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One of the most relevant ways to improve selectivity of sensors based on carbon nanotubes (CNT) is to create
hybrid materials with polyaromatic molecules. The interest in hybrid materials is related to the synergistic
effect that occurs when the properties of carbon nanomaterials (their one-dimensional electronic structure, high
conductivity, large surface area) and properties of polyaromatic molecules (high sensitivity to analytes of different
nature, reversibility of the sensor response) are combined. The creation of new porous three-dimensional carbon
structures, in which polyaromatic molecules are linkers, is also of interest for creating functional carbon materials
of a new generation. This review analyzes the current state of research in the field of hybrid materials based
on carbon nanotubes and various polyaromatic molecules (derivatives of phthalocyanine, porphyrin, pyrene,
coumarin, BODIPY, etc.) related to the problems of improving the sensitivity and selectivity of chemiresistive
and electrochemical sensors. The first part of the review presents an analysis of works that describe various methods
of functionalization of carbon nanotubes with aromatic molecules, and examines their influence on the composition
and structure of the resulting materials, as well as approaches to creating hybrid 3D structures based on CNTS.
The second part of the review is devoted to the functional properties of hybrid materials with the main focus on
the analysis of their sensor properties. Examples of the most successful application of hybrid materials as active
layers of chemiresistive sensors for determining various gases in the environment are given. When considering
the literature data, the main attention is paid to the analysis of the influence of methods of CNT functionalization
with polyaromatic molecules on sensor properties. The third part of the review is devoted to the use of hybrid
materials for the modification of electrodes of electrochemical sensors for the determination of various molecules
in aqueous solutions and biological media.

Keywords: Hybrid materials, carbon nanotubes, metal phthalocyanines, polyaromatic molecules, chemiresistive
sensors, electrochemical sensors.
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OOHUM U3 AKMYaNbHbIX NYMell YIyYueHUus CeleKMUBHOCMU CeHCOpo8 HA Ochoge yenepoonvix Hanompybox (VHT)
A6NAEMCs cO30anue UDPUOHBIX MAMEPUATIO8 ¢ ROTUAPOMAMUYecKumMy monexynamu. Mumepec kK 2ubpudnvim mame-
PUANAM CES3AH C CUHEPLeMUYeCKUM dDPEKMOM, BO3HUKATOWUM NPU KOMOUHAYUU CBOLICME YeNePOOHbIX MAMEPUaios
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Hybrid Materials Based on Carbon Nanotubes and Polyaromatic Molecules

(ux nces00OOHOMEPHAs SNEKMPOHHASL CMPYKMYPAd, 6bICOKAsL NPOBOOUMOCMb, DONbULAS NIOWA0b NOBEPXHOCIU)
U CBOUCME NONUAPOMAMUYECKUX MONEKYN (8bICOKASL YY8CMEUMENbHOCTb K ONpedenseMblM 6eUjeCmeam pasiuyHol
npupoosl, obpamumocms cencoprozo omxauxa). Coz0anue HOGbIX NOPUCBIX MPEXMEPHBIX YeNePOOHbIX CIPYKMYD,
6 KOMOPBIX NONUAPOMATNUYECKUE MONEKYIbL AGNAIOMCS JUHKEPAMU, MAKICe NPeoCmasisem unmepec Oas cO30anus
DYHKYUOHATLHBIX YeNepOOHBIX MAMEPUATIO8 HOB020 NOKONeHUs. B nacmosuem 0b630pe npoananusuposano cospemen-
HOe cocmosiHue UCCie008aHUll 6 00IACMU ROTYYeHUsl 2UOPUOHBIX MAMEPUATO8 HA OCHOBE V2lepOOHbIX HAHOMPYOOK
U pABTUYHBIX NOTUAPOMATNUYECKUX MONEKY (MPOU3BOOHbIX (hmanoyuanuna, nopgupuna, nupeua, kymapuna, BODIPY
U 0p.), CEA3AHHBIX C NPOOIEMAMU VIYHUEHUS YYECIMEBUMENbHOCIMU U CENeKMUBHOCIU A0COPOYUOHHO-PEZUCTIUBHBIX
U DNIEKMPOXUMULECKUX CEHCOPOs. B nepeoil yacmu ob3opa npeocmasien anaiusz pabom, 6 KOmopwulx ONUCbLBAIOMCSL
pasiuuHvle Memoobl (QYHKYUOHATUZAYUU Y2TePOOHBIX HAHOMPYOOK apOMAMUYeCKUMU MONEKYIAMU U U3YYAemcs UX
GIUSIHUE HA COCNAG U CIPYKIYPY NOTYUAEMbIX MAMEPUATO8, d MAKICE PACCMOMPEHbL NOOX00bL K CO30AHUI0 2UOPUO-
Hoix 3D cmpykmyp na ocnose YHT. Bmopas uacme 0630pa noceswjena QyHKYUOHAIbHBIM CEOUCMEAM 2UOPUOHBIX
Mamepuanos, npu dMomM 0CHOBHOE BHUMANUE YOeaemcst AHAIU3Y UX CEHCOPHLIX ceolicmg. [Ipusedenvl npumepsl Hau-
bonee ycneuwHo2o npumMeHenus 2UOPUOHbIX MAMEPUATO8 8 KAUeCcmee aKMUGHbIX Cl10e8 a0COPOYUOHHO-PE3UCTUBHBIX
CEHCopos 075t onpedeNeHus: pasIuitbIX 2a308 6 oKkpydcaouell cpede. Ilpu paccmomperuu aumepamypuuix OaHHbIX
VOenslemcst GHUMAHUE AHAU3Y GIUSHUSL MEMOO08 PYHKYUOHATUZAYUU YeTePOOHBIX HAHOMPYOOK NOIUAPOMAMULECKUMU
MONEKYIamMu Ha ceHcopHble ceoticmsa. Tpembsi uacms 0630pa nOCesUeHa UCNONb30BAHUIO SUDPUOHBIX MAMEPUATLO8
07151 MOOUDUYUPOBAHUSL DTIEKMPOO0E INEKMPOXUMUYECKUX CEHCOPOS OISl ONPEOeeHUsl PA3TUYHBIX MOJIEKVI 8 BOOHBIX
Pacmeopax u GUONOSUYECKUX IHCUOKOCISIX.

KiaroueBrble ci1oBa: FI/I6pI/IJ_'[HI)Ie Marepualibl, YIIICPOAHbIC HaHOpr6KI/I, (bTaJ'IOI_II/IaHI/IHaTLI METAJIIOB, OJIapoMaru4ie-

CKHEC MOJICKYIJIbI, aﬂCOp6HI/IOHHO-pe3I/ICTI/IBHLIe CCHCOPBLI, JJICKTPOXUMUYECKUE CECHCOPDI.

Introduction

Hybrid materials play an important role in the develop-
ment of nanotechnology due to the synergetic combination
of properties of two or more components to create new types
of functional materials with distinctive electrical, opti-
cal or mechanical properties.! When considering a large
family of nanocarbon materials, carbon nanotubes (CNT)
are among the most attractive for the preparation of active
layers of gas sensors due to their high conductivity, large
surface area and adsorption capacity.”

Conductivity of semiconductor carbon nanotubes can
change when different molecules adsorb on their surface.
Strong electron acceptors (e.g. NO,) significantly increase
the conductivity of CNTs by increasing the charge carriers,
namely holes. On the other hand, reducing gases that are
electron donors lead to a decrease of their conductivity due
to recombination of electrons and holes. Currently, the sen-
sor characteristics of CNTs towards various gases (e.g. NH,,
NO,, CH,, SO,, H,S) and organic solvent vapours (e.g. etha-
nol, acetone and chloroform) have been studied.®! Another
practical aspect of CNTs and their hybrid materials is their
use for the modification of electrodes of electrochemical
sensors.’! The successful use of carbon nanotubes as sen-
sitive layers has a number of limitations, including their
low selectivity to analytes, long response and regeneration
times, and low reproducibility. The latter may be because
of the difficulty of reproducible deposition of homogeneous
films due to the tendency of CNTs to uncontrollable aggre-
gation in suspensions and, as a result, formation of bundles.
One of the ways to overcome these limitations is to modify
or functionalize carbon nanotubes using various functional
groups, polymer or aromatic molecules. The interest
in hybrid materials is due to the synergistic effect arising
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from the combination of properties of carbon nanomaterials
(their one-dimensional electronic structure, high conductiv-
ity, large surface area) and the properties of polyaromatic
molecules (e.g. high sensitivity to analytes, reversibility
of the sensor response). In addition, preparation of hybrid
materials allows reducing uncontrolled aggregation of car-
bon nanotubes and obtaining fine dispersions in organic
solvents for the deposition of uniform thin layer suitable for
the study of their optical and electrical properties.

