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a b s t r a c t

We report on the optimization and characterization of water soluble calix[4]arene derivative as a humid-
ity sensor based on quartz crystal microbalance technique. The moisture adsorption and desorption
kinetics of calix[4]arene were investigated. The Langmuir model was used to determine the kinetic param-
ccepted 16 November 2009
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eywords:
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eters such as adsorption, desorption rates and Gibbs free energy between relative humidity between 29%
and 78%. Reproducible experimental results were obtained showing that water soluble calix[4]arene
films have a great potential for humidity sensing applications at room temperature operations.

© 2009 Elsevier B.V. All rights reserved.
CM
angmuir model

. Introduction

Calixarenes are macrocyclic molecules that they can be easily
unctionalize from their upper and lower rims [1]. The cylindrical-
haped calixarenes of varying cavity sizes can form a variety of
ost–guest types of inclusion complexes. This feature of calixarene

s similar to cyclodextrins. However, �–� interaction is observed
n calixarenes due to the benzene groups [2]. Calixarenes are gen-
rally soluble in organic solvents; however water soluble ones are
lso synthesized and reported by many authors. Several deriva-
ives of water soluble calixarenes were synthesized and used
n many applications [3–8]. Thin films of calixarenes have been

idely used in chemical sensors. Due to their zeolite-like capacity
nd selectivity, calixarenes became promising materials for sensor
pplications. The functional groups at the upper and lower rims

etermine their selectivity in host–guest interactions and physical
roperties [9–10]. These materials are also used in gas or organic
olvent vapor sensors [11–13]. Sensor applications of calixarenes
ave been reported for a few transducer types such as quartz crys-
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tal microbalances (QCM) [14–16] and ISFETs [17]. It is also known
that especially water soluble calixarene derivatives adsorb water
molecules [6]. Nevertheless we have not reached any report on
humidity sensing properties or adsorption–desorption kinetics of
calixarene based on QCM techniques.

QCM have been widely employed for the determination and
investigation of the kinetics of adsorption/desorption of adsorbate
molecules. QCM technique is a powerful technique for determin-
ing the sensing properties of materials before a sensor device design
during development stages.

QCM is based on frequency shift of coated quartz crystal with
sensing element due to adsorption of humidity atoms on the surface
of the sensing material [18]. The mass change (�m) on surface of
the quartz crystal is calculated by using Sauerbrey equation [18]
from the frequency change (�f):

�f = − 2f 2
0

A
√

��
× �m = −C × �m (1)

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, �
is the density of the crystal, and � is the shear modulus of quartz.
Hence the frequency shift is directly proportional to the adsorbed
mass on the calix[4]arene modified gold QCM electrodes.
In this study humidity sensing properties of calix[4]arene films
coated onto QCM gold electrodes were investigated. The change of
resonance frequency of QCM was monitored with increasing rela-
tive humidity (RH) from 29% up to 80%. Calix[4]arene derivatives
includes both carboxylate and sulphonate groups which are sen-

http://www.sciencedirect.com/science/journal/09254005
http://www.elsevier.com/locate/snb
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mailto:mahmut_kus@yahoo.com
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Fig. 2. The experimental setup to measure the adsorption and desorption kinetics of
calix[4]arene films under fixed point humidity between 29% and 80% RH above a sat-

calix[4]arene film.
Fig. 1. Chemical structure of synthesized calix[4]arene.

itive to water molecules. The adsorption and desorption kinetic
arameters determined by using Langmuir model show that the
alix[4]arene films have strong affinity to water vapor between 29%
nd 80% relative humidity.

. Experimental

Synthesis and film preparation of calix[4]arene derivative:
alix[4]arene derivative was synthesized according to previously
ublished procedure and molecular structure is given in Fig. 1
3–4,19]. Its structure was confirmed by re-characterizing with
pectroscopic methods such as 1H NMR and FTIR. 1H NMR (400 MHz
2O at 20 ◦C): ı 4.12 (br, 8H, Ar–CH2–Ar), 4.36 (s, 8H, OCH2CO), 7.68

br, 8H, ArH). IR (KBr) cm−1: 1612 (C O), 1210 and 1116 (SO3).
1 mg/ml calix[4]arene was dissolved in de-ionized water and

�l of solution was drop casted on to quartz crystal. After the
ater completely evaporated at room temperature, it was kept in
essicator at room temperature for 3 h. The thickness of films were
easured with a Dektak profilometer from Veeco and found to be

00 nm.

