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The structure, electrical conductivity and optical absorption of polyethylene glycol (PEG) films with
multiwall carbon nanotubes (MwNT) in the initial state and after radiation functionalization by means of
high-energy electron irradiation (K., = 1.8 MeV) with absorption doses of 10 and 30 MRad were studied. The
structure was studied by XRD method and optical microscope. It is shown that electron irradiation signifi-
cantly affects the behavior of the percolation curve. Even at an absorption dose of 10 MRad, the percolation
threshold increases by almost an order of magnitude due to the formation of a network structure in the
polymer matrix as a consequence of crosslinking of macromolecules. A low percolation threshold was ob-
tained for film samples of PEG with MwNT. Two theories were used to construct the percolation curve. Fit-
ting the experimental data for the o/on ratio shows an increase in the value of @. with a rise in the absorp-
tion dose, which is consistent with the scaling approximation. Changes in the optical density spectra with
increasing concentration of MwNT in the PEG matrix before and after radiation functionalization by
means of high-energy electron irradiation are shown. Radiation exposure has a complex effect on the struc-
ture and properties of polymer composites and can generate various defects in carbon nanotubes. The com-
plex behavior of the optical absorption spectrum is due to the appearance of absorption features associated
with the presence of singularities in carbon nanotubes.
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1. INTRODUCTION

Polyethylene glycol (PEG) belongs to polyesters that
are widely used in various science-intensive industries.
Their feature is a significant range of molecular
weights, depending on which the polymer can be in
liquid and solid physical states. Of particular interest
are PEGs with low molecular weight, for example, PEG
400, which is in the liquid state and often serves as a
matrix for drugs due to non-toxicity [1-6], as well as for
various fillers, including carbon nanomaterials: gra-
phene, nanotubes, fullerenes. These fillers are able to
radically affect the properties of nanocomposites with
PEG [7-13]. Thus, for graphene oxide, depending on the
method of preparation, in which physical or chemical
bonding takes place, the electrical, dielectric and opti-
cal properties change significantly, which is accompa-
nied by the emergence of additional optical modes in
the IR absorption spectrum. When PEG is filled with
multiwall carbon nanotubes (MwNT), there is a notice-
able shift of the percolation threshold and other pa-
rameters of the scale dependence of electrical conduc-
tivity, which is a consequence of the formation of spe-
cial structures of the conducting cluster [7-13].

It should be noted that the properties of PEG-based
nanocomposites change not only depending on their
molecular weight and the method of preparation, which
primarily applies to film samples. Unlike bulk and
liquid samples, the properties of films are poorly stud-
ied. Despite the tendency of PEG to form mesh struc-
tures, radiation functionalization of these nanocompo-
sites, which can lead to chain crosslinking and, as a
consequence, its effect on the important properties of
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these composites, is not considered.

The aim of this work is to study the effect of elec-
tron irradiation (E.= 1.8 MeV) on the optical absorp-
tion and percolation parameters of PEG films with
MwNT to establish the mechanisms of their transfor-
mation.

2. EXPERIMENTAL METHODOLOGY

Films of pure PEG-400 and its composites of MwNT
made by the method of temperature catalytic conver-
sion were synthesized by the method of "Doctor blade
coating". The structural formula of PEG-400 is shown
in Fig. 1.
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Fig. 1 — Structural formula of PEG-400

The manufacturing temperature of the films was
about 180 °C. The thickness of PEG and PEG-MwNT
films was 100-200 pum, the concentration of MwNT was
0.2-1.0 wt. %.

The structure of PEG was studied using an X-ray
diffractometer DRON-3M (Russia),
ACuKg1,2 = 0.154178 nm.

The resistivity of PEG and PEG-MwNT films was
determined using a UNI T71 multimeter (Uni Trend
Group (UNI-T), China) and a PICOTEST m3500 re-
cording picovoltmeter. The applied voltage was + 0.5 V
with a step of 0.005 V. The transition to electrical con-
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ductivity was carried out according to the formulas:
AU=U, -U, Al=1 -1, (@))]

where AU and Al are the differences between voltage
and current, respectively.

