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ABSTRACT
25,27-(Dipropylmorpholinoacetamido)-26,28-dihydroxycalix[4]arene was used as a chemical sensor material in
this work. The calix[4]arene LB thin films were prepared onto a gold-coated glass and quartz glass substrates to
fabricate a thin film chemical sensor element. Atomic Force Microscopy (AFM) and Surface Plasmon Resonance
(SPR) techniques were used to characterize all the calix[4]arene LB thin films. The film thickness and the
refractive index of thin films can be evaluated with the fitted experimental SPR datas. The refractive index and
the thickness per monolayer of LB films were determined as a 1.58 § 0.04 and 1.27 § 0.09 nm, respectively.
The calix[4]arene LB thin film chemical sensor element was exposed to dichloromethane, chloroform, benzene
and toluene vapors. The SPR kinetic measurements displayed that, the photodetector response change, DIrf for
saturated dichloromethane vapor is much larger than the other vapors with the DIrf value of 48 au and the
diffusion coefficient value of 5.1 £ 10¡16 cm2s¡1. Swelling process was analyzed by well known Fick’s
Equations. In this approach diffusion coefficients (D) for swelling were conformed to the square root of time
and were correlated with the volatile organic compounds. Our results showed that calix[4]arene thin film has a
highly selective with a large response to dichloromethane vapor.
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calix[4]arene; swelling;
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1. Introduction

As the role of macrocycles in various chemistry disciplines has
already been emphasized in many recent reviews over the past
few years,[1–7] synthetic ones such as cyclodextrins, crown ethers,
calix[n]arenes, cryptands and cucurbiturils have attracted much
more growing attention from supramolecular chemistry com-
munity due to their pre-organized conformational features.[8]

Since then, the efforts have been being focused on the functional-
ization of easily approachable macrocyclic scaffolds with estab-
lished sensitive groups in search of new sensors for increasingly
challenging targets. One of the favorite such macrocyclic scaf-
folds is calixarene representing a promising platform through
versatile building blocks that has potential for applications in
various fields ranging from wastewater treatment to (Quartz
Crystal Microbalance) QCM modifying.[9–17] In particular, as a
well-known member of calix[n]arenes family, calix[4]arene core
which consists of tetraphenolic pocket forming a bowl- or cone-
shaped structure with a lower (hydroxyl groups) and an upper
rim (alkyl groups, para position to the hydroxyls) has been
found to be of dramatically special interest due to its ease of syn-
thesis and unique conformational features ensuring its high
selectivity and binding efficiency toward various targets.[18–23] In
general, calix[4]arene skeleton adopts one of four different con-
formations, that is cone, partial cone, 1,2-alternate and 1,3-

alternate depending on the number and nature of modifications
present both at lower and upper rims. In addition to large flexi-
bility of these conformers provided by all these unique structural
features, however, the parent calix[4]arene favorably adopts a
cone/basket-like conformation due to the presence of four OH
groups which provide stability to this conformation through
intramolecular hydrogen-bonding interactions.[24,25] These all
have been manifested by the applications of calix[4]arene archi-
tectures mainly in the area of reaction catalysis,[26,27] host-guest
chemistry,[28,29] self- and co-assembling systems,[30–32] mechani-
cally interlocked molecules,[33] nanoporous materials[34] and gas
sensing applications.[35]

Among the applications mentioned above, calix[4]arene skele-
ton occupies a unique place in host-guest chemistry due to both
acting as an assertive receptor (host) via hydrogen bonding and
recognizing a substrate (guest) on the basis of structural comple-
mentarity thanks to using their molecular cavity as a reactive
binding center via p-p interactions. The success of the respective
compounds in this area also allows them to participate in gas sen-
sor applications. In this regard, these compounds may host vari-
ous kinds of solvent molecules with the help of generated p-p
interactions by the aromatic fraction.[36,37] With reference to these
advantages, in this study, the calix[4]arene LB films were subjected
to various saturated VOCs vapors to investigate the swelling
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process in chemical sensor applications. Using the SPR measure-
ment system, variations in the intensity of reflected light were
monitored in real time during swelling in which organic vapor is
introduced into a gas cell. Early-time Fick’s law of diffusion was
adopted to fit the SPR results. These results showed that calix[4]
arene LB film has an excellent sensitivity and selectivity for
dichloroform and may find potential applications in the develop-
ment of room temperature organic vapor sensing devices.