In recent years, several reviews summarizing data on
hybrid materials on the basis of nanocarbon with organic
derivatives have been published.® Most of them were
devoted to the synthetic aspects of the functionalization
of carbon nanomaterials, such as fullerenes, graphene,
single-wall (SWCNT) and multi-wall (MWCNT) carbon
nanotubes, with various molecules including polymers,
phthalocyanines (MPc), and some others. The application
of certain types of carbon-based hybrids for chemical sens-
ing has also been mentioned in several works,”! but they
have not been generalized in a single review. For example,
Lewandowski et al® described the detection mechanisms
of sensors on the basis of CNTs and their hybrids with
porphyrins towards different gases (NH,, NO,, CO,, etc.)
and volatile organic compounds (VOC), while Zhou et
al®} summarized the data on application of noncovalently
functionalized carbon nanotubes for the modification
of electrodes of biosensors.

This review analyzes the state of research over the last
ten years in the field of hybrid materials based on carbon
nanotubes and various polyaromatic molecules (derivatives
of phthalocyanine, porphyrin, pyrene, coumarin, BODIPY,
etc.) related to the problems of improving the sensitivity
and selectivity of chemiresistive and electrochemical
Sensors.
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Methods of Functionalization of Carbon Nanotubes
by Polyaromatic Molecules

Noncovalent Functionalization

Noncovalent functionalization is one of the approaches
for regulating the interfacial properties of nanotubes. It
is based on supramolecular interaction using various adsorp-
tion forces, such as hydrogen and Van der Waals bonds, elec-
trostatic forces, and m-stacking interaction. This approach
does not require chemically aggressive media or harsh phys-
ical influences and is easier to implement than the covalent
functionalization method. In addition, noncovalent func-
tionalization does not lead to a violation of the electronic
structure of initial carbon nanomaterials."'l The main
disadvantage of noncovalent attachment is that the forces
between the wrapping molecule and the nanotube may be
weak, and the functionalization degree may be lower than
in the case of covalent functionalization.!'”

n-n-Interactions play the most important role in nonco-
valent functionalization of CNTs with aromatic molecules.
Woods et al™ studied the adsorption of benzene deriva-
tives on SWCNT using density functional theory and found
that the adsorption was mainly achieved by the interaction
of p-orbitals of the benzene ring and those of the CNT.
For this reason, organic molecules with extended aromatic
system, e.g. pyrene,! ! porphyrin® ! and phthalocya-
ninel?*?’ derivatives, are widely used for the modification
of carbon nanomaterials due to their ability to form specific
and =m-m-stacking contacts between aromatic molecules
and the graphite surface of CNT. Noncovalent function-
alization of carbon nanotubes leads also to an increase
of CNT solubility®” and improvement of photoinduced
electron transfer properties,'>?43! sensing properties, 373
mechanical and thermal properties,'®3¢=1 and catalytic
effect.[4041]
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Several techniques of noncovalent functionalization
of carbon nanotubes are known. If aromatic compounds are
soluble in water or organic solvents their hybrid materials
are prepared by mixing their solutions with CNT disper-
sions in various solvents with or without ultrasonic treat-
ment. Then the excess of adsorbed molecules is removed
by washing in appropriate solvents.”?! If polyaromatic mol-
ecules (e.g. unsubstituted metal phthalocyanines) have low
solubility their hybrid materials are prepared by noncovalent
functionalization of carbon nanotubes via mixing suspen-
sions of carbon nanotubes and MPcs in dimethylformamide
(DMF) or acetonitrile under ultrasonic treatment.”] Another
approach relies on in situ synthesis of phthalocyanine
in the presence of carbon nanotubes.***1 Basiuk et al.[*!
suggested a simple, efficient and environmentally friendly
method of deposition of unsubstituted MPcs with M = Co,
Ni, Cu and Zn onto CNT sidewalls, in which the function-
alization was performed by heating SWCNT-MPc mixtures
in a quartz reactor under moderate vacuum (1072 Torr) at
400-500 °C. MPc was sublimed, part of it was adsorbed
on the nanotube sidewalls, and the excess was condensed
in the cooler part of reactor right above the edge of tube
furnace. The MPc weight content in the prepared hybrids
was determined by termogravimetric analysis (TGA) to be
30, 17 and 35 % for NiPc, CuPc and ZnPc, respectively.

The examples of application of the above mentioned
techniques for the preparation of active layers of chemire-
sistive and electrochemical sensors will be described
in the corresponding sections below.

Covalent Functionalization

The main strategy of covalent functionalization
has been described in a number of reviewsP’ ¥ and book
chapters.®*371 CNTs tend to aggregate into bundles, which
makes it difficult to disperse them in solvents. Thus,
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Figure 1. Scheme of the main approaches to covalent functionalization of SWCNTs.
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covalent functionalization of CNTs is widely used
to increase the solubility of CNTs in solvents.’* ¢4 Covalent
functionalization of CNTs can be achieved by introducing
chemical functional groups using different reaction includ-
ing fluorination, radical chemistry, reductive alkylation
and arylation (Billups reactions), Bingel reaction, reactions
with diazonium, nitrene, dichlorocarbene compounds.
Authors of the review!™® provided a list of several covalent
functionalization strategies. The most commonly used meth-
ods for functionalization of carbon nanotubes are shown
in Figure 1. The covalent attachment of molecules is also
carried out by click-chemistry or substitution reactions with
the formation of amide, ether or peptide groups. Function-
alization of single-wall carbon nanotubes via the addition
of (R-)oxycarbonyl nitrenes was described by Holzinger
and co-authors.[®? The suggested approach allows binding
of a variety of different groups such as alkyl chains, aromatic
groups, dendrimers, and others. For example, perfluoroary-
lazide derivatives were used to modify carbon nanomateri-
als in order to attach hydrophobic fluorosubstituted aromatic
molecules to their surfaces.[634

3D Materials Based on Carbon Nanotubes

Creation of new porous 3D carbon nanostructures
cross-linked via different aromatic molecules is another
important fundamental task of nanotechnology. To obtain
such cross-linked structures, the same methods as for cova-
lent functionalization of CNTs are used, but the aromatic
molecule should contain two linking groups.

One of the methods used for the CNT binding is the Sono-
gashira coupling reaction, namely, the cross-coupling reac-
tion of vinyl and aryl halides with terminal alkynes, catalyzed
by palladium and copper.” For instance, Kumar and Rao®®
performed covalent binding of iodobenzene functionalized
SWCNTs via 1,4-diethylbenzene and 4,4’-diethynyldiphenyl
linkers by the Sonogashira reaction (Figure 2). The Brunauer-
Emmet-Teller (BET) surface areas of these assemblies were
742 and 788 m*-g!, respectively, while the pristine SWCNTs
had a surface area of 400 m>-g'.

(% ASWCNT-1
I

SWCNT SWCNT - 1Bz

Pd(0), Cul

EtaN, 140 °C

Figure 2. Preparation of 3D hybrids by the Sonogashira reaction.

Leonard et al."! prepared 3D carbon nanotube frame-
works for hydrogen storage. Cross-linking was performed
according to the reaction between terminally substituted
amine linkers (methylenedianiline) and SWCNT fibers
in the presence of oleum (20 % free from SO,), sodium nitrite
and 2,2’-azobis(2-methylpropionitrile) as shown in Figure 3.
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Figure 3. Cross-linking of SWCNTs using a methylenedianiline
derivative.

Figure 4. Cross-linking of SWCNTs via the formation of amide
bonds. 1041681

Nyokong and Mugadza obtained and investigated
a series of 3D carbon nanomaterials with phthalocyanines
of cobalt(II),® iron(IT)*” and nickel(Il).*" The materials
were synthesized by cross-linking of carbon nanotubes
by tetrasubstituted MPc via the formation of amide bonds
(Figure 4).

For this purpose, COOH groups of carboxylated
SWCNTs were transformed to COCI by their treatment
with thionyl chloride (SOCL,) in anhydrous DMF at 70 °C
for 24 h. Then the obtained SWCNT-COCI was refluxed
with tetraamino-substituted CoPc in DMF during 96 h,
and the resulting solid was centrifuged for 20 min, washed
with ethanol and dried under vacuum. In another work,”
SWCNTs, on the contrary, were functionalized by ethylene-
diamine groups and entered into the reaction with a cobalt
phthalocyanine derivative bearing COCI groups (CoTCOCI,
Figure 5).

Ozden and co-workers"™ used the well-known Suzuki
cross-coupling reaction”! for the creation of 3D CNT
networks. For this purpose, tetrakis(triphenylphosphine)
palladium (Pd(PPh,),) was added to 1,4-phenyldiboronic
acid and anhydrous Cs,CO, in anhydrous toluene, followed
by CNT-COCI, in argon atmosphere (Figure 6). The reaction
mixture was heated at 100 °C for 5 days, and then the result-
ing material was filtered and washed with water to remove
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Figure 5. 3D hybrids based on SWCNTs and CoTCOCIL.
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Figure 6. 3D CNT networks prepared according to the Suzuki
cross-coupling reaction.

the excess of unreacted compounds. As a result, a carbon
material with macrotubular architecture was obtained. CNT
bundles were interconnected in a network, creating macro-
porous structures. It was determined by the BET surface
analysis that the specific surface area of the obtained 3D
CNT-based structure was 177 m?g™'. Despite this porous
morphology, this value was not much higher than that
of pristine CNTs (166 m*g ™).

