JKuoxue kpucmanivt u ux npakmuvecxoe ucnoavzosanue. 2022. T. 22, Ne 4. C. 102—109
Liquid Crystals and their Application. 2022. Vol. 22, No. 4. P. 102—109
ISSN 1991-3966 (print), 2499-9644 (online), Journal homepage: http://nano.ivanovo.ac.ru/journal/ru/

Original Article

INTERACTION OF COMPONENTS OF EPOXY COMPOSITE CONTAINING
CARBON NANOTUBES AND GRAPHENE OXIDE MIXTURE

T. P. Dyachkova'*, A. V. Rukhov', Yu. A. Khan', D. N. Protasov', D. N. Stolbov?, E. A. Burakova',

G. A. Titov!, A. G. Tkachev'

! Tambov State Technical University, Tambov, Russian Federation

?Lomonosov Moscow State University, Moscow, Russia

ARTICLE INFO:

Article history:

Received 10 November 2022
Approved 28 November 2022
Accepted 5 December 2022

Key words:

carbon nanotubes,
graphene oxide,
synergetic effect,
molecular dynamics

DOI:
10.18083/LCAppl.2022.4.102

ABSTRACT

Mixtures of carbon nanotubes (CNTs) and graphene oxide (GO) in composite
materials often exhibit synergistic effects with respect to mechanical and
electrophysical properties. In this paper, the mechanisms of interaction between
CNTs, GO and epoxydian resin macromolecules were discussed based on the
results of molecular dynamics simulations. Calculations were performed in the
MM3 force field at exposure times up to 100 ps. The influence of the CNT’s
graphene layers shape and the presence of oxygen-containing functional groups
on the self-assembly process during the epoxy composite formation has been
demonstrated. It is shown that graphene oxide sheets are arranged around
cylindrical nanotubes and envelop them, while when using tapered nanotubes,
the formation of alternating layers of CNTs and GO should be expected. The
presence of oxygen-containing groups on the surface of cylindrical nanotubes
promotes the penetration of epoxydian resin macromolecules into the space
between CNTs and GO. The simulation results of the "cylindrical CNTs — GO"
and the "conical CNTs — GO" hybrid particles were confirmed by scanning
electron microscopy data.
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AHHOTALUSA

Cwmecu yraepomusix HaHoTpyOok (YHT) m okcuma rpadena (OI') B coctaBe
KOMITO3UIIHOHHBIX MaTepHaJiOB YacTO JEMOHCTPHPYIOT 3(h(HEeKTh cuHepru3Ma B
OTHOLICHUM MEXaHMUYECKMX M DIIEKTPOPHU3MYECKHX CBOHWCTB. B crarhe
paccMoTpeHbl MexaHu3Mbl B3aumoneiicteus YHT, OI' u makpomosnekyn
SMOKCHUIHO-TUAHOBOM CMOJBI MEXIy CO0Oi Ha OCHOBAaHHU peE3yJbTaTOB
MOJIETUPOBAHUSA CHCTEM METOJaMU MOJIEKYJSIpHOM JAMHaMUKU. PacdeTsl
MPOBOAWINCH B CWIOBOM moie MM3 mpu Bpemenu skcnozuuud 10 100 mc.
IIponemoncTpupoBano BiausHUE (HOpMBI rpadeHoBRIX ciaoeB YHT u Hammaus Ha
UX TOBEPXHOCTH KHUCIIOPOACOAEPKAIINX (YHKIIMOHAIBHBIX TPYII Ha XapakTep
nporecca camMocOopkd B xoAe (HOpPMHUPOBAHHUS SMOKCUAHOTO KOMIIO3HUTA.
Ilokaszano, 4uyro JMCTBI  OKcuiaa rpadeHa  pacloJIaraloTCsi  BOKPYT
MUIUHIPUYECKUX HAHOTPYOOK M OOBOJAKMBAIOT WX, B TO BpeMs Kak NpHU
UCIIOJIb30BAHUM KOHUYECKUX HAHOTPYOOK CliemyeT OXHIaTh OOpa3oBaHUs
yepenytomuxcst cioeB u3 YHT u OI. Hamuunme Ha noBepxHOCTH
WINHIPUYIECKUX HAHOTPYOOK KHCIOPOICOAEPKAIUX TIPYII CIOCOOCTBYET
MIPOHUKHOBEHHIO MAaKPOMOJIEKYJ STIOKCHIHO-AMAHOBOW CMOJIBI B IPOCTPAHCTBO
mMexnry YHT wu  OI. PesynpraTel pacdeToB TNpH  MOJEIUPOBAHUU
HOATBEP)KIAIOTCS  JaHHBIMM ~ CKAaHUPYIOIIEH 3IEKTPOHHOM MHKPOCKONNHU
rubpuaHeIX gactun «wmHapuaeckue Y HT-OI' u «kormdeckue YHT-OI.
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Introduction

