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Abstract
Agroup of lower rimmodified lipophilic calix[4]arene derivativewith phosphonic acid groupswere
used to fabricate the spin coated thin films. Chlorinated volatile organic solvents; chloroform,
dichloromethane and carbon tetrachloridewere selected for a deep investigation of their interaction
with the thin films. The thin films possessed higher affinity to dichloromethane and chloroform
vapor comparedwith the carbon tetrachloride vapor in themanner of the physical properties of the
vapormolecules such as dipolemoment, refractive index, vapor pressure andmolarmass. The sensor
parameters; response/recovery times, reproducibility, sensitivity, limit of detection and quantifica-
tionwere studied via the real time kinetic interaction. Sensitivity value up to 1.29× 10−3 ppm−1 was
calculatedwhere the LODand LOQvalues were obtained down to 2–3 ppmand 7–13 ppm,
respectively. Response timeswere in the range of 1–2 s and recovery timeswere between 2 to 4 s for all
measurements. In other respects, the kinetic data was used to adopt to the Ficks’ law of diffusion
model for the calculation of the diffusion constants and a two-region diffusionmodel was accepted
where the values of the diffusion constantswere found to be between 0.21–12.09× 10−15 cm2 s−1 for
the first region and 0.12–6.41× 10−17 cm2 s−1 for the second region of the interaction. The nature of
the complexation capacitywas investigated via density functional theory calculations. The energy
gaps between the LUMOandHOMOof calixarene complexes were calculated as 0.60 eV for carbon
tetrachloride and 0.58 eV for dichloromethane complexes, whereas the energy gaps for calix-
chloroformwere found to be 0.51 eV, respectively. After overall assessment the highest sensing
performance calix derivativewas found to beCT4PAwith four phosphonic acid groups. Theoretical
datawas found to be in good correlationwith the experimental data.

1. Introduction

Polychloromethanes (PCMs) are a class of chlorinated volatile organic compounds (Cl-VOCs); widely used as
solvents and degreasing agentswhich are commercially used in a variety of products can be found
contaminated in soil, atmosphere and any kind ofwater sources including river, lakes or underground. Their
use in industry in terms of in both processing and production, pharmaceuticals, dry cleaning and etc took place
in human life over the past decades [1]. PCMswere reported by several studies [2–4] as the chemicals which
exhibit serious health effects that could not only degenerate the liver and kidney toxicity but can also result into
acute effects on the central nervous system such as depression, headache and dizziness.Members of the PCMs;
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dichloromethane (CH2Cl2), chloroform (CHCl3) and carbon tetrachloride (CCl4) are colorless liquid volatile
organic compounds at the room temperaturewhich the threshold limit value for each of themwas reported as
50 ppm, 10 ppm, and 5 ppm, respectively. Theywere classified inGroupBwhich represents the possibly
carcinogenicity for humanAccording to International Agency for Research onCancer (IARC) [5].

For the detection of the PCMs, calix[n]arenemolecules are good candidates asmacrocyclic receptors
because of their bowl shaped cavitand structure. Their chemical structure facilitates to design both upper and
lower rim by tailoring the favorable host structures. These functional groups provide the binding of the guest
molecules via several kinds of non-covalent interactions aswell as allowing the guestmolecules’molecular
encapsulation into their enclosed interior structure [6, 7]. Several gas sensing applicationswhich enable to trap
a variety of toxic gasmolecules into the variable cavity structure at low concentrationswere studied [8]. The
suitable chemical structure for the fabrication of the thin films via different techniques such as self-assembly
[9], Langmuir—Blodgett (LB) thin film fabrication [10] and spin coating [11]were used to analyze the
calixarene layers.

The detection of the toxic volatile organic compounds (VOCs) can bemade using several transduction
methods such as gravimetric [12], electrical [13] or optical [14]. The Surface PlasmonResonance (SPR)
technique is a powerful technique for the detection of guestmolecules by a thin film coated onto ametal thin
layer. Tracking themolecular interactions in real time diagnostics with high sensitivity, ranging from cells to
smallmolecules present advantages on the detection of themolecular binding interactions. Other optical
methods however have similar abilities, SPR is themost stable andwidely used technique tomeasure the
binding kinetics, affinity and concentration ofmolecular interactionswith its large sensing area [14–16]. SPR
has distinct advantage over radioactive or fluorescent labelingmethods on being cost effective [17].
Electrochemical detection equipment is simple and low cost howevermany targetmolecules do not directly
transfer electrons to the electrode.Moreover, electrochemical detection is affected by electrochemical and
environmental noise, therefore its sensitivity will be limited [18]. QCMsensor devices comparedwith the SPR
sensor devices has the disadvantage of limited selectivity which depends on the availability of the coating layer
[19]. The first quantitative study on the comparison of theQCMand SPR techniqueswas on a biosensor device
similar performancewas shownwith parameters such as thicker functionalization layers or flow-injection
apparatus designmay change the results [20]. Further studies on the comparison of two techniques leaded the
fabrication of simultaneousQCM/SPR chip avoiding the individual limitations of each sensor system [21] or
combined use of two distinct techniques [22].

