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The effect of the morphology of polyaniline (PANI) and its copolymers on the electrical conductivity and sensory sensitivity
to air humidity of thin-film structures based on them has been studied. Polyaniline and three new related copolymers have
been synthesized: poly (aniline-co-ortho-toluidine), poly{aniline-co-2-(cyclohec-2-en-1-yl)aniline}, poly{aniline-co-2-
(cyclopent-2-en-1-yl)aniline}. Using a scanning electron microscope, the surface morphology of thin films obtained from a
solution of synthesized polymers by spin coating on sitall substrates was studied. The morphology of the samples obtained
from copolymers with ortho-toluidine and new PANI derivatives differs significantly from PANTI itself, which indicates the
effect of substituents on the supramolecular structure. Since high-molecular-weight samples were synthesized under identical
conditions, the revealed differences in morphology are directly related to the mechanism of interaction of monomeric units.
Large hollow spheres were obtained by the mechanism of self-assembly of a copolymer sample based on ortho-toluidine. It is
known, that such a morphology is a potentially useful structure for obtaining various sensor devices. On the basis of PANI and
its copolymers, samples of resistive thin-film structures were prepared and the dependence of their electrical conductivity on
the value of the relative air humidity was measured. The influence of the surface morphology of PANI films and its copolymers
on the sensor sensitivity to air humidity was experimentally revealed, and the prospects of using the studied films in humidity
sensors were shown. It was found that at maximum values of relative air humidity of 90%, films of poly(aniline-co-ortho-
toluidine) copolymer had the highest conductivity. Samples of sensors based on unmodified PANI demonstrate the lowest
conductivity. It should be noted that the resistive sensors on thin films of poly{aniline-co-2-(cyclohec-2-en-1-yl)aniline} have
the most uniform and close to linear characteristic in the range of 20 - 90% humidity.