Moving from the perspectives we mentioned extensively above,
herein, we discussed our formerly developed new and highly func-
tional calix[4]arene-based sensor offering feasibility and selectivity
by combining the exceptional advantages of our analysis method
and the inherent properties of calix[4]arene architecture.

2. Experimental

2.1. Materials

All starting materials, reagents and solvents used for the study
were purchased either from Sigma-Aldrich/Merck or from TCI
chemicals and used without further purification. The chemical
sensor candidate compound, 25,27-(Dipropylmorpholinoaceta-
mido)-26,28-dihydroxycalix[4]arene was synthesized by fol-
lowing the procedure reported in our previous study.[35]

2.2. LB film preparation

25,27-(Dipropylmorpholinoacetamido)-26,28-dihydroxycalix[4]
arene (given the inset in Figure 1) was selected to fabricate a Y-
type LB films using a NIMA 622 type alternate layer LB trough.
Calix[4]arene was dissolved in chloroform solution to a concen-
tration of 0.42 mg ml¡1 and 600 ml of solution spread onto the
air-water interface using a Hamilton microlitre syringe. The iso-
therm (p-A) graph was taken with the compression speed of
30 cm2 min¡1 at the room temperature.[35] This procedure
repeated several times to check the reproducibility of p-A graph
that used to fix the deposition pressure. Monolayer at the surface
pressure of 14 mN m¡1 deposited from the air-water interface
onto 50-nm thick gold-coated glass and quartz glass substrates by
the alternate layer LB deposition procedure. The dipping speed

for each layer was 25 mm min¡1. After the fabrication of LB films
were tested using AFM and SPR measurement techniques.

2.3. SPR technique

The SPR measurements were performed by Surface Plasmon
Resonance Spectrometer (BIOSUPLAR 6Model). Laser diode (λ
D 632.8 nm) was used as a light source in this measurements.
The angular resolution of the measurement was 0.003�. A glass
prism which has a reflective index n D 1.62 is mounted inside
of a holder in order to be available for measurement in liquid
or in air environments. The gold layer was coated homo-
geneously and very tiny on a glass slides. A translucent plastic
flow cell was made in house for the SPR kinetic measurements.
The silicon tubes were connected with the cell via two channels;
inlets and outlets. The SPR system settings were controlled by a
Biosuplar-Software. Measurements and data acquisition as well
as data presentation were performed by the software. The pho-
todedector response was obtained as a function of time by
using single measurements, tracking mode or slope mode. Dif-
ferences within both measurement channels can be shown
simultaneously using this software. The SPR kinetic study was
carried out by injection of dry air and organic vapor for 2 min,
periodically. Thanks to WINSPALL software (developed at the
Max-Plank-Institute for Polymer Research, Germany) the fitting
of SPR curves was made and the specify thickness values of the
calix[4]arene LB thin film could be calculated.

3. Results and discussion

3.1. Transfer ratio

LB film transfer is also a crucial parameter for monitoring
deposition process and it is analyzed by calculated of the trans-
fer ratio (TR).

TRDA1 6 A2 (1)

Where A1 is given by reduced area of the monolayer on the
water surface and A2 is the area of coated film on substrate. The

Figure 1. The deposition graphs of calix[4]arene LB film on the gold coated-glass substrate. Inset: Chemical structure of the calix[4]arene molecule.
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reduced surface area change of the calix[4]arene monolayers dur-
ing the deposition onto the gold-coated glass substrate for 3
bilayers is given in Figure 1. The labels of in Figure 1 are pointed
from position (a) to position (b) right-to-left direction when the
first LB film layer deposited onto the quartz glass substrate. Simi-
lar labelling is made for the second and third layers. Decrease of
the monolayer area on the water surface for each bilayer was
roughly equal to the transfer process of monolayer onto the gold-
coated glass substrate. TR ratio are found to be 95% for the calix
[4]arene by using Equation 1 and it suggest reproducible film
deposition and good film homogeneity. It is also consistent with
previous studies in the literarture where TR value was calculated
over 90% for the calix[n]arene LB thin film.[38,39] As a result,
monolayers based on the calix[4]arene at air-water interface are
proper coating materials to use for LB film and are convenient to
transfer onto different substrate such as glass, quartz crystal and a
glass slide metalized on one surface with a good transfer ratio.