Plane polarized beamof light directed through the interface of themetal film and the dielectric thin layer is
totally internal reflected at a special angle of incidence that the resonance of the plasmons occur. The excellent
sensitivity of the resonance angle to the thickness and/or the optical parameters of the thin layer enables the
detection of the analytes [23]. Calixarenemolecules attracted great attention by the researchers whomworking
on SPR gas sensing decades ago, since thenmany studies have been carried out on this field [24].Many volatile
organic compound groups including alcohols [25, 26], aromatic hydrocarbons (BTEX) [27, 28]were studied
using SPR instrument. Studies on the detection of several VOCs shown that the high sensing performance can
be achieved inCl-VOCs sensing among a number of VOCs. Previous study on the LB thin films of picoline
amide based calix[4]arene shownhigh sensing performance to chloroform vapor among the analytes; acetone,
benzene,methanol, ethyl acetate [29]. Chloroform sensing properties of LB thin films of calix[8]arenes and
calix[4]arenes revealed the highest sensing ability among the other vapors; benzene, toluene and ethyl alcohol
[30, 31]. The phosphonated calix[4]arene thin filmwhichwas fabricated via the LB thin film fabrication
techniquewas exposed to chloroform, dichloromethane, carbon tetrachloride, ethanol, benzene, and toluene
was found to be selective toCl-VOCs among all analyte vapors [32]. During the preparation of smartmaterials,
chemicalmodification of rawmaterials with phosphoric acid groups not only increases the presence of electron
donor functional groups on the surface of thematerial but also improves thermal stability and surface acidity as
well as high specific surface area and good vapor adsorption capacity. Therefore, phosphoric acidmodified
smartmaterials have promising applications in the capture ofVOCs [33].

The gas sensingmechanisms and the adsorptionmodels of the vapormoleculeswith the calixarene layers
were studied [34, 35]. Calix[n]arenes (n= 4, 6 or 8) are an important and interesting class ofmacrocyclic
receptors due to variety in their cavity diameters. Especially, presence of two different hydrophobic (upper rim)
and hydrophilic regions (lower rim), can play an important role in the detection and early warning of pollutants
in the air [8]. Calixarenes are specific and sensitivemolecules for detection due to their porous structure, which
allows diffusion inside the film.A large number of surface characterization techniques such as the Langmuir–
Blodgett films, surface acoustic wave oscillator, andmass sensitive quartzmicro balance/quartz crystal
microbalance are being usedwith different calixarene derivatives. These techniques provides to investigate the
possible interaction or association between host (calixarenes) and the guest (gasmolecules) [8]. Especially, calix
[4]arene derivativeswhich have a typical symmetrical bowl shape have attracted great interest as hostmolecules
for both organic and inorganic guests due to their lower-edgeH-bond interactions [36].
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In this work the spin coating thin film fabrication techniquewas used to fabricate the calixarenemolecules
onto solid substrates with different solution concentration values ranging between 1mgml−1 and 3mgml−1.
Fabrication process was controlled byUV-Visible spectra and the SPR curve investigation. The PCMs sensing
properties of the calixarene thin filmswere investigated using the SPR instrument. The sensor parameters;
Sensitivity (S), Limit ofDetection (LOD), Limit ofQuantification (LOQ)were calculated. The Fick’s law of
diffusionwas utilized to analyze the kinetic data, enabling the calculation of diffusion coefficients. The nature
of the complexation capacity was investigated via density functional theory calculations. Geometric
optimizations and theoretical calculations ofCT4PA and its inclusion complexes were verified by applying
density functional theory.

2. Experimental

2.1.Materials and synthesis
The chemical structures of the phosphonic acid derivatives of lipophilic calix[4]arenes 25,27-Bis
(diethoxyphosphonoxy)-5,11,17,23-tetra-ter-butyl-26,28-dihydroxycalix[4]arene (CT2PA), 25,27-Bis
(diethoxyphosphonoxy)-26,28-dihydroxycalix[4]arene (C2PA), and 25,26,27,28-tetra
(diethoxyphosphonoxy)-5,11,17,23-tetra-ter-butyl-calix[4]arene (CT4PA). were presented in Scheme 1.
Phosphoric acid derivative of lipophilic calix[4]arene derivatives (CT2PA,C2PA, andCT4PA) have been
synthesized fromunmodified calix[4]arenes (C and/orCT). Firstly, unmodified calixarenes have been
converted corresponding phosphate ester derivatives (CT2P,C2P and/orCT4P)with diethyl chlorophosphate
in presence of triethylamine.Obtained phospho-esteryl groups of calixarene derivatives (CT2P,C2P and/or
CT4P)have been easily hydrolyzedwith bromotrimethylsilane to obtain targeted phosphoric acid derivatives
of calixarenes (CT2PA,C2PA andCT4PA). All analytical data pertaining to their structural analysis are in
excellent agreementwith previously published results in the literature [37].

Scheme 1. Synthesis of phosphoric acid derivatives of lipophilic calix[4]arene involves the following steps: i) reaction of phenolwith
AlCl3 in toluene; ii) treatmentwith triethylamine (TEA) and diethyl chlorophosphate in chloroformunder reflux; iii) addition of
bromotrimethylsilane in amixture of chloroform andmethanol.
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The solutionswere preparedwith the concentrations of 1mgml−1, 2mgml−1 and 3mgml−1 using
chloroform (supplied fromSigmaAldrich 99%and usedwithout further purification) for each calixarene
materials and used for the fabrication of the thin films.

2.2. Thin film fabrication
The spin coating techniquewas chosen for thin film fabrication to ensure the rapid formation of calix
molecules on a solid surface. For this purpose,manually controlled Special Coating Systems (SCS)G3P-8
model spin coater was employed. A schematic representation of the spin coating instrument is presented in
figure S1. 50 nm thick gold coated 20× 20× 1mmglass slides (supplied fromTEKNOTIP, Turkey)was
cleanedwith chloroformultrasonically. The substrate was securelymounted onto the holder andmaintained in
place during spinningwith the assistance of a vacuumpump. Rotation parameters were introduced to the spin
coater via the control panelmanually. Thin films of the calixmoleculeswere fabricated in three steps
immediately after the injection of 100 μl of the solution onto the substrate. In the first step the rotating table
whichwas staying still starts tomove so that spinning speedwas increased up to 500 rpm in 11 s. During the
second step spinning speedwas increased to 1000 rpm in 25 s and kept constant at this spinning speed for
another 10 s. Finally, the rotating tablewas stopped in 25 s from the spinning speed of 1000 rpmdown to the
stationary situation.

