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This study focuses on the characterization and optimization of calixarene modified carbon nanotube thin
films for gas detection. Calixarene molecules were synthesized individually by considering their functional groups
to attract the gas. Calixarene modified carbon nanotube based sensors were fabricated using drop-casting method
on a quartz crystal microbalance gold electrode. Carbon monoxide, carbondioxide, oxygen and dry air were
used as active gases for adsorption process, while high-purity nitrogen gas was used for desorption process. The
selectivity and sensitivity of calixarene modified carbon nanotube are investigated in detail. Our experimental
results show that functional calixarene modified carbon nanotube coated quartz crystal microbalance sensors are
very sensitive and selective to gas of CO2 at room temperature operation.
PACS: 66.30.je, 65.40.gp, 65.40.gk, 65.40.gd, 64.70.fm, 64.10.+h, 51.10.+y

1. Introduction
Carbon dioxide (CO2 ) is an odorless, colorless, non-flammable gas that is natural product of cellular respiration and burning of fossil fuels. It is also one of the major
greenhouse gases. Normal concentration in atmosphere is
about 0.039%. Carbon dioxide becomes toxic for human
at higher concentrations, 1% (10 000 ppm) may cause
feeling drowsy, higher concentrations may cause dizziness, headache, visual and hearing dysfunction and unconsciousness [1]. CO2 entering body by respiration may
cause an acidosis environment in blood by the chemical
reaction
CO2 + H2 O ↔ H2 CO3 ↔ H+ + HCO3− .
The product of this chemical reaction is hydrogen ions
(H+ ) and bicarbonate (HCO3− ). Exposing to higher concentration for long times causes high amount of hydrogen
ions that cause an acidic-base imbalance in blood and pH
of blood becomes less than 7.35 [2].
Calixarenes are cyclic oligomers that can be easily
functionalized from their upper and lower rims. The
cylindrical shaped calixarenes of varying cavity sizes can
form a variety of host–guest types of inclusion complexes.
This feature of calixarene is similar to cyclodextrins.
However, π–π interaction is observed in calixarenes due to

∗

corresponding author

the benzene groups [3]. Thin calixarene films have been
produced via several techniques including drop casting,
self-assembly, the Langmuir–Blodgett (LB), and spin-coating [4–7]. The functional groups at the upper and
lower rims determine their selectivity in host–guest interactions and physical properties [6, 7]. Due to their
zeolite-like capacity and selectivity and also simplicity of
producing thin films, calixarenes became promising materials for gas sensor applications especially in detecting
NO2 , CO2 , CO, volatile and humidity gases [8–13].
Quartz crystal microbalance (QCM) is a powerful technique for determining the sorption properties of materials
with respect to the specific gas. The fundamental principle of QCM was first explained by Sauerbrey in 1959 [14].
The mass change (∆m) on surface of the quartz crystal is
calculated by using the Sauerbrey equation [14] from the
frequency change (∆ f ):
2f2
∆ f = − √0 ∆m = −C∆m ,
A ρµ

(1)

where f is the resonant frequency of the fundamental
mode of the QCM crystal, A is the area of the gold disk
coated onto the crystal, ρ is the density of the crystal, and µ is the shear modulus of quartz. Hence the
frequency shift is directly proportional to the adsorbed
mass on the calixarene modified gold QCM electrodes
by a constant value of C. Because of its high reliability
and stability, low cost and low power requirement, ease
of surface coating, and nanogram scale sensivity, QCM
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technique has increased interest both in liquid and gas
phase applications.
2. Experimental
2.1. Synthesis of calix[4]arenes
p-tert-butylcalix[4]arene,5,11,17,23-tetra-tert-butyl-25,27-dicarboxylmethoxy-26,28-dihydroxycalix[4]arene
were synthesized according to previously described
procedures [15, 16]. In this study, this calixarene was
selected as base molecule and named as calix1. In order
to investigate selectivity and sensitivity properties of
materials to the different gases, base calixarene molecule
(calix 1) was functionalized by adding different upper
and lower rims and various molecules synthesized were
named as calix 2, calix 6 and calix 11, respectively.
Molecular structures of base molecule and its derivatives
are given in Fig. 1 with detailed chemical names.
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Gold coated quartz crystal electrodes were ultrasonically cleaned in acetone, ethanol and 2-propanol liquids,
respectively, and then dried with high purity nitrogen.
Drop casting method has been applied on gold surface
of crystal electrodes by dropping 5 µl calixarene modified SWCNT-COOH solution and the electrodes heated
to 60 ◦C for 10 min.

