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We investigated influence of multiwalled carbon nanotubes (CNTs) on spectral characteristics of composites “thermo-
expanded graphite — carbon nanotubes (TEG—CNTS)”. The introduction of CNTs in an amount of 0-3% by weight of TEG
composites results in a significant increase in the strength characteristics and thermal stability of the composites. This result
indicates that CNTS is ideal filler for composites based on TEG compositions and structures. Measurements the giant two-
polar oscillations with very small half-width 0.5 cm™ testify the strong interaction of surface polaritons with photons. When
frequencies of local oscillations of surface bonds of carbon nanotubes and modes along “nanotube-TEG” boundaries
matches, then the light absorption increases 10°—1(° times.

Thus, IR absorption with two-polar oscillations was measured at 0% of nanotubes in TEG at frequency of 2750 cm™. It
is own optical mode in the thermally expanded graphite. 5 peaks with two-polar oscillations were measured in the IR
absorption spectra at 1% of carbon nanotubes. And 8 peaks with two-polar oscillations were measured at 3 % of carbon
nanotubes at optical mode frequencies along the boundaries of thermally expanded graphite - carbon nanotubes. When
frequencies of local oscillations of carbon nanotubes and composite’s modes matches, then the light absorption extremely
increases (in 10°~1(° times), and two-polar IR absorption oscillations with negative components are formed.

In general, two-photon interference is a result of quantum entanglement of dipole-active oscillations and splitting of
photons according to the Hong-Ou-Mendel (HOM) quantum effect. Two-photon entanglement is built on the basis of the
most entanglement states, also known as Bell's states. The HOM—quantum effect on composites “expanded graphite-carbon
nanotubes” is promising for the development of highly coherent optical quantum computers.

Keywords: thermo-expanded graphite (TEG), multiwalled carbon nanotubes (CNTs), disclination defects, IR
absorption spectra, Hong-Ou-Mandel (HOM) quantum effect

INTRODUCTION oxide catalysts [2]. TEG structure formation by
rapid heating of residual compounds of graphite
and the physical model of TEG as a nanoscale
system were clarified in monography [1]. Study
of the reaction of intercalation of dispersed
natural graphite by anode oxidation with sulfuric
acid were provided in [2] too. That include
determination of regularities and mechanism of
formation of TEG powder into a continuous
material and its deformation behavior depending
on the conditions of synthesis and density, as well
as the possibility and limits of regulation of
physico-chemical properties of TEG and
materials based on it, for modification by organic
compounds and highly modular components
(carbon fibers).

The features of physical-chemical processes of
formation of intercalated compounds in the
dispersed system of natural graphite — sulfuric acid
by anodic oxidation were investigated in [2]. It is
proved that the TEG is a nanoscale cluster-
assembled system, which is characterized by the

In this paper, we investigated influence of
multiwalled carbon nanotubes (CNTs) on the
characteristics of composites “expanded graphite-
CNTs” at 0-3 wt. % of CNTs. The methodologies
of obtaining composite materials filled with CNTs
with their homogeneous distribution in matrices of
different nature were presented in [1]. The grid of
the nanoscale filler creates a layer of the matrix
itself in the nanoscale state, which has significantly
improved properties due to the surface energy than
in the usual one. It is shown that the thermally
expanded graphite (TEG) is a clustered nanoscale
system (Fig. 1), which is characterized by long,
cylindrical, conical, and slot defects with average
diameters of cross sections (0.7-20 nm). It is due
to convolution and break several layers of
graphene, which related to disclination defects
(Fig. 1 a, b). CNTs were obtained by the method
of catalytic chemical vapor deposition (CCVD)
by pyrolysis of hydrocarbons on complex metal
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presence of elongated cylindrical, conical and slit-
like defects with average diameters of sections
from 0.7 nm to more than 20 nm (Fig. 1 a—c), due
to the folding and bending of several layers of
graphene with a possible mechanism for the
formation of orientation defects (disclination).
Graphene is a monatomic layer of sp*-hybridized
carbon atoms that form a hexagonal lattice.

