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Considered in the article is the basic possibility of increasing of electric conductivity of
thermostable fluorine-containing aromatic polyamide by its doping with graphene plate-
lets. The raised concentration of a conducting graphene phase (78 wt.%) in the top layer
(~ 50 um) of the film composite is established. The microstructure of cross-section of the
film and topography of its surface are studied by SEM and AFM. Corresponding volt-am-
pere characteristics are resulted. Carried out here are quantum-chemical calculations of
model system "a polyamide fragment + graphene strip”: localization of boundary and close
molecular orbitals in the composite and also distribution of spin density of the composite
in electric field. Conductivity of the composite is explained within the framework of
stacking interaction between m-systems of the polymer and graphene.

Keywords: graphene platelets, polyamide, microstructure, stacking interaction, cur-
rent-voltage characteristics, spin density, boundary orbital.

Paccvorpesa NPUHIMIKAJILHAS BO3MOMHOCTb IIOBBILIEHUA 3JIEKTPOIPOBOAUMOCTI TE€PMO-
CTOMKOro (TOPCOAEPIKALLEr0 aPOMATHUYECKOr0 [IOJMAMULA IIyTEM ero JOIUPOBAHUA ILIACTUH-
Kamu rpadeHa. YCTaHOBJI€HA IIOBBIINIEHHAA KOHIeHTpauud (78 macc.% ) nposogsaineii ¢asbl
rpadena B BepxzeMm cioe (~ 50 MrM) maéHounoro kommosura. Ucmoawssys COM u ACM,
U3yuyeHa MUKPOCTPYKTYPA I[OIEPEeYHOr'e CeUueHUd IIEHKU U Tomorpadusa ero IOBEPXHOCTH.
TIpuBegeHbl COOTBETCTBYIOIINE BOJBT-AaMIIEPHBIE XAPAKTEPUCTUKK. IIpOoBeIeHbl KBAHTOBO-XU-
MUYECKHE PACYETHl MOJEJLHOM cHuCTEeMBEl (PpParMeHT NOJMaMHULA + rpadeHoBas IIOJOCKa :
JOKANU3aUd I'PAHUYHBLIX 1 OJU3KUX MOJIEKYJAAPHBIX OpOUTaleill B KOMIIOBUTE, paclpereJie-
HUE CIMHOBOM IIJIOTHOCTH KOMIIOBUTA B DJIEKTPUYECKOM IoJe. IIpOBOAMMOCTL KOMIIOBHUTA
obeysxaaercs B PAMKAX CTEKUHI-B3aMMOJCHCTBUA MY T-CUCTeMaMU [IoJuMepa u rpadeHa.
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KoMno3zutr "HaAHOIIACTUHKHN rpadeny — (PTOPORAHWIA MoJiaMiJ : CHHTE3, BIACTUBOCTI
Ta KBAHTORO-XiMiuHe MOmeJIOBaHHS edeKTpoupoBimuHocti. O./].Kauroscvruil, OJ1.11aunen-
xo, €.B.Illenydvro, M.I1.Kynriw, O.I1. [mumpenro, B.A.Cendiox, I1.C.Cmepmenxo, B.B.Epene-

Huuyvruit, OJl.Tapacww, C.II.Pozanvcoruil.

PosrnanyTo NpUHIMIOBY MOMKJIUBICTL MiABUINEHHS eJeKTPONPOBiAHOCTI TepmMocTifikoro
(hTOPOBAHOTO APOMATUUHOTO TIOJiaMify MIIAXoM I0T0 ZOTMyBAHHA cMYy:KKaMu rpadeny. Bera-
HOBJIEHO MiABUINEHY KOHIIEHTpaIio mposignoi ¢gasu (78 mac.% ) rpadeny y BepXHLOMY IIapi
(~ 50 mrm) mriBKoBOTO KoMmo3uTy. BurkopuctoByiouun CEM i ACM, BUBUEHO MiKPOCTPYKTY-
Py momepedyHOTO Iepepidy mJaiBku i Tomorpadiio #ioro moBepxui. HaBegeno BignmoBigHi BOABT-
amrepHi xapakTepucTuku. IIpoBeseHo KBaHTOBO-XiMiuHI pO3pPaxyHKM MOAENBHOI cUCTEMU

"(parment momiamigy + rpadgenosa cMyKKa :

JIORaJIiBaI_Iiﬂ TpaHNYHUX Ta OIMBBLKUX MOJIe-

KYJAPHUX opbitaseil y KOMIIO3UTI, POSMOIIN TIIMBHOCTI CIMHY KOMIIOBUTY B €JIE€KTPUUHOMY
noji. IIpoBigHiCTs KOMIOBUTY MOSCHIOETHCS Yy PaAMKax CTeKiHr-B3aeMofAii Mimk m-cucTeMamu

noJsimepy i rpadeny.