Keywords: polymers, polyanilines, thin-film structures, air humidity.
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MOP(I)O}IOI‘I/II/I IMMOBEPXHOCTN TOHKUX IVIECHOK Ha IX OCHOBE
Ha 371eKTpodusnyecKme 1 CCHCOpPHbIE CBOIICTBA
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VccnepoBano Bimsanue Mopdomnoruy nomanuaaa (ITAHM) u ero cononmiMepoBHa 9l1eKTpONPOBOANMOCTD U CEHCOPHYIO
YYBCTBUTEIBHOCTD K B/IAKHOCTH BO3/JyXa TOHKOIUIEHOYHBIX CTPYKTYP Ha UX OCHOBe. CHHTe3MpPOBaHbI IOMMAHNW/IVH U TPU
HOBBIX POJCTBEHHBIX €My CONONMMepa: NMOMM (aHWINH-CO-OPTO-TONYUAUH), NONM{aHMINH-CO-2-(LUKIOreK-2-eH-1-11)
aHWIVH}, TOMN{aHWINH-CO-2-(IVK/IONeHT-2-¢eH-1-w1)aHwiH}. C IOMOLIBI0 CKaHVPYIOLIEro 9JIeKTPOHHOTO MUKpPOCKOIIA
ObUTa M3ydeHa MOPQOIOrMA MOBEPXHOCTM TOHKUX IUIEHOK, ITOJTYYEHHBIX Y3 PacTBOpa CUHTE3MPOBAHHBIX IIONIVMEPOB
METOIOM ILeHTpU(YIMPOBaHUA Ha CUTA/UIOBBIX IMOMIOXKKaX. Mop¢onorys MOTydeHHBIX 00pasloB U3 CONOIMMEPOB
C OPTO-TONMYUAMHOM ¥ HOBbIMYU IIpousBopHbiMu ITAHV sHaunTenbHo otnmmdaerca ot camoro ITAHV, 4to cBupeTenncTByeT
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O BIIVISTHUY 3aMeCTHUTeNIell Ha HaIMOJIEKY/IAPHYIO CTPYKTYPY. II0CKOIbKY BBICOKOMOJEKYIAPHbIE 06pasIibl CMHTE3VPOBaHbI
B UJICHTMYHBIX YCIOBUAX, BBIABJIECHHBIE OTAMYUA B MOPQOJOTUM HENMOCPENCTBEHHO CBSA3aHHBI C MEXaHM3MOM B3au-
MOJIeICTBMAA MOHOMEPHBIX efuHuIl. [To MeXaHM3My caMOCOOPKM COIONIMMEPHOro ob6pasiia Ha OCHOBE OPTO-TONYU/VHA
HOJTy4YeHbI To7Ible cepbl 6ombIoro pasMepa. Ilogo6Has MOpQOIOTNs, Kak M3BECTHO, ABIACTCS IIOTEHIMATIBHO TIONe3HOI
CTPYKTYPOJI [Nl MONMyYeHMs PasIMYHBIX CeHCOPHBIX ycTpoiicTs. Ha ocnose ITAHM n ero comomumepos M3rOTOB/IEHBI
006pasibl pe3sVCTUBHBIX TOHKOIICHOYHBIX CTPYKTYpP M M3MepeHa 3aBUCUMOCTb MX 3JIEKTPOIPOBOJHOCTV OT BETMYMHBI
OTHOCHUTE/IbHOI BIAKHOCTY BO3/TyXa. DKCIIepYMeHTaTbHO 0OHAPYXeHO BIUAHMe MOPOIOrny MoBepxHocTy IeHok [TAHI
U €r0 COIONMMEPOB Ha CEHCOPHYIO YyBCTBUTEIbHOCTD K BIAXKHOCTM BO3JyXa M IIOKa3aHa NEePCIEeKTMBHOCTD IIPUMEHEHN
VICCTIElOBAaHHDIX IIJIEHOK B JATYMKAX BIQXXHOCTU. YCTAHOBJIEHO, YTO IIPYM MAKCHMMAJIbHBIX 3HAYEHMAX OTHOCHUTEIHbHON
BIOXHOCTY BO3fyXa B 90% HambOMbIIell HMPOBOAMMOCTBIO OOTANAIOT IUIEHKM CONOMMMeEpa IMOMU(aHUINH-CO-OPTO-
tonyuayH)a. O6pasibl JaTUMKOB Ha ocHoBe HeMmopuduuuposaHHoro ITAHV neMOHCTpUPYIOT HaMIMEHBIIYIO TPOBOYMOCTb.
CreryeT OTMETHTD, YTO CAMYI0 PaBHOMEPHYIO M OIM3KYIO K JIMHEITHO XapaKTepUCTUKy B uHTepBane 20— 90% BIaXHOCTH

VIMEIOT pE€3NCTMBHDBIC NATYMKN HAa TOHKMX IIJIEHKAaX I'IO)'II/I{aHI/UII/IH-CO-Z-(LU/IKTIOI‘eK-Z—eH-1-I/[}'I)aHI/I}II/IH}a.

KroueBbie cmoBa: TIOIMMEPDI, MO/IMAHMINHDI, TOHKOIIJIEHOYHBIE CTPYKTYPBbI, BIaXKHOCTb BO3yXa.

1. Introduction

Recently, research is being actively carried out on new
polymer materials that have high conductivity and can be
used in electronics [1-3]. Polymer electronics are rapidly
evolving as a cheap, flexible, and environmentally friendly
alternative to classic silicon electronics. Due to the problems
associated with environmental pollution and increased
environmental problems, the work on the synthesis of new
polymeric substances is being actualized for the development
of electronic sensors on their basis, including air humidity
sensors [4-6].

As one of the brightest representatives of such
polymeric materials, polyaniline (PANI) has the following
characteristics: redox activity, paramagnetic properties,
electronic and ionic conductivity. The polymer is successfully
used in sensors, as anti-static electrically conductive coatings,
to protect metals from corrosion [7-9]. Nevertheless,
PANI dissolves unsatisfactorily in organic solvents, which
significantly hinders its use. The new polyaniline copolymers
obtained and studied in this work additionally acquire such
characteristics as improved solubility in typical organic
solvents and good adhesion to the substrate. In this regard, it
becomes possible to more simplify the production of uniform
thin-film coatings of improved quality, for example, by spin
coating and dipping.

