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Abstract

This work studies phase behavior, microstructure and percolation of the poly(ethylene glycol) (PEG), filled by multiwalled
carbon nanotubes (MWCNTs), organo-modified montmorillonite (OMMT), and their mixtures, using differential scan-
ning calorimentry (DSC), X-ray diffraction (XRD), electrical conductivity, and analysis of microscopic images. The DSC
and XRD data showed a noticeable decrease of PEG crystallinity with increase of nanofiller content. Filling of PEG by
MWCNTs was accompanied by a percolation threshold at ~0.| wt%, and the estimated electrical conductivity exponent
(t=1.77 £0.07) was typical for the random percolation networks. The similar threshold behavior, but with higher
percolation threshold ~0.5-1.0 wt%, was observed for PEG filled by OMMT. The observed effect of OMMT-enhanced
dispersion of MWCNTS in PEG at a high level of loading by nanoparticles offers good prospects for simultaneous

improvement of the electrical and mechanical properties of PEG-based composites.
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Introduction

Composites based on polymer electrolytes based on
poly(ethylene glycol) (PEG), polyethylene oxide
(PEO), etc., filled by nanoparticles of anisotropic
shape (e.g., clays or nanotubes (NTs)), are attractive

as materials with improved ionic and thermal
conductivity, electrical, optical, and mechanical
properties.’

The combination of PEG with plate-like montmoril-
lonite (MMT) or organo-modified montmorillonite
(OMMT) (so-called, PEG/MMT hybrids) improves
barrier,” mechanical, viscoelastic, and thermal® > prop-
erties of polymeric films. Existence of strong interaction
between PEG and MMT was demonstrated by many
studies. PEG chains can penetrate inside the interlayer
of MMT and OMMT galleries.®® Moreover, PEG can
be used as a modifier for preparation of organoclays.'®
The PEG/MMT hybrids were shown to be useful for
improving the rheological and mechanical properties of
polypropylene,'® polylactide'", and rubber.'?

The combination of PEG with rod-like NTs allows
improvement of NT dispersion stability in common sol-
vents.!? Functionalization of carbon NTs!* by, so-
called, PEGylation, increases their solubility in water
and aqueous solutions.'> PEG-grafted multi-walled
carbon NTs (PEG-g-MWCNTs) exhibited excellent
hydrophilicity, good bioelectrocatalytic activity, and
biocompatibility.'® PEG functionalization enhances
potential usefulness of such materials for biological sys-
tems and opens new prospects for future biomedical
applications of NTs.!” The chemical vapor and highly
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selectivity gas sensors,'®! taste and bio-nanosen-

sors”™?! with fast response, good reproducibility, and
high selectivity, which are based on PEG-functionalized
carbon NTs, were already developed. Recently,
PEO/multiwalled carbon nanotube (MWCNT) com-
posites had attracted attention as potential materials
for protection of optical sensors from high-intensity
beams.?

The combination of polymers with mixture of MMT
(OMMT) and MWCNTs (so-called, clay-supported
carbon NTs) also attracted great interest.”> > This is
a new class of materials with improved electrical and
mechanical properties?*?’ which can find many inter-
esting spheres of application, including sensors and
biosensors, flame retardants, electromagnetic screens,
reinforcements, gas barriers, ion batteries.>%?’
However, functionality of such multi-composites
depends on compatibility of nanofiller components in
the polymeric matrix, aggregation of nanoparticles,
ability of reinforcement or conductive networking for-
mation and its stability.*® The presence of MMT sig-
nificantly enhanced the state of dispersion of the carbon
NTs in different media.?® > Obvious synergistic effects
of MMT sheets and MWNT rods improving mechani-
cal properties of polymeric composites were recently
observed.** 3 However, phase behavior and percola-
tion effects in polymer electrolytes, filled by organic
and inorganic fillers or their mixtures, are still far
from full understanding and require more thorough
studies.

This study discusses phase behavior, microstructure,
and percolation effects in PEG-1000, filled by
MWCNTs, OMMT, or their mixtures, studied by
different experimental methods (differential scan-
ning calorimentry (DSC), X-ray diffraction (XRD),
electrical conductivity, and analysis of microscopic
images).

Materials and methods
Samples

Poly-ethylene glycol (PEG-1000). PEG-1000 (M, =
950-1050 g/mol) was an Aldrich product and chosen
as representative polymer with high crystallinity
degree. Before preparation of a composite, it was dewa-
tered by heating in vacuum (2 mm) at residual pressure
p=270Pa and temperature 7=263 K during 5h. Its
melting point determined from differential scanning
calorimetric measurements was 308.0 K.