.1. Humidity measurement technique

The images of film surface were taken with an optical
icroscopy (Olympus) with a digital camera under 45% and 95%

H. A Time-Resolved Electrochemical Quartz Crystal Microbalance
EQCM) with the model of CHI400A Series from CH Instruments
Austin, USA) has been used to measure the change in the resonance
requency of quartz crystals between gold electrodes via both serial
nd USB interface connected to a computer. The QCM works with
scillation frequencies between 7.995 and 7.950 MHz. The density
�) of the crystal is 2.684 g/cm3, and the shear modulus (�) of quartz
s 2.947 × 1011 g/cm s2. Around oscillation frequency of 7.995 MHz,
net change of 1 Hz corresponds to 1.34 ng of materials adsorbed
r desorbed onto the crystal surface of an area of 0.196 cm2.

Gold coated quartz crystal electrodes were placed into ethanol
nd ultrasonically cleaned, then rinsed by de-ionized water. After
ried with argon gas, quartz crystal was placed into the Teflon
ousing and the reference frequency was recorded.

Fig. 2 shows the experimental setup to measure the adsorp-
ion and desorption kinetics of calix[4]arene films above saturated
iCl (30% RH) and KCl (80% RH) aquatic solution level inside a half
lled closed container using hybrid system of QCM electrodes and

commercial humidity sensor. Both signals coming from QCM and
H sensor were simultaneously measured during the adsorption
rocess. Both the relative humidity and temperature was recorded
uring measurements to maintain the temperature.
urated salt solution inside a closed container using hybrid system of QCM electrodes
and a commercial humidity sensor.

A EI-1050 selectable digital relative humidity and temperature
probe with a response time of 4 s and a resolution of 0.03% RH was
used with a USB controlled LabJack U12 ADC system combined with
a single chip sensor module (SHT11) manufactured by Sensirion
(Staefa, Switzerland).

3. Results and discussion

Fig. 3a and b shows the optical microscopy image of the
calix[4]arene film under 45% and 95% RH, respectively. The opti-
cal images were taken simultaneously with increasing RH from
45% to 95% in approximately 15 min. While a smooth structure of
calix[4]arene film is optically observed at 45% RH condition, a rough
surface structure is observed at 95% RH, showing a fast condensa-
tion of water film. By increasing RH, calix[4]arene film swelled due
to water uptake. However, the humidity sensing experiments have
been done between 29% and 80% RH to observe adsorption process
rather than condensation.

Calix[4]arene films shows extremely fast adsorption and des-
orption response against to humidity changes for short time
periods. This feature is most probably sourced from both car-
boxylate and sulphonate groups. Water molecules can easily make
strong complex with calix[4]arene from both upper and lower rims
which are functionalized eight carboxylate and sulphonate groups.
In case of aliphatic functionalized calix[4]arene molecule, water
uptake would not be expected.

Fig. 4 shows the frequency responses of an empty and
calix[4]arene film covered QCM comparing with relative
humidity values of a commercial sensor for four moisture
adsorption–desorption cycles between 29% and 80% RH. There
is a remarkable frequency response change on the QCM with
Fig. 5a and b shows the frequency response of calix[4]arene
film covered QCM adsorption–desorption process at fixed point
relative humidity conditions between 22% and 84% RH. The adsorp-
tion and desorption between 22% and 75% RH are nearly linear,
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ig. 3. The optical microscopy image of the calix[4]arene film under 45% (a) and
5% RH (b).

ut at higher RH values the frequency is increasing quickly leav-
ng a resident absorbed water mass on the film corresponding
5 Hz frequency change between before and after adsorption and
esorption process. This is indication of slower desorption rate
ompare to adsorption rate of the film. To describe the adsorp-
ion and desorption kinetics of gas vapor molecules onto organic or

norganic films, Langmuir adsorption isotherm model is frequently
sed [18,20–23]. This model describes the rate of surface reaction

ig. 4. The frequency responses of an empty (red circles) and calix[4]arene film
overed QCM comparing with relative humidity values of a commercial sensor (blue
ircles) for four moisture adsorption–desorption cycles between 29% and 80% RH.
For interpretation of the references to color in this figure legend, the reader is
eferred to the web version of the article.)
Fig. 5. (a and b) The frequency response of calix[4]arene film covered QCM
adsorption–desorption process at fixed point relative humidity conditions between
22% and 84% RH.

for forming a monolayer on the surface by following equation:

d�

dt
= ka(1 − �)C − kd� (2)

where � is a unitless quantity, which express the fraction of surface
coverage, C is the water vapor concentration in the air, ka and kd
are the rate constants for the adsorption and desorption processes,
respectively. Since the temperature was constant during measure-
ments (23 ◦C), the standard steam tables were used to determine
the partial pressure of water vapor at related temperature [24].
The vapor molar concentration C (M) was calculated from the ideal
gas equation at the corresponding partial pressure for the relative
humidity measured at the equilibrium point.