De Marco et all™ showed that 3D CNT hybrids
could also be obtained by covalent linking of p-diiodo-
benzene and CNT by the addition of Na and naphthalene
in N,N-dimethylacetamide (DMAc) as a solvent (Figure 7).
p-Diiodobenzene was selected as a soluble, rigid, electro-
philic cross-linking agent. The optimal metal concentration
providing maximal debundling of CNTs and the grafting

K7 Jg Na
4
ke naphthalene

S

DMAc

?’; 7

(
(

Figure 7. Scheme of the cross-linking of CNTs by the reaction
with p-diiodobenzene.
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CoTCPc—EA-SWCNT (linked)

DMF, 70 °C, 96 h
e

Cl

ratio of 17 wt% (determined by TGA) was shown to be
15 mM. The obtained 3D materials were found to have
the enhanced specific surface area (766 m*g™') estimated
by BET (N,) measurements which is three times higher than
in the case of pristine SWCNTs (217 m?-g™"). The obtained
materials had good electrical conductivity (9.4 S'm™), low
mass density (2.3 mg-cm™) and high chemical stability.
Schirowski et all® prepared 3D structures
by the reaction between negatively charged potassium inter-
calated SWCNTs and bisdiazonium salts (benzene-4,4’-
bis(diazonium) or 1,1’-biphenyl-4,4’-bis(diazonium) salts) or
diiodo compounds (p-diiodobenzene or p-diiodobiphenyl)
acting as electrophiles (Figure 8). It was shown that the func-
tionalization of SWCNTs using diiodo compounds resulted
in the better functionalization homogeneity and the higher
degree of addend binding. The degree of functionalization

SWCNT-BiPh
SWCNT-BiPh*

SWCNT-Ph
SWCNT-Ph*

BDS-Ph*

Scheme 1. Synthesis of biphenylene- and phenylene-linked
SWCNTs via bisdiazonium salts (BDS) and diiodo com-
pounds (DIC) starting from potassium nanotubides (KCy).

Figure 8. Synthesis of biphenylene- and phenylene-linked
SWCNTs via bisdiazonium salts and diiodo compounds. Reprinted
with permission from the American Chemical Society, Copyright
(2018).171
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was higher in the case of phenylene linkers, while biphenyl-
ene linkers led to the higher surface area and better thermal
stability. The authors also stated that the size of linkers, type
of functionalization and its degree affected the macroscopic
properties of the material. For example, SWCNTs cross-
linked via biphenylene derivatives exhibited the 33 % higher
external surface and the better kinetics of oxygen reduction
in comparison with SWCNTs bound via phenyl linkers.

In a series of our research group, 3D hybrid materi-
als based on SWCNTs and various polyaromatic linking
molecules, viz. pyrene,™ coumarin,>1 BODIPY,"
and silicon phthalocyanine,[”® were prepared and studied.
The hybrids were synthesized according to the well-known
reaction of “click chemistry”, namely azide-alkyne Huisgen
cycloaddition (Figure 9). Azide-modified SWCNT-N3
were prepared in the nitrogen atmosphere by the addition
of SWCNTs (0.4 mmol) to the mixture of NaN, (6 mmol)
and iodine monochloride (1.5 mmol) in 25 mL of acetonitrile.
SWCNTs modified with azide groups react with a linking
molecule bearing two terminal alkyne groups in the pres-
ence of a Cu(l) catalyst formed in situ from copper(Il)
sulphate pentahydrate and sodium L-ascorbate.

An interesting unusual method for the preparation
of 3D CNT structures was proposed by Jombert el al™
Nanotubes were cross-linked by the ligand exchange reac-
tion between cis-[Pt(dmso),Cl, ] and pyridine-functionalized
single walled carbon nanotubes (Py-SWCNT) (Figure 10).
Platinum was confirmed by XPS to coordinate the pyridine
nitrogen atoms. It was shown that this type of coordination

Linker  Ho—<»—OH
4 K;CO3
B~ | DMF
SWCNT SWCNT-N3
ICI, NaN3 ;_p—-Q-O\__
e -
CH3CN, CuSO, 5H,0 . L-ascorbate.
N2 microwave 400 W

3 ) ‘."' ..' ¥ .,’ 7
K

did not have a significant effect on the conductance of Py-
SWCNT films.

Hybrid Materials as Active Layers
of Chemiresistive Sensors

Hybrid Materials on the Basis of Carbon Nanotubes
and Metal Phthalocyanines

Electrical properties of SWCNTs are usually
determined by their chirality, i.e. the angle of orientation
of the graphite plane relative to the tube axis.®f1 The
electrical conductivity of semiconductor SWCNTs can
alter upon adsorption of various molecules on their surface
due to the change in the concentration of charge carriers
in SWCNTs.B321 A prototype of the first sensor based on
SWCNTs towards NO, was described by Kong in 2000./
Later other researchers® found that thin SWCNT layers
could be used to determine small (40-100 ppb) NO, con-
centrations in dry air. To date, the sensor characteristics
of pristine SWCNTs have been studied towards a number
of gases such as NH,, NO,, H,, CH,, CO, H,S, and O,, as
well as volatile organic vapours (VOC).

Phthalocyanine derivatives are widely used for
the improvement of SWCNT chemiresistive sensor proper-
ties due to their semiconductor behaviour and good sensor
response to various gases.® 1 To date chemiresistive
sensors on the basis of hybrid materials of CNTs with phtha-

SWCNT/linker-3D

..
N’{‘N

Figure 9. Scheme of the preparation of 3D hybrids by the reaction of azide-alkyne Huisgen cycloaddition.

Py-SWCNT

1. NaNO,, HC, 0 °C
2. NaOH

2O

[Pt(dms0),Cl,]

(N N ———————— X
Reflux, MeOH 4

Pt/Py-SWCNT
—_— Cl
e
Cl

Figure 10. Scheme of the synthesis of SWCNTs cross-linked via a Pt complex.
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Table 1. Characteristics of hybrid sensor layers according to the data presented in Refs.l?!-7981

Sensing Layers

PbPc/ PbPc/ .
Resistance, kOhm 5-7-102 04-0.5 04-0.5 1620 5-7-102 0.2-0.3 0.2-03 04-0.5 - - 1.0-1.5
NH, conc., ppm 0.15-80 0.15-80 0.15-80 0.15-80 0.15-80 0.15-80 0.15-80 0.3-80 0.3-80 0.3-80 0.3-80
Response at 20 ppm, % =13 ~13 =16 =17 =14 =12 =15 ~13 =13 =18 =25
Recovery time at 20 ppm,s ~4000 ~2000 ~1500 =500 ~=3000 ~250 ~ 1000 =2000 - - ~250
LOD, ppb - - 150 150 - - - - - - 75
Ref. 1] 1] 1] 1] 7] 7] 7] 98] 98] 98] 98]
locyanine derivatives have been widely studied in the lit- Wu et alP? compared sensor properties

erature,® % while the sensor properties of CNT/porphyrin
hybrids have been described to a lesser extent.?0-2

The literature analysis shows that a large number
of works are devoted to the study of sensors towards
ammonia. A group of Chinese scientists prepared hybrids
of acid treated carbon nanotubes with MPc (M = Pb,!
Cu,P"I N1, P8 Col?) via non-covalent n—n-stacking interac-
tion and studied their sensor properties towards ammonia.
The researchers demonstrated that the hybrid materials
PbPc/SWCNT-COOH and PbPc/MWCNT-COOH had
the higher sensor response to NH, than pristine carbox-
ylated nanotubes (Table 1). They also showed the effect
of the central metal on the sensor properties of investigated
hybrids.”’?8! The hybrids with CuPc possessed the higher
response towards ammonia than those with PbPc and NiPc
(Table 1).

Liang et alP! prepared hybrid materials on the basis
of MWCNTs and a number of tetrasubstituted phthalocya-
nines TFPMPc (M = Co, Zn, Cu, Pb, Pd, and Ni) bearing
tetrafluoropropyloxy substituents. The materials were
obtained by mixing solutions of MPc in dimethylformamide
with a suspension of nanotubes during ultrasonic treatment
at 50 °C. Some sensor characteristics are given in Table 2.
It was shown that the sensor response of TFPMPc/MWCNT
layers to NH, decreased in the following order: Co > Zn >
Cu > Pb > Pd = Ni. This experimental result was in good
correlation with the DFT calculations of the value of charge
transfer between the analyte and MPc molecule. The
TFPMPc/MWCNT hybrids exhibited noticeably higher sen-
sitivity to ammonia than to CO, CO,, H,, CH,, and volatile
organic compounds.

of the layers of CoPcTc/MWCNT (CoPcTc is tetra-f3-
carboxyphthalocyaninatocobalt(Il)) hybrid with the same
hybrid mixed with ponyaniline (PANT) in the ration of 1:1.
The last was shown to be the most sensitive to ammonia
among the hybrids given in Table 2. The layer exhibited
very fast recovery time (about 10 seconds at 20 ppm NH,)
and low limit of detection (LOD) of 36 ppb.

