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Abstract. This work presents for the first time the modification and enhancement of 

sensory properties of a chemoresistive conductive core-shell nanocomposite of multi-

walled carbon nanotubes (MWCNTs) and polypyrrole (PPy) doped by p-toluenesulfonate 

anions (TS) (MWCNT/PPy-TS) under long ultrasonic treatment in joint dispersions and, 

hence, under physico-chemical interactions with functionalized calixarenes (CA), namely 

calix[4]arene methylene-bis-phosphonic acid octasodium salt (CPA) and calix[4]arene 

sulfonic acid (CSA). The interactions are confirmed by a detailed analysis of FTIR spectra 

of a parent binary MWCNT/PPy-TS nanocomposite and its counterpart ternary 

MWCNT/PPy-TS/CA nanocomposites as well as by sensor measurements. The results of 

the latter show a strong enhancement of the sensitivity of the MWCNT/PPy-TS to 

isopropanol, acetone and ammonia vapors due to CSA and CPA additives, which, however, 

depends on the nature of functional groups of these CA. 
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1. Introduction 

Identification (sensing) of volatile organic and inorganic 

compounds (VOC and VIC) by chemoresistive gas 

sensors is realized, in fact, through adsorption of these 

compounds at the surface of a sensing material. Such 

adsorption is accompanied by overlapping and 

interaction of electron densities of the adsorbed 

molecules and the sensing material resulting in the 

formation of a charge-transfer complex and changes in 

the conductivity of the latter [1]. In the case of sensing 

materials based on doped intrinsically conducting 

polymers (ICPs), this interaction involves conjugated π-

electron system of these polymers and, inevitably, affects 

the quantity and mobility of charge carriers (polarons and 

bipolarons) in the positively charged polymer backbone 

[1, 2]. However, a significant influence on the properties 

of the ICPs (charges, conductivity, morphology, lattice  

 

distortions, distance between the macromolecular chains, 

solubility, etc.) is made by the nature and size of dopant 

anions [3, 4], which can also act as specific binding sites 

in the interaction of the doped intrinsically conducting 

polymer with analyte molecules [5]. The ICPs properties 

are strongly influenced and often improved in nano-

composites of them with different nanomaterials (carbon 

nanotubes, graphene oxide, graphene, nanoparticles of 

metal oxides and chalcogenides, metal or polymer 

particles, etc.) especially with a core-shell morphology 

[6, 7]. The degree of this effect depends on the strength 

and nature of intermolecular interactions of the ICP 

component (shell) with the surface of the core 

(nanomaterial particle) and the conditions of synthesis of 

these materials [6]. It was shown, in particular, that the 

oxidation degree and the number of charge carriers 

(polarons and bipolarons) in a doped polyaniline  

(PANI) [8] and poly (3-methylthiophene) (P3MT) [9]  
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components of nanocomposites of them with titania and 

polyvinylidene fluoride (PVDF), respectively, substan-

tially differed from those of the pure doped PANI and 

P3MT, thus indicating the differences in their 

conductivity and sensory properties. In the case of 

nanocomposites of ICPs with inorganic semiconductors 

or metals, the ICPs sensing properties are strongly 

enhanced due to formation of p-n or Schottky hetero-

junctions, respectively [10, 11]. These effects depend not 

only on ICP but on the nature of the core material as 

well. In particular, significant differences in the 

conductivity, morphology, ordering of the P3MT-Cl 

phase in the shells of P3MT-Cl core-shell nanocom-

posites with PVDF and multi-walled carbon nanotubes 

(MWCNTs) and their sensitivity to the simulants of some 

nerve agents and mustard gas were recently found [12]. 

Moreover, it was shown that the sensor responses of the 

MWCNTs/P3MT-Cl nanocomposites are controlled by a 

partial charge transfer if the difference between their 

work function and the electronegativity of the analyte 

molecules does not exceed 0.3 eV. This important 

finding [12] allows us to suggest that these responses can 

be additionally affected by directed tuning or modifying 

the work function and conductivity of the nano-

composites of sensory conducting polymers by changing 

their surface states and, probably, by tuning interactions 

between the ICP shell and the core of the nanocomposite. 

These changes can be made by different methods having 

their own advantages and disadvantages. In particular, 

these methods can be realized on a stage of ICP synthesis 

as it was shown e.g. for electrochemical or chemical 

polymerization of 3,4-ethylenedioxythiophene (EDOT) 

in the presence of different ionic liquids [13], or of 

pyrrole in a solution of cyclodextrin sodium salts [14]  

or calixarenes [15], or in a solution containing both 

salicylate and molybdate anions [16], etc. However, the 

method, which is based on use of such additives, needs 

specific procedures and preparations and, inevitably, 

results in the presence (and/or even in chemical grafting 

in specific cases) of the modifying additive in the whole 

bulk of this polymer thus affecting all its properties. At 

the same time, the gas sensing application works mainly 

with surface states of the sensitive material.  
Naturally, tuning of surface states of sensory ICPs 