R=|AU/AIl, (2)

where R is the resistance (Ohm).
o=Yp, 3)

p=R-65-10-¢ is the resistivity (Ohm-m), 65-10-6 is the
film size constant.

The optical absorption spectra of the films were rec-
orded using a Lumsail 723PC spectrophotometer
(Lumsail, China) in the wavelength range 320-110 nm
and a scanning step of 1 nm.

Radiation functionalization of the films was per-
formed using a linear electronic accelerator ILU-6
(Russia). The electron energy was E.= 1.8 MeV, the
absorption dose was equal to 10 and 30 MRad.

3. RESULTS AND DISCUSSION

Optical microscopy of PEG-MwNT films shows an
uneven distribution of nanotubes in the form of inter-
twined strands. At the same time, already at a concen-
tration ¢@=0.0009 vol. part. (0.2 wt. %) MwNT, the
formation of leading clusters was observed. Despite
slight differences at lower concentrations of MwNT, the
pattern of distribution of nanotubes is maintained up
to the maximum value ¢ =0.0049 vol. part. (1.0 wt. %).
An optical image of the placement of nanotube strands
for films with ¢ = 0.0049 vol. part. (1.0 wt. %) MwNT is
shown in Fig. 2.

Fig.2 — Optical image of the distribution of composite PEG
MwNT with @=0.0049 vol. part. (1.0 wt. %) (the insert
shows the X-ray diffraction pattern of the film of unfilled PEG,
film thickness d = 200 nm, Acukq1,2 = 0.154178 nm)

The X-ray diffraction pattern for the film of unfilled
PEG indicates the formation of the amorphous phase of
the polymer, which also occurs for bulk samples [7].

The above distribution of nanotubes indicates that
as a result of the emergence of leading clusters at con-
centrations greater than ¢ =0.0009 vol. part.
(0.2 wt. %) MwNT, the percolation effect is realized at a
lower filler content.

Fig. 3 shows the percolation curves for PEG-MwNT
films before and after electron irradiation with differ-
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ent absorption doses.
The description of the percolation dependence was
adjusted using the scaling equation:

o=oco(p—@), >, 4)

where oo is the pre-exponent, ¢ is the critical index, ¢
is the percolation threshold.

The fit to describe the results leads to the most cor-
rect agreement of the parameters of the scale depend-
ence, which differ for nanocomposites irradiated with
different absorption doses. Thus, for non-irradiated
films, the parameter values are oo = 2.34 Sm/m, ¢ = 3.2,
@ =0.0003 vol. part. An important feature of these
parameters is the low value of the percolation thresh-
old ¢c. This value differs significantly from the case of
bulk samples of PEG [8-12] and corresponds to compo-
sites with segregated distribution of nanotubes for PE
and PVC [14-17]. It should be noted that the methods
of preparation of PEG films and bulk disc-shaped
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Fig.3 — Dependences of static conductivity (on a logarithmic
scale) for PEG films with different contents of MwNT
(d =200 nm, before (a) and after electron irradiation with
absorption doses of 10 (b) and 30 (¢) MRad); the insets show
linear dependences of electrical conductivity on ¢~ ¢, where
@ — the percolation threshold, circles — experimental data,
solid line — fit to the scale dependence)
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samples of PE and PVC differ. At the same time, the
parameter ¢ is close to the value ¢ = 2.0, which is char-
acteristic of the random distribution of fillers.Electron
irradiation with an absorption dose of 10 MRad signifi-
cantly affects the behavior of the percolation curve.
Fitting the experimental data to the scale dependence
leads to the following parameter values:
oo =2.08 Sm/m, t=0.41, and ¢:=0.0012 vol. part. The
obtained parameters are very different from the values
inherent in the irradiated sample. Thus, ¢ = 0.41 differs
significantly from ¢ = 2.0, so there is a deterioration in
the dispersion of the distribution of nanotubes. The
percolation threshold increases by almost an order of
magnitude but remains insignificant. The value of
electrical conductivity decreases by several orders of
magnitude at nanotube concentrations in the range of
its percolation growth. This behavior of the percolation
curve, as can be assumed, is due to the formation of a
mesh structure in the polymer matrix, as a conse-
quence of crosslinking of macromolecules, which pre-
vents the formation of a conductive cluster similar to
non-irradiated samples.