It was found that secondary electrochemical
“intercalation” in weak electrolytes delaminates
dense material from TEG into its nano-sized

Fig. 1 a. Disclination defects in the
thermally expanded graphite

60 mcm

RESULTS AND DISCUSSION

IR absorption. Earlier we evaluated that IR
peaks dependences on the carbon nanotubes
content in polymer composites correspond to
1D Gaussian curve for the diffusion equation in
the electric field between electrons of nanotubes
and protons in polymer according to
“semiconductor” model of the composite
structuring. And we measured IR reflectance
maxima  of  composites  “rubber-carbon
nanotubes” at 0—10 % of CNTs in the spectral area
of the rubber CH deformation vibrations at
frequencies 1297, 1465 and 1728 cm™' and
valence vibrations at frequencies 2844 and
2916 cm™' [4-15].

Fig. 2 of this paper shows IR absorption
spectra of TEG without CNTs in the spectral area
0-8000 cm™' with intensive negative absorption
peak at 2750 cm ™' [2]. It is spectral position of the
second order mode of D vibration (2D band) at
2713 cm™' [12] with higher intensity than is
usually observed for the second order vibration.
The latter fact could be an evidence of similarity
of carbon nanostructures manifesting a strong

Fig. 1 b. SEM image of TEG
structure

10 mem
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structural  elements and forms graphene
nanoparticles, which self-organize into 3D
structures on electrically conductive substrates
[1, 3]. From the data [3] obtained using the
adsorption of nitrogen, n-hexane and water
vapors, and the electrochemical measurements it
is shown that the thermally expanded graphite
possesses non-homogeneously - porous structure
and expressly hydrophobic surface with ~ 10'®
active centers per one square meter.

F]g 1 ¢. SEM image o composite
“TEG-CNTs”

50 nm

electron-phonon interaction and strong dispersion
dependence of D-mode. More conductive
materials  exhibit stronger electron-phonon
interaction than semi-conductive ones. A low
intensive band at 2451 cm™ called by D" by
Vidano and Fischbach [17, 18], consists of the sum
of D and D; modes (D; — sp® at 1060-1080 cm ™).
In our case of composites “TEG — CNTs”, the
position of G-mode at 1581cm™ does testify the
formation of good crystalline structure of
composites “TEG — CNTs” (its theoretical value
for graphite and graphene is 1580 cm™), relative
intensity Lo/l =1.12.

The analysis of fitted data for 2D mode
suggests that the obtained composites “expanded
graphite-CNTs” are of good crystalline structure
and exhibit the metal-like conductive properties
(inharmonic of 2D mode is about 10 cm™') [18].

Fig. 3 shows IR absorption spectra of
composites “TEG - CNTs” at 1% of CNTs in the
spectral area 0-8000 cm ' with 5 intensive
negative absorption peaks at 2000 cm™' (two
peaks), 2500 and 4000 cm™" (two peaks).

Fig. 4 shows IR absorption spectra of
composites “TEG — CNTs” at 3 % of CNTs in the
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spectral area 0-8000 cm' with 8 intensive
negative absorption peaks at 1100, 1300, 1500 (2),
2000 (2), 3700, 4200 and 5230 cm .

Carbon nanotubes are characterized by
extremely high specific strength characteristics
(breaking strength at ~1.8 TPA), electro- and
thermal conductivity, efc. In this regard, they have
huge perspectives for use in modern technologies.
The feature that distinguishes CNT from other
nanoparticles is the uniquely high aspect ratio (1)

300000

(ratio of length to diameter) that exceeds 10°. In
this case, the percolation threshold Fn (Fn =1/n),
that is, the concentration at which a continuous
grid of CNTs is formed, provided they are
uniformly distributed in the polymer matrix, can
be = 0.1 wt.%. Therefore, the use of CNTs as a
modifier of filled TEG, even with a minimum
content of 0.1 wt.%, can provide an increased
level of strength of composites “TEG — CNTs”.
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Fig.2. IR absorption spectra of TRG without CNTs in the spectral area 0~8000 cm™' with intensive negative

absorption peak at 2750 cm™' [2]
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Fig. 3. IR absorption spectra of composites “TRG — CNTs” at 1% of CNTs in the spectral area 0-8000 cm™' with 5
intensive negative absorption two-polar peaks near 2000 (2), 2500 and 4000 cm™!(2)
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Fig. 4. 1R absorption spectra of composites “TRG — CNTs” at 3 % of CNTs in the spectral area 0-8000 cm™' with 8

