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The features of conductivity and percolation behavior of systems based on cross-linked
polyurethanes (CPU) and carbon nanotubes (CNT) depending on the preparation methods are
studied by methods of impedance spectroscopy and optical microscopy. It is established, that
introduction of nanosized laponite in the CPU-CNTSs system leads to decrease of the percola-
tion threshold more than three times. The introduction of laponite influences on the size of
CNT aggregates, state of their dispersion and spatial distribution homogeneity. The most
efficient method of the properties improvement is formation of the CPU-CNTs system under
action of direct current (dc) electric field. For the systems, which are formed under the action
of dc electric field the percolation threshold decreases more than five times.

Keywords: polymer nanocomposites, carbon nanotubes, conductivity, percolation be-
havior, laponite, direct current electric field.

Hcnonbsysa MeTOABI MMIEAAHCHON CIEKTPOCKONUH U ONTUYECKONH MUKPOCKOTINU TPOBEJE-
HO WCCJIe0BaHNE OCODEHHOCTEH HJIeKTPOTPOBOIUMOCTY U TEPKOJAINOHHOTO TOBEIEHUA CHC-
TeM Ha OCHOBe ceTuaThIXx moamypetanos (CIIY) u yriepogusix Hanotpybor (YHT) B zaBucu-
MOCTH OT METOJOB TPUTOTOBJIEHUSA. ¥ CTAHOBJIEHO, UTO BBEJeHUE HAHOPA3MEPHOTO JATOHUTA
B cucteMy Ha ocHoBy CIIY m YHT mpumBOAWT K YMEHBIIEHUIO TOPOTa TEPKOJANUU B TPU
pasa. Begenme JamoHWTA BAUAET Ha pasMepbl arperatoB ud YHT, mxX aucmepcHOCTb U
xapakTep pacupeaenenus. Hambosee shpPeKTUBHBIN MeTO[ YIYUIIEHUS CBOUCTE 3aKJIIOYAET-
ca B ¢opmupoannu cuctemMbl CIIYV-YVHT Bo BHeNIHeM MHOCTOSHHOM 3JEKTPUUECKOM IIOJIE.
Ona cucteM, cHOPMUPOBAHHBIX TOMA AefiCTBUEM 3JIEKTPUUECKOTO TMOJS, MOPOT TEePKOJAIUN
yMeHbITaeTca 0oJjiee UeM B TATH Pas.

BB pisHHX MeTOJiB IPUroTYBaHHS HA IEPKOJALHY IOBEJiHKY CHCTEM Ha OCHOBi
ciruacTux mojiyperaHis Ta Byraemesux HAHOTPYOOk. E.A.JTucenros, €.B.JIooro, B.B.Kaenko,
I.I1.JTucenrosa.

BukopucroByouun MeToxu iMIleJaHCHOI CIIEKTPOCKOIII Ta onTruyHOl MiKpocKomil mposese-
HO OOCJLIKeHHA 0COOJIMBOCTEll €JIeKTPOIIPOBiAHOCTI Ta IMEePKOMAMINHOI TOBEIIHKHN CcUCTEeM Ha
ocuoBl cituacrux mnoaiyperanis (CIIY) i Byraeuesux nanorpybor (BHT) samexxuo Bim me-
TOAIB NPUIrOTYBaHHA. BecTaHOoBIEHO, IO BBEAEHHS HAHOPO3MIpHOIO JIAIIOHITY y cHCTEMY Ha
ocuoBy CIIY ta BHT npupoguThk 10 3MEHIIEHHS IIOPOTYy HepKoJasalii B Tpu pasu. Beemennsa
JamnoHiTy BmimBae Ha posmipm arperarie 3 BHT, ix gucmepcHicts i xapakrep poamoiginy.
Haii6inpim edeKTUBHUN MeTOJ IIOJIIIIEHHS BJIACTUBOCTEH IojsArae y (opMyBaHHI cucreMu
CIIV-YHT y soBHimHBOMY HOCTiliHOMY esieKTpuuyHOMY moJai. Iuda cucrem, chopMOBaHUX IIif
Ii€I0 eJIEKTPUYHOrO IIOJI, IOPIr meproadanil sMeHInyeTbed Glabin HiM y 1’aTh pasis.
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1. Introduction

Nanocomposites based on polyurethanes,
filled by carbon nanotubes (CNTs), are at-
tractive as materials with improved ionic
and thermal conductivity, electrical, opti-
cal, and mechanical properties [1, 2]. The
main obstacle to good functionality of such
materials is connected with poor dispersibil-
ity of the CNTs in the majority of solvents
and low stability of their dispersions caused
by the strong Van der Waals interaction
between different CNTs [3].