2.3. Vapor sensing properties of the spun thin films
BIOSUPLAR6Model 321 Surface PlasmonResonance (SPR) systemwas employed to explore the vapor
sensing properties of the calix thin films. The schematic illustration of the system is presented in figure 1(a).
System consists of a rotating headwhich the thin film is attached onto, a laser source and a detector; all these
components are computer controlled. The rotating head is composed of a glass prismwith a refractive index of
1.517whichmeets theHe-Ne laser light of beam (632.8 nm) and projects the totally internal reflected light of

Figure 1. Schematic representation of the (a) SPR system, (b) SPR curve, and (c) kineticmeasurement.
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beamonto the detectorwith an angular resolution of 0.003°. The thin filmdeposited onto a 50 nm thick gold-
coated glass substrate is attached onto one of the prisms’ surfaces via indexmatching fluidwith the same index
of refraction as the glass prism. The gas cell ismounted onto the thin film surfacewhich has inlet and outlet for
the injected gas vapor. Themovement of the rotating head provides the laser beam to be absorbed as result of
the surface plasmon resonance at the special angle of incidence values (θspr)where because of the absorption of
the laser beam, detected amount of the reflected light of intensity dramatically decreases. This phenomenon is
observed via the SPR curves. Figure 1(b) presents the SPR curve for the uncoated gold substrate, the calix thin
film coating, and the same thin film exposed to chlorinatedVOCmolecules.

The θspr depends on the optical constants of the prism and themetal film and expressed as [38]:

( )
( )

/

=
+
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1
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M

P M
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where εP and εMdenote the dielectric constant of the glass prism andmetal film, respectively. The shift in the
resonance angle resulting from the deposition of a thin layer on themetal surface and/or gas exposure to the
thin filmdepends on the changes in film thickness, d, and the dielectric constant of themetal/thin film, as
described by equation (2), and is expressed as follows [39]:
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where |εM| represents the real component of the dielectric constant of themetal film coated on the gold surface,
while ε denotes the dielectric constant of the thin film. The shift of the θspr in figure 1(b)with respect to gold
substrates’ θspr is directly relatedwith the change in thickness and the optical constants.

The gas sensing properties of the thin filmswere analyzed using the kineticmeasurements inwhich the time
dependent amount of the reflected light intensity ismonitored. A schematic representation of a kinetic
measurement is presented in figure 1(c). Using the SPR curve of the thin film, an appropriate angle of incidence
was selected andmaintained during the kineticmeasurements. The stable reflected light intensity was
monitored for 120 s. ChlorinatedVOCswere injected just after 120 s, resulting in a recorded change in reflected
light intensity over another 120 s at the constant angle of incidence. This changewas due to the interaction
between the gasmolecules and the thin film,which involved a diffusion phenomenon. At the end of this time
interval, dry air was introduced into the gas cell to observe the recovery of the thin film. This experimentwas
repeated for each thin filmusing the saturated chloroform, dichloromethane and carbon tetrachloride vapors
whichwere supplied fromSigmaAldrichwith the purities of 99%. The kineticmeasurementswith the
increasing concentration of the chlorinatedVOCswere obtained by diluting the saturated vapor amountwith
the dry air in different volumes, therefore the 25%, 50%, 75%, and 100% saturated concentrations of each
chlorinatedVOCswere obtained. Allmeasurements were carried through at the room temperature, with a
relative humidity value of 25%.Our previous study on humidity effect of calixarene[4]arene thin using 36%
RHand 76%RHvalues indicated that the humidity effect can be neglected [34].

2.4. Sensor parameters
The sensing characteristics are determined together with the sensor parameters of each interaction. Related
parameters, which include response/recovery times, reproducibility, sensitivity, limit of detection and
quantificationwere achieved via the real time kinetic graphs. Response timewas described as the time needed to
obtain themaximumresponse value after the injection of the vapormolecules. The recovery timewas the time
needed to reach the baseline response value after the injection of the dry air. The reproducibility was assessed by
monitoring the response of the calixarene thin film sensors through reciprocal exposures to the analyte
moleculeswithin the gas cell. Consistent or preferably identical responses in terms of reflected light intensity
indicated that a reproducible sensor had been successfully developed.

In this study, as stated before in the previous section, the volatile chlorinated vaporwas injected into the gas
cell in its saturated form and/or diluted portions of its saturated form. The concentration (c) values of the
saturated vapor in ppmwere calculated by equation (3)which is given by [11]:

( )= ×c
V

MV

22.4
10 3

0

6

whereV0 is the volume of the gas cell,V is the volume of injected vapor, ρ is the density of the selected vapor and
M is the vapormolecular weight. The saturated concentration of the dichloromethane, chloroformand carbon
tetrachloride vapors were calculated as 87.5× 103 ppm, 69.9× 103 ppm, and 57.8× 103 ppm, respectively. This
calculation is needed to obtain very important sensor parameters such as sensitivity (S), limit of detection
(LOD) and limit of quantification (LOQ)parameters of a sensor. The sensitivity gives the quantity, how
sensitive is a sensormaterial per unit concentration of vaporwith the response in terms of reflected light
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intensity rate. The kinetic response datawas used to obtain the calibration curves. Using the slope of the linear
relation between the response rate and the concentration, sensitivity of the sensorwas calculated.

LODandLOQ is relatedwith the sensitivity presented in equations (4a) and (4b) [37, 40]:

( )=LOD
S

a
3

4

( )=LOQ
S

b
10

4

which indicates theminimumconcentration of the vapor that can be detected and accurately quantified
respectivelywhereσ is the standart deviation of the sensing instrument used. All sensor parameters were
obtained andwill be presented in section 3.3.