Fig. 2. An experimental QCM setup of calixarene
modified CNT films under different gases.

Adsorption and desorption of calixarene modified CNT
films were investigated under exposure of various gases
such as CO, CO2 , O2 , and dried air. Experimental setup
is shown in Fig. 2 including home-made 2-channel gas
flow system with necessary software and equipments.
The QCM works with oscillation frequencies between
7.995 MHz and 7.950 MHz. AT-cut quartz crystals with
a fundamental frequency of 7.995 MHz were obtained
from International Crystal Manufacturing Co. (ICM).
The density (ρ) of the crystal is 2.684 g/cm3 and the shear
modulus (µ) of quartz is 2.947 × 1011 g/cm s2 . Around
oscillation frequency, a net change of 1 Hz corresponds
to 1.34 ng of gas molecules adsorbed or desorbed onto
the crystal surface of an area of 0.196 cm2 .
3. Results and discussion
Fig. 1. Molecular structures with detailed chemical
names of (a) calix 1, (b) calix 2, (c) calix 6, and (d)
calix 11.

2.2. Modification of carbon nanotubesCNTs and
preparation of films
COOH functionalized single wall carbon nanotubes
(CNTs) (SWCNT-COOH) with the purity of 90%, outer
diameter of 1–2 nm and 5–30 µm long were obtained
from Cheaptubes Inc. Calixarene modified SWCNT-COOH molecules have been prepared by following steps:
1 mM calixarene solutions were ultrasonicated for 1 h
to solve completely calix[4]arene molecules in chloroform
(CHCl3 ). SWCNT-COOH structures were then added
into each perfectly solved calix[4]arene solution and 12 h
ultrasonication process was applied into these mixture of
solutions. Long ultrasonication process also mechanically
allows cutting off long CNT structure and opening their
ends. Finally, solutions were kept in room temperature
for 48 h.

Figure 3 shows SEM images of the calix 1 modified
CNT deposited on Si substrates for different zoom factors. It can be seen that the CNT surfaces were smooth
and calix 1 molecules interacted with these surfaces and
their surface became rough.

Fig. 3. SEM images of calix[4]arene modified SWCNT-COOH structures.
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Fig. 4. QCM frequency shift of: (a) calix 2 modified
CNT films for adsorption and desorption cycles under
CO2 , (b) calix 2 modified CNT film under different
gases, (c) various calixarene molecules modified CNT
films under CO2 .

Figure 4a shows the frequency response of calix 2 modified CNT film coated on the QCM electrode during adsorption process under CO2 . In order to investigate gas
selectivity properties of these modified CNT film, measurements were done under different gases and result is
shown in Fig. 4b. All the experiments were done in the
same conditions. It is seen that calix 2 modified CNT
film has very large response for CO2 with respect to the
other gases. To determine the sensitivity properties of
these films, CNTs were modified with the various calixarene molecules synthesized and coated on the QCM
electrodes and measured under CO2 in the same conditions. Data is shown in Fig. 4c. The response of calix 2
modified CNT films has larger effect than the others. In
addition, all the measurements show no hysteresis after
the gas adsorption and desorption process.
4. Conclusions
Calix[4]arene modified CNT films based sensors were
fabricated using drop-casting method on a QCM gold
electrode. CO2 , CO, O2 and dry air were used for adsorption process, while nitrogen was used for desorption
process. Selectivity and sensitivity properties of these
films were investigated successfully. Our QCM results
show that functional calix2 modified CNT coated QCM
sensors are very sensitive and selective to CO2 at room
temperature.
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