Researchers from the groups of T. Basova and M.
Durmus used SWCNT-based hybrids prepared by the meth-
ods of non-covalent?"?*100-1%41 and covalent functionaliza-
tion, as well as 3D hybrids for the creation of active layers
of chemiresistive sensors to ammonia.”® MPcs bearing
long -S(CH,CH,0),CH, chains and pyrene substituents
were used for non-covalent functionalization of SWCNTs
(Figure 11a,b). SWCNTs functionalized with MPc bearing
-S(CH,CH,0),CH, substituents gave fine stable dispersions
in organic solvents, while pyrene substituents were intro-
duced to improve m-7 interaction between phthalocyanine
molecules and nanotube walls.

ZnPc shown in Figure 11c was utilized for both cova-
lent and non-covalent functionalization of SWCNTs. The
functionalization degrees of SWCNTs by different phtha-
locyanines, determined by TGA, and sensor characteristics
are summarized in Table 3.

The functionalization degree of SWCNTs was shown
to be a very important characteristic of hybrid materi-
als with phthalocyanines, since the greater the degree
of functionalization, the greater the sensor response. The
method of covalent functionalization was found to lead
to an increase in the functionalization degree by 1.5-2 times
compared to the non-covalent one. The chemiresistive

Table 2. Characteristics of hybrid sensor layers according to the data presented in Refs.!>!

Sensing Layers

Parameters Mweny  TEPNiPe/  TFPPdPe/  TFPPbPe/  TFPCuPc/  TFPZnPe/  TFPCoPc/ MC“‘;IC’;T;/ CoPcTc/
MWCNT  MWCNT = MWCNT  MWCNT ~ MWCNT  MWCNT 0 a 1@5@ MWCNT
NH, conc., ppm 0.1-200  0.1-200  0.1-200  0.1-200  0.1-200  0.1-200  0.1-200 0.2-250 0.2-250
Response at 25 ppm, % = ~7 =9 =9 ~ 14 ~15 ~18 ~59 =22
Recovery time at ~700 =250 =300 =500 =250 =500 =500 ~ 10 ~250
20-25 ppm, s
LOD, ppb - - - - - - 60 36 -
Ref. [95] [95] [95] [95] [95] [95] [95] [99] [99]
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Figure 11. Structures of MPcs (M=Co, Cu, Zn, 2H) used for functionalization of SWCNTs in Refs.[282101]

Table 3. Degree of functionalization (¢) and sensor characteristics of SWCNTs modified with MPc molecules (Figure 11c¢).

MPc CuPc-py CoPc-py H,Pc-py  ZnPc(‘Bu), ZnNc(Bu), ZnPc (Fig. 1lc) | ZnPc (Fig. l1c) SiPc-3D
Method Non-covalent Covalent
», % 0.54 0.36 0.22 0.36 0.64 0.30 0.52 1.75
R, /R - - - 3.0 8.4 2.8 52 14.0
Recovery time, s 60 30 40 30 40 70 70 200
Ref, [29] [29] [29] [27] [27] [104] [104] [78]

* R, y/R o 18 the ratio of sensor response of SWCNT/MPc hybrid to that of pristine SWCNTs towards 50 ppm of ammonia.

sensor response of the layers of SWCNTs covalently
functionalized with ZnPc was noticeably higher than that
of SWCNTs noncovalently functionalized by the same
phthalocyanine (Figure 12).

It was also concluded that the introduction of an addi-
tional aromatic substituent!®! or expansion of the aromatic
system®! when passing from phthalocyanine ZnPc(‘Bu),
to naphthalocyanine ZnNc(‘Bu), complexes also causes
an increase of the functionalization degree in the resulting

8,0x10”

SWCNT ZnPc:SWCNT-co ZnPc:SWCNT-non-co
NH, off
6,0x10° 4 47 8
o
o
= B
07 4,0x107 1 1 TNH, off
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Figure 12. Sensor response of the layers of pristine SWCNTs
and their hybrids obtained by covalent (ZnPc:SWCNT-co)

and noncovalent (ZnPc:SWCNT-non-co) functionalization

with ZnPc (Figure 11c) towards NH, (10-50 ppm),

measured in a dynamic regime at the constant Ar flow rate

of 300 mL'min'. Reprinted with permission from Elsevier S.A.,
Copyright (2017).228

98

hybrid materials and, as a consequence, an increase of their
chemiresistive sensor response to ammonia.

Cross-linked carbon nanotubes, in which phtha-
locyanine molecules were used as linkers, were shown
to be very attractive sensing materials for ammonia detec-
tion.[™ For instance, a 3D hybrid SWCNT/SiPc was obtained
by the azide-alkyne cycloaddition (Click) reaction
of azido-substituted SWCNTs with axially-bis(propynoxy)
phthalocyaninatosilicon(IV) (SiPc) (Figure 13). The pre-
pared hybrid nanomaterial exhibited completely revers-
ible sensor responses to ammonia and hydrogen at room
temperature; the recovery time was 100-200 s in the case
of NH, and 50-120 s in the case of H, depending on gas
concentrations. Due to its porous structure, the LOD values
reached 0.5 ppm and 70 ppm for ammonia and hydrogen,
respectively. SWCNT/SiPc was successfully used for
the detection of both NH, and H, in the presence of CO,.
On the contrary, H,S was found to be an interfering gas for
the NH, detection.

CNT-based hybrid materials with phthalocyanines
were also used for H,S detection. Wu and co-authors!"*”!
prepared hybrid materials using acid treated multi-walled
carbon nanotubes (aCNT) covalently bonded with cobalt(I1)
tetra-B-carboxyphenyloxyphthalocyanine  (cPcCo)  via
the condensation reaction in the presence of N,N-dicy-
clohexylcarbodiimide (DCC), using hydroquinone (HQ),
p-aminophenol (PAP), and p-phenylenediamine (PPD) as
linking molecules, which were named cPcCo-HQ-aCNT,
cPcCo-PAP-aCNT and cPcCo-PPD-aCNT, respectively.
Among the investigated hybrids (Figure 14) the cPcCo—
HQ-aCNT layer demonstrated the highest sensor response
of 2.5 % to 80 ppb H,S with two linear ranges from 20

Maxpozemepoyurnvt / Macroheterocycles 2020 13(2) 91-112
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Figure 13. a: Scheme of the 3D hybrid SWCNT/SiPc; b: Dependence of the sensor response of a SWCNT/SiPc layer on NH

concentration.[’®!
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Figure 14. A: Response of cPcCo, aCNT, cPc-HQ-aCNT, cPcCo-PAP-aCNT and cPcCo-PPD-aCNT sensors to H,S; B: The dependence
of the sensor response of cPcCo, aCNT, cPc-HQ-aCNT, cPcCo-PAP-aCNT and cPcCo-PPD-aCNT on H,S concentration. Reproduced

from Ref.['" with kind permission of Royal Society of Chemistry.

to 160 ppb and from 320 to 2560 ppb, and a low detection
limit of 5 ppb.

MPc/SWCNT hybrids can also be used for the detection
of oxidizing gases like chlorine and NO,. There are several
examples of hybrids obtained by noncovalent functionaliza-
tion of carbon nanotubes in the literature, which were used
for this purpose, among them carboxylated MWCNT with
Cu(ID) 2,3,9,10,16,17,23,24-octakis(octyloxy)-29H,31 H
phthalocyanine (CuPcOCs),l1%%17 carboxylated MWCNT
with perfluorosubstituted ZnPcF ,['" carboxylated SWCNT
with  MPcF . (M=Co, Zn),'”! carboxylated SWCNT
and MWCNT with CuPcF, " A comparison of CuPcF /
SWCNT-COOH (H1) and CuPcF, /MWCNT-COOH (H2)
hybrids showed that the sensor response to Cl, was higher
in the case of Hl layers (Figure 15). The detection limits
for Hl and H2 hybrids were reported to be 0.27 ppb
and 0.85 ppb, respectively.""”’ In the case of ZnPcF /
MWCNT-COOH!"™ the calculated LOD of Cl, was even
less and equal to 0.06 ppb.

The same group of authors!'® compared the sensor
response of carboxylated SWCNT functionalized with
CoPcF , ZnPcF  and CuPcF , and shown that their sensor
response to Cl, decreased in the order CoPcF, > ZnPcF,,
> CuPcF indieating that the central metal ion played
an important role in the sensitivity to Cl,: the larger the ionic
radius, the greater the charge transfer and CI, interaction

Maxkpozemepoyurnvt / Macroheterocycles 2020 13(2) 91-112

with the sensing layer. The calculated LOD was 0.04 ppb
and 0.05 ppb for CoPcF /SWCNT-COOH and ZnPcF /
SWCNT-COOH hybrids, respectively.