2.5.Diffusion phenomena of theVOCs into thin films
Fick’s second lawof diffusionwhich offer a time dependent relation between the exposed andunexposed form
of the thin film sensor in terms of the physical change. This lawwas applied to the experimental data to
elucidate the diffusion process of the gasmolecules. The kinetic data was recorded in 120 s of time intervals
therefore data from the 120 s of the interaction interval duringwhich the interaction between the thin film and
chlorinatedVOCmolecules occurredwas extracted from the kineticmeasurements, normalized, and applied
to equation (3). [41], whereMt andM∞ represent the amount of vapor entering the thin film at any time t and
the amount after saturation, respectively. Corresponding to these values, the reflected light intensities are
denoted as Irf (t) and Irf (∞), withD and ao representing the diffusion coefficient and the initial thickness of the
thin film at the beginning of the interaction, respectively. The normalized reflected light intensity decreases
over time, indicating an inversely proportional relationship between the number of vapormolecules diffusing
into the bulk of the thin film and the reflected light intensity, which can be expressed as shown in equation (5).
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The linear relationship between the change in reflected light intensity and the square root of timewas
utilized to calculate the diffusion coefficients by applying the slope of the corresponding graph. The thickness of
the thin filmswas estimated usingWINSPALL softwarewith an accuracy down to 0.001 nm, developed by the
WolfgangKnoll team at theMaxPlanck Institute for Polymer Research inGermany [42]. The softwarewas used
for the thickness and the optical constant determination in the literature [43].

3. Results and discussion

3.1. Thin film fabrication and characterization
Spin coated thin films ofCT2PA,C2PA, andCT4PA calixmaterials were fabricatedwith a constant spinning
speed of 1000 rpm. 100 μL of calix solutionwas injected onto the substrate for all fabrications. Solutions
preparedwith different concentrations (1mgml−1, 2mgml−1, and 3mgml−1)were used to fabricate the thin
films resultingwith different thicknesses. TheUV-Visible spectra of the spin-coated thin films fabricated from
a 2mgml−1 solution are presented in figure S2. The formation of the thin layer is obvious in theUV-Visible
spectra, similar formation of spun calixarene thin layers were presented in the literature [32]. The calixarene
molecules have four aromatic phenyl rings, therefore they generally show strong absorption band at around
257–260 nmwavelength [44]. This is probably due to theπ-π* transition arising from the non-bonding
electron in oxygen [45]. Each thin filmof calix[4]arene derivativeswas characterized by a single absorption
peak at 280 nm, exhibiting a red shift of approximately 20 nm. This shiftmay result frommolecular aggregation
during the film formation on the solid substrate [46].

The alternative way tomonitor the formation of the thin layers was SPR curve investigation. As described in
section 2.3 the fabrication of the thin filmonto 50 nm thick gold coated glass substrate results with a shift of the
angle of incidence according to equation (2). In figure 2(a) the SPR curves for uncoated gold layer, spun thin
films of calixmaterials using the solutionswith the concentration of 2mgml−1 were presented. The gold layer
has an SPRminimum (θspr) of 43.95°where this valuewas shifted to 47.08°, 46.71° and 46.34° forCT2PA,
C2PA, andCT4PA thin films, respectively. The formation of a thin layer of the calixmolecule is obvious for all
materials. Different solutions preparedwith the concentrations of 1mgml−1 and 3mgml−1 were used to
fabricate the thin filmswith different thicknesses. The thin films preparedwith the solution concentration of
1mgml−1 was expected to have a thinner film and the thin filmpreparedwith the solution concentration of
3mgml−1 was expected as a thicker thin filmwith respect to the ones fabricated using 2mgml−1 of the solution
concentration. In figure S3 the SPR curves of theCT2PA,C2PA, andCT4PA spun thin filmswere presented
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respectively for the increasing concentration of the solution. The shifts of the θspr were listed in table 1with
respect to the uncoated gold layer. The increasing demandwith the increasing concentrationwas observed in
all thin films except theCT2PA thin film fabricatedwith a solution concentration of 2mgml−1.

By fitting the experimental SPR curve data to the equations (1) and (2), using theWINSPALL software,
optical constants and the thickness of the calix thin filmswas estimated. The refractive index of the calix
moleculeswas introduced as 1.5 and the extinction coefficient was equalized to zero referring to the previous
studies [25, 47]. Thicknesses (d) of the thin filmswere fitted accordingly for all thin films under investigation
and presented in table 1. An example of the fitting curve residingwith the experimental SPR curve data of the
CT2PA calix thin film fabricated using the solution concentration of 2mgml−1 is presented in figure S4. The
estimated thickness values between 8.59 and 15.61 nm is in accordancewith previous studies [32]with similar
calixarenematerial. Additionally, the increase in thickness with the increasing concentrationwas observed for
all calixmaterials as predicted.

TheNT-MDTAFMNTEGRASolarismodel was utilized for atomic forcemicroscopy (AFM) analysis. The
instrumentwas operated in non-contactmode under ambient air conditions to investigate the surface
properties of the films. Themorphological characteristics of films on untreated,CT2PA-coated,C2PA-coated,
andCT4PA-coated glass substrates were investigated usingAtomic ForceMicroscopy (AFM) andContact

Figure 2. SPR curves of calix thin films (a)with the solution concentration of 2mgml−1 (b)CT2PA thin films fabricatedwith a
solution concentration of 2mgml−1 during exposure to chloroform, dichloromethane and carbon tetrachloride vapors compared
with the unexposed thin film and the SPR curves of the thin film after the exposure.

Table 1.The thickness, extinction coefficients and SPR angleminimumshift (Δθ)
values of the spun calix thin films fabricatedwith solutions of different concentrations.