Multiwalled carbon nanotubes. The MWCNTSs were
prepared from ethylene by the method of chemical
vapor deposition (SpecMash Ltd., Ukraine, fax: +380
44 5010620).>° The residual mass content of the mineral

additives was 0.1%. The specific surface area S
of the MWCNTs, determined by adsorption of
N,, was about 130m?/g. Typically, such MWCNTs
had mean outer diameter d=20nm, while their length
/ ranged from 5 to 10 um. The specific electric conduc-
tivity o of the powder of MWCNTSs compressed at

15TPa was about 10S/cm along the axis of
compression.
Montmorillonite, organo-modified montmorillonite

and hybryde h(MWCNTs + OMMT). The pristine
MMT was the MMT of Pygevskii deposit (Ukraine).
The crude mineral was preliminary refined from impu-
rities. For facilitation of MMT transfer into organic
form, it was initially transferred into the sodium form
through its multiple (five times) treatment by 0.1 molar
solution of NaCl during 24 h at 340 K. The solid/liquid
ratio was kept as 1/100. Then, MMT was centrifuged
and washed several times by deionized water to
remove surplus NaCl salt. The prepared sample of
homoionic clay contained highly pure MMT, which
was confirmed by X-ray and chemical analysis, and
had the exchange capacity of 1.05umole-equ/g and
the specific surface (determined by methylene blue
adsorption) 640 m?/g.

The OMMT was prepared by ion-exchange reac-
tions. The long chain cetyl-trimethyl ammonium bro-
mide ions (C;¢H33N(CH3);7-Br~, CTAB, Merck) were
chosen as a swelling agent for intercalation into MMT
platelets, because they were shown to favor formation
of exfoliated composites.’’° The aqueous solution of
CTAB (1 wt%) was slowly added to the aqueous MMT
dispersion (1 wt%) and stirred vigorously 24 h at 360 K.
The quantity of solutions corresponded to the required
1:1 stoichiometric ratio of the exchange capacity of
clay and CTAB. After incubation, dispersion was
filtered wusing disc filter funnel and centrifuged.
Finally, the obtained organomontmorillonite was
freeze-dried for preserving its high dispersion ability
in organic media.

The hybrid filler on the base of MWCNTs and
OMMT was prepared by adding MWCNTs to the
aqueous dispersion of MMT and CTAB during
procedure of OMMT preparation. The ratio of
MWCNTs to MMT was fixed at 1/10 by weight.
Finally, the obtained hybrid filler was processed as
OMMT filler.

Composite  preparation. The composites  were
obtained by adding the appropriate weights of filler
(MWCNTs, OMMT, or h(MWCNTs+ OMMT) to
PEG-1000 in the liquid state (T'=323K) with subse-
quent 20min sonication of the mixture using a
UZDN-2T ultrasonic disperser, in accordance with pro-
cedure essentially similar to the previously described.*
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After sonication, the composites were cooled down to
the solid state and kept at room temperature until fur-
ther experiments. We investigated a series of samples
with content of NTs within 0.01-1 wt% and content of
OMMT within 0.01-1 wt%.

Characterization

Differential scanning calorimetry. DSC data, i.c., the
phase transition temperatures and phase transition
enthalpies, were measured with a TA Q2000
Instrument (TA Instruments Ltd. West Sussex,
England) in the regime of heating from 273 to 333K
at the heating rate of 2 K/min. The samples (20-30 mg)
were packed in the aluminium pans.

The fractional crystallinity of PEG-1000-based com-
posites xpsc was calculated as:

xpsc = AHn/AHY, ()

where AH,, is the heat of melting of the composite
under investigation and AHj, the heat of melting of
100% crystalline polymer (=165.5J/g).*"** Though
enthalpy method application for estimation of the
crystallinity degree is controversial,*? it is widely used
for determination of the fractional crystallinity of
PEGs,* and it is useful in applications with small
filler content.

X-ray diffraction. The structure of composite at a
small spatial scale was investigated using wide angle
XRD instrument DRON-2 (Bourevestnik, Inc., St.
Petersburg, Russia) with Cu-Ka source of emission at
a wavelength A =0.154 nm.

