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The crystalline structure, degree of crystallinity, dynamic modules, Raman photolumi-
nescence were studied for low-density polyethylene composites with different content
methylene blue dye. It is shown that the degree of crystallinity varies little in a wide
range of the modifier content (0—0.07 volume fraction). There is a non-monotonic concen-
tration dependence of the elasticity modulus, shear modulus and Poisson coefficient; this
indicates the formation of polymer layers on the dye surface, which are responsible for
improving the physical and mechanical properties of the composite. In the immobilized
layers, the intermediate phase of the polymer with oriented chains occurs, the conforma-
tion of which changes with an increase in the dye content. This phase is characterized by
a complex defective structure, including polyene units of different lengths.

Keywords: low density polyethylene, dye, elastic modulus, shear modulus, crystal-
linity, polyene structures.

MexaHi3Mu HigBUIIEHHS AUHAMIYHMX MOAYJEH y KOMIIO3MTAX IOJieTHJIEHY HU3BKOIL
rycTuHd 3 0GapBHUKOM METHJIEHOBOro cuHbOro. M.AAnexcandpos, T.M.ITinuyk-Pyzanv,
O.I1.Jmumpenxo, M.II.Kyniw, FO.€.I'pa6oscvruii, A.II.Onanko, A.I.Miciopa, OJI.I1agaenko,
A.LJIecwr, I.II.ITynduk, T.O.Bycko, B.B.Cmpeavuykx, O.D.Koromuc.

BuBueHo KpucrasiuHy CTPYKTypPY, CTYIiHb KPHCTAJIIYHOCTI, AuHaMiuHi Momy i, KoMOiHAIIiM-
He PO3CisiHHs cBiTsIa, (POTONIOMIHECIIEHI[II0 KOMIIO3BUTIB IIOIieTUIeHy HU3bKOI I'yCTUHHN 3 OapBHU-
KOM METHJIEHOBHMM CHHIM 3a pisHOro smicry mpucamok. IIokasaHo, 1[0 y IIHPOKHUX MeXKax
Bmicty mogudiraropa (0—0,07 06. uact.) crymias KpucrasiyHocTi smiHioeTbesa masio. Crocrepi-
ra€TbCsi HEMOHOTOHHA KOHIIEHTpAIlifiHA 3aJIe’KHICTh MOIyJell IIPYyKHOCTi, 3CyBy, KoedimieHTa
ITyaccona, saka cBiguuTh 1Ipo (popMyBaHHS IIAPiB IIOJiMepy HA IIOBEPXHi OapBHUKA, IO BiAmOBi-
IAI0Th 3a MOKpaIleHHA (isnmKo-MexaHiuyHMX BJIACTHBOCTEM KoMmmo3uTy. B immobinisoBanmx
mapax BimOyBaeTbCcs 3apOoAsKeHHs MPOMIiKHOI (asu MmojiMepy 3 OpPi€HTOBAaHMMH JIAHIIOTAMH,
KoH(MoOpMaIlia AKX 3MiHIOETHCA IIPU 3POCTaHHI BMicTy OapBHuUKA. [JaHa (hasa xapaKTepusyeTbCs
CKJIAIHOIO 1e(DEKTHOIO CTPYKTYPOIO, IO BKJIIOUAE IIOJI€HOBI JIAHKU Pi8HOI MOBIKUHMU.

Wsyuena KpHCTALINYECKasa CTPYKTYpPa, CTEIeHb KPUCTANINYHOCTH, JTUHAMAYECKHE MOLY-
a1, KOMOMHAIIMOHHOE pacCCessHHe CBeTa, (POTOJIOMUHECIEHIUA KOMIIO3UTOB IIOJMITAICHA
HU3KOU IJIOTHOCTH € KPACHUTEJEM METHUJICHOBBIM CHHFM C PA3JHYHBEIM COLEP:KAHMEM IIPHCA-
nok. Ilokasamo, 4TO B IIHUPOKMX Ipemenax comep:kanus moxuduraropa (0—0,07 06. uact.)
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CTelleHb KPUCTAJJINYHOCTU M3MeHsdeTcda Majo. HabiiogaeTcas HEMOHOTOHHASA KOHIEHTPAI[MOH-
Hasd 3aBUCUMOCTL MOAYyJeil ympyroctu, ciBura, xKoapdumuenra Ilyaccona, KoTopas cBuje-
TeJbCTBYET O (POPMUPOBAHUU CJIOEB IOJUMepPA Ha ITOBEPXHOCTH KPACUTEJA, OTBEUAIOIINX 3a
yayunieHrue (QU3NKO-MeXaHUUYECKUX CBOIICTB KOMIO3UTa. B MMMOOUJIM30BAHHBIX CJIOAX IIPO-
UCXOOUT 3apoKAeHUe IIPOMEKYTOUHOM (hasbl MOJUMEPa C OPUEHTUPOBAHHLIMU IIENIAMU, KOH-
dopManusa KOTOPBIX CMEHAETCS IIPU POCTe ColepsKaHus Kpacurtensa. [lanHaa (asa xapakTe-
pusyeTcs CJIOKHOU AedeKTHOM CTPYKTYpoii, BKJIOUAOIeil MOJIMeHOBLIe 3BEHBbS PAa3JIUUHON

IJIVHBIL.