based materials can be realized by using various co-
solvents in the film formation process as it was 

demonstrated for solutions of PEDOT:PSS and its 
composites (e.g. [17–19]). Alternatively, the surface 
states can be tuned by post-treating the ICP based films 
with various solvents (ionic liquid and methanol) [20, 21] 

or reagents (hyaluronic acid and crown ethers) [22, 23]. 
In particular, addition of up to 5 wt.% of dimethyl 
sulfoxide (DMSO) in a PEDOT:PSS and poly(ethylene 

oxide) (PEO) joint solution resulted in a decrease of the 
sheet resistivity of the PEDOT:PSS/PEO composite films 
from ~172300 to ~706 Ohm/sq. The sheet resistivity 

increased to ~ 1954 Ohm/sq at 10 wt.% DMSO 
concentration [18]. These changes of conductivity were 
accompanied by similar changes in the work function of  
the composite films [18]. Simple post-treatment of a  

 

spin-coated film of a blend of PEDOT:PSS with 
polyacrylic acid (at their 20/80 wt. ratio) by methanol 

resulted in an increase of the film conductivity from 13 to 
125 S·cm

−1
 and enhancement of its pressure sensitivity 

[21]. Modification of the surface of doped sensory ICPs 
by crown esters [23] was realized in a similar way by 

submerging polypyrrole (PPy) coated polyester fibers 
(PPy-C) in methanol solutions of different crown esters 
for 5 min followed by drying in atmospheric conditions. 

This treatment increased the resistivity of the PPy-C 
composite fibers as well as significantly enhanced the 
sensitivity and selectivity of PPy-C to some amines 

probably due to the presence of high quantity of oxygen 
atoms in the cycles and benzo- or dicyclohexyl-
substituents [23]. 

The above-discussed results on tuning electrical and 

sensing properties of ICPs and their nanocomposites by 

treatments with solvents or reagents suggest that this 

approach may be enhanced through modification of these 

materials by reagents with own high functionality and 

ability to sense or attract and fix various gases. Among 

such reagents, various calixarenes (CA), being organic 

macrocycles with phenol units unified in the cycle with 

methylene links and having internal hydrophobic cavities 

[24], are important. The calixarenes have different shapes 

and sizes predetermined by the quantity of phenol units 

and nature of substituents. Due to their specific 

recognition and adsorption properties, calixarenes may 

be used in a variety of applications, in particular, in gas 

sensors [25, 26]. A highly effective way to realize gas 

sensing capability of calixarenes is application of them in 

a form of thin layers in the quartz crystal microbalance 

method, which can register in situ changes in the weight 

of these layers when they adsorb or desorb gas analytes 

[27]. To the best of our knowledge, a promising gas 

sensing application of calixarenes for modification of 

ICPs or their composites was shown only in a few papers 

[28–30]. In particular, Langmuir–Blodgett (LB) films of 

mixtures of PANI (emeraldine base) and phosphorylated 

calix[4]resorcinolarene derivative were prepared through 

their joint solutions [280]. The as-deposited LB films 

were insulating and became conducting after doping with 

HCl. Interestingly, the films with less than 20% of 

calixarene interacted with HCl like pure dedoped PANI. 

What is more interesting, and was mentioned only in 

[28], such LB film composites with 20% of CA were 

much more sensitive to slightly volatile hydrophobic 

phenylethylamine and far less sensitive to moisture  

than the mentioned PANI. This allows us to conclude 

that the molecular recognition capability of the used 

calixarene made own input in a general sensor response 

of the LB films prepared in [28]. Another interesting 

approach consisted in grafting of specific calixarene 

moieties to an ICP monomer, in particular, to thiophene 

derivatives, followed by their chemical polymerization  

in the presence of single-walled carbon nanotubes  

[29] or by electrochemical polymerization [30] with 

formation of the modified substituted polythiophenes 

with capability to discriminate xylene isomers or 

methane, respectively. 
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To the best knowledge of us, this work is a first 

attempt to modify and enhance sensory properties of a 

chemoresistive conductive binary core-shell nanocom-

posite of MWCNTs and doped PPy by treating in joint 

dispersions. Such treatment leads to a physico-chemical 

interaction with functionalized calixarenes, namely 

calix[4]arene methylene-bis-phosphonic acid octasodium 

salt (CPA) and calix[4]arene sulfonic acid (CSA). To 

disclose how such treatment can work, we show here-in-

after the preliminary characterization of the formed 

ternary nanocomposites (MWCNT/PPy/calix[4]arenes) 

by transmission electron microscopy (TEM), Fourier 

transform infrared (FTIR) spectroscopy, and 

measurements of conductivity and sensor characteristics. 

The calix[4]arenes considered in this work differ by 

functional groups in p-positions of their phenolic units. 