There are plenty of methods aimed at
modification of polymeric nanocomposites
filled with CNT [4, 5]. One of the most
promising of them is introduction of inor-
ganic fillers, for example, montmorillonite
(MMT) [5] or laponite (LP) [6] into the
nanocomposition.

In particular, it was shown that intro-
duction of MMT can significantly improve
dispersibility of the CNTs in different
media [5, 7] and enhance the electrical per-
colation of the nanotube-based composites [2,
4—-6]. The presence of a clay improves disper-
sity of the CNTs, which can enhance electro-
physical, mechanical, rheological and thermal
properties of different composites [8].

Stabilization of a hybrid system contain-
ing both organic and inorganic fillers, e.g.,
clay and carbon nanotube [6], was also re-
cently revealed. It was found that the CNTs
aggregates can adsorb on MMT platelets,
and the presence of MMT changes the state
of aggregation of the carbon nanoparticles.
Recently, the synthetic clay, laponite was
used for improvement of dispersity of the
CNTs in water [10] and liquid crystals [11].

The main method to create the CNTs in
oriented state is the nanotubes orientation
during the nanocomposite formation. The
authors of work [12] developed the electro-
phoretic deposition method to align single-
walled CNTs in dc electric field. The nano-
tubes were dispersed in a mixture of sol-
vents based on tetrahydrofuran and
tetraoctylammonium bromide. When the ap-
plied voltage exceeded 100 V, covered with

(m+1)O0=C=N:

quaternary ammonium nanotubes assembled
into stretched bundles, which oriented nor-
mally to the electrode surfaces. The authors
of work [13] studied the percolative behav-
ior of systems based on polyethylene glycol
and carbon nanotubes formed under normal
conditions and the action of dc electric
field. It was found that the percolation
threshold decreased from 0.42 % to 0.1 %
if nanofilled systems were formed in the
electric field, which testified to a substan-
tial alignment of the nanotubes in polymer
matrix. Such technique was successfully ap-
plied in order to align the CNTs dispersed
in the polymer matrix, by improving the
functional characteristics of the nanocompo-
sites [14].

This work is devoted to the study of in-
fluence of various preparation methods on
the conductivity and percolation behavior of
polymeric nanocomposites based on polyure-
thanes and CNTs.

2. Experimental

2.1. Materials

CPUs were synthesized in two stages. At
the first stage prepolymer based on
polypropylene glycol with molecular mass
1000 (PPG-1000) and toluene diisocyanate
(TDI) (2,4-/2,6-isomers = 80/20) was syn-
thesized (Fig. 1). PG-1000 was dried under
pressure of 300 Pa at 393 K during 3 h.
The valence ratio PPG/TDI was 1/2. The
prepolymer synthesis was held at 393 K dur-
ing 1.5 h to percent amount of isocyanate
groups was 5.9 %. The reaction path was
controlled for decreasing of isocyanate
groups’ quantity according to [15].

At the second stage the prepolymer was
cross-linked with thimethylol propane
(TMP) as cross-linking agent (Fig. 2).

TMP was dried under the pressure at
313-315 K. Then TMP was solved in the
prepolymer at 346-348 K in an oil bath
during 20 min with constant mixing in
dried argon atmosphere. The valence bal-
ance prepolymer/TMP was 3/2. The reaction
path was controlled due to [15] or by IR-

N=C=0 + mHO{CHZ—(IZH—O}H —

n
CH;
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Fig. 1. Synthesis reaction of prepolymer based on PPG-1000 and TDI.
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Fig.2. Reaction of prepolymer cross-linkage by TMP with formation of CPU. The fragment of CPU

with cross-linkage of junction nodes.

spectrometry "Tensor-837" Bruker with the
Furier transforms.

Multi-walled CNTs ("Specmash”™ Ltd.,
Ukraine) were made by method of CVD
(chemical vapour deposition) with FeAlMo as
a catalyst [16]. The CNTs were further
treated by alkaline and acidic solutions and
washed by distilled water until reaching the
distilled water pH values in the filtrate.
The typical outer diameter d of the CNTs
was = 30—-50 nm [17], their length I was =5—
10 um and mean aspect ratio was a=
l/d = 100—-300. The specific surface area of
the powders determined by N, adsorption
was S = 13045 m2/g. Electrical conductiv-
ity, o, of the CNTs powder compressed at
15 TPa was about 10 S/cm along the axis of
compression. Density of the CNTs was as-
sumed to be the same as the density of pure
graphite, 2045 kg/m3. The CNTs content in
the polymer nanocomposites was varied
from 0.02 % to 8 %.