Volatile organic compounds can be also detected
using sensing layers of CNT-based hybrids with metal
phthalocyanines. Ndiaye et al.?? compared sensor proper-
ties of CNTs non-covalently modified with a phthalocyanine
and porphyrins, viz. tetra-tert-butyl-29H,31H-phthalocy-
anine (CuPc'Bu), 2,3,7,8,12,13,17,18-octaethyl-21H,23H-
porphine (OEPH,), and 5,10,15,20-tetraphenyl-21/,23H-
porphine (TPPH,), towards benzene, toluene and xylene.
The amount of complexes adsorbed on CNTs estimated
by TGA was maximal in the case of the hybrid with
CuPc'Bu. The chemiresistive sensor responses of the hybrid
materials were compared with those measured by a quartz
crystal microbalance technique (QCM) (Table 4).
was shown that the maximal response to toluene, measured
by both methods, was registered for CNT/CuPc'Bu layers.
Similarly to the data obtained in works?"?! the maximal
sensor response was observed for the hybrids with the higher
degree of functionalization.

Wang et al.’? prepared and investigated the SWCNT/
CoPc hybrid exhibiting good selectivity and high sen-
sor response to dimethyl methylphosphonate vapours
(0.5-40 ppm). The hybrid was obtained via noncovalent
functionalization of SWCNTs by tetrasubstituted cobalt
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Figure 15. a: Sensor response of CuPcF, /SWCNT-COOH

(H1) and CuPcF, /MWCNT-COOH (H2) hybrids to 1 ppm of
Cl, as a function of temperature; b: the typical resistance-time
characteristics of H1 and H2 sensors for different concentrations
of Cl, (0.1-2 ppm) at 150 °C. Redrawn from Ref.l""

phthalocyanine (Figure 16a). The mole rate of CoPc
in the hybrid material was 0.42 %. The higher sensitivity
of the hybrid layers to dimethyl methylphosphonate vapors
than that of pristine SWCNTSs (Figure 16b) was explained
by the formation of hydrogen bonds between the dimethyl
methylphosphonate molecule and fluorine-containing sub-
stituents in CoPc macrocycle.

Hybrid Materials on the Basis
of Carbon Nanotubes and Other Polyaromatic
Molecules

Apart from metal phthalocyanines other polyaromatic
molecules are also widely used for the preparation of CNT-
based hybrid materials. Calixarenes are very attractive
compounds for the application in gas sensing using QCM
and optical methods,!" however their low conductivity
prevents the creation of chemiresistive sensors. Prepara-
tion of hybrids on the basis of CNT and calixarenes allows
overcoming this obstacle. Sarkar et /.12 demonstrated
that the formation of SWCNT/calixarene hybrids can be
achieved due to the strong interaction between the SWCNTs
and aromatic rings of calixarene. Calixarenes are charac-
terized by a bowl-shaped structure with a cavity that has
a hydrophobic pendent and the ability to adapt to changes
from a close to flat conformation when interacting with
analyte molecules. Consequently, the sensitivity of the sen-
sor can be adjusted by manipulating the calixarene-analyte
interaction by selecting the appropriate type of calixarene
that has a different cavity size and/or different terminal
functional groups.

Table 4. Mass and chemiresistive sensor responses of the sensing layers towards toluene (according to the data of Ref.1?!).

Mass sensor responses - 103, Hz'ng™!

Resistive sensor responses -10° (AR/R )

Sensor Layers 150 ppm 430 ppm 1200 ppm 150 ppm 430 ppm 1200 ppm
CNT NS NS NS NS NS NS
CNT/ CuPc'Bu 2.11 3.50 4.5 2.5 5.6 15.1
CNT/ OEPH, 1.55 3.04 4.0 2.0 3.5 7.1
CNT/ TPPH, 1.35 2.50 3.7 0.1 0.9 4.1

NS = not stable response

CoPc derivatives

© =N w s o oo
AR/R (%)

Figure 16. a: Structural formula of CoPc and scheme of noncovalent functionalization of carbon nanotubes; b: Dependence of the sensor
response of pristine carbon nanotubes and SWCNT/CoPc hybrid on the concentration of dimethyl methylphosphonate. Reproduced from
Ref.P? with kind permission of Royal Society of Chemistry.
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The chemiresistor was fabricated by dielectrophoretic
alignment of carboxylated SWCNTs on interdigitated gold
microelectrodes followed by functionalization of SWCNTs
with calixarene (Figure 17) by a solvent casting technique.
The prepared electrodes were used for the detection of ben-
zene, toluene, ethylbenzene and xylene vapors and exhibited
LOD of 25, 7.5, 6.5 and 4 ppm, respectively.’”) The same
SWCNT/calixarene hybrid was shown to exhibit the limit

Figure 17. Structure of calix[4]resorcinarene used for
the preparation of chemiresistors.37112113!
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Figure 18. a: Structure of the Neural Red dye diazonium salt
(NR); b: Selectivity histogram of the CNT NR hybrid. Drawn
according to the data presented in Ref.['!*]

T. V. Basova, M. S. Polyakov

of detection of ~0.6 ppm, ~0.3 ppm and ~0.4 ppm for
NH,, trimethylamine and dimethylamine, respectively,!'"”
and 25 ppb for NO,.['"I

Wei et al. " reported about the preparation of 1-pyrene-
methylamine functionalized SWCNTs for the active layers
of a chemiresistive sensor for the detection of 2,4,6-trini-
trotoluene in deionized water at ppt concentration level.
Amino substituents in I-pyrenemethylamine molecules
attached to SWCNTs via n-n interaction selectively inter-
act with trinitrotoluene with the formation of negatively
charged complexes, which cause the conductivity change
of the hybrid sensing layer.

Bensghaiera er all"™! reported the functionaliza-
tion of CNTs by the Neural Red dye diazonium salt (NR,
Figure 18) through diazonium interface chemistry for
the development of chemiresistive sensors towards acetone.
It was shown that the Neural Red dye diazonium salt reacted
spontaneously with the formation of C-C bonds with
MWCNTs in water at room temperature.

The layers of the CNT-NR hybrid drop casted onto
glass substrates with predeposited gold electrodes were used
for the detection of different volatile organic compounds
(ethanol, methanol, acetone and toluene). The layers were
shown to exhibit highly selective sensor response towards
1000 ppm of acetone with the response/recovery time of 47
and 49 s at room temperature. Their selectivity to acetone
was driven by the interaction between the N atom of elec-
tron donating dimethylamino groups of NR and electron
deficient carbon atom in the C=0 group of acetone.

Polyaromatic molecules can be also used as linking mol-
ecules for the creation of 3D structures of cross-linked car-
bon nanotubes. These structures were shown to have porous
structure and developed surface area, which is important for
the creation of chemiresistive sensors with high sensitivity.
For example, Senocak et al.™ prepared a SWCNT-Pyrene
3D hybrid material (Figure 19a) by the reaction of “Click
chemistry” between SWCNTs functionalized with azide
groups and 1,6-diethynylpyrene. The SWCNT-Pyrene 3D
hybrid material exhibited completely reversible sensor
towards low concentrations of ammonia (0.1-40 ppm) at
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Figure 19. a: Structure of SWCNT-Pyrene 3D hybrid; b: Dependence of the sensor response of the films of SWCNT-Pyrene 3D
and pristine SWCNT on ammonia concentration. Reproduced from Ref.* with kind permission of Elsevier S.A.
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room temperature, which was noticeably higher than that
of pristine SWCNTs. The surface area of the SWCNT-Pyrene
3D hybrid was shown by the Brunauer—Emmett—Teller
(BET) method™ to increase from 835 m?g’'to 991 m?g’
compared to pristine carbon nanotubes. LOD of SWCNT
films was found to be 10 ppm while that of the 3D hybrid
was 0.5 ppm.

Polyakov et al."¥ studied the effect of different types
of functionalization of SWCNTs by 3-phenylcoumarin
derivatives on the chemiresistive sensor response to ammo-
nia. First two hybrids were prepared by the “Click™ reac-
tion between SWCNTs modified with azido groups
and 7-propinyloxy-3-(p-propinyloxyphenyl)coumarin
bearing two terminal alkyne groups (SWCNT/PhC2-3D)
or with 7-propinoxy-3-(3’,4’,5’-trimethoxyphenyl)couma-
rin bearing one terminal alkyne group (SWCNT/PhCI-
cov) (Figure 20). The third hybrid material was prepared
by noncovalent functionalization of SWCNTs, namely
by adsorption of 7-propinyloxy-3-(p-propinyloxyphenyl)
coumarin on SWCNT surface (SWCNT/PhC2-noncov). It
was shown that the sensor response to ammonia increased
in the order SWCNT/PhC2-noncov < SWCNT/PhCl-cov
< SWCNT/PhC2-3D and was in good correlation with
the amount of coumarin molecules attached to the surface
of carbon nanotubes.