3.2. Surface plasmon resonance results

A schematic of the SPR system including an ideal curve and SPR
kinetic measurement is shown in Figure 2. Thanks to this system,
the film thickness and vapor sensing performance of the calix[4]
arene thin films can be characterized. An index matching liquid
was used for an optical contact between the calix[4]arene gold-
coated glass and prism. The SPR angle (a specific angle of inci-
dence) and curve are obtained when the plasmon waves resonate
with the incident light. In this process, the incident light photons
were absorbed by free electrons at the surface of the gold layer. The
dependency between the experimental SPR curves and the angle of
incidence (u) was monitored to see the deposition of calix[4]arene
onto the gold-coated glass substrate and presented in Figure 3. It is
seen that number of film layers is increased u is also changed to
larger angles and the SPR curve of the bare (uncoated) gold is
taken as a reference. The linearity between the peak shifts (Du) of
the SPR curves and the number of layers is given as an inset graph
in Figure 3. This linearity indicates that a regular deposition of
calix[4]arene onto the gold-coated glass is occurred adequately and
equal mass of calix[4]arene was deposited per unit area.

The film thickness and the refractive index of calix[4]arene LB
films were calculated with a Fresnel formula algorithm via the

Winspall software (developed by Wolfgang Knoll)[39] by fitting
the experimental SPR curves. Since the calix[4]arene LB films are
transparent at λ D 632.8 nm, the extinction coefficient (k) of these
LB films is estimated as zero (k D 0).[40] The SPR curves (pre-
sented as experimentally and fitted) of the bare gold film and
three-layer calix[4]arene LB films are shown in Figure 4. Same
process was carried out for different number of calix[4]arene LB
film layers (6 and 9 layers). All values of LB thin film thickness
and the refractive index are given in Table 1. Figure 5 presents
that the thickness of the calix[4]arene LB films increased linearly
with the number of layers.The calix[4]arene LB film thickness and
the refractive index per monolayer are found as 1.27 § 0.09 nm
and 1.58§ 0.04 by using theoretical (the fitting data) calculations,
respectively. For the refractive indices and thickness of calix[4]
arene LB thin films, similar results were obtained by using the
Winspall curve fitting program. The thickness of the calix[8]acid
LB film is found to be 1.08 § 0.07 nm/deposited layer with a
refractive index value of 1.21 § 0.08.[38] Values of the thickness
and the refractive index of CBTEA LB films were found as
1.14 nm for the thickness per monolayer, and values between 1.64
and 1.82 for the refractive index.[39]

The inset Figure 4 shows the 3-D topographic image of the
calix[4]arene molecules which coated onto the quartz glass sur-
face. This morphological investigation of the calix[4]arene LB film
(3 layers) was fixed by using the dynamic mode of AFM. The
AFM results on a 4 mm x 4 mm scale show that the values of aver-
age roughness (Ra), a root-mean-square roughness (Rq) and the
height of the highest peaks (Rp) were found as 0.73 nm, 0.45 nm
and 4.92 nm, respectively. This sample exhibited nearly uniform
morphology but the molecular clusters. These clusters occurred
during the fabrication of the LB thin film and cause some high
hills in certain areas. While this formation seems adverse situation,
this morphology has proved to be very useful for vapor sensing.
Thanks to this morphology, it can be promoted ingress and egress
of the VOCs into and from the thin film.

3.3. Vapor sensing properties of the calix[4]arene LB film

Figure 6 indicates the photodetector response of the calix[4]
arene LB thin film for organic vapors. The SPR kinetic study
was carried out by injection of dry air and organic vapor for

Figure 2. A schematic of the SPR system including an ideal curve and SPR kinetic measurement.
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2 min, periodically. Dichloromethane, chloroform, benzene and
toluene were selected as harmful organic vapors for the SPR
kinetic study. In the early baseline, calix[4]arene LB film sensor
expose to dry air for 120 seconds and in this period of time, the
response was a stable. The first response of calix[4]arene
between 120 and 125s the SPR kinetic study of the calix[4]arene
LB thin film increased sharply for all harmful organic vapors
because of surface adsorption effect. After the vapor molecules
transported into the calix[4]arene LB thin film, bulk diffusion
effect plays role and the response decreased exponentially. At
the time of 240s, dry air was performed, the response decreased
instantaneously and then recovery process (between 240 and
244s) occurred for all harmful organic vapors due to desorption
of organic vapor. The response of the calix[4] arene LB thin
film sensor possesses a stable value (after 245s) and the sensor
regains the first baseline. Consequently, the quick response
(reproducible and reversible response) is observed to all harm-
ful organic vapors used in SPR kinetic study. Table 2 reveals
the photodetector response shift (ΔIrf) of the calix[4]arene LB