Organo-modified Laponite (OLP) was pre-
pared by ion-exchange reactions using cetyl-
trimethylammoniumbromide (CTAB,
C16H33—N(CH3)3BF, Fluka, Germany) with
99.5 % purity as a surfactant. The length
of CTAB was 2.33 nm and its intercalation
resulted in increased basal space of the
Laponite. The CTAB aqueous solution
(1 wt.%) was slowly added to the aqueous
Laponite dispersion (1 wt. %) and stirred
vigorously 24 h at 360 K.
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2.2. Preparation of composite materials

The carbon nanotubes were added in the
reaction mass as the dispersion in dichlo-
romethane (CH,Cly). The CNTs dispergation
was carried out in two stages using sonica-
tor UZN-22/44 at dispergation frequency
22 kHz. In the first stage the carbon nano-
tubes dispergation was done in CH,CI,
(50 % of the sample total mass) for
2.5 min. In the second stage the CNTs dis-
persion was cooled to room temperature and
was added to the reaction mass. The disper-
gation was continued for 2.5 min. Forma-
tion of CPU-CNTs was carried out in Petri
dishes at 318 K. The solvent residues were
removed from the films by vacuuming of
them to constant weight. In the case of tri-
ple system CPU-CNTs-OLP, laponite was
added at the first stage of sonication.

For investigation of CNTs orientation in-
fluence, the specimens of CPU-CNTs mix-
ture were formed in dc electric field. The
specimens were placed between two elec-
trodes, which were separated by distance of
3 cm; the voltage difference applied to the
electrodes equaled about 30 kV. The corre-
sponding strength of the dcEF was about
1 MV/m. The nanocomposites were held
under the dcEF action for 1 h and then
cooled down in the electric field.

2.3. Testing and characterization

Electric properties of the nanocomposites
were investigated by the method of imped-
ance spectroscopy, using impedancemeter
Z-2000 (Russia). A sample was placed be-
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Fig. 3. Reaction of synthesis of adduct based on TDI and TMP.

tween electrodes of cell and measured its
real (Z’) and imaginary (Z’’) parts of imped-
ance. From the frequency dependence of
complex impedance after the method, de-
scribed in [18], it was determined a direct
current (DC) conductivity o4, =d/SR,,.,
where S was area of a sample, d was a thick-
ness of sample. Measuring carried out at
room temperature in the frequency range of
1 Hz-2 MHz.

Transmittance microphotographs of the
CPU based nanocomposites were got using
the optical XY-B2 microscope, equipped
with ICM 532 digital video eyepiece and by
the AMCAP/VIDCAP (Microsoft) system of
image treatment. The probed samples were
placed in a glass cell with thickness of 100 um.

3. Results and discussion

3.1. Influence of method of CPU forming
(prepolymer or adduct)

Two types of the CPU synthesis (through
prepolymer and adduct) were applied for
studying of their influence on the CPU-
CNTs composites formation and properties.
Synthesis of the CPU-CNTSs systems, formed
through prepolymer, described in Section 2.

The CPU-CNTs systems synthesis
through adduct was conducted as follows.
The reactionary forming of the CPU was
carried out in two stages. On the first stage
the adduct based on TDI and TMP with
ratio 3:1 was synthesized (Fig. 3). The syn-
thesis of the adduct was made in ethyl-ace-
tate at 60°C during 2 h while the content of
isocyanate groups was equal to 19.0+0.5 %
(% NCOypp0r = 19.0 %).

Initial CPU-0 (adduct) based on the ad-
duct and PPG-1000 was synthesized in
CH,Cl, for 20 min.

Nanocomposites based on CP (adduct)
and CNT were produced in two stages. At
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Fig. 4. Conductivity vs. CNTs content for
systems based on CPU, formed through pre-
polymer (1) and adduct (2).

the first stage dispergation of the carbon
nanotubes in PPG-1000 was done for
2.5 min using sonicator UZN-22/44 at dis-
pergation frequency 22 kHz. At the second
stage the expected amount of the adduct in
CH,Cl, was added to the CNTs dispersion in
PPG and continued dispergating during
2.5 min. The reaction of cross-linking was
done at room temperature during 20 min.
Worth noting, that the CPU, formed
through the prepolymer and through the ad-
duct both have an identical chemical struc-
ture, as shown in Fig. 2.

