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a  b  s  t  r  a  c  t

This article  presents  comprehensive  studies  of carbon  monoxide  (CO)  responses  of  bare  and  iron  doped
six  calix[4]arene  derivatives  substituted  with  various  functional  groups  based  on  quartz  crystal  microbal-
ance (QCM)  technique.  The functional  groups  in calixarene  molecules  were chosen  to  increase  the  affinity
towards  CO.  The  sensitive  films  were  prepared  by using  drop  casting  method  on  a QCM  gold  electrode  with
eywords:
e doped calixarene molecules
uartz crystal microbalance
O gas sensing

resonance  frequency  of 7.995  MHz.  The  responses  of  bare  and  Fe  doped  calixarene  molecules  were  inves-
tigated  in  details.  Our  QCM  results  showed  that although  both  bare  and  Fe  doped  calixarene  molecules
are  very  sensitive  to CO  gas  and Fe  doped  calixarene  molecules  have  higher  affinity  to CO  about  27.88
times  greater  than  bare  are. Therefore,  these  results  open  an  approach  to  create  new  materials  for  the
gas  sensing  applications.

© 2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Toxic gas sensors are urgently needed for industrial health
nd safety, environmental monitoring and process control. Carbon
onoxide (CO) is a toxic gas and dangerous for human life due to

he fact that it is odourless and colorless, making it undetectable by
uman sensing mechanism. Therefore, the requirement for cheap,
eliable and sensitive CO sensors is the key point for academic
nd industrial world. The investigation of novel type of materi-
ls and sensing techniques are needed for comprehensive research
n the field of gas sensor. As calixarenes have nano-size structure,
xcellent sorption abilities and selectivity, long time stability, tech-
ological feasibility, they are promising organic materials for sensor
pplications [1,2]. In addition, they are macro cyclic molecules that
an be easily functionalized from their upper and lower rims [3].
he functional groups at the upper and lower rims determine the

electivity in host–guest interactions and physical properties of cal-
xarene molecules [4,5]. Physical properties of calixarene molecules
re strongly dependent on the functional groups attached to lower

∗ Corresponding author. Tel.: +90 2323293535/3701; fax: +90 232 325 33 60.
E-mail address: salih.okur@ikc.edu.tr (S. Okur).

ttp://dx.doi.org/10.1016/j.snb.2015.04.004
925-4005/© 2015 Elsevier B.V. All rights reserved.
rim. Furthermore, the calixarene molecules having the apolar
cup-shaped cavity can easily interact with the unknown molecules
(called guest molecule) at the nanoscale level [6]. These interac-
tions can be called adsorption and desorption processes which are
the essential for gas kinetics in sensor applications.

In gas sensor applications, there are several techniques based
on the conductivity, optical, frequency shift (Quartz Crystal
Microbalance, QCM) and Surface Acoustic Wave [7]. Among these
techniques, QCM is the powerful method because of sensitivity to
the mass changes in the nanogram level. QCM electrode responds
to any variation in the mass change simultaneously, regardless of
the species deposited. QCM monitors the change in mass loading
by measuring the shift of its resonant frequency [8]. According to
well-known Sauerbrey equation, it is stated that the mass change
(�m) on surface of the quartz crystal is proportional to frequency
change (�f), which is given as;

�f  = − 2f 2
0√ �m  = −C · �m
A ��

where f0 is the resonant frequency of the fundamental mode of the
QCM crystal, A is the area of the gold disk coated onto the crystal,

dx.doi.org/10.1016/j.snb.2015.04.004
http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.snb.2015.04.004&domain=pdf
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cedure. Gold coated QCM electrodes were ultrasonically cleaned
in acetone, ethanol and 2-propanol liquids (Sigma–Aldrich) for
C. Özbek et al. / Sensors and

 is the density of the crystal, and � is the shear modulus of quartz
9].