Hybrid Materials for Modification of Electrodes
of Electrochemical Sensors

Hybrid Materials Based on Carbon Nanotubes
and Metal Phthalocyanines for Modification
of Electrodes of Electrochemical Sensors

CNTs were shown to improve the electron transfer rate
when used for electrode modification, and even exhibit elec-

SWCNT/PhC2 - 3D

CuS04 5H20 , L-ascorbate
microwave 400 W ] %
D h- N~
SSe e, TR 2
T o
[eess's - - _—
—
o
SWCNT/Phc1-cov
I sSas =
. Phe1 LiFF @ FF (14
& Ya e, {x '\f ~—
e Y " a
ICI, NaN,  afin®at D9 19 e
: ) .
CusO ."M:O.L-ncmu. q \‘ q |‘ q

trocatalytic properties in some electrochemical processes.
CNTs can cause a decrease in overpotentials and surface
fouling on electrodes as well as an increase in voltam-
metric signals.[) On the other hand, metal phthalocyanines
and related compounds are widely used as electron transfer
mediators in electrochemical reactions and demonstrate
electrocatalytic properties.''®!" Metal phthalocyanines
adsorbed onto the surface of CNTs was shown to retain their
catalytic properties.”!

The literature abounds with various examples
of obtaining hybrid materials based on carbon nanotubes
and metal phthalocyanines and their application to modify
the electrodes of electrochemical sensors, including
review articles.""® However, since this date, there has been
a noticeable increase in the number of registered methods.
The modified electrodes were manufactured primarily for
the preparation of biosensors for drug detection and clinical
purposes. In this chapter, we present examples of electro-
chemical sensors based on such hybrid materials obtained
over the past decade, focusing on methods for the prepara-
tion of such hybrid materials and modification of electrodes
of electrochemical sensors.

In some studies, carbon nanotubes are first covalently
or noncovalently functionalized with phthalocyanines,
and then the resulting hybrids are used to modify the elec-
trode surface,” "’ while in most cases, the electrodes are
first modified with carbon nanotubes, and then the MPc
solution is dropped on the top of the carbon layer, fol-
lowed by drying!?*2" or the electrode is immersed
in the MPc solution.” These methods are called “drop
dry” or “dip dry” and are based on simple intermolecular
forces, viz. electrostatic and n—m interactions. In many other
works,['2124 hybrid materials are obtained by mechanical
mixing of CNT and MPc powders during their grinding
in oil, and then this mixture is used to modify the electrodes.
Some examples of the application of CNT/MPc hybrid

50 —— SWCNT
40 —— SWCNT-N3
—— SWCNT/PhC2-noncov
—— SWCNT/PhC1-cov
—— SWCNT/PhC2-3D

1 30

0 200 400 600 800
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Figure 20. a: Scheme of the synthesis of hybrids material of SWCNT with 3-phenylcoumarin derivatives; b: Relative sensor response
of the layers of pristine SWCNTs, azide-modified SWCNT-N3 and their hybrids towards NH, (10-50 ppm). Reproduced from Ref."™

with kind permission of Elsevier S.A.
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materials for modification of electrodes of electrochemical
sensors from the works published over the past 10 year are
given in Table 5.

It is known that the redox potentials of phthalocya-
nines can be more or less shifted anodically or cathodi-
cally depending on the type of substituents, axial ligands
and central metal ions. Literature analysis shows that
phthalocyanines containing redox active metal centres are
mainly used as electron mediators in hybrid systems, e.g.
phthalocyanines of cobalt, copper, manganese and iron.
Unsubstituted metal phthalocyanines are often utilized
for the preparation of hybrid materials due to their avail-
ability and ease of synthesis. They have low solubility
in organic solvents, for this reason their hybrid materials
are usually prepared by noncovalent functionaliza-
tion of carbon nanotubes via mixing of the suspension
of carbon nanotubes and MPcs in DMF or acetonitrile
under ultrasonic treatment.*31"%1241  Another method
of the preparation of CNT-based hybrids is mechani-
cal mixing of CNT and MPcs in the presence of oil or
polymers (e.g. polypyrrole!'®]). For example, Patrascu
et al.'?! mixed MWCNT with FePc (1%) in paraffin oil
in a mortar. The electrode modified with this mixture
was used to determine dopamine by cyclic voltammetry
and differential pulse voltammetry. The detection limit
of dopamine in water media was 2.05:107" M. Electrodes
modified with a composite material consisting of solid
paraffin (mp 55 °C), MWCNT and unsubstituted CoPc
mixed in a mortar were used to determine epinephrine
(EP) in water and human urine samples. The detection
limit in pure water was 15.6 nmol-L™" (2.86 ng-L™").4

Zuo et al proposed another way to modify carbon
nanotubes, which allows overcoming the low solubility
of phthalocyanine. In their work, the CoPc-MWCNTs were
synthesized in situ through tetramerization of dicyanoben-
zene on the surface of MWCNTSs in the presence of CoCl,
and DBU (1,8-diazabicycloundec-7-ene) in n-pentanol. The
mixture was stirred at 170 °C under nitrogen for 2 h, then fil-
tered, washed with ethanol and dried under vacuum. A glass
carbon electrode (GCE) was modified by dropping CoPc-
MWCNT suspension in ethanol and used for the detection
of ascorbic acid in the range from 1.0-10° M to 2.6-103 M.
The limit of detection was 1.0-107° M.

Tetrasulfonated metal phthalocyanines (MPc(SO,H),)
are also widely used as electron mediators in electrochemi-
cal sensors. Due to their solubility in water their hybrid
materials are prepared by mixing their water solutions
with CNT dispersions in water.*>!2-121 Karuppiah et al.*”
reported a simple sonochemical method to functionalize
MWCNTs with nickel tetrasulfonated phthalocyanine,
in which NiPc¢(SO,H), also served as a dispersing agent for
the MWCNTs via n—m interactions.

Phthalocyanines bearing more complicated substitu-
ents are also utilized for the preparation of hybrid materials
by noncovalent functionalization of carbon nanotubes for
their further application for electrodes modification. For
example, electrodes modified with MWCNT-based hybrids
with 4-aminophenoxy-,*" 4-oxy-3-methoxyphenylacrylic
acid-®1  and  4-trifluoromethylphenoxy-substituted!3?
phthalocyanines (Figure 21) were used for the detection
of H,O,, bisphenol A and nitrite, respectively (Table 5).
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Figure 21. Examples of tetrasubstituted metal phthalocyanines
used for the preparation of MWCNT-based hybrids.!30-132]

CNT-based hybrid materials covalently modified with
MPc derivatives are also of great interest for the modification
of glass carbon electrodes. Covalent attachment of phthalo-
cyanines to SWCNTs via formation of amide bonds is a quite
popular method of covalent functionalization. For example,
tetraaminosubstituted nickel phthalocyanine (NiPc(NH,),)
was shown to be covalently linked with SWCNTs modified
with COCI groups with the formation of a 3D hybrid.*!
The prepared hybrid offered a distinct advantage, giving
the higher current response at lower oxidation overpoten-
tials to 2-mercaptoethanol compared to the electrode modi-
fied with a mixture of NiP¢(NH,), and SWCNTs, and a low
detection limit reaching 0.15 M. In the work,[* carbon
nanotubes, on the contrary, were modified with phenylamine
groups and introduced into the reaction with CoPc bearing
four COCI substituents. This hybrid was used to modify
a GCE for the sensor towards diuron. The same CoPc
was also used as a linker for the cross-linking of SWCNTs
modified with ethylene amine groups, which were used
to modify a glassy carbon electrode for its application for
electrochemical detection of amitrole.!”

One more hybrid was prepared by reaction between
Co(II) phthalocyanine tetrasulfonyl chloride and SWCNTs
modified with CONHCH,CH,NH,-groups!*! (Figure 22)
in the presence of aniline. Screen-printed graphite elec-
trodes (SPEs) modified with the prepared hybrid were shown
to be used for the low-potential electrochemical oxidation
of thiocholine. The linear range for thiocholine detection
was 0.077-0.45 mM, while the LOD was 0.038 mM.

One more promising method of the preparation
of hybrid structures is layer by layer (LbL) electrostatic
assembly. In this method, the multilayered structures were
fabricated directly by alternately assembling of negatively
charged acid treated carbon nanotubes and cationic
cobalt(II) tetra-B-(N, N, N-trimethylaminoethoxy)phtha-
locyanine (Figure 23).371 The electrode modified in this
way was revealed to exhibit good reproducibility, stability,
and selectivity when detecting 4-nitrophenol in the presence
of NaNO,, resorcinol, paracetamol, and bisphenol A.

Zhang et all®® also described the preparation
of multilayer films for the modification of a GCE.
They used  2,9,16,23-tetra[4-(N-methyl)pyridinyloxy]
phthalocyaninatocobalt(I) sulfate ([TMPyPcCo]*) as
the positively charged component and acid-treated multi-
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Table 5. Examples of CNT/MPc hybrids used for the modification of electrodes of electrochemical sensors.