In particular, 8 phosphonic acid groups (an octasodium 

salt) are in CPA and 4 sulfonic acid groups are in CSA 

(Fig. 1). These groups should dissociate in solutions and 

provide free anions. This means that, in our case, adsorp-

tion of these calixarenes is also facilitated by Coulomb 

attraction of their anions to the positively charged doped 

PPy in the shells covering the carbon nanotubes. 
 

 

 
 

Calix[4]arene methylene-bis-phosphonic acid octasodium salt 
(CPA) 
 

 
 

Calix[4]arene sulfonic acid (CSA) 
 

Fig. 1. Molecular structures of the calixarenes. 

We also expect that aromaticity and functional 

groups of these calix[4]arenes can not only facilitate 

adsorption of them on the surface of nanocomposite 

particles by intermolecular interactions (π–π stacking, 

hydrogen bonding) but also change a distribution of the 

electron density in the nanocomposite components and, 

therefore, improve the sensitivity of the MWCNT/PPy 

nanocomposite. 

2. Experimental 

2.1. Materials and synthesis of nanocomposite 

MWCNT/PPy 

The nanocomposite was synthesized by a similar method 

to the earlier described one [3] but with some modifica-

tions. Namely, chemical oxidative polymerization of 

pyrrole (Py) was run in an aqueous dispersion of 

graphitized MWCNTs (Arkema). Before this, a solution 

of 1.27 g of the oxidant iron(III) p-toluenesulfonate 

Fe(TS)3 (Sigma-Aldrich) in 26.2 ml of distilled water 

was prepared and pre-cooled in a thermostat Huber to  

1-2 °C. A dispersion of 0.1 g of MWCNTs with 0.054 g 

of Py (Merck) in 10 ml of distilled water was prepared 

and pre-cooled to 1-2° for 1.5 h under vigorous stirring. 

Then this dispersion was slowly added to the oxidant 

solution and the joint polymerization mixture was stirred 

with a magnetic stirrer under 250 rpm at 1-2 °C for 5 h. 

After this, the mixture was filtrated to separate the 

synthesized MWCNT/PPy-TS nanocomposite. The 

nanocomposite was washed with a surplus of water first 

and then by 15 ml of ethanol on a filter. The separated 

nanocomposite slurry was dried in air for 1 day and 

under dynamic vacuum at 60 °C for 3 h thereafter. 

CPA and CSA were synthesized in the Institute of 

Organic Chemistry of the NAS of Ukraine by the 

methods described in [31] and [32], respectively. 

2.2. Fabrication of sensor elements 

First, joint dispersions of the sensitive MWCNT/PPy-TS 

nanocomposite and calix[4]arenes in an ethanol-water mix-

ture were prepared by ultrasonication for 2.5 h at a tempe-

rature not higher than 18 °C. The dispersions contained 

0.08 wt./vol.% of the synthesized MWCNT/PPy-TS 

nanocomposite and 0…0.15 wt.% of the calixarenes that 

formed joint ternary nanocomposites upon drying.  

Then the sensor elements were prepared by 

dropping 0.2…0.4 μl of these dispersions onto gold raster 

electrodes formed on glass–ceramic substrates followed 

by drying for 40 min at 60 °C and keeping for ~ 24 h at 

room temperature before measurements.  

2.3. Methods and sensor measurements 

The TEM images of the pristine MWCNTs and their 

nanocomposite with PPy-TS were obtained using a TEM 

microscope JEOL JEM-1400. The FTIR spectra of the 

samples in pellets with KBr were measured using a 

Bruker Vertex 70 spectrometer. The dc conductivities of 

the MWCNT/PPy-TS nanocomposite and its mixtures with 

calix[4]arenes were estimated by a standard two-probe  
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technique on small pellets (the diameter of 2.7 mm and 

the thicknesses in the range of 270 to 400 μm). This 

technique was chosen due to the possibility to work with 

small quantities of the samples. 

Gas sensing properties of the nanocomposites were 

investigated with the help of the developed earlier 

injection system and experimental setup [12, 27] by 

monitoring the changes of the sample resistances in 

vapors of isopropanol (100…10000 ppm) and ammonia 

(5…50 ppm). The responses were defined as relative 

variations of the resistance R of the sensor exposed to an 

analyte compared with the initial resistance value R0, 

(R − R0/R0) × 100%, at ambient temperature and relative 

humidity of ca. 50%. The responses were recorded 

during 2 min. We defined the sensor response time as the 

time needed to reach a plateau of the sensor response 

(T100%). The recovery time of the sensor was defined as 

the time needed to reach 25% of the sensor response. 

3. Results and discussion 

3.1. Characterization of the nanocomposites 

3.1.1. Morphology 

The TEM images of the pristine MWCNTs and their 

nanocomposite with PPy-TS reveal the difference in their 

surface morphology and thicknesses (Fig. 2). The former 

show a smooth, clean surface and have thicknesses in the 

range of around 12…20 nm (Fig. 2a). The latter are  
 

 

 
 

 
 

Fig. 2. TEM images of the parent MWCNTs (a) and their core-
shell nanocomposite MWCNT/PPy-TS (b). 