In the literature, various CO gas sensor systems were inves-
igated by using various functional calixarene molecules [10,11].
oping of a molecule with metal and/or oxides is one of the most
ffective techniques to improve gas sensing property of sensor
ystems. Niu et al. showed that using Fe, Co, and Cr as dopants
nhanced the gas sensing property of pure ZnO resulting the
nFe2O4 had high affinity and good selectivity to Cl2 [12]. More-
ver, typical dopants like Fe, Ti and Sn was also used to investigate
ifferent effects on the gas sensing characteristic of doped ZnO by
ing et al. [13]. Furthermore, sensing properties of Fe doped SnO2

hin films was investigated for CO, ethanol and NH3 gases [14].
owever, no research has been found that detailed analysis of CO

ensing properties or adsorption–desorption kinetics of pure and
e doped calixarene molecules based on QCM techniques. There-
ore, the main purpose of our study is to investigate CO sensing
roperties of thin films of bare and Fe doped calixarene molecules
oated QCM electrodes. The change of resonance frequency of QCM
as measured and analyzed. The results have revealed that the
lms of Fe doped calixarene molecules have a strong affinity to CO
olecules than pure calixarene films.

. Experimental

.1. Materials

A Ez-Melt apparatus in a sealed capillary was  performed to find
ut all melting points of the synthesized compounds. A Varian
00 MHz  NMR  spectrometer, a PerkinElmer 100 FTIR spectrometer,
nd an elemental analysis branded with Leco CHNS-932 analyzer
ere used to determine structure of all synthesized products. The

eactions were monitored by using TLC analyses obtained from
erck (DC Alufolien Kieselgel 60 F254). All starting materials and

eagents used were of standard analytical grade from Merck or
ldrich and used without further purification.

.2. Synthesis of functional calixarene derivatives

The calixarene molecules were synthesized according to previ-
us procedure [11,15–19].

.2.1. Synthesis of 5,11,17,23-tetra-4-(ethylaminomethyl)
yridine-25,26,27,28-tetra-hydroxy calix[4]arene (C2)

Yield: 71.1%, m.p. > 350 ◦C. 1H NMR  (CDCl3): ı = 1.02 (t, 12H,
 = 7.2 Hz, CH3), 2.42 (q, 8H, CH2), 3.28 (s, 8H, CH2), 3.44 (brs, 12H,
H2, ArCH2Ar), 4.21 (d, 4H, J = 13.2 Hz, ArCH2Ar), 6.97 (s, 12H, Ar–H,
H), 7.27 (d, 8H, J = 4.8 Hz, Ar–H), 8.49 (d, 8H, J = 5.6 Hz, Ar–H). Anal.
alcd. For C64H72N8O4(%): C, 75.56; H, 7.13; N, 11.01. Found (%): C,
5.32; H, 8.02; N, 11.10.

.2.2. Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-
is(2-nitropyridin-2-ylamino)ethylaminocarbonyl-methoxy)-
6,28-dihydroxycalix[4]arene (C3)

Yield: 52%, m.p.; 274–275 ◦C. FTIR (ATR) cm−1: 3450 (–OH), 3380
–NH), 1670 (C=O), 1481 (N–O asymmetric stretch), 1291 (N–O
ymmetric stretch). 1H NMR  (400 MHz, DMSO): ı 1.06 (s, 18H, But),
.14 (s, 18H, But), 3.28 (d, 4H, J = 13.2 Hz, ArCH2Ar), 3.35–3.58 (m,
OD shielded, 10H, –CH2– and Ar–NH), 3.91 (d, 4H, J = 13.2 Hz,
rCH2Ar), 4.47 (s, 4H, OCH2), 6.99 (s, 4H, ArH), 7.08 (s, 4H, ArH),
.46 (brs, 2H, OH), 8.11 (brs, 2H, ArH), 8.25 (s, 2H, ArH), 8.79 (brs,
H, ArH), 8.94 (brs, 2H, NH). 13C NMR  (100 MHz, DMSO): ı 31.26

