 1-methylcyclopropene (1-MCP) has
now been approved commercially for application on horticultural
products because of its nontoxic mode of action,3 negligible
residue, and being active at very low concentrations.4�6 The use
of 1-MCP on fruits and vegetables now has been extensively
reviewed in the literature.7�10 However, under normal environ-
mental conditions, 1-MCP is gaseous and chemically unstable.
Furthermore, it presents an explosive hazard when compressed.
To solve these problems, several methods have been developed
to incorporate 1-MCP into molecular encapsulation agents, such
as molecular sieves,11 modified starch,12 sawdust,13 and
cyclodextrin,14 of which α-cyclodextrin (α-CD) is the most
preferred one.15,16 1-MCP can be easily released as a gas when
the 1-MCP/α-CD inclusion complex powder is dissolved in
water. Now 1-MCP/α-CD is commercially available under the
trade name SmartFresh. However, α-CD was not cheap
enough for its popularity. 1-MCP can be released from a
1-MCP/α-cyclodextrin complex after the addition of water,
but the release rate of 1-MCP cannot be realized controllably.
Therefore, it is still meaningful to explore new materials to
encapsulate 1-MCP.

Cucurbit[n]urils (CB[n], n is the number of glycoluril units)
are barrel-like macrocyclic molecules, which are prepared from
the cheap starting materials glycoluril and formalin (Figure 1).
Because they have cavities to host small molecules, the popularity
of CB[n] has grown substantially in recent years.17�20 The cavity
size of CB[6] is similar to that of α-CD.21�23 CB[6] can form
stable inclusion complexes with alkylammonuium ions,24 short
polypeptides,25 Et2O,

26 metal cations,27 and some small-mole-
cule gases.28 The similar cavity characteristics between CB[6]
and α-CD inspired us to explore the possibility of using CB[6] as
potential absorbent for 1-MCP. Herein the preparation and
characterization of 1-MCP/CB[6] inclusion complex is reported.

’MATERIALS AND METHODS

Materials. All of the chemicals used were of reagent grade unless
otherwise indicated. 3-Chloro-2-methylpropene (98%) and phenyl
lithium were purchased from Sinopharm Chemical Reagent Co. Ltd.
Distilled water was used throughout the entire experiment. CB[6] was
prepared in the laboratory by acidic condensation of glycoluril with
formaldehyde.18,29 Briefly, a mixture of glycoluril (8 g, 0.078 mol),
formaldehyde (3.45 g, 0.115 mol), and 9 M hydrochloric acid (20 mL)
was heated at 60 �C for 1 h. Then, the concentrated sulfuric acid was
added and was heated at 80 �C for 48 h. After the reaction mixture was
poured into water, the precipitate was filtered and washed to neutral by
water. The CB[6] powder was dried in vacuo at 70 �C for 24 h before use.
1-MCP Synthesis. 1-MCP was produced according to the

literature.30,31 Briefly, 3.6 mL (0.03 mol) of 3-chloro-2-methylpropene
(98%) in 30 mL of ether (dried over sodium) was added dropwise to 5 g
(0.06 mol) of a slurry of phenyl lithium in 30 mL of ether at room
temperature. A slow stream of nitrogen gas was passed over the reaction
mixture. When the addition of 3-chloro-2-methylpropene was finished
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(approximately 1 h), the reactionwas continued for 2 hwith stirring and the
lithium salt of 1-MCP was formed as a suspension in ether. After reaction,
vacuum was pulled to about 0.1 kPa to eliminate volatile impurities, and
then the product was stored at �4 �C until use. 1-MCP can be easily
synthesized by the direct reaction of lithium salt of 1-MCP with water.
Quantification of 1-MCP. Quantities of 1-MCP were measured

on a Fuli gas chromatograph (Fuli Corp., Zhejiang, China) fitted with a
capillary column and a flame ionization detector. The injection pot and
detector temperatures were set at 110 and 200 �C, respectively. The
column temperature was 60 �Cwith a hold time of 3 min. Quantification
of 1-MCP was accomplished using an external standard method. The
isobutylene gas standard of 100 μL/L concentration was used. It was
presumed that quantities of 1-MCP had a response factor similar to that
of isobutylene.
Preparation of 1-MCP/CB[6] Inclusion Complex. The inclu-