If the absorption dose increases to 30 MPa, there is
a further adjustment of the percolation curve. The
fitting parameters are the following: ov = 1.59 Sm/m,
t=0.39, and ¢ = 0.001 vol. part.

Fig. 4 shows the dependences of 1g(oe/ o), which re-
flect the ratio of the static electrical conductivity oe for
PEG-MwNT nanocomposites with different contents of
nanotubes to its maximum value owm, on ¢, vol. part. for
unirradiated and irradiated composites.

The experimental data on the ratio o/ om were ad-
justed in accordance with the following equation [12]:

lg(oc/om)= A(l—e‘“‘P)n. (5)

As a result, the following parameter values were ob-
tained for unirradiated nanocomposites:

A=10; a=39; n=9; ¢ =0.0006 vol. part.

At an absorption dose of 10 MRad, these parame-
ters are equal to:

A=6.8; a=17;n=5.5; ¢ =0.0010 vol. part.

As the absorption dose increases to 30 MRad, these
parameters change to values:

A=6.8;, a=25.8; n=15; ¢ =0.0011 vol. part.

It is seen that with minor changes in the parame-
ters A, which are responsible for the scale, parameters
a associated with the slope of the percolation region, n
caused by the length of the curve in the pre-percolation
region, and the slope of the curve undergo a more sig-
nificant adjustment. In addition, there is a significant
change in the percolation threshold ¢c. In this case, ¢
increases with increasing absorption dose, which is
consistent with the scaling approximation.

Filling of PEG films with nanotubes and radiation
functionalization lead to a rearrangement of the optical
absorption spectra.

Fig. 5 shows the spectra of optical density for pure
PEG films and their nanocomposites with MwNT with-
out radiation exposure and at two values of electron
irradiation doses.

For pure non-irradiated PEG films, two maxima of
optical density of about 366 and 436 nm are observed.
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Fig. 4 — Dependences of the ratio of the electrical conductivity
of PEG-MwNT nanocomposites on the content of nanotubes
for unirradiated (a) and irradiated with electrons with absorp-
tion doses of 10 (b) and 30 (c) MRad, E. = 1.8 MeV

In PEG-MwNT nanocomposites, an increase in the
filler concentration is accompanied by a decrease in
optical density, a shift and transformation of absorp-
tion maxima. Thus, at a concentration of 0.2 wt. %
MwNT, the maximum optical density shifts to 349 nm
and an inflection appears at about 400 nm. Subse-
quently, the number of inflections increases, and the
optical density maxima expand. This is especially no-
ticeable at a content of 1.0 wt. % MwNT. It is assumed
that in the absence of radiation functionalization, the
complex behavior of the optical absorption spectrum is
due to the appearance of absorption features associated
with the presence of singularities in nanotubes [20].
Radiation functionalization of PEG-MwNT nano-
composites is a complex process that includes the effect
of electron irradiation on the structure of the polymer
matrix, as well as on the occurrence of various defects
in carbon nanotubes. As the MwNT content changes,
each of these effects will affect the electronic structure
of pure PEG and its nanotube composites differently.
As a result of irradiation of pure PEG film at ab-
sorption doses of 10 and 30 MRad, there is a slight
decrease in optical density and a significant shift of
absorption peaks, which indicates a change in the
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Fig. 5 — Optical density spectra of pure PEG films (a, b), PEG-
MwNT films with MwNT concentration: ¢, d — 0.2 wt. %; e, f —
1 wt. %; in the unirradiated state (a, ¢, e), and after electron
irradiation with an absorption dose of 10 (b, d, f) (d = 200 nm,
T=298 K, E, = 1.8 MeV)
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Panianiiina ¢pyuxmionasisamnia miiiBOK moJIrieTUIIEHIVIIKOJIIO 3 0araToOCTiHHUMHY BYyTJI€I€BUMU
HAHOTPYOKaAMU