 

characterized by an uneven surface coated with small 

irregularities and have the increased thicknesses in the 

range of around 20…30 nm. The higher thickness in the 

latter case is obviously due to the presence of the PPy-TS 

shells (Fig. 2b). Moreover, in the case of the nanocom-

posite, a few separate polymeric agglomerated nano-

particles, apparently, of PPy-TS are observed (Fig. 2b). 

It should be emphasized here that the TEM 

visualization (Fig. 2b) shows that the mentioned shells 

are practically continuous and, therefore, insulate the 

MWCNTs surface from direct contact and interactions 

with surrounding media (liquid or gaseous). The 

averaged thicknesses of the shells lie in the range of 

around 3 to 6 nm. This means during the preparation of 

joint dispersions of the MWCNT/PPy-TS nanocomposite 

and the calixarenes, large functionalized aromatic anions 

of the latter will adsorb only on the surface of the 

continuous PPy-TS shells and, therefore, modify electro-

physical state (charge carriers, conductivity, work function, 

etc.) of the positively charged PPy units by Coulomb and 

intermolecular interactions. As a consequence, we may 

expect that the sensing behavior of the MWCNT/PPy-TS 

modified by the calixarenes will be changed, too. 

3.1.2. Molecular structure of the nanocomposites. 

FTIR spectra 

The suggested above physico-chemical interactions of 

the charged doped PPy with the functionalized 

calixarenes adsorbed on the PPy-TS shells of the 

MWCNT/PPy-TS core-shell nanocomposite are clearly 

revealed by the changes in the characteristic bands in 

their FTIR spectra (Fig. 3). In particular, characteristic 

bands of the doped PPy in the spectrum of the 

MWCNT/PPy-TS nanocomposite at around 1531, 1450, 

1300, 963 cm
–1 are assigned to the C–C/C=C and  

C–N/C=C stretching vibrations in the ring, the C–H  

and C–N in-plane bending in the region of 1400 to 

1250 cm
–1

, and to the C–C out-of-plane ring-deformation 

vibration, respectively [33–35]. There are also two bands 

at about 1165 and 1035 cm
–1

 in the region of 1250 to 

1000 cm
–1

. The former corresponds to one of the most 

intense breathing vibrations of a pyrrole ring. For the 

doped PPy spectrum, it overlaps with the absorption 

bands of polarons (~1218 cm
–1

), bipolarons (~1165 cm
–1

) 

and the SO3 asymmetric stretching vibration band of a 

tosylate anion (~1183 cm
–1

). The narrow band at 1035 cm
–1

 

is assigned to the combination of CCH, CNH bendings 

and SO3 symmetric stretching vibrations. The weak bands 

with the maxima at 2919 and 2848 cm
–1

 are assigned to 

C–H asymmetric and symmetric stretching vibrations, 

respectively, of a CH3 group in a tosylate anion. 

The characteristic intense bands of the calixarenes 

CPA/CSA at 3261/3189 cm
–1

 and 1600/1600 cm
–1

, and 

the doublet at 1482 cm
–1 

and 1462/1471 cm
–1

 with the 

shoulder at 1460, 902/895 cm
–1

 correspond to stretching 

vibrations of intra-molecular hydrogen-bonded O–H 

group at the upper rim of the calixarene, stretching vibra-

tions of aromatic ring C–C and asymmetric deformation 

vibrations of methylene groups, respectively [36–38]. 
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Fig. 3. FTIR spectra of MWCNT/PPy-TS NC (1), CPA (2), 

CSA (2a), MWCNTs (3), MWCNT/PPy-TS/CPA1 NC (4), 

MWCNT/PPy-TS/CPA2 NC (5), MWCNT/PPy-TS/CSA1 NC 
(4a), and MWCNT/PPy-TS/CSA2 NC (5a). The spectra 1, 4, 5, 

4a and 5a were normalized to the same absorbance of C–N 

stretching vibrations at ca. 1450 cm−1. 
 

 

Asymmetric and symmetric stretching vibrations of CH2 

corresponding to the peaks at 2954 and 2884/2880 cm
–1

 

provide low-intensity bands. The O–H stretching 

vibrations of phosphonic acid groups of the CPA 

manifest themselves as a shoulder near 2710 cm
–1

. The 

bands at 3380/3416 and 1655/1644 cm
–1

 in the FTIR 

spectra are due to stretching and deformation vibrations 

of water molecules, which can interact not only with 

phenolic and phosphonate/ sulfonate groups but are also  
 
 

engaged in OH·aromatic-π can interact not only with 

phenolic and phosphonate/sulfonate groups but are also 

engaged in OH·aromatic-π hydrogen bonding in the 

cavity in the absence of a hydrophobic guest [39]. 