The use of PANI in sensors involves the use of physical
changes that occur in highmolecular weight objects exposed
to various chemicals at the level of the molecular and
macroscopic structure of polymers [10-12]. However, the set
of requirements for thin films made of polymeric materials
is not limited only by their sufficiently high conductive
properties. Since most materials are not indifferent to
moisture, choosing the right polymer is rather difficult.
Nevertheless, PANI, which is distinguished by its resistance
to moisture, additionally possesses both thermal stability
and high chemical resistance to aggressive substances, the
presence of which is possible in the environment. Moreover,
it has to withstand the harsh and harsh conditions often
found in industrial environments.

In light of the above, the aim of this work was to study the
effect of the surface morphology of thin films of polyaniline
and copolymers based on it on the electrical conductivity and
sensory sensitivity to air humidity.

2. Experimental part
2.1. Materials

Commercially available reagents and solvents (Acros,
Fluka, Sigma-Aldrich) were used (unless otherwise stated)
without further purification: aniline, ortho-toluidine,
ammonium persulfate, hydrochloric acid, acetonitrile, N,
N-dimethylformamide (DMF), dimethyl sulfoxide (DMSO),
N-methylpyrrolidone, tetrahydrofuran (THF), toluene, ethyl
acetate, chloroform.

The starting monomers, aniline and ortho-toluidine,
were distilled under reduced pressure before use;
2-(cyclohex-2-en-1-yl)aniline and 2-(cyclopent-2-en-1-yl)
aniline were synthesized according to a known method [13],
distilled under vacuum to remove oxidized impurities, and
characterized using modern spectral methods of analysis, the
data of which coincide with those described in the literature

(Fig. 1).

NH, NH,
aniline ortho-toluidine
NH,

2- (cyclohec-2-en-1-yl) aniline

2- (cyclopent-2-en-1-yl) aniline

Fig. 1. Starting monomers.

2.2. Synthesis techniques

All samples were obtained using an identical method
of oxidative polymerization [14-16]. Initially, various
monomers were dissolved in 0.2 M hydrochloric acid, the
total ratio of which was 0.1 M (Table 1). In parallel, 0.125 M
ammonium persulfate was dissolved in 0.2 M hydrochloric
acid. Then the solutions were slowly mixed in a molar ratio of
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Table 1. Ratios of aniline and monomers.

(Co)polymers Monomer molar ratio Yield in 24 hours,%
1 aniline 85
2 aniline: ortho-toluidine = 1: 3 79
3 aniline: 2- (cyclohec-2-en-1-yl) aniline = 1: 3 71
4 aniline: 2- (cyclopent-2-en-1-yl) aniline = 1: 3 75

1.00:1.25 monomer/oxidizing agent. The reaction proceeded
for 24 hours at room temperature with constant stirring.

The by-products of the polymerization process,
ammonium sulfate and sulfuric acid, were removed by
repeated washing of the precipitate with distilled water. The
isolated product was dried under vacuum for 3 hours at 60°C.
The obtained highmolecular compounds have a powdery
appearance of green-black color.

2.3. Research methods

The solubility of (co)polymers in the selected solvents was
determined by equilibration of an excess amount of solid with
a solvent by shaking in a Higuchi and Connors flask [17].
All analyzes were performed at atmospheric pressure and
room temperature.

On the basis of four derivatives of polyaniline 1-4,
samples of resistive sensors were made (Fig. 2). Sitall was
used as a substrate; aluminum contacts were deposited on
it by thermal sputtering in a vacuum chamber on a VUP-5
apparatus with a thickness of about 400 nm, the gap between
the contacts was 50 pum. Films of PANI and copolymers
based on it were applied to the gap region by centrifugation
from a solution of N-methylpyrrolidone. The rotation time
was 2 minutes, the speed after 1 minute was increased from
400 to 1000 rpm. To remove residual solvent, the samples
were subjected to thermal annealing by heating to 50°C for
20-25 minutes. The thickness of thin polymer films was
controlled based on the analysis of AFM images obtained
with the “Nanoscan 3D” and was 150 nm.

