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The conductive nanocomposite films on the basis of reactionary copolymers with
embedded carbon nanotubes were received. The percolation threshold of obtained
nanocomposites was deter mined and it was shown that its value depends on the size of specific
surface of nanotubes, composition and conditions of composite obtaining.
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Onep:kaHno CTPYMONPOBIIHI HAHOKOMNIO3MTHI IUIIBKH HAa OCHOBi peakuiliHO3JaTHHX
KomnojaiMepiB 3 BOYAOBAaHMMH BYIJieleBUMH HaHOTpyOkamMu. Bu3zHaueHo mopir mepkoasiumii
oJlep:KAaHNX HAHOKOMITIO3UTIB i MOKa3aHo, 110 /i0r0 3HAYEHHS 3aJ1e:KUTh Bi/l BeJINUMHA MUTOMOIL
NOBEePXHi HAHOTPYOOK, CKJIAY Ta YMOB O/IepP:KAHHSA KOMIIO3UTY.

KarouoBi  cioBa: peakuiiiHo3gaTHi  KomoJiMepu,  ByrJeuneBi  HaHOTPYOKH,
CTPYMONPOBiIHI HAHOKOMIIO3UTH, MOPIr MEPKOJISILii.

Problem definition. With the development of technologies of the new nancfiller creation the
possibility of receiving the polymer composite materials filled with carbon nanctubes (CNT) has attracted
increasing attention. The CNT possess the unique gamut of specific properties —for example they can have
metallic conductivity as well as be semiconductor or dielectric depending on their structure and
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diameter [1]. Such composites with the wide spectrum of unique properties can be used as chemical and
biological sensors, accumulator electrodes, super-capacitors, aerospace structural materials [2]. Due to the
high electron affinity the CNT are the effective tools to improve the characteristics of photo-voltaic devices
on polymer basis. Thus, both receiving and studying of the properties of polymer nanocomposites with
embedded CNT isthe actual task for the scientists working in thefield of material science.

State of the paper. In general, the CNT introduction into polymers divided in three methods,
namely: 1) “in situ” polymerization [3]; mixing in melt [4]; mixing in solution [5]. Each of these methods
has both advantages and disadvantages. When “in situ” polymerization is used the creation of grafted
polymer layer around CNT provides the improvement of their surface interaction with polymer molecules
as wdll as the uniformity of their distribution in polymer matrix, but from the other hand — hinder the
formation of contacts between nanotubes and, in such a way, diminishes composite conductivity. The
direct mixing of components at high temperature without solvent use is the main advantage of mixing in
melt because this technique is environmentally friendly and simple for the application. But in this case
high-performance equipment providing significant shear stress is necessary. Mdting in solution is the
widespread method of the formation of composites filled with CNT. The advantages of this method are
caused by system low viscosity that provides CNT even distribution in polymer matrix. As our previous
studies reveal surface-active reactionary copolymers synthesized at organic chemistry chair of Lviv
Polytechnic National University are able to absorb on the surfaces of various nature and allow receiving
the composite materials with filler uniform distribution in polymer matrix [6].

The aim of this paper is to study the processes of receiving and studying the properties of
conductive film polymer nanocomposites on the basis of reactionary copolymers and carbon nanotubes.
Experimental part. Reactionary heterofunctional peroxide copolymers (RC) on the basis of peroxidic
monomer 5-tert-butylperoxy-5-methyl-1-hexen-3-yne (PM), maleic anhydride (MA), butyl acrylate (BA)
and butyl methacrylate (BMA) were used for the formation of thin polymer films. The RC synthesis was
carried out via radical copolymerization of corresponding monomers in ethyl acetate (monomer total
concentration — 3 mol/l) at 333K in the presence of lauroyl peroxide as initiator (Ci;=2:102 mol/l) [7]. The
composition and some characteristics of synthesized copolymers are presented in Table 1.

Table 1

Composition and some colloidal-chemical char acteristics of synthesized copolymers

Ne Copolymer composition , %omol. Intrins.
AN PM BA BMA MA I : ,mMN/m | | sh mN/m | |, mN/m | viscosity
di/g
1 360 | 59 | 318 - 27.3 17.8 22.7 40.5 0.107
2 4.1 | 83 | 279 - 19.7 19.0 16.2 35.2 0.089
3 27.8 - - 275 447 222 13.3 355 0.159

The content of peroxide fragments in RC was determined via the thermal decomposition of peroxide
RC at 483K under argon, followed by gas chromatographic analysis of the decomposition final products.
The MA subunit content in RC was determined using a reverse potentiometric titration of carboxylic
groups [8]. The AN subunit content was determined via elemental [C, H, N] analysis.