intensive negative absorption two-polar peaks

IR absorption spectra. IR absorption spectra
of composites “TEG - carbon nanotube” included
the giant two-polar oscillations (Figs. 2-4). IR
absorption spectra of TEG without CNTs include
intensive negative absorption peak at 2750 cm™'
as spectral position of the second order mode of
D vibration (2D band) at 2713 cm™' (Fig. 2). IR
absorption spectra of composites “TEG — CNTs”
at 1% of CNTs have 6 intensive negative
absorption peaks at 1500 (two peaks), 2000 (two
peaks), 2500 and 4000 cm™' in the spectral area
0-8000 cm'. And IR absorption spectra of
composites “TEG — CNTs” at 3% of CNTs
include 8 intensive negative absorption peaks at
1300, 1500 (two peaks), 2000 (two peaks), 3700,
4200 and 5230 cm™'. Measurements the giant two-
polar oscillations with very small half-width
0.5 cm' testify the strong interaction of surface
polaritons with photons. When frequencies of local
oscillations of surface bonds of carbon nanotubes
and modes along TEG/nanotube boundaries
matched (Fig. 1 c¢), then the light absorption
increases 10°-10° times (Figs. 4-5). Furthermore,
two-photon oscillations are perspective for high-
coherent optical quantum computers on
composites. Thus, vertically polarized light along
carbon nanotubes and horizontally polarized light
for vibrations resulted in beams splitting, two-
photon interference and quantum Hong-Ou-
Mandel effect [19, 20].

Earlier we investigated high-resolution IR
absorption spectra and 1D, 2D polaritons in
periodical 2D macroporous silicon structures with
nano-coatings of SiO, and CdS, ZnO

390

nanoparticles that resulted in detection of dipole-
active TO vibrations, photon splitting and giant
two-polar absorption oscillations with amplitudes
of £107 arb. un. [21].

IR absorption of “polymer — CNTs” films
exceeds that of polymer by 10-10° times in the
entire measured spectral range. In addition, two-
polar IR absorption oscillations with negative
components were at spectral positions of
“D-band” and “2D-band” of sp’ hybridization in
composites derived from  polypropylene,
polyamide-6, polyamide-12 and polyvinyl
chloride after adding CNTs to polymers [22].

After vulcanization IR absorption spectra of
composite “rubber-carbon nanotubes” includes
some giant two-polar oscillations in spectral area
of the rubber C—H bond deformation and valence
vibrations [13].

CONCLUSIONS

The introduction of CNTs in an amount of
0-3 % by weight of TEG compositions results in
a significant increase the strength characteristics
and thermal stability of the compositions. This
result indicates that CNT is ideal filler for
composites based on TEG composition and
structure.

Measurements of the giant two-polar
oscillations with very small half-width 0.5 cm™
testify the strong interaction of surface polaritons
with photons. When frequencies of local
oscillations of surface bonds of carbon nanotubes
and modes along TEG/nanotube boundaries
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matched, then the light absorption increases nanotubes and composite’s modes matches, then
10°-10° times. the light absorption increases 10*~10° times, and
IR absorption with two-polar oscillations was two-polar IR absorption oscillations with negative
measured at 0 % of nanotubes in TEG at frequency components are formed.
of 2750 cm™'. It is own optical mode in the In general, two-photon interference is the
thermally expanded graphite. 5 peaks with two- result of quantum entanglement of dipole-active
polar oscillations were measured in the IR oscillations and splitting of photons according to
absorption spectra at 1% of carbon nanotubes. the quantum Hong-Ou-Mendel effect (HOM).
8 peaks with two-polar oscillations were measured Two-photon entanglement is built on the basis of
at 3% of carbon nanotubes at optical mode the most entanglement states, also known as Bell's
frequencies along the boundaries of thermally states. The HOM effect is promising for the
expanded graphite - carbon nanotubes. In general, development of highly coherent optical quantum
when frequencies of local oscillations of carbon computers.