Binding of a water molecule in the cavity of a 

calix[4]arene is accompanied by coordination of the 

oxygen atom of this entrapped molecule with two water 

molecules outside the cavity. The strong bands at 

1162/1158 and 1053/1042 cm
–1

 may be related to a 

superposition of in-plane bending of aromatic CH groups 

and bending vibrations of CCH groups with asymmetric 

and symmetric stretching vibrations of PO3/SO2 groups 

of hydrated monosodium phosphonate/sulphonic acid 

(R1PO3
2–

Na,H3O
+
/RSO3-H3O

+
), respectively [36, 39, 40]. 

However, one can see noticeable changes in the 

intensity of a number of the characteristic bands of the 

doped PPy in the ternary (joint) nanocomposites 

MWCNT/PPy-TS/calixarene. These changes strongly 

depend on the nature of the calixarenes (Fig. 3). In 

particular, it was shown both experimentally and 

theoretically that the intensity ratio of the absorption 

bands of doped PPy at 1531 and 1450 cm
–1

 (I1531/I1450) is 

inversely proportional to the change in the π-conjugation 

length along the polymer chains [41, 42]. In our case, the 

intensity of the band at about 1531 cm
–1

 decreases quite 

strongly relative to the band at 1450 cm
–1

 in the case of 

CPA. However, this effect, even though quite noticeable 

too, is weaker in the CSA case (Table 1). It should be 

noted here that the calixarene bands at 1482/1471 cm
–1

 

can make a small absorption contribution to the PPy band 

at 1450 cm
–1

. However, absence of a noticeable increase 

in the intensity of the 1480 cm
–1

 band in the spectra 4, 5 

and 4a, 5a indicates insignificance of this contribution. 

Therefore, the mentioned contribution cannot cause the 

observed changes. This fact suggests that the observed 

decrease in the I1531/I1450 ratio (Table 1) is due to an 

increase in the π-conjugation length of PPy. 

According to known theoretical predictions, 

increase in the π-conjugation length and a parallel 

increase in the oxidation degree should cause broadening 

and shift of the bands associated with vibrations of 

pyrrole rings [42]. It was experimentally confirmed that 

the bands at 1531 and 1167 cm
–1

 shifted to lower 

wavenumbers with increasing PPy oxidation degree [43]. 

Moreover, the intensity of the bands in the region of 

1600 to 900 cm
–1

 grew with increasing the oxidation 

degree [44]. 

 

 

Table 1. Intensity ratio and position of some characteristic bands of PPy. 

Sample I1531/I1450 I1450/I1165 νC–C/C=C, cm
–1

 Ring breathing, cm
–1

 

MWCNT/PPy-TS 2.05 3.89 1531 1167 

MWCNT/PPy-TS/CPA1  1.68 2.55 1533 1163 

MWCNT/PPy-TS/CPA2 1.33 1.74 1532 1166 

MWCNT/PPy-TS/CSA1 2.01 2.75 1531 1167 

MWCNT/PPy-TS/CSA2 1.89 2.92 1532 1162 
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The normalized intensity of the doped PPy related 

bands in the spectra of the MWCNT/PPy-TS/CPA and 

MWCNT/PPy-TS/CSA ternary nanocomposites in the 

region of 1400 to 1000 cm
–1

 noticeably decreased 

(Fig. 3). This drop in the intensity may correspond to a 

decrease of the dipole moments of the PPy units due to 

charge redistribution in the course of intermolecular 

interactions with large adsorbed calixarene ions and/or 

due to partial replacement of the TS doping anions by 

them. This assumption is supported by the fact that the 

drop is significantly stronger in the case of CPA with 

more polar functional groups than in the case of CSA as 

can be clearly seen from the intensity ratio of the 

absorption bands (I1450/I1165) (Table 1). It is important that 

the interactions only slightly changed the positions 

(1…5 cm
–1

) of these bands in the spectra. This 

phenomenon suggests that adsorption and specific 

interactions of the calixarenes with the doped PPy shell 

affected mainly charge distribution along the PPy chains 

but not bond strengths (force constants) in the charged 

PPy rings. Consequently, one may suggest an 

insignificant decrease in the doping degree of the PPy, 

which can be stronger in the case of the CPA due to the 

increased pH of the aqueous medium, from which the 

CPA is adsorbed. The pH value is approximately equal to 

4 taking into account the first pKa of the phosphonic acid 

function ranging from 1.1 to 2.3 and the second acidity 

with a pKa ranging from 5.3 to 7.2 [44]. The increased 

pH value can also cause some deprotonation of the PPy 

and a slight decrease of the conductivity [45]. 