–CH3, But), 31.80 (–CH3, But), 34.04 (Ar–CH2–Ar), 34.47 (–C, But),
4.49 (–C, But), 38.05 (–N–CH2), 72.40 (ArN–CH2), 74.83 (O–CH2),
25.74 (ArC), 125.90 (ArC), 126.29 (ArC), 127.17 (ArC), 127.53 (ArC),
33.16 (ArC), 133.29 (ArC), 134.59 (ArC), 141.99 (ArC), 146.96 (ArC),
tors B 215 (2015) 464–470 465

147.91 (O–CAr), 150.04 (O–CAr), 168.49 (N–CAr, Pyr), 169.72 (C O).
Anal. Calcd. for C62H76N8O10: C, 68.11; H, 7.01; N, 10.25. Found (%):
C, 68.26; H, 6.97; N, 10.32.

2.2.3. Synthesis of 5,11,17,23-tetra-tert-butyl-25,27-
dihydrazinamidecarbonylmethoxy-26,28-dihydroxy-
calix[4]arene (C4)

Yield: 1.6 g (53.3%); mp:  330–333 ◦C. FTIR (KBr): 1687 cm−1

(N–C O). 1H NMR  (400 MHz, CDCl3): ı 1.02 (s, 18H, But), 1.26
(s, 18H, But), 2.15 (d, 4H, J = 1.6 Hz, NH2), 3.42 (d, 4H, J = 13.3 Hz,
Ar–CH2–Ar), 4.11 (d, 4H, J = 13.2 Hz, Ar–CH2–Ar), 4.63 (s, 4H,
–OCH2), 6.92 (s, 4H, ArH), 7.10 (s, 4H, ArH), 7.70 (s, 2H, –OH), 9.61
(brs, 2H, NH).

2.2.4. Synthesis of 5,17-bis[(N-methylglucamine)methyl]-
25,26,27,28-tetrahydroxycalix[4]arene (C5)

Yield: 39%; m.p.: >350 ◦C. 1H NMR  (400 MHz  DMSO): ı 2.49 (s,
6H, –CH3), 3.16–3.63 (br., 34H, –CH2–N–, –CH–, –CH2–, ArCH2Ar,
–OH, Ar–CH2–N–), 4.23 (d, 4H, J = 19.6 Hz, ArCH2Ar), 6.33–6.86 (br,
10H, ArH). Anal. Calcd. for C44H58N2O14; 62.99, C; 6.97, H; 3.34, N.
Found: 63.02, C; 6.88, H; 3.32, N.

2.2.5. 5,11,17,23-Tetra-tert-butyl-25,27-
di(benzhydrazidylmethoxy)-26,28-dihydroxy-calix[4]arene (C6)

Yield: 98%; m.p.: (161–164) ◦C. The IR spectral data of 3 is
(KBr disk) cm−1: 1638 (–NC O). 1H NMR  (400 MHz  CDCl3): ı 1.18
(s, 18H, But), 1.22 (s, 18H, But), 2.38–2.42 (m,  4H, –CH2–), 3.37
(d, 4H, J = 12.8 Hz, Ar–CH2–Ar), 3.54–3.57 (m, 2H, –NH–), 3.76 (t,
4H, J = 6.8 Hz, –CH2–), 4.18 (t, 4H, J = 4.8 Hz, –CH2–), 4.29 (d, 4H,
J = 12.8 Hz, Ar–CH2–Ar), 7.01 (s, 4H, ArH), 7.06 (s, 4H, ArH), 7.39 (s,
2H, –OH), 7.47 (t, 4H, J = 7.2 Hz, ArH), 7.54 (t, 2H, J = 7.2 Hz, ArH),
7.88 (d, 4H, J = 8.0 Hz, ArH), 9.10 (s, 2H, –NH). Anal. Calcd. For
C64H80N4O6 (%): C, 76.77; H, 8.05; N, 5.60. Found (%); C, 76.94; H,
7.91; N, 5.77.