The interlayer distance d of the MMT, OMMT, and
h(MWCNTs +OMMT) was calculated from Bragg’s
formula:

A = 2dsin 0 (2)
where 6 is half of the diffraction angle and A the
wavelength.

The XRD patterns of MMT, OMMT, and

h(MWCNTs +OMMT) are shown in Figure 1. The
derived interlayer distance d is about 1.30 nm for mont-
morillonite, 1.90nm for OMMT, and 2.0nm for
h(MWCNTs + OMMT).

The increase of interlayer distance d in organoclay
OMMT evidenced that CTAB successfully penetrated
into the MMT interlayer. Additional increase of d in
hybrid h((MWCNTs + OMMT) filler, possibly, reflects
strong interaction between MWCNTs and MMT.
Existence of such interaction in aqueous suspensions
was experimentally confirmed,®® and it can be specu-
lated that adsorption of MWCNTs on MMT can

20=4.4°

d=2.0 nm

26=4.6°

15000 1= d=1.9 nm

g H(MWCNT5+OMMT)
= mie = OMMT
-—y e NMT

5000

Figure 1. The XRD patterns of MMT, OMMT, and
h(MWCNTs + OMMT).

result in weakening of the inter-stack interactions and
broadening of stacks.

The effective crystallite size L in the PEG-1000-based
composites was estimated from Scherrer’s equation,
which can be used if the crystal is smaller than
100 nm*>:

L = ar/Bcos by (3)

where « is the coefficient accounting for the form of
correlation zone (it is close to unity, « =0.9), B the
width of a peak at half-height expressed in radians of
26 (width measured in 26 degrees and then multiplied
by 7/180), 6., half of the diffraction angle correspond-
ing to position of the scattering peak. For calculation of
L, the most intensive maximum in the XRD pattern
was used.

XRD patterns were used also for derivation of the
fractional crystallinity of PEG-1000-based composites
xxrp defined as a ratio:*

xxpr = Oc/0¢ 4)

Here, Q. is the part of area under the diffraction peak
that corresponds to the crystalline structure and Q, the
total area under diffraction peak.

Electrical conductivity. The electrical conductivity o
was measured by the inductance, capacitance, and resis-
tance (LCR) meter 819 Instek, 12 Hz—100 kHz (Instek
America Corp. Chino, CA, USA) in a cell equipped
with two horizontal platinum electrodes (diameter
d=12mm, inter-electrode space h=0.5mm). The
applied external voltage was U=1.275V. The measur-
ing frequency of 10 kHz was chosen in order to avoid
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polarization effects on the eclectrodes and the electric
field-induced asymmetric redistribution of MWNTs
between the electrodes.” The temperature 7' (287—
363 K) was stabilized using a flowing-water thermostat
of 100/45 type (Mechanik Pruefgeraete Medingen,
Germany), and was recorded by a teflon-coated K
type thermocouple (40.1K) connected to the data
logger thermometer centre 309 (JDC Electronic SA,
Switzerland). Preliminary studies have shown that
nanoparticles aggregated irreversibly during the heat-
ing—cooling cycle in the temperature range correspond-
ing to the liquid phase. So, a new sample was used in
each experiment. The o(7) measurements were done in
the temperature range of 280-365K at the heating and
cooling rate of ~2 K/min.

Each measurement was repeated, at least, five
times for calculation of the mean values of experimental
data.

Microstructure. The optical microscopy images
were obtained using an OI-3 UHL 4.2 microscope
(LOMO, Russia). The microscope detector unit was
interfaced with a digital camera and a personal
computer.

The digital images were captured with magnification
of 10-100, the layer thickness was 50 um. In order to
obtain 2D projections of the MWCNT aggregates,
the focal plane was located, approximately, on the
middle plane of the aggregates. The binary images
were analyzed using the box-counting method with
the help of the image analysis software Imagel
v1.42q. The ‘capacity’ fractal dimension d, was
obtained from dependence of the number of boxes nec-
essary to cover the boundary of an aggregate N vs. the
box size L:*®

N o L (5)

Results and discussion

Figure 2 presents a typical DSC endothermic traces of
PEG-1000 filled by MWCNTs, OMMT, and
h(MWCNTs +OMMT). Melting temperatures 7,
taken as the melting peak maxima, 7,, values, heats
of melting AH,,, and fractional crystallinity xpgc are
presented in Table 1. Introduction of nanofillers
resulted in decrease of T,, broadening of the melting
peaks, decrease of AH,, and xpsc.