The changes in the spectroscopic characteristics of 

calixarenes after their adsorption on the MWCNT/PPy-

TS composite can also be observed in the region above 

2500 cm
–1

, where there are no strong MWCNT/PPy-TS 

bands. In particular, the H2O stretching vibration band at 

3380 cm
–1

 in the spectra of MWCNT/PPy-TS/CPA and 

MWCNT/PPy-TS/CSA disappears in most cases, thus 

indicating a preference for coordination of phenolic and 

phosphonate/sulphonate groups with the structural 

fragments of the MWCNT/PPy-TS composite. 
Analysis of the spectral changes in the region of 

3000–2500 cm
–1

 shows a decrease in the intensity of the 
bands at 2919 and 2848 cm

–1
 in the spectra of the 

composites with calixarenes corresponding to stretching 
vibrations of CH3 groups in tosylate anions and, in 
addition, absence of absorption at 2710 cm

–1
 (νO–H of  

P–OH) in the spectrum of the MWCNT/PPy-TS/CPA1 

(without CPA excess). Such changes confirm the above 
discussed partial replacement of the tosylate anions by 
phosphonate and sulphonate anions of CPA and CSA: 

  

TSASOR-PPyTS-PPyHSOR:CSA

TSNaTSAPOR-PPy

TS-PPyONaOHPOR:CPA

3131

2
3










 

The possibility of a phosphonate anion R–PO3
2–

 to 
take part in doping of PPy is confirmed by the fact that 

the second pKa of the phosphonic acid function is less 
than 7.2 [44]. Therefore, it should not cause significant 
dedoping of the PPy, which occurs at the pH values 

above 9 [45]. Substitution of TS
–
 by R–PO3

2–
 can  

 

probably be facilitated by donor-acceptor interaction of 

phosphoryl oxygen with electron-deficient fragments of 

the PPy (polaron or bipolaron), which are essentially the 

Lewis acids: 

P=O → π of PPy
+
. 

Coordination of the phosphoryl oxygens to Lewis acid 

sites of the PPy will facilitate complexation of tridentate 

units. However, strong absorption of the PPy in the 

region of 1250 to 900 cm
–1

 does not allow us to 

distinguish the type of phosphonate coupling. 

Adsorption of calixarenes on the nanocomposite 

results in a red shift of their band corresponding to O–H 

stretching vibrations in the spectra of the MWCNT/ PPy-

TS/CPA by 80 cm
–1

 (from 3261 to 3180 cm
–1

) and in the 

spectra of the MWCNT/PPy-TS/SCA by 10 cm
–1

 (from 

3189 to 3179 cm
–1

). Such a strong difference confirms 

the stronger interaction of CPA with the MWCNT/PPy-

TS compared to CSA. Moreover, taking into account the 

fact that one of the phenolic OH groups of calixarenes is 

very acidic (pKa1 = 1…2.9) [46], it may be assumed that 

a phenolate anion is formed. This ion can participate in 

the electrostatic and anion-π interactions with the 

polypyrrole chain. As an indirect confirmation of the 

formation of phenolate anion of calixarenes, one can 

consider the absorption band of this anion in the region 

of about 3180 cm
–1

 [47]. 

3.2. Electrical and sensing properties of the 

nanocomposites 

As one can see from Table 2, the dried ternary 

MWCNT/PPy-TS/calix[4]arenes nanocomposites have 

lowered conductivities as compared with that of the 

parent binary MWCNT/PPy-TS. 

However, while the conductivity drop is enhanced 

with an increase of both the calix[4]arenes concentrations 

and contents in the ternary nanocomposites, this drop is 

much stronger in the case of CPA containing a high amount 

of phosphoric groups as compared to CSA (Table 1). 

These drop effects may be explained by dilution of the 

conducting MWCNT/PPy-TS binary nanocomposite with 

the low-conducting calix[4]arenes. Indeed, it is known 

that calixarenes have a very low conductivity and, there-

fore, can interfere with contacts between the conducting 

nanotubes of the MWCNT/PPy-TS in their joint nano-

composites. However, taking into account much lower 

molar concentrations of CPA and, therefore, smaller 

quantities of its anions in the ternary nanocomposite as 

compared to those of the CSA case, one may assume  

that the conductivity drop is caused not only by dilution 

of the conducting MWCNT/PPy-TS component but also 

by specific interactions of the calix[4]arenes moieties 

with the PPy-TS shells on the MWCNTs cores. This 

assumption agrees with the above discussed FTIR spectra 

of the nanocomposites and pure components, which 

suggested an increased π-conjugation degree in the PPy 

component and decreased dipole moments of the PPy 

units, probably due to additional interactions with the 

calixarenes additives, which results in the changes of the 

properties of the PPy based nanocomposite. 
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Indeed, enhancement of the sensing properties of 

the conducting ternary nanocomposites MWCNT/PPy-

TS/CSA and MWCNT/PPy-TS/CPA confirm the 

existence of intermolecular interactions of the 

calix[4]arenes with other components. In particular, 

despite the fact that these nanocomposites have a 

decreased conductivity compared to the parent binary  
 

 

 

 

 

MWCNT/PPy-TS nanocomposite (Table 1), their 

responses to VOC (shown here on the example of 

isopropanol) and VIC (shown here on the example of 

ammonia) were enhanced in most cases, although with a 

significant specificity, which depended on the 

calix[4]arene nature and concentration as well as on the 

analyte used (Figs 4 and 5). 
 