2.3. Preparation of bare and Fe doped calixarene solutions

Six calixarene molecules having different functional groups
were used in this study and their chemical names and molecular
structures were also given in Fig. 1. For the sake of simplicity, these
different calixarene molecules were named as C1, C2, C3, C4, C5
and C6. The calixarene molecules which contain amine groups were
preferred so that the acid–base reaction took place during doping
process.

Fe doped calixarene molecules were prepared according to
following steps; each 1 mM  calixarene solution was ultrasoni-
cated for 1 h so that calixarene molecules were solved completely
in chloroform(CHCl3) (Sigma–Aldrich). 41 mg  of iron nitrate
(Fe(NO3)3.9H2O) (Merck, Darmstadt, Germany) was also solved in
5 ml  of ethanol as a second solution. 1 ml  of second solution was
then added into the perfectly solved 1 ml  of each calixarene solution
separately. The prepared solutions were ultrasonicated for 12 h.
Finally, the solutions were kept at room temperature for 48 h in
air.

2.4. Fabrication of QCM based sensor elements

The preparation of QCM electrodes starts with cleaning pro-
15 min, respectively and then dried with high purity N2 gas. There-
after, 5 �l of each solution was dropped onto gold surface of QCM
electrode via micropipette to form a thin film of each sensing mate-
rial. Afterwards, the electrodes were kept at 60 ◦C for one hour.
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moments may  stem from different functional groups that have dif-
ferent electronegativity and electropositivity. These variations in
geometry of calixarenes affected experimental results, as well.

Table 1
Dipole moments of calixarene molecules.

Molecule Dipole moment components (Debye) Total dipole
moment (Debye)

�x �y �z �total

C1 1.44 6.50 1.03 6.74
Fig. 1. Chemical names and molec

inally, the electrodes were kept at room temperature for 48 h for
ensor measurements.

.5. Gas sensor measurements

Adsorption and desorption characteristics of Fe doped and
ndoped calixarene molecules have been investigated under expo-
ure of CO gas by using QCM technique. 2-channel gas flow system
ith necessary software and equipment has been developed in

ur lab. Gas sensor studies of pure and Fe doped calixarene films
ave been measured by the frequency shift response with flow
as system according to Sauerbrey relation. Fig. 2 illustrates a
chematic diagram of the experimental setup. A time-resolved
lectrochemical quartz crystal microbalance (EQCM) with the
odel of CHI400A Series from CH Instruments (Austin, USA) has

een used to measure the change in the resonance frequency
f quartz crystals between gold electrodes via both serial and
SB interface connected to a computer. The QCM works with
scillation frequencies between 7.995 MHz  and 7.950 MHz. AT-
ut quartz crystals with a fundamental frequency of 7.995 MHz
ave been obtained from International Crystal Manufacturing Co.
ICM). The density (�) of the crystal is 2.684 g/cm3, and the shear

odulus (�) of quartz is 2.947 × 1011 g/cm s2. Around oscilla-
ion frequency of 7.995 MHz, a net change of 1 Hz corresponds
o 1.34 ng of gas molecules adsorbed or desorbed onto the crys-
al surface of an area of 0.196 cm2. Gas flow into test cell has
een supplied by two CO and N2 calibrated mass flow meters
MKS,179A Mass-Flo®) and RS232 controlled gas flow control unit
MKS precision gas controller, from MKS  instruments, Munchen,
ermany).
The sensor response for QCM sensors was defined as �F/�Fo

here �F  is the frequency change during CO exposure, �Fo is the
requency change of QCM sensors before and after film deposition
20].
tructures of calixarene molecules.