thin film against harmful organic vapors and diffusion coeffi-
cients for these vapors. For each vapor, a calculation has been
made and is presented in Table 2. Calix[4]arene LB thin film
chemical sensor sample is observed to be significantly selective
and sensitive to dichloromethane vapor compared to the chlo-
roform, benzene and toluene vapors. All the SPR kinetic meas-
urements of the calix[4]arene LB thin film to harmful organic
vapors were carried out three times. It is fair to say that the
responses of the sensor are reproducible.

The following equation[41] can be used for concentration
changes in time if Fick’s second law of diffusion is applied to a
plane sheet and solved by assuming a constant diffusion coefficient:

C
C0

D x
d
C 2

p

X1
nD 1

cos np
n

sin
npx
d

exp ¡ Dn2p2

d2
t

� �
(2)

where C0 and Care the concentration of the diffusant at time zero
and t. x corresponds to the distance at which C is measured. D is
the diffusion coefficient and d is the initial thickness of the slab.
The concentration terms of the amount of diffusant can be trans-
fered as

MD
Z
V

CdV (3)

where Mis the mass uptake and V is the volume element. If Equa-
tion 2 is considered for a plane volume element and used in Equa-

Figure 3. The dependency between the experimental SPR curves and the angle of
incidence (u). Inset: linear increase of the peak shifts (Du) as a function of number
of bilayers.

Figure 4. Experimentally measured (dots) and fitted (lines) SPR curves for bare
gold surface and 3-layer calix[4]arene LB film. Inset: AFM image for a 3-layer LB
film.

Table 1. The film thickness and refractive index of the calix[4]arene thin films.

Number of layers Thickness (nm) Refractive index

Calix[4]arene LB thin film 3 3.60 1.54
6 8.30 1.59
9 11.20 1.63

Figure 5. The thickness of the calix[4]arene LB layers as a function of layer.

JOURNAL OF MACROMOLECULAR SCIENCE, PART A: PURE AND APPLIED CHEMISTRY 529



tion 3, the following equation can be reached.[42]

Mt

M1
D 1¡ 8

p2

X1
nD 0

1

.2nC 1/2
exp ¡ .2nC 1/2Dp2

d2
t

� �
(4)

where Mt and M1 , represent the penetrant mass sorbed into the
deposited film at time t and at equilibrium state, respectively Equa-
tion 5 represent early time approximation[43] of the Equation 4
and can be used to interpret swelling datas.

Mt

M1
D 4

ffiffiffiffiffiffiffiffi
D
pd2

r
t
1

2= (5)

Figure 6 shows the kinetic SPR data which is used to
obtainthe calix[4]arene LB film parameters due to swelling.
The normalized intensity of reflected light against swelling time
where the consolidation process involves setting the time to tD
0 for each swelling cycle is given in Figure 7. When the dura-
tion of vapor exposure increased, the intensity of reflected light
decreased. This can be explained with the chain inter diffusion
between calix[4]arene chains during vapor exposure. As the
saturated dichloromethane vapors penetrate into calix[4]arene
LB film, the calix[4]arene chains interdiffuse and transparency
of the calix[4]arene LB film increases, which results in the
decrease of intensity of light reflected from the calix[4]arene LB
film. These results can be concluded the amounts of diffusant
entering the calix[4]arene LB film Mt ; that is, the intensity of
reflected light should be directly proportional to Mt .

[41,44]

Equation 5 now is given by:

Mt

M1

� �
ffi Irf .t/

Irf .1 /

� �¡ 1

D 4

ffiffiffiffiffiffiffiffi
D
pd2

r
t
1

2= (6)

where Irf .t/ and Irf .1 / are the intensities of reflected light at any
time, t and saturation point in Irf , respectively. The normalized
intensities of reflected light [Irf .1 / 6 Irf .t/] are plotted in Figure 8
for the square root of swelling time respect to Equation 6. The
diffusion coefficients (Ds.) for the swelling of calix[4]arene film
were found using the slopes of the linear graphs in Figure 8.