Hybrid modifiers based on different nanocarbon
forms are attracting researchers as a polyfunctional
additive to improve a number of properties of polymer
matrix. In the review [1], it is shown that simultaneous
introduction of carbon nanotubes (CNTs) and gra-
phene into epoxy resin can improve physical and me-
chanical characteristics, thermal and electrical conduc-
tivity of nanocomposite. The influence of CNTs and
graphene on composite properties often has a pro-
nounced synergistic character.

The authors of some papers [2—3] believe that
the synergistic effect is always present, and explain it
by the formation of ordered structures arising from
nanomodifier components in polymer volume. In [4],
it is assumed that CNTs intercalate between individual
graphene nanoplates (GNPs) preventing the aggrega-
tion of the latter. In [2, 4-5], the schematic representa-
tions of nanotube and graphene structures in compo-
sites are presented without considering the mecha-
nisms of their formation.

New opportunities to study the interaction of
carbon nanostructures with each other and with poly-
mer macromolecules have emerged due to develop-
ment of computational chemistry methods. The most
popular modeling methods are based on quantum
chemistry approaches [6] but they require considerable
computational resources when considering systems
with more than 80 atoms. To gain insight into the
mechanisms of formation of composites containing
macromolecules of polymers, CNTs and graphene, it
is necessary to analyze the behaviour of the system
consisting of 10*~10° atoms.

In [7], to predict the percolation probability and
piezoresistive sensitivity of a hybrid conductive nano-
composite, an one-step Monte-Carlo method teamed
up with a percolation model is developed. The compu-
tational model calculates the separation distance of
CNTs and GNPs by taking into account the dimen-
sional properties of their state of dispersion.

In [8], the thermal conductivities of
CNTs/graphene/epoxy composites are investigated by
mesoscopic simulations using dissipative particle dy-
namics (DPD) and smoothed particle hydrodynamics
(SPH). An analysis of the effect of the size and vol-
ume fraction of fillers on the thermal conductivity of
CNTs and/or graphene-based epoxy resin composites
are presented.

In [9], the molecular dynamics method is used
to evaluate the influence of the hybrid graphene/CNTs
filler on the tensile properties of epoxy resin. In our
opinion, this method can also be used to consider the
self-assembly mechanisms of the components during
the composite formation.

The aim of this work was to simulate the evolu-
tion of systems comprising of graphene oxide, carbon
nanotubes with conical and cylindrical shapes of gra-
phene layers, and epoxydian resin macromolecules to
determine the factors affecting structural features of
composite.

Experiment

The potential energy fields of a molecular
system are determined by the sum of paired
interatomic interactions, depending on the type of
atoms and the distance between them [10-11]. The
state of a system consisting of N atoms at time T is
determined by the velocities (impulses) I7m(r) and

coordinates of all particles i,n,(7)={xn, y,,z,} in a

vector form, where n = 1..N,; m = 1,2,3. The main
problem is to find the state of the molecular system at
an arbitrary instant of time 1, if the state of the system
is known at the initial time (at T = 0). In classical
mechanics, this problem is solved by calculating the
trajectory of motion, which is determined by solving
the Newton equation. Hence, we can write:
" d*x (1) __0UW)

1

"odr? ox, 1)
y S2@ _U0) @

dr o0y,
m d anf) _ _8U(z) , 3)

dr oz,

initial conditions:

Xn = Xon, yn = y()n; Zn = ZOn, (4)
dxn(f)zV . dy,,(T)zV . dzn(f):V (5)

dr "7 dr “7 dr *

where n = 1...Na; N, — number of atoms in the system;
m, — atomic mass, X, y, z — spatial coordinates; U(r) —
potential energy depending on the mutual arrangement
of all particles of the system.
The potential energy of the particles is considered as
the sum of the following components:

u=U,+U,+U,+U,+U +U,+U,, (6)
where the items correspond to the following types of
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interaction: U, — chemical bonds; U, — valence angles;
U, — torsion angles; Ur — flat groups and pseudo-
torsion angles; Ur; — Van der Waals forces; U, — elec-
trostatic interactions; Uy, — hydrogen bonds.