1. Introduction

Current-conducting materials on a poly-
meric base are of considerable interest for
use in many practical applications, in par-
ticular, in electrical engineering, electronics
and other areas as heaters, antistatic coat-
ings, resistors etec. [1, 2]. To work out effec-
tive current-conducting materials, heat-re-
sistant heterochain polymers: polyimides,
aromatic polyamides, polyethermaleimides
etc. are applied as polymeric matrixes [3—
5]. The development of functional materials
with nanofillers is especially promising
since the last have the properties different
from these of compacted samples. In such
nanomaterials the role of dimensional ef-
fects is especially considerable, as with re-
duction of the size of structural elements
the interface role considerably increases and
dimensional effects can bear quantum char-
acter [6]. Now intensive researches of gra-
phene-quasi-two-dimensional (2D) material
with unique properties that have predeter-
mined its application in various areas of
technics [7—10] are carried out.

The effective mass of carriers in gra-
phene equals to zero that promotes the high
mobility reaching 10%-10% cm2/V.s as well
as ballistic character of conductivity at
which carriers don‘t collide with the atoms
located in points of a crystal lattice [7, 8].
These properties of graphene can be used
for electrophysical properties of composites
to modify. The use of graphene as nanofiller
for composite, including, polymeric materi-
als is of special interest. Doping of poly-
meric materials with graphene results in
rising not only in electroconductivity but
also appearing of new properties [11-14].

It should be noted that the influence of
graphene as conducting filler on the proper-
ties of fluorinated heterochain polymers is
practically not studied.
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Therefore it was of interest to investi-
gate the influence of graphene additives on
electrophysical properties of the heat-resis-
tant fluorinated aromatic polyamide which is
dielectric in a non-doped condition.

The aim of the work is to study the possi-
bility of increasing of electrophysical charac-
teristics of heat-resistant aromatic fluorine-
containing polyamide by its doping with mul-
tilayered graphene (graphene nanoplateles) of
various concentrations and also to carry out
the simulation of conductivity of such com-
posite by quantum-chemical method.

2. Experimental

To obtain composites, poly-layer gra-
phene in the form of platelets (Industrial
Grade Graphene Nanoplatelets, “Grafen
Chemical Industries Co.”, Ankara, Turkey)
having the following characteristics [15]
has been used (Table 1). The fluorinated
polyamide PA-24 — poly(l-tetrafluore-
thoxy-2,4-phenyleneisophtalamide) — the
analogue of "Phenylone” has been synthe-
sized from fluorine-containing diamine and
isophthalic acid dichloride. The structural
formula of the polymer and its some proper-
ties [16] is resulted below.

_OCOCOHN\Q:H—
N
OCF,CF,H
n

Introduction of the fluorinated group
lends big solubility in amide solvents to the
polymer and raises ability to film forming.
For unoriented films made of such
polyamide tensile strength makes 68—
78 MPa which is possible to raise to 117—
127 MPa by orientation stretching. The
films sustain multiple bending in liquid ni-
trogen medium (—196°C).
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Fig. 1. Conducting graphene cluster in polyamide film (a): light area — polyamide film; dark one
— graphene, topography (b) and cross-section profile 1-2 of composite top surface (c).

Table 1. Characteristics of graphene
nanoplatelets
Diameter (optional), um 5—44
Oxygen content, % 1
Purity, % 96-99
Surface area, m?/g 13-15
Thickness, nm 50-100
Table 2. Properties of the fluorinated
polyamide PA-24
Temperature of destruction 390
beginning, °C
Density, g/cm3 1.484
Tensile strength, MPa 117-127
Electrical resistivity, p,, Q- em 2.7-1014
Dielectric loss angle tangent 0.0086
(102 Hz)
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The process of a composite obtaining con-
sists in pre-dispersing of the polymer solu-
tion in dimethylformamide with graphene
sample within ultrasound (UZDN-2T dis-
perser, Research-and-Production Enterprise
"Akadempribor”, Sumy, Ukraine, oscillation
frequency — 22 kHz), film formation at 80°C
on the glass form during 8 h followed by heat
fixing (the film ends are fixed in clips) at
150°C to constant weight of the sample. The
thickness of a film made ~ 140-150 pm.