1. Introduction

Low-density polyethylene (LDPE) belongs
to the linear carbon chain molecules and is
characterized by low mechanical, optical,
and electrically conductive properties. Modi-
fications of this polymer and improvement
of these properties can be achieved by dop-
ing the matrix with various fillers [1-7]. Of
particular interest are carbon systems, such
as carbon nanotubes (CNTs) [2]. At the
same time, in mnanocomposites including
CNTs, the formation of a conductive cluster
can be inhibited due to the absence of ohmic
contact in the case of coating the fillers
with a polymer matrix. Therefore, there is a
necessity to modify the polymer matrix of
the composite with an additive that would
reduce the contact resistance by increasing
the tunneling of the charge carriers.

Such additives can be a variety of dyes,
including methylene blue (MB) with a devel-
oped m-conjugate system [8-9]. The intro-
duction of various dopants can significantly
affect the mechanical properties; therefore,
it is important to choose such conditions for
the formation of composites, which would
improve their mechanical properties [4, 10—
13]. It is important to determine the mecha-
nisms of this improvement, using a com-
parison of mechanical properties with in-
creasing dye content and using optical
methods such as Raman scattering and pho-
toluminescence (PL).

The purpose of this work is to study the
dependence of the structure and mechanical
properties using the Raman and PL spectra
in LDPE-MB composites with changing the
dye concentration and to establish mecha-
nisms of improving the mechanical proper-
ties of these systems.

2. Experimental

Low density polyethylene composites
with methylene blue (MB) dye
(C46H1gCIN3S) were obtained by hot press-
ing. To obtain nanocomposites (LDPE-MB),
high-pressure (low-density) polyethylene
powder was mixed thoroughly with the ap-
propriate amount of dye. The temperature
was 125-130°C. The obtained LDPE-MB
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composites had the appearance of discs with
a diameter of 30 mm. The concentration of
nanotubes in the polymer matrix was from
0 to 0.070 vol. fract.

For the investigation of mechanical prop-
erties of nanocomposites LDPE-MB, an ul-
trasonic KERN-4 computerized velocity
meter was used.

The dynamic elastic Young’s modulus
was determined by the formula:

E=pV}, (1)

where p is the sample density, V; is the
velocity of quasi-longitudinal ultrasonic
elastic waves.

The dynamic shear modulus was obtained
by the formula:

G =pV3, (2)

where V,, is the velocity of quasi-transverse
ultrasonic elastic waves.

The Poisson’s coefficient was calculated
from the equation:

Lov? 3)
Ve

4

Raman spectra were measured at room
temperature in the reflection geometry
using a Horiba Jobin Yvon T64000 triple
spectrometer equipped with a cooled CCD
detector. The spectra were excited by an
Ar-Kr ion laser with a wavelength A; =
488 nm. Continuous He—Cd laser lines with
wavelength A; = 325 nm were used to excite
photoluminescence spectra.

3. Results and discussion

In the solid state, the methylene blue dye
(MB) is a crystalline phase that described by
the monoclinic structure. In the low-density
polyethylene (LDPE) with dye, the crystal-
line structure remains unchanged. There is
only a slight restructuring of the crystal-
linity, which increases with a low MB con-
tent and decreases with increasing dye con-
centration (Fig. 1).

This dependence is due to the fact that
at lower concentrations, the dye acts as the

Functional materials, 28, 3, 2021
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Fig. 1. Dependence of crystallinity degree
versus MB concentration in LDPE.

center of crystallization in the polymer ma-
trix. With increasing concentration of the
dye, its aggregation is observed.

It should be noted that the concentration
dependence of the elastic modulus, shear
modulus, Poisson’s coefficient in the pres-
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ence of MB differs from the behavior of
these parameters in the LDPE-carbon nano-
tube composites [11-13]. If in nanocompo-
sites with a lower concentration of nanotu-
bes, the moduli correlate with a change in
the degree of crystallinity; then in nano-
composites with MB, the elastic modulus,
shear modulus, and Poisson’s ratio de-
crease, and with an increase in the MB con-
tent, a maximum of these values appears
(Fig. 2).