Edexr Xour-Oy-MeHesisi B KOMIIO3UTAX «TePMOPO3IIMPEeHUi rpadit — Byriienesi
HAHOTPYOKMW»

JI.A. KapaueBueBa, M.T. Kapreas, 10.1. Cemennon, O.0. JInutunenko, O.10. CanenbHikoBa

Tuemumym ¢hizuxu nanienposionuxis im. B.€. Jlawkapvosa HayionaneHoi akademii Hayk Yrpainu
np. Hayku, 41, Kuis, 03028, Ykpaina, lakar@isp.kiev.ua
Tucmumym ximii nogepxui in. O.0. Yyixa Hayionanvhoi akademii Hayk Yxpainu
eyn. I'enepana Haymosa, 17, Kuis, 03164, Ykpaiuna

Jocnioxceno enaug bazamouiaposux eyeneyesux Hamompyoox (BHT) na cnekmpanvHi Xapaxmepucmuxu
KOMno3umie «mepmopo3suwupenuti epagim — gyeneyesi nanompyoxu (TPI—BHT)». Beeoenns BHT y xinvkocmi 0-3 %
610 macu TPI npu3600umv 00 3HAUHO20 NIOSUWEHHS MIYHICHUX XAPAKMEPUCMUK [ MepMOCMabiibHOCME OMPUMYEAHUX
xomnoszumis. Lleil pesynomam exazye na me, wo BHT ¢ ideanvnum nanosuniosauem st komnozumie Ha ochosi TPI.
Bumipiosanna 2izanmcbkux 060NONAPHUX OCYUNAYIL 3 0yoice Manoio nanieuupunoio 0,5 cm™ ceiouame npo cunvhy
83A€MO0II0 NOBEPXHEBUX NOAAPUMONIE 3 homonamu. Tlpu 30icy vacmom NOKANLHUX KOIUBAHL NOBEPXHEBUX 36 A3KI6
eyaneyesux Hanompyoox i Moo y30062ic kopoonie « TPI-BHT» noznunanns céimna 36invutycmocs 6 10°—10° pasie.

Tax, I9-noenunanns 3 080NONAPHUMU KOAUSAHHAMU Oyn0 sumipsino y TPI npu éiocymnocmi nanompyook (0 %
BHT) na wacmomi 2750 cm™, wo ¢ enacnoio onmuunoro modoio 6 mepmo-posuupenomy zpagimi. Y cnexmpax
I9-noznunanns komnosumy TPI-BHT npu eeedenni 1% eyaneyesux nanompyoox umipano 5 nikie i3 060noaapHumu
koausanuamu. Ipu emicmi 3% eyzneyesux HaHompyb60oK 6 KOMNO3umi GUMIPAHO 8 NIKi6 3 08ONONAPHUMY KOIUBAHHAMU
Ha yacmomax onmuyHoi moou 63006 mexc TPI—-BHT. 3acanom, xoau yacmomu NOKANbHUX KOJIUBAHL 8Y2leye8ux
Hanompybox i M0O Komnozumy 36i2aiombca, NOMUHAHHA ceimaa Hadseuuaiino spocmae (6 10°—10° pasis), i
YMBOPHIOMbCA 080NONAPHI KONUBAHHA [H-no2nuHaHHA 3 He2amueHUMU CKIA008UMIL.

3acanom, Oeogpomonna inmepghepenyis € pe3yrbMAMOM KEAHMOBO20 3ANJIYMYBAHHS OUNOIbHO-AKMUGHUX
KONUBAHL [ PO3WENIeHHs. (POMOHI8 8I0N0GIOHO 00 Kéanmoeozo epexmy Xoue-Oy-Menoens (HOM). Jeogpomonna
3anaymauicms no6y006ana HA OCHOBI CMAHIE 3aNIYMAHOCMI, MAKodc eioomux sk cmanu benna. Bukopucmanms
HOM-keanmosoeco egpexmy na xomnosumax «TPI—BHT» € nepcnekmuenum npu po3pooyi GUCOKOKO2EPEHMHUX
ONMUYHUX KEAHMOBUX KOMN TOMePIs.

Knrouosi cnosa: mepmoposwupenuii epagpim, 6acamocminni gyeneyesi Hanompyoku, epexm Xoue-Oy-Menoens,
cnexmpu 14 noenunanus
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