In Fig. 4, the dependence of dc conduc-
tivity on the filler content for the examined
CPU-CNTs systems, formed by different
methods is presented. The step-like change
of the electro-conductivity is associated
with the percolation phenomenon and is ob-
served in concentration intervals of 0.4—
0.8 % for the system, formed through the
prepolymer, and of 1.5-2.5 % for the sys-
tem, formed through the adduct. At CNTs
content of 38 %, the dc conductivity of the

Functional materials, 25, 1, 2018
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systems is more than five orders of magni-
tude higher that its values below the perco-
lation threshold. Fig. 4 demonstrates, that
the percolation behavior of the investigated
systems differs considerably. Differences
are observed as for the general level of con-
ductivity so for the values of percolation
thresholds (P,). The value of percolation
threshold for the CPU-CNTs system, formed
through the adduct is about 2 %, while for
the system, formed through the prepolymer
is 0.63 %. Such difference in the values of
percolation thresholds can be connected
with the types of preparation of the CPU-
CNTs systems. The prepolymer based on di-
isocyanate and glycol components is formed
on the first stage at the synthesis of CPU-
CNTs system through the prepolymer. Thus,
the polymeric network begins to form and
viscosity of the system grows in geometrical
progression. At that time, the CNTs are dis-
persed in solution, separately from the poly-
mer. On the stage of cross-linking of the
prepolymer and TMP the dispersion of
CNTs is entered by the method of sonication
and the usage of the solvent decreases a
destructive effect on the polymeric matrix.
Thus, separate nanotubes are limited of the
polymeric network which hinders their ag-
gregation.

When the CPU-CNTs system is formed
through the adduct, sonication of the CNTs
is carried out in viscous glycol and then the
adduct is added to. In this case the reaction
is being gone slower through considerable
viscosity of the system, and the nanotubes
aggregate more intensively. The CNTs ag-
gregation is stopped in the cross-linking
process, but on later stage, than for the
system forming through the prepolymer.

3.2. Influence of laponite

In [6] it is shown that introduction of
low amount (0.1 %) of organomodified
laponite (OLP) in a polyether matrix leads to
the considerable decrease of percolation
threshold of the system, filled by CNTs. This
subsection is devoted to the study of influ-
ence of OLP on the percolation behavior of
the nanocomposites based on CPU and CNTs.

Dependence of conductivity on the nan-
ofiller content for the probed systems is
represented on Fig. 5. The conductivity
step-like change is associated with the per-
colation phenomenon and is observed in the
concentration intervals of 0.2—-1 %. At the
CNTs content of 1 %, the dc conductivity
of the investigated system is more than
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Fig. 5. Conductivity vs. nanofiller content
for systems of CPU-CNTs (1) and CPU-CNTs
0.1 % OLP (2).

three orders of magnitude higher than its
values below the percolation threshold.

Fig. 5 also shows that with introduction
of OLP to the CPU-CNTs system the value
of percolation threshold decreases more
than three times, from 0.63 % to 0.2 %.
Such effect is explained by the change of
distributing degree of nanotubes in the
polymeric matrix volume. The results of
conductivity measurements are confirmed
the information of optical microscopy. Mi-
crophotographs of the CPU-CNTs-OLP sys-
tems with the nanofiller content, which
close to the percolation threshold, are pre-
sented in Fig. 6. We can see from the mi-
crophotographs (Fig. 6a), that a continuous
cluster from the nanotubes, which pierces
all of the volume of standard appears even
at the CNTs content, is equal 0.2 %. When
the CNTs content is equal 0.5 % (Fig. 6b)
more branched network from the nanotubes
appears, that results in the origin of
greater amount of direct contacts between
them. At introduction to the material, OLP
nanoparticles begin to interact with the sur-
face of nanotubes and attracted to it [10].
As a result of it there is partial coverage of
the CNTs surface by the plates of laponite.
Worth noting, that at such degree of cover-
age there is a high probability for formation
of direct contacts between the CNTs [6].

At introduction of laponite to the CPU-
CNTs system, the general level of conduc-
tivity after achievement of the percolation
threshold appeared considerably below, than
for the CPU-CNTs system, which does not
contain OLP (Fig. 5). When the CNTs con-
tent is equal 1 %, conductivity of the sys-
tem, which contains laponite, is more than
two orders of magnitude lower than conduc-
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Fig. 6. Photomicrographs of systems based on CPU, which

b) 0.5 %.

tivity of the system without OLP. Most
probably, that the phenomenon of conduc-
tivity decreasing is explained by the fact
that OLP platelets wrap around the nanotu-
bes, thus forming the barrier partially pre-
venting the direct contacts of the CNTs and
CPU. The similar effects were recently re-
ported for aqueous suspensions of CNTs and
laponite [10] and for polymer nanocompo-
site based on polypropylene glycol and CNTs
[6]. Effect of conductivity decreasing is pos-
sible to be explained if assuming that the
nanoplatelets of laponite form a three-di-
mensional network in the volume of the ma-
terial at the high nanofiller content. Conse-
quently, in the process of forming of the
CPU-CNTs-OLP system, the laponite plate-
lets interact between themselves and with
polymeric molecules, forming the three-di-
mensional "quasi” network. Thus, the parti-
cles of OLP hinder separate the nanotubes
to form an own percolation network. In a
result, the nanotubes, remaining isolated,
can not form the direct contacts between,
themselves that leads to the considerable de-
crease of the system’s conductivity.