It is evident that the presence of three
regions of change in the elasticity and shear
moduli, in which their fall and rise are ob-
served, has little to do with changes in the
degree of crystallinity and is due to struc-
tural, and possibly conformational and de-
fective transformations in the amorphous
polymer phase. In the interval of lower MB
concentrations, the doping of additives with
smaller physical and mechanical charac-
teristics leads to a decrease in the values of
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Fig. 2. Concentration dependences of the elas-
tic modulus (a), shear modulus (b) and Pois-
son’s coefficient in LDPE-MB composites.
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Fig. 3. Raman spectra in different regions of wavenumbers for LDPE-MB composites with 0 (a),
0.005 (b), 0.03 (c), 0.07 (d) vol. fract. of MB content.

these moduli. In the second stage, immobi-
lized polymer layers are formed on the addi-
tives. The interaction of polymer chains
with the surface of the dye particles in-
cludes their partial orientation and leads to
an increase in both moduli. With the fur-
ther increase of the additive content, their
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aggregation takes place, which is accompa-
nied by a decrease in the volume of the
structured layers; as a result, the mechani-
cal characteristics of the modified polymer
matrix are reduced.

Besides, one of the important reasons for
the decreasing and rising of mechanical

Functional materials, 28, 3, 2021
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moduli could be a change in the formation
of a segregated structure [14, 15]. In this
case, a change in the local concentration of
the additive in the interblock space of the
polymer matrix can occur. This change in
concentration can affect the interaction of
the ultrasonic wave with the segregated
structure of the composite and the speed of
its passage.

Such a rearrangement of the polymer
structure occurs as a result of interaction
with the surface of the dye particles and
should be accompanied by a change in the
vibrational Raman spectrum with an in-
crease in the MB content.

Fig. 8 shows different regions of the
wavenumber of Raman spectra for LDPE-
MB composites with different dye contents.

The most intensive bands in the Raman
spectrum are due to deformation vibrations,
oscillations, stretching for the C—C bonds in
the skeleton, methylene CH, — and methyl
CH; — groups in different amorphous and
crystalline phases, trans-conformations of
the chain and its orientation [16—-22].

Regardless of the dye concentration, the
Raman spectra change little in contrast to
similar spectra of LDPE filled with carbon
nanotubes. At the same time, for the com-
posite with 0.03 vol. fract. of MB, there is
an additional band about 1390 cm™1, the
peak intensity of 1418 cm™! decreases rela-
tive to the band intensity of about
1439 em!, and the intensity ratio
I11418/1109¢ decreases. These changes, on the
one hand, indicate a decrease in the degree of
crystallinity in polyethylene, and on the other
hand, the rearrangement of its structure.

For composites with 0.05 and 0.07 wvol.
fract., the transformation of the vibrational
modes of stretching of the CH, groups,
about 2851 em™! and 2884 em !, begins. It
is seen that the intensity of the band
2851 ecm™! increases, which indicates the
formation of linear chains with trans-con-
formation. A band of about 1389 cm™! re-
mains, the intensity of the band 1418 cm™1
increases. Thus, an intermediate phase with
oriented polymer chains is formed in the
composite. It can be assumed that such a
phase appears in the immobilized layer on
the surface of the dye particles. Its forma-
tion contributes to the growth of shear and
elastic moduli in the composite with
0.05 vol. fract. MB. For the composite with
0.07 vol. fract. MB, intense bands at
1129 em™! and 2852 ecm™! decrease, which
indicates a decrease in the volume of the
intermediate phase and, as a consequence,

Functional materials, 28, 3, 2021
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Fig. 4. Photoluminescence spectra of LDPE
(1) and LDPE-MB composites with 0.005 (2),
0.03 (3), 0.05(4), 0.07 (5) vol. fract. of MB
content.

the moduli of composites with a high dye
content also begin to decrease. Confirmation
of the formation of an intermediate phase
on the surface of the dye particles, i.e. an
amorphous phase with oriented chains,
which has little effect on the change in the
degree of orthorhombic crystalline phase of
polyethylene, can be a significant increase
in photoluminescence (PL) in the area asso-
ciated with the presence of photo-oxide de-
fects, carbonyl groups C = 0O and polyene
structures [35].

Fig. 4 shows PL spectra for pure LDPE
and its composites with different content of
MB dye.

It is seen that as the dye concentration
increases, the PL intensity increases. In
general, the PL spectrum for all composites
is similar to the PL spectrum of pure LDPE
and is a consequence of an increase in the
concentration of photo-oxide and polyene
defects. Since such defects are characterized
by the presence of conjugated bonds in the
skeleton of the chain, their appearance also
stimulates an increase in the values of the
composite moduli.

4. Conclusions

The filling of LDPE with methylene blue
dye does not change the crystalline orthor-
hombic structure of the polymer and leads
to a slight change in a degree of crystal-
linity with increasing concentration of the
additive. However, an increase in the dye
content is accompanied by a non-monotonic
change in the dynamic elastic modulus
shear modulus and Poisson’s coefficient.

As the content of the dye increases, the
intermediate phase with the oriented poly-
mer chains is formed as a result of the
interaction between polymer and the dye
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surface. This phase is enriched with photo-
oxidative and polyene defects in the struc-
ture of polyethylene. The formation of this
layer with the intermediate phase leads to

an

increase in the dynamic moduli in the

limited concentration range.
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