Thin film
Solution concentration

1mgml−1 2mgml−1 3mgml−1

Δθ (0) d (nm) Δθ (0) d (nm) Δθ (0) d (nm)
CT2PA 1.91 8.59 3.13 10.32 2.82 11.92

C2PA 1.99 9.01 2.76 11.82 3.10 13.00

CT4PA 1.65 10.38 2.31 10.61 3.85 15.61
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Angle (CA) analysis. Figure 3 presents AFM images of the spin-coated thin films over a scanning area of
5× 5 μm2, illustrating both 2D and 3D topographic representations of the calixarene derivative-coated
substrates, which display a relatively uniformdistribution across the glass surface. TheAFManalysis reveals
that the roughness values for the bare and coated glass surfaces are 0.2508± 0.09 nm, 0.4269± 0.11 nm,
5.0908± 0.26 nm, and 3.6855± 0.21 nm, respectively. Furthermore, the rootmean square (rms) roughness
values for these samples are 0.3268± 0.11 nm, 0.6804± 0.14 nm, 6.4868± 0.33 nm, and 4.6683± 0.25 nm,
respectively. These findingsmay be attributed to the presence of phosphoric acid and tertiary butyl groups in
the calixarene derivatives.

Figure 3. 2D and 3DAFM images andwater contact angles of bare (a),CT2PA coated (b),C2PA coated (c), andCT4PA coated (d)
glass surfaces.
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Contact anglemeasurements were conducted using theKSVCAM200 instrument. Five consecutive
measurements at different locations on the film surfacewere performed by assessing the contact angle of 5 μl
sessile water droplets on the spunfilms. The average values obtainedwere employed for contact angle analysis.
Insets of figure 3 display representative contact anglemeasurements for the spun film surfaces. The equilibrium
contact angles for the bare,CT2PA-coated,C2PA-coated, andCT4PA-coated glass surfaces aremeasured at
6.12° ± 0.57°, 62.26° ± 0.93°, 47.55° ± 1.07°, and 26.83° ± 1.21°, respectively. It can be inferred that thewater
contact angle decreases with an increasing number of phosphoric acid groups present on the lower rimof the
calixarene skeleton.

3.2. Responses of SPR curveswith the injection of chlorinatedVOCs vapors
The first observation of the gas sensing properties of the calix thin filmswas the alteration in the SPR curves
during exposure to vapormolecules. The SPR curves for theCT2PA calix thin film, fabricated froma solution
concentration of 2mgmL−1, are presented in figure 2(b) for the unexposed film, during exposure to saturated
vapors of chloroform, dichloromethane, and carbon tetrachloride, and after flushing the gas cell with dry air.
The SPR curves from the same experiment for theC2PA andCT4PA thin films are shown in figures S5(a) and
(b), respectively. Following the injection of saturated chlorinatedVOCvapors into the gas cell, a shift in the SPR
curve to greater angles was observed, with recovery evident for all calix thin films after gas exposure. It is
anticipated that the vapormolecules interact with the thin film in two steps: first through surface interaction,
followed by diffusion into the bulk volume of the thin film. These two effectsmay alter the thickness and/or
optical constants of the thin film, resulting in a shift in the resonance angle as described by equation (2).

The highest shift observed during the interaction of the thin filmswith theCH2Cl2 vaporwas remarkable
so, the interaction of theCH2Cl2 vaporwas deeply investigated for the calix thin films fabricatedwith the
solutions of different concentrations. The shifts in the SPRminimumwere listed in table 2 for all calix thin films
under investigation. Themaximum shifts among the chlorinatedVOCs vapors were observed for CH2Cl2
vapor for the thin films fabricatedwith a solution concentration of 2mgml−1. Amount of the shift in the SPR
anglewas in the order ofCT4PA>CT2PA>C2PA substantially for the three chlorinated vapors.

Theminimum interactionmagnitude among the chlorinated vaporswere carbon tetrachloride. This
phenomenon can be explained via the physical properties of the vapors presented in table 3. It is well
established that a higher dipolemoment of the vapor enhances the interaction between the gas vapormolecules
and the thin filmmolecules through reversible dipole–dipole interactions [48, 49]. Carbon tetrachloride vapor
that has no dipolemomentwas not able to incorporate into this kind of interaction. Chloroform and
dichloromethane vapors both having net dipolemomentswere holding this physical advantage during the
interaction process.

Higher vapor pressure of the vaporsmay be another important physical property that affects the sensing
properties [10]. The lowest vapor pressure of the carbon tetrachloride vapor between all vapors examined is
also obvious in table 3 that can also be another concluding remark to explain its low interactionwith the
calixarene thin films.

Table 3.Physical properties of the analyzed chlorinated solvents.

Vapor

pressure at

25 °C (kPa)

Refractive

index at

20 °C

Dipole

moment

(D)

Molar

mass (g
mol−1)

CH2Cl2 57.3 1.4244 1.6 84.93

CHCl3 25.9 1.4459 1.15 119.37

CCl4 11.94 1.4607 0 153.81

Table 2. Shift in the angle of incidence as a result of the exposure to saturated
chlorinated vapor exposure.

Δθ(0)

1mgml−1
2mgml−1

3mgml−1

CH2Cl2 CHCl3 CH2Cl2 CCl4 CH2Cl2

CT2PA 0.34 0.4 0.54 0.01 0.73

C2PA 0.15 0.13 0.14 0.02 0.10

CT4PA 0.36 0.5 0.54 0.13 0.99
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The interaction of vapormoleculeswith the calixarene thin films is characterized by a diffusionmechanism
that beginswith surface interactions, followed by subsequent diffusion into the bulk of the thin film [8]. The
porous structure of the calixarene layers allows the diffusion of the vapormolecules into the thin filmmatrix
evenwith low concentrations. This yields a low volume, thus a lowmass of a vapormolecule to diffuse into the
bulk structure of the thin film. Biggermolarmass of themoleculemay reduce the diffusion of the gasmolecules
into the bulk of the thin filmwhich can clarify the very low interaction of CCl4 vapormoleculeswithin the thin
film [44]. The shift of the SPR curve during the gas interaction is a result of the change in the optical constants
therefore, the gap between the vapormolecules’ and the thin films’ refractive indexes (Δn)may be effective on
the SPR curve shift [50, 51]. The refractive index of the calix thin filmswas 1.5 so, the biggest gap between the
thin film and the vapormolecules was existing in the order of CH2Cl2>CHCl3>CCl4which is similar with the
interactionmagnitude order. Similar results were also revealed in the literature in the previous studies [11, 44].