The estimation of the components of FC surface energy was performed by the method of two liquids
using known equation [9]:

1+cosq = Zé(gg)o.s >(g|d )0'5 + (92)0'5 >(glh)0.5 q
C 0 «y
e 0] g o

where ys — surface energy of solid, mN/m; y, — surface energy of liquid, mN/m; d, h superscripts indicate
the dispersion (L ondon) and polar (hydrogen) components respectively; 6 — limiting wetting angle. The FC
overall surface energy and its components were calculated after solving the system of two equations using
determined wetting angles of substrate with two liquids. The following values of the surface energy
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components of used liquids were used for calculations: water — vy, = 72.8 mN/m, y|d =21.8 mN/m, y|h =

51.0 mN/m; methylene iodide -y, = 50.8 mN/m, y|d =48.5 mN/m, y|h =2.3mN/m[9].

The multiwall carbon nanotubes of such brands as Baytubes C-150 (Bayer Material Science AG,
Germany, S,=204m’/g), Fibermax (Fibermax Composites, Greece, S=230m7/g), Nanocyl NC-7000
(Nanocyl S.A., Belgium, S;,=250-300n7/g).

For receiving the nanocompoasite films 5% solution of RC and PEG-200 in dimethyl formamide were
prepared at the molar ratio [MA links in RC]:.[PEG-200] = 8:1. Certain amount of CNT was added to the solution
and the dispersion was carried out by magnetic stirrer during 30 min. followed by ultrasonification using UZDN-
4A dispergator during 1 min. The received dispersion was deposited onto glass dides applying spin-coating
technique (w = 2000 rpm) at ambient temperature. The dides with compositefilms were cured in two stages at 373
K and 393 K during 1 hour for each dage Threelayer films were used to study conductive properties of
nanocomposites.

The micrograph of polymer films with embedded CNT was received using optical microscope Jenaval
(Carl Zéiss, Jena, Germany).

In order to study the conductive properties of polymer films with embedded CNT the copper strips 5mm
wide and 0.5 mm thick were sputtered on both sides of the glass dide (18x18 mm) with polymer nanocomposite
films via vacuum magnetron deposition using VUP-5M-01 plant (SELMI, Sumy, Ukraine). These strips served as
contacts for the resistance determination. The resistance of the nanocompoasite films placed between two contacts
was measured using Practitronic MV-40 Terachmmeter (Germany) or M890G multimeter (Zhangzhou Lihao
Electronic Co., China) degpending onits value. The specific resistance was cal culated using the equation:

Rey=R:/d 2

where | — the distance between contacts (mm), D — the width of glass slide (mm)
Results and discussion. The micrographs of received nanocompasite films witness that in studied

polymer matrix the CNT arerather agglomerated (Fig. 1) dueto the low compatibility of CNT surface with
matrix polymer.

P,
Fig. 1. Micrographs of nanocomposite films on the basis of RC-1 filled with CNT Baytubes received by spin-coating of

unheated dispersions: 0.2% CNT (a), 0.5% CNT (b), 1.0% CNT (c), 2.0% CNT (d)
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With the rise of CNT concentration from 0.2% up to 1.0% the agglomerate amount increases and after
reaching 2% concentration they begin to form continuous network of conductive filler (Fig. 1d) i.e the infinite
conductive cluster is formed from the separate isolated clusters. Such segregated system has to provide the sharp
increase of conductivity. These data coincides wel with the results of the study of conductivity dependence on
CNT concentration (Fig. 2, Table 2). At CNT concentration equal to 0.2-1% dectric resistance reaches the tens of
gigaohms while at Cont = 2% we observed extreme (up to 5-6 orders of magnitude) decrease of the resistance.
This concentration evidently corresponds to the percolation threshold for studied nanocomposite. With further
CNT content increase the monotone decrease of resistance valueis observed.

In order to improve the compatibility of CNT surface with polymer matrix and to prevent of CNT
agglomeration it was necessary to modify nanotube surface. Taking into account that the RC forming polymer
films is polyfunctional substance and contains in its structure diverse functional groups (including peroxide
fragments, which areableto generatefreeradicals at devated temperatures and to provide “ grafting to” of polymer
mol ecules) we decided to modify CNT surface“in situ” by thermal treatment of CNT dispersion in RC solution.