The value of ypsc decreased proportional to the per-
cent of fillers replaced in the system. It evidences that
the crystallinity of PEG was depressed next to the
nanoparticle surface. It justifies the presence of specific
interaction between PEG and surface of the investi-
gated nanofiller. Such behavior even at a rather small
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Figure 2. DSC endotherm traces for PEG-1000 filled by
MWCNTs, OMMT, and h(MWCNTs + OMMT).

Table I. DSC parameters of PEG-1000 filled by MWCNTs,
OMMT, and h(MWCNTs 4+ OMMT)

Tm (K)  AHy (/g)  Xpsc (%)
Sample (£0.1) (£0.1) (£0.1)
PEG-1000 3080 1248 75.4
+0.5% MWCNTs 3050 11238 68.2
+1% MWCNTs 3000 884 53.4
+0.5% OMMT 3076 1085 65.5
+1% OMMT 3055 929 56.1
4+0.5% h(MWCNTs + OMMT) 3067 923 53.7
+1% h(MWCNTs+OMMT) 3060 827 499

concentration of nanofiller (0.5-1%) was expected
because of the huge surface area of nanoparticles.

Figure 3 shows examples of the XRD patterns for
the blank PEG-1000 and for PEG-1000 filled by
MWCNTs, OMMT, and h(MWCNTs + OMMT).

The corresponding XRD parameters of composites
are presented in Table 2. The introduction of nano-
particles in PEG-1000 resulted in decrease of XRD-
derived fractional crystallinity and the estimated
values of xxrp Were in reasonable correspondence
with ypsc estimations for the blank PEG-1000 and
composites (Tables 1 and 2). Even at highest concen-
tration of particles (=5%), the PEG-1000 displayed
rather high degree of crystallinity in MWCNTs
(xxrp=51.3%) and OMMT-based (yxrp=46.3—
49.5%) nanofillers.
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Figure 3. Examples of XRD patterns of PEG-1000 filled by MMT, OMMT, and h(MWCNTs + OMMT).

Table 2. XRD parameters for characterization of PEG-1000 filled by MWCNTs, OMMT, and h(MWCNTs + OMMT)

Om B L XXRD Hommr d
Sample ) £0.1°  (°) £0.05°  (nm) £0.05nm (%) £0.1%  (°) £0.05°  (nm) £0.05nm
PEG-1000 233 0.75 11.80 783 - -
+5% MWCNTs 234 0.70 13.85 51.2 - -
+1% OMMT 233 0.90 10.00 52.0 4.75 1.85
+3% OMMT 233 0.75 11.55 49.8 4.85 1.80
+5% OMMT 233 0.75 12.55 46.3 5.00 1.75
+5% h(MWCNTs + OMMT) 23.2 0.65 12.90 49.5 5.00 1.75
For PEG-1000 filled by OMMT and units were proved to be sufficient for preparation of

h(MWCNTs + OMMT), the XRD patterns at ~5° con-
tain the peaks corresponding to the OMMT stacks pre-
sent in PEG-1000 (Figure 3). The derived interlayer
distance d of the Conmt in PEG-1000 was a decreasing
function of Commt concentration (Table 2). It was the
highest at Commr=1% (d=1.85nm); still, it was
smaller than in CTAB-modified organoclay,
Commt=100% (d=1.90nm). In principle, such
behavior could be attributed to the partial substitution
of CTAB modifier by PEG-1000 chains within the
OMMT galleries and intercalation of polymer inside
OMMT.* It was previously demonstrated that low
molecular weight PEGs (PEG 200-PEG 4000) can
effectively penetrate inside the interlayers of MMT
and OMMT® 3% and oxyethylene sequences of 5-6

intercalated/exfoliated miscible PEG/MMT hybrids.>'

It is worth mentioning that positions of the crystal-
line peaks in PEG-1000 practically did not change with
introduction of the fillers (Table 2). However, their
width was disturbed by the presence of nanoparticles.
For highest concentration of filler (=5%), the crystal-
lite size L was noticeably higher (12.55-13.85nm) than
in the blank PEG-1000 (11.8 nm).