. . Electrode and manner LOD, Ref.
CNT/MPc Method of hybrid preparation of its modification Analyte uM
MWCNT/CoPc Mixture with high purity mineral GCE, adsorption Catechol 1.66 (133]
oil Immobilization of tyrosinase (+)-Catechin 6.32
MWCNT-COOH/CoPc Non-covalent functionalization =~ GCE modified with gold Acetaminophen 0.135 (134]
nanoparticles
MWCNT/CoPc Mixing dispersions in DMF AuNPTs/GCE, drop and dry  Diethylstilbestrol ~ 0.199 43l
MWCNT/CoPc - Pyrolytic Graphite Electrode, Pyridoxine 0.50 (19}
drop and dry (vitamin B6)
MWCNT/CoPc Mixing in a mortar with paraffin ~ Solid paraffin/MWCNT/CoPc  Epinephrine 0.0156 o4
composite rod electrode
MWCNT/MnPc Mixing dispersions in DMF GCE , drop and dry Catechol 0.096 0.048 (124
Hydroquinone
Carboxylated MWCNT/PdPc Mixing CNT dispersion and PdPc¢ Casting of CNT/Pd in Nafion Rutin 0.075 48]
solution in H,SO, solution
MWCNT/FePc Mixing MWCNT with FePc (1%) Preparation of solid paraffin/ Dopamine 0.205 (123]
in paraffin oil MWCNT/FePc composite rod
electrode
MWCNT/CoPc In situ tetramerization GCE, drop and dry Ascorbic acid 1.0 (1261
of dicyanobenzene on MWCNT
surface
MWCNT-NH,/CuPc(SO,H),  Mixing CNT dispersion GCE, drop and dry Dopamine 1-1000 (27
and phthalocyanine solution in the presence
in water of ascorbic acid
and uric acid
MWCNT/Ni(SO,H), Non-covalent functionalization ~ GCE, drop and dry Dopamine 1 nM 2l
MWCNT/Fe(SO,H), Non-covalent functionalization ~ GCE, drop and dry Hydrazine 0.0076 (128]
MWCNT/Co(SO,H), Non-covalent functionalization ~ GCE, drop and dry Glucose 0.14 (129]
SWCNT/nickel(IT) tetra- Covalent functionalization GCE, immerse and dry 2-Mercaptoethanol ~ 0.15 g
aminophthalocyaninate
SWCNT with phenyl-amine ~ Covalent functionalization GCE, immerse and dry Diuron 0.18 (135]
groups/CoPc(COCI),
SWCNT with ethylene amine  Covalent functionalization GCE, immerse and dry Anmitrole 0.1 1691
groups/CoPc¢(COCI),
SWCNT with Covalent functionalization Screen printed carbon Thiocholine 38 (136]
CONHCH,CH NH,-groups/ electrode
Co(IPc(SO,CI),
MWCNT/Co(II) CoPc solution was dropped onto ~ GCE, drop and dry Hydrogen 0.161 (1301
tetraaminophenoxy- GCE/MWCNT peroxide
phthalocyaninate
MWCNT-COOH/(E)-3- Non-covalent functionalization — Pencil graphite electrode, Bisphenol A 0.0189 (131
(2,9,16,23-tetrakis-(4-oxy-3- PGE/MWCNT was immersed drop and dry
methoxyphenyl)acrylic acid)  into CuPc methanol solution
phthalocyaninatocopper(Il)
MWCNT-COOH/tetrakis Non-covalent functionalization ~ Pencil graphite electrode, Nitrite 0.062 (132]
(3-trifluoromethylphenoxy) drop and dry
phthalocyaninatocobalt(II)
MWCNT-COOH/ Layer by layer (LbL) electrostatic GCE, LbL assembly 4-Nitrophenol 0.2 (1371
[tmaePcColl, (Figure 23) assembly method
MWCNT-COOH/ Layer by layer (LbL) deposition ~ GCE, LbL assembly Nitrite, hydrogen 2.6 (138]
[2,9,16,23-tetra[4-(/N- peroxide
methyl)pyridinyloxy]
phthalocyaninatocobalt(II)
MWCNT/Zinc(II) Immobilization Spectroscopic grade graphite Glucose 18 (1391
2(3),9(10),16(17),23(24)-tetra  of ZnPc on MWCNT surface rods, co-immobilization

(2-methyl-1H-imidazol-1-yl)  in the conducting polymeric of GO_and ZnPc

phthalocyaninate(2-)-N29, matrix

N30, N31, N32
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Figure 22. Scheme of the modification of SWCNTSs with cobalt phthalocyanine tetrasulfonyl chloride.[*!

walled carbon nanotubes (aCNTs) as the negatively charged
component for their deposition. It was shown that such
electrode demonstrated excellent electrochemical sensitiv-
ity to NO* and H,0O, with the linear ranges of 5 uM-30 mM
and 10 uM—9 mM, respectively.

In addition to layer by layer (LbL) electrostatic
assembly, deposition of Langmuir-Blodgett (LB) films
of mixtures of a phthalocyanine and carbon nanotubes has
been also proved to be a very useful method for the prepa-
ration of active layers of electrochemical sensors. Apetrei
et al™ prepared mixed LuPc,/CNT LB films. For this
purpose, they dissolved LuPc, in chloroform and CNT
in ethanol. The mixtures LuPc,/CNT were first mixed
together to form a monolayer at the air-water interface. The
solutions containing LuPc /CNT were spread onto ultra-
pure water, kept at 20 °C and after complete evaporation
of the solvent the floating molecules were compressed at
a speed of 10 mm'min~ by two mobile barriers to obtain
a m-A isotherm. The prepared LuPc /CNT films were found
to be promising for the detection of vanillic acid, pyrogallol,
ascorbic acid, and catechin, due to the electrocatalytic effect
induced by the electrode material, which was responsible for
reducing the oxidation potential of these antioxidants.

Baba et all"1 also prepared nanostructured CNT/
CuPc hybrid multilayers using layer-by-layer self-assembly
approach. SWCNTs were modified with a water-soluble
cationic alcian blue pyridine derivative and anionic copper
phthalocyanine-3,4',4" 4'"-tetrasulfonic acid tetrasodium
salt, which were then utilized for electrostatic layer-by-layer
multilayer fabrication (Figure 24). It was shown by cyclic
voltammetry that electroactivity of such hybrid system
was enhanced due to incorporation of SWCNTs.

Hybrid Materials Based on Carbon Nanotubes
and Other Polyaromatic Molecules for Modification
of Electrodes of Electrochemical Sensors

Apart from phthalocyanines other aromatic molecules
are widely used for the preparation of hybrid materials
which are applicable for the modification of electrodes,
among them derivatives of pyrene,!**!*] anthracene,!'*14¥
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Figure 23. Cationic cobalt(Il) tetra-p-(N,N,N-
trimethylaminoethoxy)phthalocyanine ([tmaePcCo]*1,).1""

BODIPY,!"! coumarin,™ subphthalocyanine,[*! and some
others. These polyaromatic molecules are mainly utilized
for the noncovalent functionalization of carbon nanotubes
via 7m-m interaction. Many examples of hybrid materi-
als obtained by non-covalent functionalization for their
application in electrochemical biosensing were described
in the review of Zhou and co-authors.” In this chapter, we
give only a few examples of biosensors based on such hybrid
materials obtained over the past decade to demonstrate
the variety of the chemistry of polyaromatic molecules used
to modify carbon nanomaterials.

Polyaromatic molecules can either have electrocatalytic
properties themselves or be used to improve the immobili-
zation of redox enzymes. For example, Ji et al.!"! modified
a GCE with the hybrid material obtained by non-covalent
functionalization of semiconducting SWCNTs with 1-doco-
syloxylmethylpyrene. It was shown that the electrocatalytic
activity of semiconducting SWCNTs was significantly
improved after their functionalization. The prepared elec-
trode was successfully utilized for simultaneous determina-
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tion of guanine and adenine with LOD of 0.25 and 0.5 pM,
respectively. Reuillard with co-authors!'*? used pyrene
monomers bearing a boronic acid function (Figure 25A) for
noncovalent functionalization of multiwalled carbon nano-
tubes in order to wire horseradish peroxidase (HRP) via
the formation of covalent boronic ester bond with the glyco-
sylated enzyme (Figure 25B). Then glucose oxidase (GO )
was immobilized, and the prepared bi-enzymatic system
exhibited efficient bioelectrocatalytic oxygen reduction
under physiological conditions.

Other pyrene derivatives, viz. 1-(2-anthraquinonylami-
nomethyl)pyrene,  1-[bis(2-anthraquinonyl)aminomethyl]
pyrene, ™ 1-pyrenemethyl  anthracene-2-carboxylate
and 1-pyrenyl anthracene-2-carboxylamide!! were applied
for the immobilization and orientation of laccase on
the surface of the MWCNT-based hybrid. This approach led
to high-performance biocathodes for oxygen reduction with
the maximal current density of about 1 mA-cm2.