sion of 1-MCP with CB[6] was carried out in a closed agitated vessel. A
250 mL glass bottle with a modified screw cap was used as the
encapsulation vessel. A CB[6] suspension of 30 mM was prepared in
the encapsulation vessel, based on 50 mL of distilled water. Another
250mL glass bottle was used as the reaction vessel. The initial head space
concentration of 1-MCP was about 75 mL/L by the reaction of lithium
salt of 1-MCPwith water in the reaction vessel. The encapsulation vessel
and the reaction vessel were connected to each other with a tube. First,
vacuum was pulled to about 0.1 kPa in the encapsulation vessel. Then
5 mL of distilled water was injected into the reaction vessel containing
lithium salt of 1-MCP to produce 1-MCP, which was transferred to the
encapsulation vessel by pressure gradient. During the encapsulation
process, nitrogen was added slowly into the reaction vessel to create a
pressure gradient. This procedure was repeated until the pressure of
both vessels reached the atmospheric value. Encapsulation temperatures
were at 20 �C, and the encapsulation time was about 8 h. At the end of
the process, the 1-MCP/CB[6] inclusion complex was collected by
filtration and then dried in vacuo for 10 h at 30 �Cbefore further analyses
and stored in a desiccator.
Fourier Transform Infrared Spectroscopy (FT-IR). FT-IR

spectra were recorded from 4000 to 400 cm�1, using a Fourier transform
model Nexus 870 infrared spectrometer (Thermo Nicolet Corp.) on
samples prepared as KBr disks. The FT-IR spectra of CB[6] and the
1-MCP/CB[6] inclusion complex are shown in Figure 2.
Powder X-ray Diffractometry (PXRD). PXRD profiles of both

CB[6] and the 1-MCP/CB[6] complex were recorded on the Bruker D8
Advance X-ray diffractometer (Bruker Corp.). Measurements were
performed using Cu Kα radiation (λ = 1.5406 Å) operating at 40 kV
and 40mA. Samples were scanned at a scanning speed of 10�/min over a
diffraction angular range of 3� < 2θ < 30�. The divergence slit, receiving
slit, and time constant were set at 0.02�, 0.3 mm, and 1 s, respectively.
Thermal Analysis of the Inclusion Complex. Thermogravi-

metric (TG) curves were recorded on a Netzsch TG209C (Netzsch
Corp.) equipped with Proteus Analysis software. Samples of 10 mg were
weighed into aluminum pans for analysis at a heating rate of 5 �C/min
from 30 to 450 �C under a nitrogen flow at 50 mL/min.

Differential scanning calorimetry (DSC) curves were recorded on a
Netzsch DSC204 equipped with Proteus Analysis software. Samples of
10 mg were weighed into aluminum pans for analysis at a heating rate of
5 �C/min from 30 to 500 �C under a nitrogen flow at 50 mL/min.
Fluorescence Spectra (FL). All fluorescence spectra were re-

corded by an RF-5301PC fluorescence spectrometer (Shimadzu)
equipped with a 20 kW xenon discharge lamp as a light source. The
excitation wavelength, slit width of excitation, and slit width of emission
were set at 288, 10, and 20 nm, respectively. The fluorescence of CB[6]
and its inclusion complex were recorded immediately after its saturated
solutions were prepared in distilled water.
Determination of the 1-MCP Inclusion Ratio in 1-MCP/

CB[6] Inclusion Complexes. The inclusion ratio of 1-MCP/CB[6]
inclusion complex is defined as the mass ratio of 1-MCP to CB[6] in the
inclusion complex. The inclusion ratio of the inclusion complex was
calculated from the TG data.
Effects of Encapsulation Conditions on the 1-MCP Reten-

tion. Encapsulation conditions on the inclusion of 1-MCP were
investigated and assessed as the retention value, which was calculated as

r ¼ C1-MCP=C0 ð2-1Þ
where C1-MCP is the 1-MCP head space concentration and C0 is the
initial head space value of 1-MCP.

The initial concentration of 1-MCP, CB[6] concentration, and
encapsulation temperature were varied to investigate the effect of
encapsulation conditions on the 1-MCP retention.

Effect of Initial Concentration of 1-MCP on 1-MCP Retention. To
evaluate the effect of the initial concentration of 1-MCP on 1-MCP
retention, the initial concentration of 1-MCP was tested at 50, 75, and
100 mL/L. Encapsulation temperature, CB[6] concentration, and
encapsulation time were set at 20 �C, 30 mM, and 8 h, respectively.

Effect of CB[6] Concentration on 1-MCP Retention. The CB[6]
concentration was tested at 50, 30, and 20 mM to evaluate the effect
of CB[6] concentration on 1-MCP retention. The initial concentration
of 1-MCP, temperature, and encapsulation time were 75 mL/L, 20 �C,
and 8 h, respectively.