In this study, QCM has been used to measure the fractional cov-
erage � as a function of time during the adsorption and desorption
of water vapor molecules by calix[4]arene film, while the increase
in the frequency shift reflects the molecular mass uptake or loss.
Hence the difference between the oscillation frequency shift (�f) of
coated and uncoated QCM is directly proportional to the adsorbed
mass of moisture molecules. The relationship between the sur-
face adsorption kinetics and frequency shift (�f) of QCM can be
expressed as following:

d�f

dt
= −(kaC + kd) �f + kaC �fmax (3)

During adsorption process, �f is equal to �fmax for very long time
periods. Hence the solution of the differential equation is obtained
as

�f = �fmax
kaCmax (1 − e−(kaCmax+kd)t) (4)
kaCmax + kd

During desorption process, �f starts with �fmax initially and then
drops to �fmin = �fmax(kaCmin/kaCmin + kd) for very long time peri-
ods. In this case, the solution of the differential equation for
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Table 1
The adsorption and desorption kinetic parameters determined by using Langmuir model with least square fit of Eqs. (4) and (5) to the experimental data given in Fig. 4
describing adsorption and desorption cycles with short periods.

Cycle �fmax (Hz) RH (%) Concentration of vapor
molar (×10−4 M)

QCM temperature (◦C) ka (M−1 s−1) kd (×10−3 s−1) Kequ (×102 M−1) Gibbs free energy,
�G (kJ/M)

(1) Adsorption 157.27 81.0 9.25 23.0 26.70 0.31 852.602 −27.89
(1) Desorption 48.703 29.0 3.31 23.0 1.58 24.48 0.645 −10.24
(2) Adsorption 142.62 80.0 9.40 23.5 25.23 0.29 861.641 −27.97
(2) Desorption 37.103 29.0 3.31 23.0 0.93 27.69 0.338 −8.65
(3) Adsorption 151.44 79.0 9.12 23.2 41.47 1.17 353.121 −25.74
(3) Desorption 34.058 32.0 3.65 23.0

Average adsorption 150.44 80.0 9.70 23.2
Average desorption 39.95 30.0 6.62 23.0

Fig. 6. The experimental data (symbols) and the fit (red solid line) to the Langmuir
adsorption and desorption isotherm given in Eqs. (4) and (5) with the ka and kd
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alues obtained from the nonlinear least square fit for each cycle versus time. (For
nterpretation of the references to color in this figure legend, the reader is referred
o the web version of the article.)

esorption process is obtained as

f = �fmax

kaCmin + kd
[kaCmin + kd e−(kaCmin+kd)t], (5)

here �f, �fmin and �fmax are the QCM resonance frequency
hifts, t is the time, Cmax and Cmin are the concentrations of water
olecules in high and low relative humidity conditions, ka and

d are the adsorption and desorption rate constants, respectively.
he experimental data are compared with the data obtained from
dsorption and desorption isotherm given in Eqs. (4) and (5) with
he ka and kd values obtained from the nonlinear least square fit for
ach cycle versus time as shown in Fig. 6.

The data given in Table 1 allows us to determine the equilibrium
onstant, Kequ, for calix[4]arene film as following:

equ = ka

kd
(6)

he Gibbs free energy �G of adsorption/desorption process in
erms of Kequ at a given temperature is defined as [25]:

G = −RT ln Kequ (7)

he Gibbs free energy for both adsorption and desorption pro-
ess are calculated using Eq. (7) for each cycle and results are
iven in Table 1. The average Gibbs free energy for adsorp-
ion and desorption of three cycles are obtained as −27.20

nd −10.51 kJ/mol, respectively. Under humidity exposure, water
olecules are condensed at the calix[4]arene film surface during

dsorption process, therefore there is an energy loss for water
olecules on calix[4]arene film surface.

[

[

2.91 16.94 1.717 −12.64

31.13 0.59 524.617 −27.20
1.81 23.04 0.784 −10.51

4. Conclusion

Calix[4]arene films with 300 nm thickness were obtained
by droop-cast technique. The relative humidity response of
calix[4]arene film was investigated by QCM technique. The adsorp-
tion and desorption kinetics under constant relative humidity
around 80% and 23 ◦C QCM electrode temperature was explained
using Langmuir isotherm absorption model. The average values
of adsorption rate, desorption rate and equilibrium constant were
obtained as 31.13 M−1 s−1, 0.59 s−1 and 52461.7 M−1, respectively.
An average Gibbs free energy for adsorption and desorption of
three cycles are obtained as −27.20 and −10.51 kJ/mol, respec-
tively. This shows that the films made of calix[4]arene derivatives
with carboxylate and sulphonate groups has an adsorption domi-
nant process against water vapor molecules.
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