3.3. Influence of external dec electric field

As shown in the literature, de¢ electric
field (dcEF) substantially influences on per-
colation behavior of the systems based on
polymer and CNTs [12—-14]. The dependence
of o(p) for the CPU-CNTs systems, formed
under the action of dcEF and without it is
presented in Fig. 7. The resulted graphs
show, that the percolation behavior is ob-
served for both types of investigated nano-
composites.

As we can see from Fig. 7, the conduct-
ing percolation cluster for the system,
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Fig. 7. Conductivity vs. CNTs content for
systems based of CPU, formed without dcEF
(1) and under action of dcEF (2).

formed under the dcEF action, takes place
at lower CNTs concentration, than for the
system formed without the dcEF action. The
value of percolation threshold for the sys-
tems, formed under the de¢ EF action is
0.12 %, while for the systems, formed
without the field is 0.63 %. This effect
takes place due to orientation of the CNTs
and their clusters in the de¢ electric field.
Such decreasing of percolation threshold
was also observed for the PEG-CNTs sys-
tem, formed in the electric field [13]. This
fact testifies to universality of influence of
the dcEF on the percolation behavior of the
polyether-containing systems.

However, it is seen from Fig. 7, that
conductivity of the CPU-CNTs nanocompo-
sites, formed under the dcEF action, after
achievement of the percolation threshold, is
considerably less than conductivity of the
nanocomposites, formed without the dcEF

Functional materials, 25, 1, 2018
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action. Such effect can be explained by two
factors which are related to the influence of
dcEF on CNTs and on the matrix of CPU.
Under the action of powerful dcEF the
CNTs try to be orientated along the lines of
electric-field tension. As a result, they are
disposed parallel each other, that reduces
probability of formation of the direct con-
tacts between CNTs. In the systems with the
statistical distributing of the CNTs such
probability is considerably higher. The dcEF
also influences on forming of polymeric net-
work from the chains of PU, which are
polar and is forced to move in the electric
field. At such moving there is probability,
that the chains of PU will destroy the con-
tacts between separate nanotubes due to
their mechanical displacing or interaction
with their surface which increases the con-
tact resistance.

Consequently, forming of the CPU-CNTs
systems under the dcEF action decreases of
the percolation threshold, but, at the same
time, it considerably reduces the general
level of conductivity after the achievement
of the percolation threshold.

4. Conclusions

Influence of different factors (the
method of CPU forming, external electric-
field, introduction of nanoclay) on the per-
colation behavior of systems based on CPU
and CNTs has been studied. It is established
that value of percolation threshold for the
CPU-CNTs system, formed through the ad-
duct is about 2 %, while for the system,
formed through the prepolymer is 0.63 %.
Such difference in the percolation thresh-
olds values can be connected with the ways
of preparation of CPU-CNTs systems.

Considerable influence on the percolation
behavior of the systems based on CPU and
CNTs has the introduction of different fill-
ers, for example, organomodified laponite.
It is found that the percolation threshold
value decreases more than three times from
0.63 % to 0.2 % with introduction of
laponite to the CPU-CNTs system. Such ef-
fect is explained by the changes of distrib-
uting degree of the nanotubes in the volume
of polymeric matrix. The results of conduc-
tivity are confirmed by the information of
optical microscopy.

It is revealed that dc electric field sub-
stantially influences on the percolation be-
havior of the CPU-CNTs systems. It is es-
tablished, that the conducting percolation
cluster for the system, formed under the
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action of dcEF takes place at the lower
CNTs concentration, than for the system,
formed without the dcEF action. The perco-
lation threshold value for the systems,
formed under the dcEF action is 0.12 %,
while for the systems, formed without the
field is 0.63 % . This effect takes place due
to the orientation of CNTs and their clus-
ters in the dc electric field.

Proposed methods of the percolation
thresholds decreasing can be used for crea-
tion of the novel polymeric nanocomposites
based on polyurethanes with improved func-
tional properties.
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