Effect of Encapsulation Temperature on 1-MCP Retention. To evaluate
the effect of encapsulation temperature on 1-MCP retention, experiments

Figure 1. Structures and schematic representations of CB and CD.

Figure 2. FT-IR absorption spectrum of (a) CB[6] only and (b) the
1-MCP/CB[6] inclusion complex, which was prepared with the initial
concentration of 1-MCP, encapsulation temperature, CB[6] concentra-
tion, and encapsulation time set at 75 mL/L, 20 �C, 30 mM, and 8 h,
respectively.
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within the range 15�25 �C were carried out. The initial 1-MCP head
space concentration, CB[6] concentration, and encapsulation time were
set at 75 mL/L, 30 mM, and 8 h, respectively.
Kinetic Model Fitting. To investigate the possible kinetic model,

two models have been checked for the possible experimental data fitting.
One is a pseudo-first-order kinetic model, and the other is a pseudo-
second-order kinetic model.

Q is the sorption amount, which is calculated using the mass balance

Q ¼ M1-MCPVð1� rÞC0=22:4m ð2-2Þ
where 22.4 (L/mol) is the molar volume of gas, M1-MCP is the molar
mass of 1-MCP,m (g) is the amount of CB[6],V is the net volume of the
reaction equipment,C0 is the initial concentration of 1-MCP, and r is the
1-MCP retention at time t (min).

The pseudo-first-order equation is commonly represented by32

LnðQ e �QtÞ ¼ Ln Q e � k1t ð2-3Þ
where k1 (1/min) is the pseudo-first-order adsorption rate constant, Qt

is the amount adsorbed at time t (min), and Qe denotes the amount
adsorbed at equilibrium; Qt and Qe are both in mg/g. The plot of
Ln(Qe � Qt) versus t gives the k1 and Qe values.

The pseudo-second-order equation is applied in the form32

t
Q t

¼ 1
k2Q e

2 þ 1
Q e

t ð2-4Þ

where k2 (g/(mg min)) is the rate constant and Qe is the equation
adsorption capacity (mg/g).
Release of 1-MCP from the Inclusion Complex. The method

was as follows: 0.1 g of inclusion complex was weighed out in a 25 mL vial,
and then 1 mL of 3% NaHCO3 solution, benzoic acid solution, or distilled
water was injected into the vial through a butyl rubber stopper. Then, 2 mL
sample from the headspace of vial was injected into the gas chromato-
graph (Fuli Analytical Instrument Co., Ltd.) per 20min to determine the
concentration of 1-MCP in the vial. The detailed quantification method
was the same as in the above section Quantification of 1-MCP.
Statistical Analysis. SPSS 17.0 software (SPSS Inc., Chicago, IL)

was used to test the significance using the general linear model to
determine the treatment and interaction effects and Tukey’s test for
comparing the levels. Three replicates per treatment were used in all
experiments. Data were tested for multiple comparisons by analysis of
variance (ANOVA) with least significant difference (LSD) between
averages determined at the 5% level.

’RESULTS AND DISCUSSION

FT-IR, X-RD, TG, DSC, and FL Analysis. The FT-IR spectra of
CB[6] and the 1-MCP/CB[6] inclusion complex are shown in
Figure 2. The broad band of CB[6] (a) at 3428 cm�1 was due to
the stretching mode of the O�H groups. The bands at 3002 and
1481 cm�1 suggest the presence of a�CH2� group. The strong
peak at 1700 cm�1 band is caused by the CdOstretching band of
the carboxyl group.33,34 The spectrum of the inclusion complex
(b) is similar to that of CB[6], but the weak peak at 1681 cm�1

implies the presence of a carbon�carbon double bond of
1-MCP,35 indicating the presence of 1-MCP absorbed in CB[6].
It also suggesting that 1-MCP is encapsulated within CB[6]’s
cavity rather than being chemically bonded to it.
The PXRD patterns of CB[6] and the 1-MCP/CB[6] inclusion

complex are given in Figure 3. The characteristic peaks of CB[6]
(Figure 3a) were at 2θ= 9.1�, 14.5�, 15.6�, 18.1�, 21.3�, and 23.9�.36
It was shown that some of the characteristic peaks of CB[6]
decreased in intensity or even disappeared in the 1-MCP/CB[6]
inclusion complex (Figure 3b); moreover, some new peaks were

found at 2θ = 9.4�, 16.1�, 20.5�, and 23.1�. These indicated the
ordered structure of the crystalline region on the CB[6] was
disrupted. The peaks in PXRD were broadened after complexion
with 1-MCP, further demonstrating the crystallinity of CB[6]
decreased after encapsulation of 1-MCP.
Figure 4 represents the TG curves of CB[6] and 1-MCP/