One can see (Fig. 3) that as a result of thermal treatment of initial dispersion the nanocomposite films are
formed, in which conductive filler is distributed rather evenly and CNT large agglomerates are practically absent.
Thus, such modification of filler surface enhances its compatibilyty with matrix polymer and provides
desaggregation of carbon nanotubes aswel astheir uniform distribution in the composite.

Fig. 2. Dependence of the nanocomposite film resistance
on the basis of RC-1
on CNT concentration in semi-logarithmic coordinates:
filmof initial dispersionwithout thermal treatment
X (1, 3, 4); film after dispersion thermal treatment in
' ' ' ' ' ' ampoule at 393 K during 4 hours (2); CNT Baytubes
00 05 10 15 20 25 30 (1. 2), Fibermax (3), Nanocyl ().

At the same time such modification does not promote the formation of segregated system with
continuous network of conductive filler. As a result percolation threshold in the studied range of CNT
concentrations is not reached — specific resistance decreases only by 1-2 orders (Fig. 2, Table 2).
Evidently, polymer immobilized on CNT surface create thin insulating layer in the points of contact
between nanotubes that causes the increase of dectric resistance.

b)r

] '.”." U 100 un
Fig. 3. Micrographs of nanocomposite films on the basis of RC-1 filled with CNT Baytubes received by spin-coating
of heated dispersions. 1.0% CNT (a), 2.0% CNT (b)
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It has to be pointed that thermal treatment of nanocomposite films influence their conductive
properties. One can see (Table 2, sample 6) that in the case of unheated film at Cent = 2% the value of
specific resistance is equal to 1.7-10° Ohm that witnesses about inadequately formed network of conductive
filler. After thermal treatment (Table 2, sample 7) the specific resistance decreases more than by one order
of magnitude. Obviously, the structurization of polymer matrix that occurs during thermal treatment
provides better contacting of filler particles due to the compacting of film structure. As a result this causes
theincrease of conductivity.

The copolymer composition slightly influences both the percolation threshold value and the value of
resistance in this point. It is interesting that the use of non-peroxide RC allows reaching percolation threshold
a Cent = 2% and resistance value in this point equal <100 kOhm. It can witness in favor of our assumption
that the reaction of PEG hydroxyl group acylation by RC anhydride subunits is the main reaction providing
the formation of network polymer structures. Thus, the formation of spatial 3D network by RC
macromolecules is the significant factor influencing the conductive properties of nanocomposite films.

Table 2

Dependence of the conductivity of nanocomposites with embedded CNT on their composition

Ne Polymer Cent, %0 Dispersion heating I, cm d, cm R, Ohm Ry, Ohm
1 PK-2 2.0 + 0.52 1.57 3.0.10° 9.1.10°

2 PK-2 3.0 + 0.55 1.45 1.6-10° 4.2.10°

3 PK-1 2.0 + 0.51 1.85 1.0-10° 3.6:10°
4 PK-1 2.0 - 0.50 1.70 6.4-10" 2.2.10°

5 PK-1 3.0 - 0.52 1.98 2.0-10° 7.6:10°

6* PK-1 2.0 - 0.50 1.96 4.410° 1.7-10°

Tr* PK-1 2.0 - 0.50 1.90 2.0-10° 7.8.10°

8 PK-3 2.0 - 0.48 2.1 2.1.10° 9.2.10°

* Thefilm was not heated.
** Thefilm (sample Ne 6) was heated at 373K and 393K during 1hour respectively.

The study of the dependence of percolation threshold on CNT specific surface reveals (Fig. 2, curves
1, 34) that with the increase of specific surface from 200 m?/g up to 230-300 m?/g the percolation
threshold decreases and is equal to 0.2-0.5% i.e. at this concentration CNT continuous network is formed
in polymer matrix and in the case of Nanocyl NC-7000 nanotubes that are characterized by higher specific
surface the denser network is formed and percolation threshold value is lower as compared with other
types of CNT.

Conclusions. The results of performed studies witness that the proposed method allows receiving
the conductive nanocomposite films and percolation threshold value at which the conductivity increases
sharply depends on the CNT specific surface, nanocomposite structure and formation technique. It was
shown that the modification of CNT surface with reactionary copolymers “in situ” provides
desaggregation of carbon nanotubes and their uniform distribution in polymer matrix, but insulating
adsorption layer formation in the points of the contacts between CNT causes the decrease of received
nanocompasite conductivity.
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