The effect of nanofiller concentration on the crystal-
line structure of PEG composites is still unclear. The
growth of the crystalline size, possibly, reflected the
effects of orientational self-organization, and structure
formation inside subsystems of nanoparticles with
highly anisotropic shape.’> Note that semi-crystalline
structure of PEG reflects complex packing organization
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of macromolecular PEG chains. PEG chains are
arranged as helices at molecular level.> In the crystal-
line regions, these helices form lamellae that are, in
turn, arranged into spherical units (spherulites).>* The
size of spherulites may be rather large (~1.4mm) at
302K for PEG-2000.° The low molecular weight
PEG chains are presumably extended or once-folded
chains within the lamellae.®

Formation of lamellae can be disturbed by the sur-
face of nanoparticles. That’s why crystallization behav-
ior and size of the crystallites can be quite different for
PEG-based composites in comparison to other poly-
meric systems.”” The nanoparticles can provide nucle-
ation sites to polymer and accelerate the growth of
spherulites.’® It was shown that strong coordination
of PEO to the MMT surface promotes non-crystalline
PEO conformations, and crystallization of PEO was
found to be inhibited.**®" Incorporation of
MWCNTs reduced the crystallinity of PEO and
restricted the spherical crystal growth and change of
the crystal structure from spherical to disk like.”” It
was speculated that strong interactions and steric hin-
drance of PEG inside the networks formed by nanopar-
ticles can disrupt the chain order and limit their
possibility to move and rearrange.®*®!

Examples of the electrical conductivity o vs. temper-
ature T dependencies of PEG-1000 filled by MWCNTs
at different concentrations are

Cmwent =0-1%

presented in Figure 4. The -electrical conductivity
behavior of the blank PEG-1000 and it composites evi-
dently reflects crystallization and melting processes.
Blank PEG-1000 exhibited low ionic conductivity
(~3 x 1077 S/cm) due to the presence of ionic impurities
and an inherent proton generation process.®” The ionic
conductivity of PEG-1000 is strongly affected by the
crystallinity of the material. In the blank PEG-1000, a
clear melting-crystallization hysteretic loop was
observed below the melting point (7}, =308.0K).
During the heating scan, the electrical conductivity
o noticeably increased in the vicinity of the melting
point (from o¢=3x10""S/em at T=398K to
0=2.6x10"°S/em at T=310K). Such increase in
conductivity of the blank PEG-1000 evidently reflects
melting of the spherical structures (spherulites). It can
be speculated that ionic conductivity enhancement near
the melting point reflects rearrangements of helixes and
hydroxyl end groups in the lamellae.®® It is interesting
that these rearrangements start in the solid phase at
T=298K (i.e., below the melting point) and can reflect
transformations between extended and once-folded
(metastable) forms in PEG conformations.

For PEG-1000 + MWCNT composites, the melting-
crystallization hysteretic loop (below 308.0K) was
similar to that observed for blank PEG-1000 at low con-
centration of NTs (Cpywent < 0.8%); however, it had a
complex structure at higher concentration of NTs,

Copweny = 1.00 % wt

0.50 % wt

o

220.05 % wt

Cowenr = 1.00 % wt

=0

M A o ™ ©

320 340

Figure 4. (a) Electrical conductivity o vs. temperature T for PEG-1000 filled by MWCNTs at different concentrations
Cuwent =0-1%. Arrows — and < correspond to the heating and cooling (2 K/min) cycles; (b) the same data are presented

for cooling cycles as 0/0349 vs. T, here 0349 = o(T = 340 K).
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Cmwent = 1% (Figure 4(a)). It can be explained by the
effects of strong confinement of spherulites inside the
network formed by MWCNTs.

Above the melting point Ty, (>308 K), the electrical
conductivity o was an increasing function of tempera-
ture 7 and it displayed a very distinct hysteretic behav-
ior in the heating—cooling cycles (Figure 4(a)). Such
hysteretic behavior (thermal history effects) reflected
the spatial rearrangement of MWNTs inside the
PEG-1000 matrix during the heating—cooling cycles.
The similar effects were previously reported for other
fluidic composites filled by MWNTs. %%

Typically, the electrical conductivity of polymeric
systems above the melting point follows the non-
Arrhenious behavior,®” which can be approximated
by the Vogel-Tammann—Fulcher (VTF) equation:

o=0o,exp(—W/k(T - T,) (6)

Here, o, is the pre-exponential factor that is propor-
tional to the number of charge carriers in the system,
kT the thermal energy, W the activation energy, and T,
the reference temperature roughly associated with the
glass transition temperature 7,. 7, usually falls
25-60K below T.