In the experiments we used: MASTECH power supplies,
DC POWER SUPPLY HY3005D-2, a DMM4020 multimeter

Sensor o

Water tank _|

Power
Supply

Fig. 2. (Color online) Structure of a thin film resistive sensor.

as an ammeter, an Arduino Uno programmable controller, a
laptop, and a DHT-11 humidity sensor.

A sample of the humidity sensor was placed under a
cap containing a control humidity sensor and a water tank
(Fig. 3). After that, the output signal values were taken at
certain humidity values. The moisture growth rate was
~39%/min. Moisture control was carried out using a DHT-11
sensor. The humidity values were transferred via the Arduino
Uno and USB to the laptop screen. The measurements were
carried out at room temperature 25°C, the voltage on the
samples was 5 V.

The study of the microstructure of (co)polymers was
carried out using a TESCAN MIRA 3 LMH high-resolution
scanning electron microscope (SEM) equipped with a
scattered electron and backscattered electron detector. The
survey was carried out at an accelerating voltage of 10 kV and
a vacuum of the order of 10~ Pa.

Cap

Control
sensor
DHT11

Notebook

Arduino Uno

Fig. 3. (Color online) Measurement setup for current-voltage characteristics of sensor samples.
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3. Results and discussion

The chemical structures of the synthesized highmolecular
compounds based on aniline and its functionalized
derivatives are shown in Fig. 4.

As already noted, the main disadvantage of PANI is its
unsatisfactory solubility in common organic solvents. Since
the solubility reflects the amount of the solute per unit volume
of the solvent, the solubility of the synthesized copolymers
in typical organic solvents differing in polarity was studied.
Based on the data presented in Table 2, it can be stated that
the introduction of substituents into the aromatic ring of
the polymer leads to a significant increase in its solubility in
DMSO, N-methylpyrrolidone, and chloroform.

PANI and its copolymers have morphological flexibility
characteristic only for them. This makes it possible to study
the structure and properties relations of these nanoscale
materials to develop potential applications for various
types of morphologies. The morphology of the synthesized
(co)polymers 1-4, investigated by SEM, revealed the
following.

Oxidative polymerization of aniline and its derivatives
leads to the production of a huge number of micro- and
nanostructures that differ in size and shape and depend on
the experimental conditions of the process [18]. As seen in
Fig. 5, sample 1 has a fibrous nanostructure. The morphology
of the obtained copolymer samples 2 -4 differs significantly
from PANI; therefore, a certain supramolecular structure is
achieved by varying the substituents. High molecular weight
products 2 -4 are characterized by a spherical supramolecular
structure; however, the sizes of the spheres of the compounds
are very different, which should be attributed to the presence

R R R

N N N NH—

v ]
1-R=H,2-R=CHs,3-R=" : 4-R=+* :

Fig. 4. Chemical structures: 1 — PANI, 2 — poly(aniline-co-ortho-
toluidine), 3 — poly{aniline-co-2-(cyclohec-2-en-1-yl)aniline},
4 — poly{aniline-co-2-(cyclopent-2-en-1-yl)aniline}.

MIRA3 TESCAN] View feld: 19.1 pm
SEM MAG: 200 kx
Print MAG: 8.33 kx

WO: 12,14 mm

Table 2. Solubility of (co)polymers 1-4 in various typical organic
solvents.
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1 * * * %% %% * * * *%
2 * %% * %% %% * %% * %%
3 %% %% * %% %% %% %% * %%
4 %% %% * %% %% %% %% * %%

Note: Solubility was determined using 0.05 g of sample and 10 ml
of solvent.

*insoluble or poorly soluble (<3%);

**partially soluble (>3, <7%);

***completely soluble (> 10%).

of substituents in the aromatic ring of the initial 1. Since the
polymer samples were synthesized under identical conditions,
the revealed differences in morphology are directly related
to the mechanism of interaction of monomeric units
[19,20]. For example, by the mechanism of self-assembly of
copolymer sample 2 based on ortho-toluidine, as described
in the literature for the homopolymer of ortho-toluidine
[21,22], large hollow spheres were obtained (Fig. 5b). This
morphology is known to be a potentially useful structure
for obtaining various sensor devices [22]. Products 3 and
4 exhibit nanostructures with smaller globules (Fig. 5¢,d).
The study of the morphology of PANI films shows that
the conductivity of the latter is influenced by the size of its
globules [23].