The vibration energies of valence angles and the
energy of valence interactions of particles in molecular
system are described by parabolic potentials. The po-
tential energy for torsion and pseudo-torsion angles of
chemical bond is given by the Fourier series [12].
Similarly, the potential energy of planar groups is de-
termined. Using the Lennard-Jones potential, the in-
teraction of atoms not bound by a covalent bond but
interacting via van der Waals forces and hydrogen
bonds is described [13]. According to the Coulomb
law, the potential energy of interaction of charged par-
ticles is characterized by the magnitude of electrostatic
potential.

The mathematical formulation of the problem of cal-
culating the coordinates of the atoms of a molecular
system including carbon nanotube, graphene oxide
sheet and epoxide resin macromolecule is being
formed as follows:

Fobin=1.Nsm=1.3; (7)

1=sm Sk a=rm.)k o=r(n. )
EeQ,; (_J;eQa; (;EQW (8)
where 7 is the matrix of coordinates of N, atoms in
three-dimensional space; / — vector of chemical

bonds length values; & — vector of angles of chemical
bonds values; ¢ — vector of torsional angles of chemi-

cal bonds values; Q;, Q,, Q, are the region of accepta-
ble values.

According to (5) and (6), the atom potential en-
ergy can be calculated as follows:

U=U,)+U, (o) +U,(9)+
+U (@) +U,(r) ++U,, (1) + U, (r)
- 1< s
U,,(z>—5;1<h,<l,—lo,> , (10)

where K;, — is the effective rigidity of valence bond; /y —
the equilibrium length of chemical bond.

-~ 1 & ,
Uv(a):EZth(ah_aOh) ’ (11)

where K, — effective elasticity of valence angle; ap, —
the equilibrium value of chemical bond angle.

U (go)— ZZ K,.. [V cos(s ¢, 5)+1] (12)

=1 s=1

)

U(gp)— ZZ K/g[V cos(s,, ¢, 5)+1] (13)

g=1 s=1
where K, g5, Krg s are constants determining the heights
of potential barriers of dihedral angles, Vg is the con-
tribution of the harmonic to the torsion angle potential
(-1 < Vg5 <1), sgs is the multiplicity of torsional barri-
er, 0 is phase shift, s is harmonic number, S is the
number of harmonics.

U,(r)= ZZ{ } (14)

i=l j=i+l

where ¢, g; — partial charges on atoms, € — dielectric
permittivity of the medium (water in our case), W;; —

- —

the distance between the i and j atoms, W, =, —r,|.

U, (= ZZ{ e } (15)

i=1 j=i+l i

U, (r)= ZZ{ 4, _ 5, } (16)

i=l j=i+l

where 4, B, A

,» A, B/, — constants that determine
the depth of potential wells depending on the types of
atoms (i and j) involved in the interaction.

Evolution of molecular system at 298 K and
exposure time up to 100 ps was investigated using
Gromacs software. Coordinates of atoms were
determined by solving problem (1) — (16) using the grid
method with a calculation step equal to 0.002 ps. The
calculation model of force fields MM3 was used.

Molecular systems included diglycidyl polyeth-
er diphenylolpropane macromolecules (ED-20 epoxy
resin), fragments of initial or oxidised CNTs, and gra-
phene oxide sheets. The model cylindrical nanotube
was a 5 nm long consisting of three graphene layers. A
model conical nanotube with cup-stacked morphology
was a 7.1 nm long with a taper angle of 60°. Its outer
and inner diameters were 5.7 and 4.1 nm, respectively.
The size of graphene oxide sheet was 6x6 nm. The
initial and oxidized CNTs as well as graphene oxide
models included defects due to the presence on the
surface of C-H bonds, oxygen-containing groups and -
SO;H groups. The degree of functionalization of oxi-
dized CNTs was 0.2 mmol/g.

To assess the adequacy of the calculation
results, the morphology of the hybrid particles
"GO-conical CNTs" and "GO-cylindrical CNTs" was
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studied. Cylindrical CNTs “Taunit-M” (d =8 + 15 nm,
length / > 2 um, specific surface area > 300 m?g),
conical CNTs “Taunit” (d = 20 + 70 nm, length > 2
um, specific surface area = 120-140 m%*g) and
graphene oxide (1 wt. % aqueous suspension)
produced by "NanoTechCenter" Ltd. (Tambov,
Russia) were used herein. The mixture of graphene
oxide suspension (100 ml) with CNT (1 g) was
prepared by treatment with ultrasound for 30 minutes
and then it was dried in a Scientz-10N lyophilizer.
SEM images of hybrid particles were obtained using a
JSM-6390LA JEOL scanning electron microscope.