 

 

Table 2. Electrical properties of the MWCNT/PPy-TS binary nanocomposite and its ternary nanocomposites with calix[4]arenes. 

 

Sam-

ple 

Components of the 

nanocomposites 

Concentration ratio 
of the components 

in the dispersion, 

wt.%/v.% 

Molar concen-
tration of 

calix[4]arenes, 

mol/L 

Mass ratio of the 
component 

contents in the dry 

nanocomposite 

Resisti-

vity, 
Ohm·cm 

Conduc-

tivity, 
S/cm 

1 MWCNT/PPy-TS n/a  n/a 2.024 0.494 

2 MWCNT/PPy-TS + CSA 0.08:0.05 6.72·10
–4

 8:5 2.762 0.362 

3 MWCNT/PPy-TS + CSA 0.08:0.15 20.16·10
–4

 8:15 5.155 0.194 

4 MWCNT/PPy-TS + CPA 0.08:0.05 3.86·10
–4

 8:5 4.739 0.211 

5 MWCNT/PPy-TS + CPA 0.08:0.15 11.57·10
–4

 8:15 6.993 0.143 
 

  
 

  

Fig. 4. Effects of the calixarenes additives on the sensitivity of the binary nanocomposite: serial responses of the MWCNT/PPy-

TS/CSA (a) and MWCNT/PPy-TS/CPA (b) nanocomposites to 10000 ppm of isopropanol vapors; concentration dependences of the 

sensor responses of the MWCNT/PPy-TS/CSA (c) and MWCNT/PPy-TS/CPA (d) to isopropanol: 1 – without additives,  

2 – 0.05 wt.% of the additives in the 0.08 wt.% of the MWCNT/PPy-TS dispersion, 3 – 0.15 wt.% of the additives in the 0.08 wt.% 

of the MWCNT/PPy-TS dispersion. 
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The highest responses to isopropanol were observed 

for the case of the CSA additives. In particular, these 

responses to 1000 ppm of isopropanol increased by the 

factors ~4 and ~7.5 at the CSA concentrations in the 

dispersions of 0.05% and 0.15% wt/v (Fig. 4a), respec-

tively. In the CPA case, the enhancement of the responses 

to 1000 ppm of isopropanol was much smaller and, 

contrary to the CSA case, was even lower (by the factor 

~1.2) at the higher concentration (0.15% wt/v) than at the 

concentration of 0.05% wt/v (by the factor ~2) (Fig. 4b). 

Such differences in the influence of the calixarenes on 

the sensing behavior of the nanocomposites emphasize 

the above described specificity of the calixarenes inter-

action with the PPy component (see FTIR and conduc-

tivity data). These differences also suggest different 

mechanisms or, at least, significant peculiarities of the 

adsorption/penetration of isopropanol molecules on/into 

the doped PPy shells coated by calix[4]arenes layers, 

which underlies the nanocomposites sensitivity. This 

suggestion is supported by non-linear and linear concen-

tration dependences of the sensor responses [48, 49] to 

isopropanol in the cases of CSA and CPA, respectively, as 

well as by the higher sensitivity in the former case with 

the detection limit of 100 ppm (under measurements 

conditions) as compared to 800 ppm in the latter case  

 

 

 

(Figs 4c, 4d, curves 2 and 3). In the absence of the calixa-

renes, the parent binary nanocomposite MWCNT/PPy-TS 

show a linear concentration dependence with low sensiti-

vity and detection limit of 800 ppm (Figs 4c, 4d, curve 1). 

All the nanocomposites showed a much higher sen-

sitivity to ammonia as compared to that to isopropanol, 

which is typical for most ICP based sensing materials. 

They also showed linear concentration dependences in 

the range of 5 to 50 ppm (Fig. 5). In particular, their 

responses to 50 ppm of ammonia were in the range of 1 

to 3% (Fig. 5), while the responses of the most sensitive 

MWCNT/PPy-TS/CSA nanocomposite to 50 ppm of iso-

propanol, estimated from the concentration dependences 

in Fig. 4, were around 0.1%. Moreover, contrary to the 

results of the measurements with isopropanol vapor 

(Fig. 4), the MWCNT/PPy-TS/CSA nanocomposite with 

0.05% wt/v of SCA was little less sensitive to ammonia 

than the MWCNT/PPy-TS/CPA (Figs 5c, 5d). Specifi-

cally, the responses of the former nanocomposite to 

30 ppm of ammonia increased by the factors ~1.8 and 

~2.0 at the SCA concentrations in the dispersions of 

0.05% wt/v and 0.15% wt/v, respectively (Fig. 5a). In the 

case of the CPA, the enhancement of the responses to 

30 ppm of ammonia was much smaller and, contrary  

to the SCA case, was even lower (by the factor ~2.8)  

 

  
 

  

Fig. 5. Effects of the calixarenes additives on the sensitivity of the binary nanocomposite: serial responses of the MWCNT/PPy-

TS/CSA (a) and MWCNT/PPy-TS/CPA (b) nanocomposites to 30 ppm of ammonia vapors; concentration dependences of the 

sensor responses of the MWCNT/PPy-TS/CSA (c) and MWCNT/PPy-TS/CPA (d) to ammonia: 1 – without additives,  

2 – 0.05% wt/v. of the additives in the 0.08 wt.% of the MWCNT/PPy-TS dispersion, 3 – 0.15% of the additives in the 0.08% wt/v 
of the MWCNT/PPy-TS dispersion. 
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at the higher concentration (0.15% wt/v) than at the 

concentration of 0.05% wt/v (by the factor ~1.6). 