However, the experimental data have shown that for
the PEG-1000+MWCNT composites, the electrical
conductivity o in the temperature interval 300-340 K
(cooling cycles) can be satisfactory fitted by the linear
equation (Figure 4(b)):

o = o365(1 + k(T = 340 K)) (7

where o349 is electrical conductivity at the fixed temper-
ature 7=340K and k the conductivity temperature
coeflicient.

Note that linear (non-Arrhenius) dependences are
the typical for the conductivity governed by ionic mech-
anism. The conductivity temperature coefficient k£ was a
decreasing function of Cywent (Figure 5). This weak-
ening of the temperature dependence of o was in cor-
respondence with the previously reported decreasing of
the electrical conductivity activation energy in different
composites loaded by MWNTSs.*7¢*63 [t was assumed
that the observed behavior reflects the hopping junc-
tions’ mechanism of electrical transport between
different MWNTs.*’ The elevation of temperature
results in increase of the number of hopping junctions
and in increase of electrical conductivity. Above
the percolation threshold, the MWCNT networks
become multiply connected and the temperature effects
weaken.

The filling of PEG-1000 by MWCNTs was accom-
panied by a noticeable increase (by many orders of
magnitude) in electrical conductivity o. Such increase

4 4
= T ;/ 7]
/
. /
10°F ,i .
- N/ —o.015
[ v ]
L T=311K g
- E
g s s
I F <7 001 L
= 7, .
U), N /7 Mﬁ
© i Percolation |7 7 =
- A s
- /
3 ]
r ‘& .
107k e | 0.005
o s N
: ¥ }
[ ‘1%
.____,L/ — — = PEO-1000 ]
sl L ol 0
107 10” 10°

Crwenrs % Wt

Figure 5. Electrical conductivity o and conductivity tempera-
ture coefficient k vs. concentration Cywenrat T=311 K in
heating (m) and cooling (&) cycles. T=311K.

of o reflects formation of the percolating networks of
MWCNTs. Typically, owing to the very large aspect
ratio a (length to diameter ratio) of MWOCNTs
(a=500-1000), the composites filled by MWCNTs
demonstrated extremely low percolation thresholds C.
below 0.1-0.5wt%.%*%® For percolating systems with
extremely low percolation threshold, the power law
Archie’s equation is fulfilled above the C.:*®

oo C' (8)

where ¢ is the conductivity exponent.

The least square fitting of experimental data by
Equation (7) for PEG-1000 filled by MWCNTs gave
t=1.77+0.07 and correlation coefficient p=10.996
(Figure 5). The value of conductivity exponent ¢ was
close to that typical for formation of random percola-
tion networks.®’

Figure 6(a) presents examples of the microscopic
images of PEG-1000 composites with different concen-
trations of MWCNTs within 0.01-0.5% at T=310K
(liquid phase). At small concentrations of MWCNTs
(Cmwent <0.05%), the individual aggregates were
observed (not shown); however, at
Cmwent =0.1wt%, the aggregates were growing and
connecting into a spanning percolation network
(Figure 6(a)). It confirms the presence of the percola-
tion threshold at Cyywent =0.1% (Figure 4). The frac-
tal dimension dr was also estimated. It depicts
morphology of the percolation aggregate in 2D projec-
tion (Figure 6(b)). Its value varies between 1 (corre-
sponding to a linear aggregate) and 2 (corresponding
to a compact aggregate). It was an increasing function
of Cyppwent, Which is typical for behavior of the perco-
lating MWCNT networks.®
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-
0.10 % wt MWCNTSs 0.20 % wt MWCNTSs

(b)
2=
19
%\
1.8
1.7
| | | | | | | | | | |
0 0.5 1

Crwents o Wt

Figure 6. (a) Microscopic images of PEG-1000 filled by MWCNTSs composites at different concentrations Cyyent Wt%; (b) fractal
dimension d; vs. concentration of MWCNTs Cywent T=310K.
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Figure 7. Electrical conductivity o vs. temperature T for blank
PEG-1000 and PEG-1000 filled by OMMT (5 wt%), MWCNTs
(0.5%), and the mixture of OMMT (5 wt%) and MWCNTs (0.5%).
Insert shows electrical conductivity G vs. concentration of
OMMT Commrat T=310K.

Note that formation of percolation networks had no
visible effect on behavior of the conductivity tempera-
ture coefficient k defined in Equation (7). It was
approximately constant in a wide range of MWCNT
concentrations  (Cywent=0-0.5wt%), and it
decreased noticeably above Cywent of 1wt%
(Figure 5). Such behavior reflected dominance of the
ionic mechanism of conductivity through PEG-1000
conducting medium at Cyywent =0-0.5wt%.