Results and Discussions
Evolution of the "cylindrical CNT — GO — ER" system

According to molecular dynamics
calculations, the GO is initially approaching the
surface of nanotube. At the same time, the surface
of the GO sheets begins to curve. The ER
macromolecules also cluster near the CNT surface.
At an exposure time of 80 ps the GO sheets take
their final shape by enveloping the CNT surface.
Then ER macromolecules start approaching the
outer surface of the GO. A view of the system at an
exposure time of 120 ps is shown in Fig. /, a. It can
be seen that the interaction between the components
is predominantly due to Van der Waals forces.
Hydrogen bonds between the oxygen-containing
groups of GO and ER macromolecules are not
formed.

Fig. 1. States of the systems: "cylindrical CNT — GO — ER" (a), "oxidized cylindrical CNT — GO — ER" (),
"conical CNT — GO — ER" (¢), and "oxidized conical CNT — GO — ES" (d) at 120 ps exposure time according
to molecular dynamics simulations
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Evolution of the "oxidized cylindrical CNT — GO — ER"
system

In this case, the epoxy resin macromolecules
approach the surface of nanotube faster than graphene
oxide sheets. The oxygen-containing groups have an
orienting effect on the arrangement of epoxy
macromolecules due to electrostatic forces. The
change in graphene sheets shape is slower due to the
fact that a part of nanotube surface is coated with
epoxy resin. The graphene sheets change their shape
more slowly because the surface of nanotube is
already partially coated with epoxy resin. As a result,
the epoxy macromolecules end up in the space
between CNT and GO (Fig. 7, b).

Evolution of the "conical CNT — GO — ER" and
"oxidized conical CNT — GO — ER" system

Graphene oxide sheets do not change their
shape. Nanotubes are located on their surface. The
most active interaction centers with the epoxy resin

20kV  X8,000 2pm 13 40 SEI

are the edges of tapered CNTs (Fig. /, ¢). The system
with oxidized tapered nanotubes looks similar
(Fig. 1, d). In this case, the oxygen-containing groups
do not affect the arrangement of epoxy
macromolecules. Such systems can be expected to
form a composite of alternating layers consisting of
nanotubes, linearly spaced graphene sheets and epoxy
resin.

Morphology of experimental samples of hybrid
particles "cylindrical CNT — GO" and "conical CNT —
G ”

On SEM images of the "cylindrical CNT — GO"
hybrid particles, individual nanotubes are not

visualized (Fig. 2). Apparently, GO sheets are indeed
located around nanotubes, completely enclosing them.
There is no sharp curvature of the graphene sheets
surface because their planar dimensions are noticeably
larger than the diameter of nanotubes in comparison
with the model calculation.

20KV X8,000 2pm 13 40 SEI

Fig. 2. SEM images of the "cylindrical CNT — GO" hybrid particles

20KV X8,000 2pm

12 40 SEI

Fig. 3. SEM image of the "conical CNT — GO" hybrid
particles

SEM images of hybrid particles obtained by
combining conical nanotubes with graphene oxide
look different. A network of carbon nanotubes is
clearly visualized on almost straight sheets of
graphene oxide (Fzg. 3). Thus, it can be assumed that

SEM data satisfactorily correlate with the molecular
dynamics calculations.

Conclusions

In this work, the evolution of the systems
consisting of epoxy resin and mixtures of graphene
oxide and different shape carbon nanotubes have been
simulated by the methods of molecular dynamics. It is
shown that the carbon components interact with each
other and form structures of different morphology
depending on the type of nanotubes.

In systems with cylindrical CNTs, the
composite formation regularities are also influenced
by the presence of oxygen-containing functional
groups on nanotube surface. The correctness of
performed calculations is confirmed by the data of
scanning electron microscopy of the hybrid particles
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obtained by combining conical and cylindrical CNTs
with graphene oxide.

In the future, it is planned to investigate the
mechanical and electrophysical properties of epoxy
composites containing hybrid fillers with different
structures, which will explain the nature of synergistic
effects observed using together different carbon
nanomaterials as fillers.
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