Volt-ampere diagrams (VAD) have been
defined at the specialized bench (the auto-
mated tester 14TKS-100, JSC “Testing
Technology Center — Scientific and Produc-
tion Association of Applied Mechanies”,
Zheleznogorsk, Russia). The values of volt-
age were raised step by step in 150 ms for
each step and time of measurement 90 ms.

The structure of a surface of the compos-
ite and its cross-section were studied with
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Fig. 2. VADs of the composite: a — initial polyamide and the samples with content: 0.5 % (1) and
1 wt.% (2); b — VADs of the samples with graphene in sandwich geometry: 1 — 0.5 wt.%; 2 —
1 wt.%; ¢ — VAD of tableted sample with graphene content of 43.5 wt.%; d — VADs of the
samples from the top side of a surface (1) and from a substrate (2).

scanning electron microscope JEOL JSM-
6490(LV) supplied with EDS local microana-
lyzer. The surface morphology was investi-
gated with atomic force microscope (AFM)
NT-206 (Company with double liability "Mi-
crotestmachines”, Gomel, Belarus) in a
static mode.

3. Results and discussion

The image of graphene conducting cluster
in the polyamide film at graphene concentra-
tion of 1 wt.% is presented in Fig. la.

Visually external surface of a film with
the additive of 0,5 wt.% graphene is flat,
bright, without ledges and hollows. The to-
pography of the top part of the composite
obtained with AFM in a static mode is pre-
sented in Fig. 1b. The surface roughness
makes R, = 2.7 nm. The scatter of heights
in the line of cross-section 1-2 makes 2.4—
7.5 nm. The surface roughness of the com-
posite from a substrate is much more pro-
nounced and makes R, = 24.1-26.4 nm.
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Shown in Fig. 2a are VADs of the initial
film and the samples with 0.5 and 1.0 wt.%
of graphene. The initial sample of
polyamide is dielectric. Introduction of
0.5 wt.% of graphene promotes increase in
conductivity of polyamide tenfold. The rise
of graphene content to 1 wt.% increases
conductivity ~ by 100 as compared with
non-modified sample. VADs of the film
composites taken in gap geometry are linear
dependences in logarithmical coordinates.
At the gap geometry, unlike sandwich-ge-
ometry, the film is located between two con-
tacts forming among themselves a gap. At that
the width of a gap is not less than in 10 times
smaller than the length of contact strips.

Resulted in Fig. 2b are VADs of the sam-
ples with the content of graphene 0.5 %
(curve 1) and 1 wt.% (curve 2) taken in sand-
wich geometry. In VADs it is possible to dis-
tinguish two values (~9 V at curve I, and 2 V
at curve 2) of voltage whose further increase
promotes sharp growth of composites conduc-
tivity. Thus, at larger graphene concentration
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Fig. 3. The microstructure of cross section of composite film.

a smaller voltage for activation of carriers
and conductivity increase is required. Re-
sulted in Fig. 2¢ is VAD of the sample of
the composite in the form of a tablet with
the content of graphene 43.5 wt.% . At such
ratio of polyamide/graphene, conductivity
practically raises by 10% and polyamide
from dielectric turns into conducting mate-
rial having electrical resistivity -~
2.67 Q- cm.

It should be noted the following feature
of conductivity of the composites obtained.
The conductivity of the film from the top
surface side has appeared to be higher (in
4 times) than from a substrate (Fig. 2d).

This fact can indicate that the content of
current-conducting graphene is higher at
the top side of the composite that promotes
the formation of conducting cluster. On the
other hand, the introduction of graphene
particles results in nanostructuring of the
conducting layer (a thickness ~ 50 pum) in
such a way that compact packing of gra-
phene platelets with a smaller dielectric
layer between conducting phase is formed.
In the layer with smaller electroconductiv-
ity (- 100 um) the polymeric "honeycomb”
structure with smaller inclusions of a con-
ducting phase is clearly visible. The mi-
croanalysis has shown that in the surface
layer with larger conductivity the content
of carbon makes about 78 % (wt.) whereas
in the layer from a substrate side — 71—
72 wt.% . The image of cross-section of the
composite film in secondary electrons is re-
sulted in Fig. 3.

To interpret experimental data obtained
and to work out the assumption of electro-
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conductivity mechanism, quantum-chemical
calculations of a monomer link, a fragment
of the polyamide consisting of two monomer
links and also model graphene strip have
been carried out. The calculations of equi-
librium geometry of cooperating objects (the
fragments of polyamide and graphene strip)
have been conducted by ab initio method
DFT/6-31(d,p)/CAM-B3LYP (Gaussian 03
[19]) and simulation of the influence of
electric field was realized within the limits
of AM1 semi-empirical method.