The interaction of theCH2Cl2 vaporwith the thin filmwas deeply investigated because of thin films’ highest
response toCH2Cl2. The concentration dependencewas studied by the fabrication of the thin filmswith the
solution concentrations of 1mgml−1 and 3mgml−1 in addition to the thin film fabricated using the solution
concentration of 2mgml−1. The response values in terms of the SPRminimum shift (Δθ)was increasingwith
the increasing solution concentration forCT2PA andCT4PA thin films; correlatively increasingwith the
thickness. The effect of the thickness of the layers on the responsewas shown in the literature [52]which
concentrate on the thickness dependence of themixed porphyrin and calixarene thin films’ response. Thicker
the thin film facilitates the interaction of the gasmoleculeswith the bulk volume of the thin film through
diffusion, whichwill be explained in the oncoming sections. The response for theC2PA thin filmwas the
opposite of this behavior, whichmay be relatedwith itsmolecular structure.

3.3. Kinetic responses of calix films and sensor parameters
Time dependent responses in terms of the reflected light intensity changeΔI (a.u.) during the exposure to
vapormoleculeswere presented in figure 4. The kinetic response of the thin films fabricated using the solution
concentration of 2mgml−1 were used to investigate the response towards the increasing concentrations of the
chlorinated solvent vapors. All thin films determine an increasing demand in the reflected light intensity
accompanied by the increasing vapor concentration. Four reciprocal exposures of the saturated vapor
concentrations under investigationwere presentedwith the inset of the figures. The inset possesses a similar
response in each cycle supporting the reproducibility of the calixarene thin sensor layers. At the end of each
cycle as a result of dry air injection, the reflected light intensity is recovered to the initial value. This allows the
ending of the host–guest interactionwhich is reversible in nature, therefore, the stability of the interaction is
obtained. Similar results were observed in previouswork [53]. The highestmagnitude of the responsewas
observed for theCT4PA thin filmduring exposure of each chlorinated volatile vapors. The smallest response
was observed for theC2PA thin film. The different adsorption behavior of volatile organic compoundsmay be
attributed to the both different symmetry and polarity of chlorinated vapors, and presence of polar phosphonic
acid units of calix[4]arene skeleton. But the relative amounts of adsorption response towards volatile organic
compounds are also influenced by number of phosphonic acid groups onto the lower rimof calix[4]arene
skeleton. Because, a large number of electron donor phosphonic acid units on the surface of thin film increase
the dipole–dipole and hydrogen bonding interactions between calixarene skeleton and organic vapors [54].
Comparing the numbers of phosphonic acid units available on the lower rimof calixarene skeleton (phenolic
hydroxy groups),CT4PAhaving four phosphonic acid units have shown excellent binding response towards
dichloromethane vaporwhich has high dipolemoment value (1.60D)with respect to the other chlorinated
vapors, chloroform (1.04D) and carbon tetrachloride (0D) [32]. Furthermore, it is possible that the interaction
between the chlorine atomof dichloromethane and the lone pair electrons of the phosphonic acid groups in
CT4PA facilitates the preorganization of themacromolecule through optimal dipole–dipole interactions.
Additionally, although all the calixarene derivatives share the same chemical structure,CT2PA andC2PA,
which contain two phosphonic acid units at their 1,3-distal positions [55, 56], do not provide suitable dipole–
dipole binding sites for the otherVOCmolecules compared toCT4PA.

Similar effect was observed for the thin films fabricated using different solution concentrations (1mgml−1

and 3mgml−1). Kinetic graphswere given in figure S6 for theCT2PA,C2PA, andCT4PA thin films fabricated
via solutionswith different concentrations. The increasing responsewith the increasing concentrationwas
observed for all thin filmswhere the least responsewas observed for theC2PA thin film.

Kinetic interaction between the vapormolecule and the calixarene thin filmwas carried on for 2 min for
each experiment. The interaction interval of a few secondswas obtained for all calixarene-vapor interaction. A
longer period of time—10minwas let the calixarene thin film to observe any differencewhichmay occur in the
interaction characteristics. The kinetic graphwas presented in figure S7 showing the long termkinetic
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interaction. It is observed that the kinetic characteristics was not changingwith time. The period of 120 swas
sufficient to observe the calix thin film - vapor interaction.

The quantification of the sensor response is important for a deep investigation of a calixarene sensor.
Therefore, the sensor parameters such as response/recovery times, sensitivity and LOD/LOQvalues of each
calixarene thin film sensorswere studied. The response times obtained using the kinetic graphswere between
1–2 s and the recovery timeswere between 2–4 s for all calixarene thin film sensors. The time interval was not
dependent on the calixarene type (CT2PA,C2PA,CT4PA) andwas not affectedwith any of the chlorinated
vapor type under examination. The previous gas sensing studies on the calixarene layers in the literaturewere
reviewed and similar response and recovery timeswere confirmed. The response and recovery range in just a
few secondswere reached for the dichloromethane vapor as distinct from the other volatile vapor toluene and
explosive vaporDNT [12]. Another study involving calix[4], calix[6] and calix[8] also revealed the response and
recovery times of only a few seconds through volatile organic vapors such as chloroform, benzene, toluene and
ethanol [53].