3. Results and discussion

In this study, sensitivity properties of six types of Fe doped and
undoped calixarenes under exposure of CO molecules (10,000 ppm)
have been investigated in detail. Since the functional groups at the
upper and lower rims of calixarene molecules determine selectivity
in host–guest interactions, C1 has been taken as reference molecule
which does not have any functional group compared to others. The
functional groups of the other calixarene molecules are slightly dif-
ferent from each other. Since these functional groups are polar, it is
expected that they interact with active gas due to unequal charge
distribution. On the other hand, conformation of calixarenes is one
of the most important factors that affect the dipole moments of cal-
ixarene molecules [21,22]. As can be seen from Table 1 and Fig. 3,
functionalization of calixarene molecules with different functional
group has changed both the dipole moments and three dimensional
structures of calixarene molecules. Three dimensional structures
and dipole moments of calixarene molecules have been calculated
by Density Functional Theory (DFT). All the simulations were per-
formed by using Gaussians09 software. The variations in dipole
C2  0.29 −1.45 −0.45 1.55
C3  −3.11 0.84 3.76 4.94
C4  0.63 −7.79 −1.57 7.97
C6  −2.26 −1.15 −0.23 2.55
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Fig. 2. The experimental setup used to measure the adsorption and deso

Fig. 4(a) compares CO responses of bare calixarene film coated
CM electrodes during adsorption and desorption process. Simi-

arly, the results obtained from QCM electrodes coated with iron
oped calixarene molecules are presented in Fig. 4(b). Moreover,
hese on/off response profile of the sensors for 2 cycle’s measure-

ent have been given to observe the repeatability of QCM sensors
gainst CO gas. In order to obtain this data, CO and N2 (500 sccm)
ere sent consequently with 200 s periods for desorption and

00 s periods for adsorption to observe maximum adsorption
nd desorption behaviors, respectively. In addition, maximum
esponses of each molecule to CO are given in Table 2, sorted from
argest to smallest.

As can be seen in Table 2, C2, functionalized with pyridine
roups, shows highest response to CO molecules compared to
ther calixarene molecules. Such a high sensitivity may  be due to

ipole-dipole interaction between CO and nitrogen atom in the
yridine groups. Furthermore, C6 seems to have more suitable
hree-dimensional structure which means more active sites for CO

olecules to be adsorbed. In addition, the response of C5 to CO

Fig. 3. Three dimensional structures of calixarene molecules.
 kinetics of Fe doped and undoped calixarene films via QCM electrodes.

is less than others. If we look at the molecular structure of C5, it is
functionalized with hydroxyl groups and methyl glucamine groups
which may  give rise to steric effect and do not let CO molecules to
get into the active sites of C5. The same effect can also be seen for
C1 because of hydroxyl groups from lower rims which causes to
hydrogen bond between them. In addition, functional groups, in
general, have led to an increase in the CO response of each cal-
ixarene compared to reference molecule.

As to QCM results of iron doped calixarene molecules, it is seen
that there has been a remarkable increase in the response of each
iron doped calixarene to CO up to 200 times compared to bare cal-
ixarene molecules. The maximum response of C5 to CO is 0.12;
however, it becomes 27.88 when doped with iron. Furthermore, it
can be inferred from the results that if the molecular structure of
calixarene is suitable to interact with iron molecules, the response
of the related molecule to CO increases. More clearly, the more
iron exist in molecule, the more sensitive it will be. For exam-
ple, C2 seems to have three baskets resulting in more sites for
iron molecule which increases the affinity of C2 Fe to CO. On the
other hand, C4 seems to have only one basket which causes to less
amount of iron molecule. Hence, the response of C4 Fe is relatively
small compared to other Fe doped calixarenes. The other factor is
that Fe+3 has binding affinity to OH-, carbonyl and amino groups

[23–25]. The existence of these functional groups may  decrease the
binding affinity to CO. This interaction may  decrease the CO bind-
ing capacity of Fe+3. For example, C3 Fe has shown less affinity to

Table 2
Maximum responses of bare and iron doped calixarenes.

Molecule CO response

Bare Iron doped

C2 5.16 43.38
C3  0.93 6.57
C4  0.69 12.16
C6  0.66 38.83
C1  0.35 (ref) (ref)
C5  0.12 27.88
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different laboratory and virtually same results have been obtained
even after a long time. For the sake of simplicity, only the maximum
CO responses have been given in Fig. 6.
ig. 4. CO responses for adsorption and desorption process of (a) Bare calixarene
olecules, (b) iron doped calixarenes.