As shown in Figure 6, the photodetector response changes
(DIrf) of the calix[4]arene thin film sensor for the organic
vapors are observed as dichloromethane > chloroform > ben-
zene > toluene. Also, the values of diffusion coefficient are
found to be 5.10 £ 10¡16 cm2s¡1, 3.84 £ 10¡16 cm2s¡1, 2.91
£ 10¡16 cm2s¡1 and 1.99 £ 10¡16 cm2s¡1 for dichlorome-
thane, chloroform, benzene and toluene, respectively. Similar
ordering is observed both the photodetector response changes
and diffusion coefficients for harmful organic vapors. The
interaction between these harmful organic vapors and the
calix[4]arene LB thin films is considered to be a physical
absorption through a hydrogen bonding or dipole/dipole inter-
action.[45] The high values of the photodetector response
change and diffusion coefficient are obtained for dichlorome-
thane and chloroform vapors (chlorinated aliphatic hydrocar-
bons) compared with benzene and toluene vapors (aromatic
hydrocarbons). This may be illuminated by the high and low
dipole moment values of organic vapors and this effect is pre-
sented by previous studies in the literature.[46,47] The order

Figure 6. The photodetector response of the calix[4]arene LB film for organic vapors.

Table 2. The physical properties of the organic vapors.

Organic vapors Molar volume (cm3 mol¡1) Dipole moment (D) Viscosity (cSt) (ΔIrf) D(cm2s¡1)£10¡16

Dichloromethane 64.10 1.60 0.324 48 5.10
Chloroform 80.70 1.08 0.380 30 3.84
Benzene 86.36 0 0.744 24 2.91
Toluene 107.10 0.36 0.680 17 1.99
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between the values of dipole moment and the diffusion coeffi-
cient of organic vapors is similar (seen in Table 2). This can
be also explained with the fact that the molar volume of tolu-
ene (107.10 cm3 mol¡1) and benzene (86.36 cm3 mol¡1) are
bigger than the dichloromethane (64.10 cm3 mol¡1) and chlo-
roform (80.70 cm3 mol¡1). While chlorinated aliphatic hydro-
carbons molecules can easily diffuse into the calix[4]arene thin
films, the penetration aromatic hydrocarbons molecules into
the same LB films is slower and difficult (seen in Table 2 and
the inset in Figure 8). Similar relationship can also be
observed with the effect of viscosity. The viscosity values of
aromatic hydrocarbons (0.680 and 0.744 cSt) are higher than
the chlorinated aliphatic hydrocarbons (0.324 and 0.380 cSt).
While benzene and toluen molecules can difficulty penetrate
into calix[4]arene LB films, the diffusion of dichloromethane
and chloroform molecules into the same LB films is slower.
(seen in Table 2).

4. Conclusions

In this study, the calix[4]arene was characterized and investi-
gated its chemical vapor sensing properties using AFM and
SPR techniques. The calix[4]arene LB film transfer on the
solid substrate has been found to be successful with a high
transfer ratio of » 95%. Also, a linear relationship between
Du and the number of the calix[4]arene LB film layer displays
that the calix[4]arene molecules are deposited orderly and
equal mass per unit area onto solid substrates. The refractive
index and the film thickness of the calix[4]arene LB films are
found to be as a 1.58 § 0.04 and 1.27 § 0.09 nm, respec-
tively. SPR kinetic measurements show that the response to
chlorinated aliphatic hydrocarbons (dichloromethane and
chloroform vapors) is higher than the aromatic hydrocarbons
(benzene and toluene) organic vapor. The SPR kinetic results
can be explained with the physical parameters of organic
vapors such as molar volume, viscosity and dipole moment.
The response has been attributed to hydrogen bonding
between the calix[4]arene LB film and the harmful organic
vapor molecules or dipole/dipole interaction. The harmful
chemical vapor sensing results showed that the calix[4]arene
LB thin film chemical sensor element has potential applica-
tions on improving of organic vapor sensing devices.
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[38] Çapan, R.; €Ozbek, Z.; G€oktaş, H.; Şen, S.; _Ince, F. G.; €Ozel, M. E.;
Stanciu, G. A.; Davis, F. Characterization of Langmuir-Blodgett
Films of a Calix[8]arene and Sensing Properties Towards Volatile
Organic Vapors. Sens. Actuators B 2010, 148, 358–365.
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