Following sensor parameters; sensitivity, LODandLOQwere determinedwith the help of the calibration
curves presented in figure 5. The calibration curves of the calixarene thin films fabricated using the solution
concentration of 2mgml−1 were given for each chlorinated vapor. They exhibit an increasing response rate

Figure 4.Kinetic graphs of theCT2PA,C2PA, andCT4PA thin films fabricatedwith the solution concentration of 2mgml−1 during
the exposures chlorinated vaporswith increasing saturated concentrations. Inset in the figures are the kinetic graphs for the
reciprocal exposure of theCT2PA thin films to the analyte vapor under examination.

11

Phys. Scr. 100 (2025) 095403 I Capan et al



with the increasing concentration, with the regression coefficients (R2)near to unity is the evidence of the linear
relation. The calibration curves for the thin films fabricated using different solution concentrations of the
calixarenemoleculeswere presented in figure S6. Similar behaviorwas observed for this calixarene thin film
sensors; the regression coefficients were close to unity and the linear dependence of the response rate with the
vapor concentrationwas obvious as expected. The slopes of the linear lines; sensitivities (S)were presented in
table 4 in terms of the response rate per concentration in ppmof the related chlorinated vapor for all thin films
under investigation. Accordingly, the LODand LOQvalues of the calixarene thin filmswere calculated using
the equations (4a) and (4b) and presented in table 4. Among the chlorinated vapors under examination the
maximum sensitivity values were obtained for the chloroformvapor. This behavior is accompanied by the
minimumvalue of LODandLOQvalues for the thin films fabricated under the same conditions. A dependence
of the solution concentration on the responsewas not observed.

Previouswork on theVOCs sensing properties of the calixarene thin layers and reported sensor parameters
are listed in table 5. The LODvalues in the SPR studywith LB thin films of the pyridinemodified calixarene thin
filmsweremuch higher than this work [57]. Additionally, spun phosphonated calixarene bearing crown ether

Figure 5.Calibration curves for the kineticmeasurements for each chlorinated vapor.
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thin films also shownmuchhigher LODvalues comparedwith this work [32]. Spun thin films of sulfonated
calixarenemolecules shownbetter LODvalues [11]where the best LODvalues in the literaturewas obtained
with the LB thin films of phosphonated calixarenemolecules [37]. In addition to this, reported response times
are in accordancewith this work. Among several group of VOCs listed, chlorinated compounds feature heavily
in higher sensitivity levels with lower limit of detection values. Therefore, we preferred to focus on the
chlorinated vapor sensing in this work.

3.4.Density functional theory calculation
Tobetter understand the nature of the complexation capability ofCT4PAwith volatile organic compounds
(CCl4, CH2Cl2, andCHCl3), geometric optimizations and theoretical calculations ofCT4PA and its inclusion
complexeswere verified by applying density functional theory (DFT)with B3LYP and 6-311G (d, p) basis. DFT
calculationswere conceded usingGaussian 09 program [58]. The optimized geometries ofCT4PA and its
inclusion complexation forms are given in figure 6. In the complex, VOCcompounds generally prefer to
coordinatewith phosphonic acid units ofCT4PA by dipole–dipole interactionmechanism. LUMOand
HOMOdispersions and energies of complex structure ofCT4PAwere calculated. As shown in figure 6., the

Table 4. Sensitivity, LODand LOQvalues of the calixarene thin film sensors.

Analyte vapor
CH2Cl2 CHCl3 CH2Cl2 CCl4 CH2Cl2
1mgml−1 2mgml−1 3mgml−1

CT2PA S× 10−3(ppm−1) 0.84 0.85 0.39 0.45 0.56

LOD (ppm) 4 4 8 7 5

LOQ (ppm) 12 12 25 22 18

C2PA S× 10−3(ppm−1) 0.18 0.23 0.14 0.16 0.14

LOD (ppm) 16 13 21 18 21

LOQ (ppm) 55 40 69 61 71

CT4PA S× 10−3(ppm−1) 1.03 1.29 0.93 0.77 1.43

LOD (ppm) 3 2 3 4 2

LOQ (ppm) 10 8 11 13 7

Table 5.Comparisonwith the previouswork.

Method Studied analyte vapors Sensitivity LOD (ppm) Response time References

Dichloromethane Hz ppm−1

Chloroform 2.023

QCM Benzene (Only for dichloromethane) 1.482 Not reported [54]
Toluene

Intensity shift ppm−1 ×103

Acetone 0.477 7.79

SPR Chloroform 0.394 7.48

Methanol 0.097 14.50 3 s [57]
Ethyl acetate 0.214 6.07

Benzene 0.185 6.52

Response ppm−1 ×103

Chloroform 0.47× 10−3 10.23

SPR Carbon tetrachloride 0.33× 10−3 5.07

Dichloromethane 0.298× 10−3 17.01 Not reported [32]
Ethanol 0.12× 10−3 39.02

Benzene 0.082× 10−3 23.0

Toluene 0.028× 10−3 25.02

Response rate ppm−1

Chloroform 0.152× 10−3 21.71

SPR Dichloromethane 0.115× 10−3 28.69

Carbon tetrachloride 0.078× 10−3 42.31 1–3 s [11]
Trichloroethylene 0.036× 10−3 91.66

ppm−1

Dichloromethane 8.55× 10−4 3.51

SPR Chloroform 9× 10−4 3.33 Not reported [37]
Benzene 15.8× 10−4 1.89

Toluene 17.29× 10−4 1.74
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LUMOandHOMOorbitals are located in different parts ofCT4PA complexes. In the case of inclusion
complexation forms ofCT4PA, HOMOorbital is primarily dispersed on the two phenyl rings and two
methylene bridges of calixarene skeleton [59] for both chloroformand dichloromethanewhereas same orbital
is distributed on both phenyl rings and twophosphonic acid groups ofCT4PA for carbon tetrachloride.
Compared theHOMOand LUMOorbitals, LUMOorbitals are commonly located both onto the entire
molecule (CT4PA) and twophosphate groups of calixarene skeleton in the face of the guestmolecule. The
energy gaps between the LUMOandHOMOofCT4PA inclusion complexeswere 0.60 eV for CCl4, and 0.58 eV
forCH2Cl2 complexes, whereas the energy gaps forCT4PA-CHCl3were found to be 0.51 eV, respectively.
These calculations indicated that LUMO–HOMOenergy gaps of complexes slightly reducedwith increasing
dipolemoment values and stabilized the systemowing to the possible interaction betweenCT4PA andCHCl3
[60]. Therefore, theoretical data are in agreementwith the obtained sensor results.