A

o
iy o
\.

HO_ on
2= <= S
xj‘lxIxIxIl?l.‘
EXLLLLRL
Pyrene1 Pyrene 2 Pyrene 3

Song et all*? synthesized an anthracene-tetrathia-
fulvalene derivative (Figure 26a) and immobilized it on
single-wall carbon nanotubes through noncovalent side-
wall functionalization. It was determined by differential
pulse voltammetry that these hybrids interacted readily
with DNA, which led to a noticeable decrease in the peak
current, as well as to a positive shift of its peak potential.
Thus, they may be promising materials for biomolecular
recognition.

Quinone derivatives are known to show electro-
catalytic ability for the reduction of O, to H,O, with an over
potential much lower than that of the plain glassy carbon
electrodes. Modification of MWCNTs with amino groups
followed by linking with anthraquinone-2-carboxylic acid
(Figure 26b) via carbodimide coupling was carried out
by Tiwari et al.'*¥ Glassy carbon electrode covered with this
hybrid exhibited an irreversible and good electrocatalytic
activity for the reduction of oxygen.

Glucono-
lactone

Figure 25. A: Schematic representation of MWCNTs functionalized with pyrene derivatives; B: Schematic representation
of the functionalization of MWCNT electrodes with GO_and HRP for the reduction of O, into H,O. Reproduced from Ref."*! with kind

permission of Royal Society of Chemistry.
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Carbon nanotubes can also be modified with naphtha-
lene derivatives. For example, CNTs noncovalently modi-
fied with naphthalen-1-ylmethylphosphonic acid (Figure
26¢) formed fine dispersions in water and exhibited good
biocompatibility for immobilization of myoglobin proteins.
150 GCEs modified using this hybrid exhibited excellent
bioelectrocatalytic activity towards H,O, reduction.

Mao et all'1 obtained a hybrid by functionalization
of MWCNTs with 1,10-phenanthroline-5,6-dione (Fig-
ure 26d), which was a good electron mediator in the process
of NADH oxidation. An amperometric sensor based on
a GCE modified with the obtained hybrid demonstrated high
sensitivity (8.77 uAm-M™) of the detection of NADH under
the potential of 0.0 V with minimal interference. The hybrid
was also employed as a bioplatform, in which alcohol dehy-
drogenase was immobilized for the fabrication of ethanol
biosensors. The resulting bioplatform demonstrated a LOD
of ethanol of 0.30 mM.

Apart from organic aromatic molecules, there are
several examples of CNT-based hybrid materials with
metal complexes with aromatic ligands in the literature,
e.g. [Mn(CH,COO)(CH,OH),(pyterpy)]CIO,, (pyterpy =

4-(4-pyridyl)-2,2*:6°,2”-terpyridine)’™?  and  bis[5-((4-
NaOOCIS s ISCH3
NaOOC © S SCH,CH,0—
a
o
l
OH—P.

SWCNT-BODIPY

T. V. Basova, M. S. Polyakov

"decyloxyphenyl)azo)-N-("ethanol)-salicylaldiminato]
copper(I).**! The immobilization of transition metal com-
plexes onto carbon nanotubes increased the catalytic activity
ofthe modified surfaces. The manganese complex was shown
to be a good mediator in the reaction of electrocatalytic oxi-
dation of hydrazine and its hybrid with MWCNT was used
for the determination of hydrazine with a detection limit
of 0.50 uM. The hybrid of MWCNT with the copper(Il)
complex exhibited the electrocatalytic activity towards
oxidation of L-cysteine.

The literature describes examples of using aromatic
molecules both for covalent modification of carbon
nanotubes and as linkers for creating their 3D structures.
The developed surface and ability of 3D materials to incor-
porate electroactive molecules into the porous matrix make
them very attractive for the application in electrochemical
sensors. Senocak et al.l* obtained a SWCNT-based hybrid
by the “click” reaction between SWCNTs with azide groups
and subphthalocyanine (SubPc) bearing terminal ethynyl
groups (Figure 27). The SWCNT/SubPc hybrid deposited
on the surface of a GCE demonstrated a good response
to catechin in the concentrtation range from 0.1-1.5 pM
with the detection limit of 43 nM. The electrode modified

() ~J
"“
ot

) o)

CNT-SubPc

Figure 27. Scheme of the preparation of SWCNT/BODIPY and SWCNT/SubPc hybrids.l’”!
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with SWCNT/SubPc exhibited good reproducibility, stabil-
ity and sensitivity to catechin in real samples of green, fruit,
and black tea.

Sariogullari et al.””? modified SWCNTs with BODIPY
derivatives containing terminal ethynyl groups (Figure 27)
via the “click” reaction. The prepared hybrid was used for
the detection of guanine and adenine in water solutions
by the method of differential pulse voltammetry in the pres-
ence of ascorbic acid and caffeine and various ions (Cr*,
Ni*, Zn*, Cu*, Fe&’*, Ca*, Mg*, SO, NO, and CI).
The detection limits of guanine and adenine were shown
to be 1.07 and 6.21 uM, respectively.

Authors of another work!"*! used 4,4-difluoro-8-(4-
hydroxyphenyl)-2,6-diethynyl-1,3,5,7-tetramethyl-4-bora-
3a,4a-diaza-s-indacene having double terminal ethynyl
groups as a linker for the preparation of a 3D hybrid

Figure 29. Scheme of the SWCNT-coumarin hybrid material.[”™

108

(3D SWCNT-BODIPY; Figure 28). The prepared 3D
hybrid was deposited onto a glassy carbon electrode for
the detection of eserine in the range of 0.25-2.25 uM
by the square wave voltammetry (SWV) with the detection
limit of 160 nM. The hybrid material exhibited very high
selectivity towards ezerine without immobilization of any
enzymes due to the similarity of the reaction mecha-
nism to that of acetylcholinesterase (AChE) enzymatic
reaction.[!3

One more example of the application of 3D hybrid
for modification of electrodes of electrochemical sensors
was described by Senocak et al.”! The authors performed
a “Click” reaction to attach 7-propinyloxy-3-(p-propi-
nyloxyphenyl)coumarin containing two terminal ethynyl
groups to SWCNTs preliminarily modified with azide
groups (Figure 29). GCEs modified with the prepared 3D
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SWCNT-Coumarine hybrid material were used for the deter-
mination of quercetin antioxidant in water and tea; the sen-
sor linear range was from 0.25 to 3 uM, while the detection
and quantification limits of quercetin in water were found
to be 20 nM and 66 nM, respectively.

Conclusions

An overview of the state of research over the last
ten years in the field of hybrid materials based on carbon
nanotubes and various polyaromatic molecules (derivatives
of phthalocyanine, porphyrin, pyrene, coumarin, BODIPY,
etc.) was provided in this review. Due to the synergistic
effect arising from the combination of properties of carbon
nanomaterials and polyaromatic molecules the hybrid mate-
rials are widely used as active layers of chemiresistive lay-
ers and for the modification of electrodes of electrochemical
sensors. For the preparation of active layers of chemiresis-
tive gas sensors the hybrid materials are obtained by both
covalent and noncovalent functionalization of carbon nano-
tubes with polyaromatic molecules. The functionalization
degree is a very important characteristic of hybrid materi-
als because the value of sensor response was found to be
in good correlation with the degree of functionalization
of SWCNTs with polyaromatic molecules. m-m-Interaction
plays an important role in noncovalent functionaliza-
tion of CNTs with aromatic molecules. It was shown that
the expansion of aromatic system of molecules using for
CNT functionalization led to an increase in the function-
alization degree and, as a consequence, to an increase
in sensitivity of the hybrid sensing layer. Covalent func-
tionalization, and especially the creation of cross-linked 3D
structures, can also enhance the degree of functionalization
and sensor performance of carbon nanotubes.

The literature abounds with various examples of appli-
cation of hybrid materials based on carbon nanotubes
and polyaromatic molecules to modify the electrodes
of electrochemical sensors. Various methods are used for
the preparation of modified electrodes, among them mix-
ing the solid components in the presence of oil or polymers
in a mortar to fabricate rod electrodes, covalent or noncova-
lent functionalization of CNTs with the subsequent deposi-
tion of the resulted hybrid dispersion onto the electrode,
layer-by-layer (LbL) electrostatic assembly and Langmuir-
Blodgett (LB) techniques. All these methods have their own
advantages and limitations and are determined by the struc-
ture and properties of polyaromatic molecules, as well as
by analytical tasks. Noncovalent functionalization of CNTs
allows to preserve the original mechanical and electronic
properties of CNTs and their intrinsic properties with desir-
able functionality, while covalent functionalization helps
to prevent leaching of the electroactive component that
was used to modify CNTs.

Polyaromatic molecules are widely used as linking
molecules for the creation of 3D structures of cross-linked
carbon nanotubes. Such 3D structures were shown to have
porous structure and developed surface area, which makes
them very attractive materials for the creation of both
chemiresistive and electrochemical sensors with high sen-
sitivity.
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