Further, in accordance with the aim of the study, we
measured the dependences of the current, flowing through
the films of PANI and derivatives based on it, on humidity
and on the relaxation time (sample recovery). According
to the current value, the electrical conductivity values
were calculated, which are indicated in the graphs (Fig. 6a
and b). It can be seen that films of copolymer 2 exhibit the
highest conductivity at maximum values of relative air
humidity of 90%. Films 3 and 4 have more than 2 times less

A3 TESCAN]

HNCH PAN

Fig. 5. SEM images of samples of the obtained (co)polymers: 1 (a); 2 (b); 3 (c); 4 (d).
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Fig. 6. (Color online) Dependences of the conductivity of films of PANT derivatives on humidity (a); recovery time of samples 1-4 (b).

conductivity. Samples of unmodified PANI demonstrate
the lowest conductivity. It should be noted that resistive
sensors on thin films 3 have the most uniform and closest to
linear characteristics in the range of 20 - 90% humidity. The
somewhat higher conductivity of sample 3 film compared to
sample 4 can be explained, apparently, by the difference in
polar properties of the substituents, presented in the ortho-
position and associated with a greater dipole moment of the
compound 3 than 4.

The morphological features of the samples based on
PANI (Fig. 5) also arise due to the presence of substituents
of different nature in the ortho-position of the aromatic ring.
For example, the presence of 2 monomeric ortho-toluidine
units in the product with a hydrophilic methyl group on
the one hand and a hydrophobic aromatic ring on the other
gives the structure amphiphilicity. Such a structure, like the
morphology considered above, is determined by the self-
assembly method, which follows from the experimental
conditions of the process [24]. The mechanism includes
the initial formation of self-assembled monomer micelles,
which are present at the initial stage of the reaction. At high
humidity values (more than 60%), the hydrophilic group
(-CH3) protrudes outward and surrounds the aromatic
ring, forming micelles [24-26]. The aggregation of such
small monomeric micelles produces submicron groups
that are templates for hollow polymer nanospheres. This,
apparently, explains the increase in conductivity (Fig. 6a)
and enlargement of size of the formed hollow nanospheres
(Fig. 5b). The polarity of functional groups in aniline
(cyclohec-2-en-1-yl- and cyclopent-2-en-1-yl-) modified in
the position of the aromatic ring is close, but lower than for
methylgroup, therefore, the formation of a supramolecular
structure for the samples 3 and 4 decreases the conductivity
and, as a consequence, the sensitivity to water vapor.

Indeed, the use of PANI as a detecting element of a sensor
requires the creation of loose and well-permeable layers for
the analyte with a high specific surface area [27,28]. The
developed surface makes it possible to increase the sensitivity
of the device, and the small thickness and high permeability of

the layer provide a fairly quick establishment of equilibrium
and a high measurement speed.

The time dependences of the recovery time of the film
samples conductivity (Fig. 5b) with a sharp decrease in
humidity by opening the test chamber cover (Fig. 3) reveal
approximately the same values — about 1 second. Most
likely, this time is associated with the processes of diffuse
and convective equalization of humidity in the chamber and
the surrounding space. In any case, the investigated resistive
sensors demonstrate very low inertia and good response time.

4. Summary

On the basis of functionalized anilines we have synthesized
a number of new (co)polymers by the method of oxidative
polymerization. As a result of their study, the effect of the
chemical structure and surface morphology of thin films of
PANIandcopolymersbasedonitontheelectrical conductivity
and sensory sensitivity was revealed. Determination of the
electrical conductivity of the films at different values of air
humidity revealed the possibility of their use in a sensor of
relative air humidity. At the maximum value of the relative
air humidity (90%), poly(aniline-co-ortho-toluidine) films
have the best conductivity, which is in good agreement with
morphological studies.
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