O compared to others which may  be because of the existence of
H and carbonyl groups in the relevant molecule.

In addition to analysis of sensitivities of all molecules to CO in N2
nvironment, the CO sensitivities of all of them have been inves-
igated in air environment. The results are illustrated in Fig. 5(a)
nd (b). Maximum responses of each molecule to CO in air envi-
onment are given in Table 3, sorted from largest to smallest. As
een in Table 3, there is no remarkable change in sensitivities of
ach molecule when the experiments are carried out in air envi-

onment. There has been small decrease in the sensitivity for each
olecule to CO in air environment. The molecules virtually give

ame results which may  be due to the fact that air includes 20.95%
xygen, 0.93% argon, 0.039% carbon dioxide and small amounts of

able 3
aximum responses of bare and iron doped calixarenes in air environment.

Molecule CO response (air environment)

Bare Iron doped

C2 5.34 53.5
C3  2.74 7.10
C4  0.45 10.4
C6  2.18 51.4
C1  0.24 (ref) (ref)
C5  0.05 15.1
Fig. 5. CO responses in air environment for (a) bare calixarene molecules, (b) iron
doped calixarenes.

other gases as well as 78% nitrogen. These active gases may  have
occupied the active sites on the surface of molecules.

In order to see whether or not the prepared sensors are repeat-
able and reproducible, each sensing material have been freshly
prepared and retested several times. The standard CO sensor mea-
surements similar to Fig. 4(a) and (b) have been repeated in a
Fig. 6. Repeatability and reproducibility analysis of each calixarene molecule.
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Table  4
Detection limits, slopes and linear correlation coefficients (R) of bare and iron doped calixarenes.

Molecule Slope (Hz/ppm) Detection limit (ppm) R

Bare Iron doped Bare Iron doped Bare Iron doped

C2 0.0030 0.0080 33.3 12.5 0.99 0.99
C3  0.0003 0.0010 333.3 100 0.99 0.85
C4  0.0004 0.0010 250 100 0.98 0.98
C6  0.0003 0.0024 333.3 

C1  0.0001 (ref) (ref) 1000 

C5  0.0001 0.0014 1000 
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polypyrrole electrodes for quartz microbalances: NO2 and gas flux sensitivities,
Sens. Actuators B: Chem. 76 (2001) 124–129.
ig. 7. Linear correlation between response and CO gas concentration for (a) bare
alixarene molecules, (b) iron doped calixarenes.

CO concentration dependent gas sensing properties of thin films
f iron doped and undoped calixarene molecules have also been
eported. The CO level has been increased by 200 ppm steps for
qual time intervals of 5 s. Fig. 7(a) and (b) depicts that the interac-
ions of CO molecules with the sensing films are proportional with
ncreasing CO concentration as. It should be noted here that for each
alixarene molecule, a linear dependence of QCM response with dif-
erent slope values to CO concentration has been observed. Here,
he detection limit for each QCM system can be calculated by using
CM frequency resolution for CHI400 models which is <0.1 Hz.
he slope values, detection limits for 0.1 Hz and linear correlation
oefficients (R) have been given in the Table 4 for bare and iron

oped calixarene molecules. The detection limits correspond to the
ensitivity of sensing films on QCM crystals. This linear behavior is
ell-known relation described by Sauerbrey equation given above.

he mass of adsorbed molecules on calixarene molecules increases

[

41.6 0.90 0.94
(ref) 0.87 (ref) (ref)
71.4 0.89 0.99

with increasing negative frequency shift of calixarene loaded QCM
crystal. The sensitivities are much higher for iron doped calixarenes
compared to those of undoped calixarenes.