3.5.Diffusion phenomena of chlorinatedVOCs into calix thin films
The evaluation of the interaction betweenVOCmolecules and theCT2PA,C2PA, andCT4PA thin films—
specifically the adsorption process within the bulk structure of the thin film—warrants thorough investigation.
Ficks’ Lawof diffusionwas used to investigate this behavior inwhich themolar flux is integratedwith the
concentration gradient which is proportional with the diffusion [24]. Thismodel can be used to explain the
VOCs diffusion into the bulk of the thin films. The kinetic data in figures 4 and S6was picked over for the 120 s
of the time period inwhich theVOCsmoleculeswere injected into the gas cell. Normalized datawas presented
in figure S9 for the saturated chloroformvapor exposure toCT4PA thin film. This transactionwas applied to all
data and obtained graph has been converted into the dependence between the Irf (∞)/Irf (t) and t1/2 through
the linear relationship via equation (5) in order to calculate the diffusion constant. The obtained graphwas
presented in figure S9. The linear dependencewas anticipated according to the equationwhere the two linear
regions in each graphwere remarkable. First linear regionwas approximately lasting through the first 10 s of the
diffusion process. This first region ‘adsorption’ offers a fast interaction between the vapor and the calixarene
thin filmwith a steep slope. The interaction between the time interval of 11 s to 120 swas the second region of

Figure 6.Optimize structures and energy diagrams ofHOMOandLUMOorbitals; (a)CT4PA-CCl4, (b)CT4PA-CH2Cl2, and (c)
CT4PA-CHCl3 inclusion complexes.
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the diffusion. This region gives the clue of amuch slowpenetration probably through the inner bulk structure
of the calixarene thin film. This kind of interactionwas proposed in the literature for the calixarene layers [25]
evaluating the vapormolecule size to penetrate into the thin film structure by the diffusion process. The
adsorption/diffusion phenomenonof the several volatile organic compoundswas also shown for calixarene
materials fabricated via Langmuir Blodgett thin film fabrication technique [10].

The slopes of the two interaction regionswere different from each other, thus providing different diffusion
coefficients; the first and the second regionwere presented in figure 7 for all of the chlorinated hydrocarbon
vapor interactions through the calixarene thin films fabricatedwith a solution concentration of 2mgml−1.
The values of the diffusion coefficients and all regression coefficients can also be found in table S1 in detail.

The fast interaction of the carbon tetrachloride in the first region (surface interaction)was observedwith
higher diffusion coefficient values. In the case of the penetration into the bulk of the structure through the
second region, the dominating character of the chloroform vapormobility was observed via the highest
diffusion coefficients for the chloroformvapor. This behavior also corroborates the results presented in
section 3.2. The higher dipolemoments and vapor pressures togetherwith the lowermolarmass and refractive
index values of the chloroformand dichloromethane vaporswere presented to easily interact with the
calixarene thin films. The higher interaction of theCT4PA calixmoleculewith the vapors were also observed
via the highest diffusion coefficients for theCT4PA thin films. The previous result on the order of the
interactionmagnitudeCT4PA>CT2PA>C2PAwas supported once againwith the diffusion coefficients.

The kinetic response graphs studied for the dichloromethane interaction of the calixarene thin films
fabricatedwith different solution concentration values were also analyzed to calculate the diffusion coefficients.
The results were presented in figure 7 and the diffusion coefficients and all regression coefficientswere given in
table S2. It is observed that increasing the solution concentrationwas leading to a slight increase in the diffusion
coefficient.High solution concentration, therefore thicker thin filmwas found to be highly interactingwith the
vapormoleculewhichwas previously proposed in section 3.2. The highest diffusion coefficients were calculated
for theCT4PA thin filmswhich is again in accordancewith the evaluations in the previous sections.

4. Conclusion

Phosphonate based lipophilic calix[4]arene thin films for the chlorinated vapor sensingwere found to be a good
alternative as candidate for gas detectingwith an affinity to detect chloroformand dichloromethane vapor
molecules comparedwith the carbon tetrachloride. This behaviorwas evaluated via the physical properties of
the vapormolecules. The high dipolemoment and vapor pressure togetherwith the lowmolarmass and

Figure 7.Diffusion coefficients of the chlorinated hydrocarbon vapors in the first and second region of the interaction.
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refractive index of the analyte vapormolecules were found to be effective on the high sensitivity. Sensor
parameters for these developed sensors possess low response and recovery times down to a few seconds and
high sensitivity up to 1.29× 10−3 ppm−1 and a good reproducibility. The chemical structure of the calix[4]
arenemoleculeswith different number of phosphonic acid groupswere taken into consideration upon the
possible interactionmechanisms of the functional groups. The time dependent gas sensing kinetics was
modeled using Ficks’ law of diffusionwhich fits the experimental data by a two-region interactionmodel. In
addition, the theoretical calculation between chlorinated volatile organic compounds and calixarenemolecule
was also studied and it was found that the energy gap between calixarenemolecule and chloroformvaporwas
lower compared to other volatile compounds. It can be concluded that theCT4PA thin film sensor is a good
nominee for the chlorinated volatile organic vapor sensing.
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