CB[6]. It appeared that a slow weightlessness was produced at
the beginning in CB[6] (a), with a 4.5( 0.5% mass loss from 40
to 110 �C, which might be the amount of water absorbed by
dehydration.35,36 The weightlessness ladder for 1-MCP/CB[6]
(b) was about 9 ( 0.3% mass loss in the similar temperature
region. This additional 4.5% mass loss should result from the
release of 1-MCP from CB[6]’s cavity. A larger weightlessness
ladder appeared because of the self-decomposition of CB[6]
after 350 �C in comparison to 1-MCP/CB[6] after 320 �C; thus,
the stability of CB[6] decreased after encapsulation of 1-MCP,

Figure 3. Powder X-ray diffraction patterns of (a) CB[6] only and
(b) the 1-MCP/CB[6] inclusion complex, which was prepared as in
Figure 2.

Figure 4. TG curves of (a) CB[6] only and (b) the 1-MCP/CB[6]
inclusion complex, which was prepared as in Figure 2.
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which is consistent with the deduction of the crystallinity of
CB[6] in the PXRD.
Figure 5 represents the DSC curves of CB[6] and 1-MCP/

CB[6], recorded at the heating rate of 5 �C/min. CB[6] (a) had a

wide dehydration phase from 30 to 130 �C as endothermic
processes with one sharp peak at 120 �C, but after absorption of
1-MCP, the endothermic peak appeared at 100 �C, indicating the
stability decreased. Furthermore, the intensity of 1-MCP/CB-
[6]’s endothermic peak at 100 �C was larger than that of
uncomplexed CB[6] at 120 �C in DSC, which may be ascribed
to the additional endothermic release of 1-MCP along with the
dehydration for the 1-MCP/CB[6] inclusion complex.
Figure 6 represents the fluorescence spectrum curves of CB[6]

and 1-MCP/CB[6]. The fluorescence emission peak of CB[6] is
417 nm (Figure 6a); a red shift on the emission spectra maximum
can be observed from 417 to 429 nm for 1-MCP/CB[6]
(Figure 6b). This may be because the hydrophobic cavity of CB[6]
was occupied by 1-MCP, leading to the increased fluorescence
intensity and the red shift of the maximum emission peak.37

On the whole, both the weak carbon�carbon double bond
peak at 1681 cm�1 in FTIR and the red shift on the emission
spectra in fluorescence spectrum curves proved the formation of
new product. The encapsulation of 1-MCP was also demon-
strated by the disrupted crystalline of CB[6] in PXRD curves,
which is consistent with the change in the endothermic peak
place and peak strength of DSC curves. In TG the additional
4.5% mass loss further indicated the amount of 1-MCP absorbed
by CB[6]. In all, FTIR, FL, XRD, TG, and DSC from different
aspects demonstrated the successful preparation of the 1-MCP/
CB[6] inclusion complex.
Effect of Initial Concentration of 1-MCP on 1-MCP Reten-

tion. The effect of the initial concentration of 1-MCP on the
1-MCP retention is illustrated in Figure 7a. As the initial
concentration of 1-MCP increased from 50 to 100 mL/L, the
1-MCP retention increased from 0.14 to 0.31. At the beginning of
the encapsulation reaction, the 1-MCP head space concentration
dropped at a higher rate, and finally the 1-MCP retention almost
kept different constant values depending on the different initial
concentration of 1-MCP. We can also see that the higher the
initial concentration of 1-MCP, the less time to reach equilibrium.
Effect of CB[6] Concentrationon1-MCPRetention.Figure 7b

shows the effect of CB[6] concentration on 1-MCP retention.
According to Figure 7b, when the CB[6] concentration rose from
20 to 50 mM, the 1-MCP retention decreased, and the 1-MCP
retention almost kept a stable value at last.
Effect of Encapsulation Temperature on 1-MCP Reten-

tion. The results are shown in Figure 7c. The 1-MCP retention
increased when the reaction temperature changed from 15 to
25 �C. As the reaction temperature rose, the solubility of 1-MCP
in the CB[6] solution decreased and accordingly went against the

Figure 5. DSC curves of (a) CB[6] only and (b) the 1-MCP/CB[6]
inclusion complex, which was prepared as in Figure 2.