4. Conclusions

Quartz crystal microbalance technique has been used to analyze
the CO adsorption and desorption kinetics of bare and iron doped
various calixarene films obtained by using drop casting method.
The shape of cavity and different functional groups at the lower
rims of calixarene molecules have led to variation in the responses
of calixarene molecules to CO. It should be emphasized that cal-
ixarene molecules with different functional groups have shown
high affinity towards CO gas compared to reference molecule. The
study has also shown that a remarkable increase in the response to
CO has been obtained after doping each calixarene molecule with
iron. Furthermore, the responses of bare and iron doped calixarene
coated QCM sensors have increased linearly by increasing the con-
centration of CO gas. Fe doped calixarene materials show a favored
kinetic reaction against CO and have potential application for QCM
based CO detection at room temperature operation.
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[2] S. Okur, M.  Kuş , F. Özel, M.  Yılmaz, Humidity adsorption kinetics of water solu-
ble  calix[4]arene derivatives measured using QCM technique, Sens. Actuators
B:  Chem. 145 (2010) 93–97.

[3] F. Corbellini, R.M.A. Knegtel, P.D.J. Grootenhuis, M. Crego-Calama, D.N.
Reinhoudt, Water-soluble molecular capsules: self-assembly and binding prop-
erties, Chem. Eur. J. 11 (2005) 298–307.

[4] S.-I. Ohira, E. Wanigasekara, D.M. Rudkevich, P.K. Dasgupta, Sensing parts
per million levels of gaseous NO2 by a optical fiber transducer based on
calix[4]arenes, Talanta 77 (2009) 1814–1820.

[5] E. Kocabas, A. Karakucuk, A. Sirit, M.  Yilmaz, Synthesis of new chiral calix
[4] arene diamide derivatives for liquid phase extraction of �-amino acid
methylesters, Tetrahedron: Asymmetry 17 (2006) 1514–1520.

[6] D. Filenko, T. Gotszalk, Z. Kazantseva, O. Rabinovych, I. Koshets, Y. Shirshov,
et  al., Chemical gas sensors based on calixarene-coated discontinuous gold
films, Sens. Actuators B: Chem. 111 (2005) 264–270.

[7] I.A. Koshets, Z.I. Kazantseva, Y.M. Shirshov, S.A. Cherenok, V.I. Kalchenko, Cal-
ixarene films as sensitive coatings for QCM-based gas sensors, Sens. Actuators
B: Chem. 106 (2005) 177–181.

[8] K. Henkel, A. Oprea, I. Paloumpa, G. Appel, D. Schmeisser, P. Kamieth, Selective
[9] G. Sauerbrey, Use of quartz vibration for weighing thin films on a microbalance,
J.  Phys. 155 (1959) 206–212.

10] C. Özbek, E. Culcular, S. Okur, M.  Yılmaz, M.  Kurt, Electrical characterization of
interdigitated humidity sensors based on CNT modified calixarene molecules,
Acta Phys. Pol. A 123 (2013) 461–463.

http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0130
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0135
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0140
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0145
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0150
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0155
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0160
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0165
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0170
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175
http://refhub.elsevier.com/S0925-4005(15)00425-6/sbref0175


4  Actua

[

[

[

[

[

[

[

[

[

[

[

[

[

[

[

B

C
i
D

70 C. Özbek et al. / Sensors and

11] Ö. Mermer, S. Okur, F. Sümer, C. Özbek, S. Sayın, M.  Yılmaz, et al., Gas sensing
properties of carbon nanotubes (CNTS) modified with calixarene molecules
measured by QCM techniques, Acta Phys. Pol. A 121 (2011) 240–242.

12] X.S. Niu, W.P. Du, W.M.  Du, Preparation and gas sensing properties of ZnM2O4
(M  = Fe, Co, Cr), Sens. Actuators B: Chem. 99 (2004) 405–409.

13] N. Han, L.Y. Chai, Q. Wang, Y.J. Tian, P.Y. Deng, Y.F. Chen, Evaluating the doping
effect of Fe, Ti and Sn on gas sensing property of ZnO, Sens. Actuators B: Chem.
147 (2010) 525–530.

14] S. Rani, S.C. Roy, M.C. Bhatnagar, Effect of Fe doping on the gas sensing prop-
erties of nano-crystalline SnO2 thin films, Sens. Actuators B: Chem. 122 (2007)
204–210.