As can be seen from the formula of an
elementary polyamide link, its main part is
the conjugate system consisting of two ben-
zene rings which are positioned in meta-po-
sition in a chain and related with peptide
bond —CO-NH-. At the same time m-elec-
trons of carbonyl group C=0 and unshared
pair of electrons of —NH- group can be con-
jugated with m-electrons of benzene rings
and form the general conjugate system. In
spite of the fact that amide groups have flat
trans-structure excluding the rotation
round C—N bond, the flexibility of chains in
polyamides of this structure is caused by
the rotation around N-Ph and C-Ph bonds
[20]. This case is the reason why uniform
collective m-electronic system seems not to
form and, consequently, the polyamide film
is dielectric. At the introduction of gra-
phene, the interaction of m-systems of
polyamide fragments and graphene strips is
possible. m-Electronic systems are known to
be able approaching for a distance of 3.4 A,
as for example, in aggregates of po-
lymethine dyes [21] and effectively cooper-
ate by the stack mechanism. For effective
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interaction between polymer and graphene
strips it is necessary for graphene to over-
lap at least two monomer fragments of
polyamide polymer.

Presented in Fig. 4a is the model of such
interaction including 2 monomer links and
minimal graphene strip consisting of 9 ben-
zene rings of linear acene chain.

For simplicity, it is assumed that for the
maximal stack interaction 2-monomer frag-
ment will take on a flat structure. Natu-
rally that graphene energy gap is signifi-
cantly smaller than in polymer; in the limit
it is equal to zero. The calculations of the
model proposed show that energy levels of
the gap in modeling polymer (2 monomer
links) and modeling graphene (a linear
chain of 9 benzene rings) mix up, however
it can be seen from Fig. 4b that boundary
orbitals (highest occupied molecular orbital
— HOMO and lowest unoccupied molecular
orbital — LUMO) are localized in graphene
component and only HOMO-8 and LUMO+2
take part in delocalization of m-electrons. The
estimation of a polyamide fragment MO-en-
ergy shows that the width of an energy gap
makes 6.0 eV. In a complex "graphene frag-
ment + polyamide link" the width of an en-
ergy gap considerably decreases and makes
4.4 eV. It can be explained by stack interac-
tion of a polyamide link with graphene strip
at which there is a filling of a polymer en-
ergy gap with graphene fragment states that
leads to energy barrier reduction.

As a result, in pure polymer, conductiv-
ity is impossible because of considerable iso-
lation of separate monomer fragments,
while conductivity occurrence can be ex-
plained by formation of n-electronic
"bridges” between monomer mn-electronic
sites of polyamide by means of stack inter-
action between mn-systems of polymer and
graphene. As a model, the distribution of
spin density in the composite at the injec-
tion of one unpaired electron in conducting
composite is calculated. As can be seen from
experimental measurements, conductivity
appears only at the applied field. The calcu-
lations also show that without the electric
field application the spin density is local-
ized only in modeling graphene strip. How-
ever, at the applied field with field strength
of E=0.001 V/m, both components of the
composite take part in delocalization of un-
paired injected electron. It is clear from the
calculation the results of which are shown
in Fig. ba, b.

Hence, conductivity of polyamide doped
by graphene can be assumed to arise from
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Fig. 4, The model (a) of graphene strip (up)
and polyamide of two elementary links (down)
and localization of boundary and close mo-
lecular orbitals in the composite (b).

forming 7-"bridges” between collective sys-
tems of m-electrons of both components in-
teracting through the stack mechanism.

So, regulating the content of graphene at
the formation of heat-resistant aromatic
polyamide-based films it is possible to vary
conductivity of such composite materials
over a wide range.

4. Conclusions

So, for the first time in the work the
composites on the base of aromatic fluorine-
containing polyamide and graphene
nanoplatelets are obtained. The bilayered
structure with the raised content of carbon
in the top layer (~ 50 pum) is the feature of
composites. When studying electroconduc-
tivity of the films in gap geometry, conduc-
tivity of the top layer at the content of 1 %
(wt.) graphene is established to be 100 more
than from a substrate. The microstructure
of cross-section of the film is studied, local
microanalysis is carried out and the raised
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Fig. 5. The distribution of spin density of the composite in electric field: a — E =0 V/m,
b — E = 0.001 V/m.
content of carbon in the top layer is con- 6 R.A.Andrievsky, = A.V.Khachoyan, Russian
firmed. Quantum-chemical simulation of the Khim. Zh., LII1, 4 (2009).
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