The observed specificity of the sensing behaviors  

of both ternary nanocomposites MWCNT/PPy-TS/ 

calix[4]arene unexpectedly disagree with the above 

discussed FTIR and conductivity data, which revealed 

much more significant effect of the CPA on the charge 

destribution, π-conjugation length and doping degree in 

the doped PPy chains as well as the conductivity of the 

nanocomposites as compared to that of the CSA. Indeed, 

based on these data, one could expect much higher 

sensitivity in the CPA case. At this stage of the research, 

we cannot confidently explain this unexpected 

controversy. But we suggest a possible explanation, 

which takes into account the fact that both calix[4]arenes 

have the same 3-D macrocycle polyaromatic structure 

with an internal open free volume (basket) capable of 

host-gest interactions with different molecules absorbed 

from a solutions or a gas phase. However, the differences 

in the nature and quantity of the substituents in the  

p-positions of the phenolic rings of both calix[4]arenes, 

in agreement with [50], should have a strong effect on 

both such interactions and the interactions of 

calix[4]arrene molecules with the charged PPy backbone 

and dopant anions at a molecular level. They should also 

influence the space orientation of these molecules and 

their quantity on the surface of the doped PPy shells. 

4. Conclusions 

In this work, we found for the first time that addition of 

functionalized calixarenes to a binary core-shell 

MWCNT/PPy-TS nanocomposite under conditions of a 

long ultrasonic treatment of their joint dispersions 

resulted in the formation of a real joint ternary 

MWCNT/PPy-TS/CA nanocomposite with strong inter-

actions between the components. The interactions are 

confirmed by the detailed analysis of the FTIR spectra of 

the parent binary MWCNT/PPy-TS nanocomposite and 

its ternary MWCNT/PPy-TS/CA nanocomposite counter-

parts as well as by conductivity and sensor measure-

ments. The mentioned interactions influenced the 

conjugation degree of the PPy-TS component of the 

nanocomposite, changed its doping level, charge  

carriers quantity and even led to a partial replacement  

of TS
–
 dopant anion by anions of the calix[4]arenes.  

As a consequence, the ternary MWCNT/PPy-TS/CA 

nanocomposites showed a strong enhancement of the 

sensitivity of the parent MWCNT/PPy-TS to isopro-

panol, acetone and ammonia vapors due to the CSA and 

CPA additives. However, these changes depended on the 

nature of the functional groups of these CA. 
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Посилення сенсорних властивостей хеморезистивних електропровідних нанокомпозитів вуглецевих 

нанотрубок і поліпіролу функціоналізованими каліксаренами 
 

О.А. Пуд, Ю.В. Носков, М.О. Огурцов, О.Л. Кукла, О.С. Кругляк, А.В. Мамикін, С.О. Черенок, 

С.Г.Вишневський, В.І. Кальченко 
 

Анотація. У цій роботі вперше показано модифікацію та покращення сенсорних властивостей хеморезис-

тивного електропровідного нанокомпозиту типу ядро-оболонка з багатошарових вуглецевих нанотрубок 

(ВНТ) і поліпіролу (ППі), легованого п-толуолсульфонатними аніонами (ТС) (ВНТ/ППі-ТС), при тривалій 

ультразвуковій обробці в спільних дисперсіях і, отже, при фізико-хімічній взаємодії з функціоналізованими 

каліксаренами (КА), а саме октанатрієвою сіллю калікс[4]арен метилен-біс-фосфонової кислоти (КФA) і 

калікс[4]аренсульфоновою кислотою (КСA). Взаємодії підтверджено детальним аналізом ФТ-IR спектрів 

вихідного бінарного нанокомпозиту ВНТ/ППі-ТС та його аналогів потрійних нанокомпозитів ВНТ/ППі-

ТС/КА, а також сенсорними вимірюваннями. Останні показали сильне підвищення чутливості ВНТ/ППі-ТС до 

пари ізопропанолу, ацетону та аміаку за рахунок добавок КСA та КФA, що, однак, залежить від природи 

функціональних груп цих КA. 
 

Ключові слова: сенсорні нанокомпозити, вуглецеві нанотрубки, поліпірол, калікс[4]арени, взаємодії, 

підвищення чутливості. 
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