15] C.D. Gutsche, K.C. Nam, Calixarenes. 22. Synthesis, properties, and metal com-
plexation of aminocalixarenes, J. Am.  Chem. Soc. 110 (1988) 6153–6162.

16] S. Sayin, M.  Yilmaz, Synthesis of a new calixarene derivative and its immobi-
lization onto magnetic nanoparticle surfaces for excellent extractants toward
Cr (VI), As (V), and U (VI), J. Chem. Eng. Data 56 (2011) 2020–2029.

17] S. Sayin, F. Ozcan, M.  Yilmaz, Synthesis and evaluation of chromate and arse-
nate anions extraction ability of a N-methylglucamine derivative of calix [4]
arene immobilized onto magnetic nanoparticles, J. Hazard. Mater. 178 (2010)
312–319.

18] S. Sayin, V. Dogan, 2015. Synthesis and properties of novel magnetic nanopar-
ticles grafted with nitropyridine-substituted calix[4]arene derivative as Cr6+

extractant. Turk. J. Chem. 39, 130–138.
19] E. Alekseeva, V. Bacherikov, A. Gren’, Synthesis of p-tert-butylcalix (4) arene

derivatives containing amino acid residues, Russ. J. Gen. Chem. 70 (2000) 490.
20] H.M.B. Darwish, S. Okur, CO adsorption kinetics of ferrocene-conjugated

polypyrrole using quartz microbalance technique, Sens. Actuators B: Chem.
200  (2014) 325–331.

21] J. de Mendoza, P. Prados, N. Campillo, P.M. Nieto, C. Sáchez, J.P. Fayet, et al.,
Dipole moments can be used to determine the conformation of calix [4] arenes,
Recueil des Travaux Chimiques des Pays-Bas 112 (1993) 367–369.

22] E. Kelderman, W.  Verboom, J.F. Engbersen, D.N. Reinhoudt, G.J. Heesink, N.F.
van  Hulst, et al., Nitrocalix [4] arenes as molecules for second-order nonlinear
optics, Angew. Chem. Int. Ed. Engl. 31 (1992) 1075–1077.

23] A. Burke, E. Yilmaz, N. Hasirci, Evaluation of chitosan as a potential medical iron
(III)  ion adsorbent, Turk. J. Med. Sci. 30 (2000) 341–348.

24] K. Nawara, J.L. McCracken, P. Krysinı́ski, G.J. Blanchard, Structure-dependent
complexation of Fe3+ by anthracyclines. 1. The importance of pendent hydroxyl
functionality, J. Phys. Chem. B 117 (2013) 6859–6867.

25] B. Ochiai, M.  Kamiya, T. Endo, Synthesis and Fe (III)-complexation ability of
polyurethane bearing kojic acid skeleton in the main chain prepared by polyad-
dition of aliphatic hydroxyl groups without protection of phenolic hydroxyl
groups, J. Polym. Sci. Part A: Polym. Chem. 50 (2012) 3493–3498.

iographies
ebrail Özbek was born in 1987, in Izmir, Turkey. He received his bachelor degree
n  Department of Physics at the Akdeniz University, Turkey, and master degree in
epartment of Physics from Izmir Institute of Technology, Turkey, in 2008 and 2013,
tors B 215 (2015) 464–470

respectively. In 2010, he started working at Izmir Institute of Technology as project
assistant. He is presently a Research Assistant at Material Science and Engineering
Department, Izmir Katip Celebi University, Turkey. His main field of interest includes
gas  sensors and devices, electrical and structural characterization of thin films.

Salih Okur received his bachelor’s degree in physics from Hacettepe University
in Ankara, Turkey in 1989, his master’s degree in physics from Ankara Univer-
sity  in Ankara, Turkey in 1992, and his Ph.D. in physics from IIT in 1998. He
worked in Department of Physics at Izmir Institute of Technology in Izmir, Turkey
between 1993 and 2011. He is currently a Professor in the Department of Mate-
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