However, direct and multiple contacts between indi-
vidual NTs become important at high concentrations
MWCNT. Weakening of the temperature dependence
of o is typical for MWCNT composites.* 667071

Figure 7 demonstrates electrical conductivity o vs.
temperature T for PEG-1000 filled by MWCNTs,
OMMT and mixture of MWCNTs and OMMT. The
introduction of OMMT in PEG-1000 resulted in
increase of the electrical conductivity o (insert in
Figure 6, T=310K). At small OMMT concentration
(Commt <0.5wt%), the effect OMMT on the total
conductivity of the composite was rather small. The
value of o increased at higher concentrations of
OMMT and reached saturation at large concentrations
Commt > 2-3wt%. The observed effect resembles
percolation transition for small electrical conductivity
contrast (with  percolation threshold between
0.5-1.0wt%).

Increase of electrical conductivity o with introduc-
tion of OMMT in PEG-1000 can be explained by exfo-
liation of OMMT, penetration of PEG-1000 inside the
galleries of OMMT (intercalation), and partial substi-
tution of ionic CTAB modifier by PEG-1000 chains.
The presence of intercalation is evidenced by behavior

of interlayer distance d of the OMMT (Table 2).
Besides, it was previously demonstrated that clay inter-
calation and exfoliation may alter the ionic conductiv-
ity pathways in PEG/MMT hybrids.”

At high concentration of plate-like clay particles,
Commt > 2.0wt%, the isotropic — nematic Onsager
transition in a system of platelets is expected,® and at
higher concentration of nanoplates, they start to form
percolation networks. This process can restrict further
exfoliation of OMMT galleries and increase of electri-
cal conductivity o with increase of Commr. It can be
speculated that the ionic transport is facilitated near the
surface of OMMT platelets and this effect is the most
pronounced for OMMT concentration above the per-
colation threshold.

The concentration of MWCNTSs was noticeably
above the percolation threshold (Cyywent =0.1%). In
the absence of OMMT, the MWCNTs formed obvious
spanning networks (Figure 8) and the value of o of the
composite was two order of magnitude high than that
of the blank PEG-1000. Addition of OMMT (0-5 wt%)
to this composition (PEG-1000 + MWCNTs (0.5 wt%))
resulted in noticeable increase of o (Figure 7). The
microscopic images evidenced that addition of
OMMT  remarkably improved dispersion of
MWCNTs inside the PEG-1000 matrix (Figure 8).
The observed effects were in correspondence with the
previously reported data on possibility of reduction of
the percolation threshold in SWINT + epoxy composites
by addition of clays.*® The noticeable improvement of
conductivity was observed above the percolation
threshold and at high loadings by both MWCNTs
(=0.5wt%) and OMMT (5wt%). Such high loadings
offer good prospects for simultaneous improvement of
electrical conductivity and mechanical properties of
PEG-based composites.

Conclusions

Filling of PEG-1000 by nanoparticles (MWCNTs,
OMMT, or their mixture) results in remarkable
decrease of PEG crystallinity (up to x~46-51%) and
increase of the PEG crystallite size. It can be explained
by strong interactions between PEG chains and surface
of the nanoparticles. Filling of PEG-1000 by MWCNTs
was accompanied by a noticeable increase (by two
orders of magnitude) in electrical conductivity o at
the percolation threshold ~0.1wt%. The estimated
electrical conductivity exponent was ¢=1.7740.07,
which is typical for random percolation networks.
The similar threshold behavior, but with smaller con-
trast and higher percolation threshold ~0.5-1.0 wt%,
was observed for PEG-1000 filled by OMMT. It was
observed that additives of organoclay (OMMT) notice-
ably enhance dispersion of MWCNTs in PEG-1000 and
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0.0 % wt OMMT

1.0 % wt OMMT

Figure 8. Microscopic images of PEG-1000 filled by MWCNTs (Cuywent = 0.5 wt%) and OMMT (Commr = 0-2 wt%).

increase electrical conductivity of composite. Strong
interactions between organic (MWCNTs) and inor-
ganic (OMMT) nanoparticles were observed even at
high level of nanoparticle loading, which offers good
prospects for simultaneous improvement of electrical
conductivity and mechanical properties of PEG-based
composites.
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