M.A. Anercarmpos!, T.M. [limuyk-Pyramns!, O.I1. Imurpenrol, M.II. Kymimr!, A.I. Micropal,
A.M. TI'amonog!?, B.M. ITompy:xkol, B.B. Illnamanpra?
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2 Inemumym ¢pizuunoi ximii imeni JI.B. Iucapocescoroco HAHY, npocnekm Hayku, 31, 03028 Kuis, Ykpaina

JlocmimKxeHO CTPYKTYpPY, €JIEKTPOIPOBIIHICTL TA ONTHUYHE MOIVIMHAHHS ILTIBOK II0JIIeTHJICHIJIIKOJIIO
(IIET) 3 Gararocrinaumu ByryerieBuMmu Haumorpyoxamu (BBHT) y Buxigmomy crami Ta micjsd pamiariiifHoi
dyHKITIOHATI3AIIl] 32 TOIOMOT0I0 BUCOKOEHEPTeTHYHOr0 eJIEKTPOHHOro orpoMinenus (E. = 1.8 MeB) 3 moaa-
vu norymHaHHg 10 Ta 30 MPan. Crpykrypy mociimpkeHO 3a JOIOMOIOI ONTHYHOIO MIKPOCKOIIA Ta PEHTTe-
HOCTPYKTypHOro aHamidy. [lokasamo, 110 eJeKTpOHHE OIPOMIHEHHS ICTOTHO BILJIMBAE HA IOBEIIHKY IIEPKO-
Aol kpuBoi. Boke 3a mosu morsmmHanus 10 MPan mopir mepkosisiiii sapocTae mMaiyke Ha IIOPSAIOK, IO
00yMOBJIEHO (DOPMYBAHHSM CITYACTOI CTPYKTYPH B IOJIIMEPHIN MATPHIN, IK HACIJIOK 3IIUBAHHI MaKpPOMO-
nexysn. OTpUMaHO HU3bKI 3HAYEHHs ITOPOTy IIEePKOJIAINI 1 miiBkoBux 3paskis ITEI' 3 BBHT. s moGymo-
BU TEOPETUYHUX KPUBUX BUKOPUCTAHO 1Bl Teopii. 3a J0MOMOro0 MATOHKYA E€KCIePUMEHTAIbHUX JTaHUX BiJl-
HOIIIEHHS 0c/0m, BCTAHOBJIEHO 3POCTAHHS (@ 31 301/IBIIIEHHAM 03U IIOTJIMHAHHSA, IO Y3TOIKYETHCS 31 CKeITi-
HIOBUM HaOIMKeHHAM. [loka3aHo 3MIHHU y CIIEKTPaX OIITUYHOIO IIOIIMHAHHSA 3 pocToM KoHIileHTpalii BBHT
B matpuri ITED" mepen ta micis dyHKITioHAmi3aIii 3a TOIOMOIOI0 BHCOKOEHEPTeTHYHOIO eJIEKTPOHHOIO
ompoMiHeHHs. PamiatiiiiHe opoMiHEeHHS CKJIAJHUM YMHOM BILIMBAE HA CTPYKTYPY T4 BJIACTHBOCTI IIOJIIMEP-
HUX KOMIIO3UTIB TA MOe TeHepyBaTH PI3HOMAHITHI qedeKTH y ByryleleBrux HaHoTpyOkax. CkriiagHa mosesmi-
HKA CIIEKTPY OITHUYHOIO IOTJIMHAHHSA 00yMOBJIEHA MOSBOI0 OCOOJIMBOCTEM IOTJIMHAHHSA, OB’ SI3aHUX 3 HASB-
HICTIO CHHTYJIIPHOCTEN y ByTJIEIIEBUX HAHOTPYOKAX.

Kimouosi ciora: Ilomiermnenriikons, Byrienesi mamorpy6ru, [leprossimia, Onruuna rycruna, Emext-
POHEE OIIPOMIHEHHS.
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