Figure 6. Fluorescence spectrum curves of (a) CB[6] only and (b) the
1-MCP/CB[6] inclusion complex, which was prepared as in Figure 2.

Figure 7. Effects of the initial concentration of 1-MCP (a), the CB[6] concentration (b), and encapsulation temperature (c) on 1-MCP retention. (a) The
encapsulation temperature, the CB[6] concentration, and encapsulation time were 20 �C, 30 mM, and 8 h, respectively. (b) The initial concentration of
1-MCP, the temperature, and encapsulation time were 75 mL/L, 20 �C, and 8 h, respectively. (c) The initial 1-MCP head space concentration, CB[6]
concentration, and encapsulation time were 75 mL/L, 30 mM, and 8 h, respectively. Vertical bars represent (1 standard deviation (n = 3).
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adsorption, so the 1-MCP retention increased. The optimal
encapsulation temperature was 15 �C; however, for convenience,
the preparation of the inclusion complex was set at 20 �C.
Temperatures lower than 15 �C were not tested because the
boiling point of 1-MCP is around 10 �C.38
Absorption Kinetics. As shown in Figure 8, absorption seems

to occur in two steps; the first step involves rapid 1-MCP
absorption, and then the sorption equilibrium is attained. To
evaluate the kinetic mechanism that controls the adsorption
process, two equations (i.e., pseudo-first-order equation, and
pseudo-second-order equation) were tested to interpret the
experimental data. The fitting results for the pseudo-first-order
equation and pseudo-second-order equation are illustrated
in Figures 9 and 10, and the related kinetic parameters are
summarized in Table 1. On the basis of the obtained correlation
coefficients (R2) from Table 1, the experimental data conformed
neither to the pseudo-first-order equation nor to the pseudo-
second-order equation.32

Release of 1-MCP from 1-MCP/CB[6] Inclusion Complex.
The release of 1-MCP from the 1-MCP/CB[6] inclusion com-
plex in different solutions, such as benzoic acid, sodium bicarbo-
nate, and distilled water, was investigated. Benzoic acid, sodium
bicarbonate, and distilled water were chosen as the releasing
media on the basis of the following facts: These materials are
nontoxic and easily available in our daily life. Moreover, they are
the typical representatives for acid, alkali, and neutral media
simulating living environments of horticultural crops. Gas chro-
matography was employed for the quantification of the 1-MCP
released. It showed that the released 1-MCP immediately
reached the concentration peak after only 10 min in sodium
bicarbonate solution (Figure 11a), whereas for the benzoic
solution (Figure 11b), it took about 90 min to arrive at the
largest concentration. As for distilled water (Figure 11c) the
largest concentration of released 1-MCP has not been achieved
even after 2 h. The different release characteristics of 1-MCP at
various conditions may be beneficial for the controlled release of

1-MCP, which canmeet specific demands for different horticultural
products. For example, a single application of 1-MCP can
protect the floral organs against ethylene for only just 48�
96 h for Chamelaucium uncinatum Schauer and Pelargonium
peltatum L.,30,39,40 so retreating them with 1-MCP or contin-
uous exposure to 1-MCP is needed to prolong their freshness
life. However, it is inconvenient during export handling to
retreat with 1-MCP. On the basis of the above experiments, the
1-MCP/CB[6] inclusion complex as a sustained release deliv-
ery system of 1-MCP in water may contribute to the continuous
exposure to 1-MCP problem.
In conclusion, 1-MCP can be encapsulated by CB[6] success-

fully. The inclusion ratio of 1-MCP/CB[6] was calculated from
the TG data as 4.5%, which is similar to that of 1-MCP/α-CD.
CB[6] can be prepared from cheaper startingmaterials, glycoluril
and formalin, than α-CD. Moreover, the controlled release of
1-MCP could be easily realized for 1-MCP/CB[6] by changing

Figure 8. Adsorption kinetics of 1-MCP by CB[6] at various tem-
peratures. The initial concentration of 1-MCP, CB[6] dose, and
encapsulation time were 75 mL/L, 1.5 g (30 mM), and 8 h, respec-
tively, for various temperatures. Vertical bars represent (1 standard
deviation (n = 3).

Figure 9. Fitting of pseudo-first-order equation at various tempera-
tures. Vertical bars represent (1 standard deviation (n = 3).

Figure 10. Fitting of pseudo-second-order equation at various tem-
peratures. Vertical bars represent (1 standard deviation (n = 3).
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the pH of the releasing solution. Therefore, the application of
1-MCP/CB[6] in the horticultural product has a promising
future and deserves further attention.
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