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The possibilities to enhance the properties of nanostructured surfaces have been demonstrated on “polymer-
multiwall carbon nanotubes” composites. Carbon nanotubes are among the most anisotropic materials known and
have extremely high values of the Young modulus. Influence of sp’ hybridization bonds on polymer crystallization
and strengthening was investigated in composite films of polyethyleneimine, polyamide and polypropylene with
multiwall carbon nanotubes. IR absorption maxima were measured after formation of composite
“polyethyleneimine-carbon nanotubes” in the area of the sp’ hybridization bonds at the frequency of primary amino
groups of polyethyleneimine. High IR absorption at frequencies of sp’ hybridization bonds of polypropylene,
polyamide-6 with carbon nanotubes is determined by y,(CH) and y,(CH,) vibrations as a result of the formation of
C-C bonds in the polymer chains, which increases the crystallization of polymers and the strength of the composites.
The IR absorption peak dependences on the carbon nanotube content at frequencies of sp’ hybridization bonds are
described by a 1D Gaussian curve for the diffusion equation in the electric field. Thus, the way to improve the
strength properties of “polymer-CNTs” composites is the polymer crystallization as a result of the transformation of
the C-C bonds in the polymer chains supported by the resonances of the primary amino groups, y,(CH) and
vo(CH>) in the electric field between the nanotubes and polymer matrix. Tensile strength for polyamide-6 composites
at 0.25 % CNT increases 1.7 times and tensile deformation — 2.3 times.
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INTRODUCTION using polyethyleneimine (PEI) as a binding
material between them [8]. Chemical hydrogen
bonding and electrostatic interaction between
PEI, CNTs, and silicon effectively connect CNTs
to silicon. Electric transport at this junction
shows a tunneling behavior, which verifies PEI
as a molecular link between CNT tips and
silicon. Narrow-band luminescence has been
observed at the short-wavelength edge of the
luminescence spectrum of polyethylene and
polytetrafluoroethylene. The characteristics of
this luminescence permit its assignment to the
radiation emitted in recombination of ruptured
C-C bonds in polymer chains [9]. The
photoluminescence of polyethyleneimine with
carbon multiwall nanotubes on silicon structures
was investigated in [10]. High
photoluminescence intensity of composite was
measured due to low non-radiative proton
recombination [11] on boundary microporous
layer and “polymer - nanoparticles” nanocoating.
In this paper, the opportunities to enhance the

Multiwall carbon nanotubes are among the
most known anisotropic materials and have
extremely high values of the Young modulus [1].
Carbon nanotube aspect ratio of length to
diameter is more than 10°; this distinguishes it
from other nanoparticles. New composites with
carbon nanotubes (CNTs) as additives were
studied intensively during the last decade.
Composites are characterized by extremely high
specific strength properties [2], electrical and
thermal conductivity [3]. The presence of CNT
in the matrix improves the composite
biocompatibility [4]. CNTs exhibit both
semiconducting and metallic behavior dependent
on their chirality [5]. Researchers have
successfully demonstrated field-effect transistors
based on semiconducting CNTs [6]. Metallic
CNTs have been considered as a potential
solution for on-chip interconnects with a current
density well above 10°A/ecm? [7]. The
connection of CNTs to silicon has been realized,
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properties of nanostructured surfaces are
demonstrated on “polymer-multiwall carbon
nanotubes” composites. Influence of sp’

hybridization bonds on polymer crystallization
and strengthening was investigated in composite
films. A connection was confirmed between the
composite IR absorption at frequencies of sp’
hybridization bonds and the primary amino
group, 7,(CH) and y,(CH,) vibrations as a result
of C-C bond transformation in polymer chains.
The IR absorption peak dependences on the CNT
content are described at frequencies of sp’
hybridization bonds by a 1D Gaussian curve for
the diffusion equation in the electric field. It
determines the way to improve the strength
properties of composite films of
polyethyleneimine, polyamide and
polypropylene with multiwall carbon nanotubes
due to the composite crystallization supported by
the resonance amino group, y,(CH) and y,(CH,)
vibrations in the intrinsic electric field.

Fig. 1.
nanotube

Chemical states on the surface of
macroporous silicon structures with nano-
coatings were identified by IR absorption spectra
using a PerkinElmer Spectrum BXII IR Fourier
spectrometer in the spectral range of
300-8000 cm™'. The optical absorption spectra
were measured at normal incidence of IR
radiation on the sample at room temperature.

RESULTS AND DISCUSSION

Intensive peaks of sp’-hybrid orbitals (D),
sp*-hybrid orbitals (G), 2D and CH, bonds were
measured in the IR spectra and Raman spectra of
multiwall carbon nanotubes. Fig. 2 a shows the
absorption  spectra  of  polyethyleneimine
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EXPERIMENTAL

Carbon high purity multiwall nanotubes
(CNTs) of 2 um length and 20 nm diameter
(Fig. 1 a—b) were obtained by catalytic pyrolysis
of unsaturated hydrocarbons [12]. Nanoparticle
morphology was investigated by the atomic force
microscopy (AFM, NanoScope Illa Dimension
3000TM, Advanced Surface Microscopy Inc.).
The composites were made of
polyethyleneimine, polypropylene and
polyamide filled by a mixture of CNTs with the
polymer powder and dried; the samples were
formed by hot pressing. Compression and
tension tests of the polymeric materials and their
composites were performed using a tensile
machine 2167-R50 with automatic recording of
the deformation diagram. Thin polymeric films
(100-150 um thick) without and with CNTs
were prepared out using a Thermo

HYDROPRESS.

a — morphology of carbon multiwall nanotube according to the AFM data, b — fragment of carbon multiwall

(curve 1), of the composite “polyethyleneimine —
carbon nanotubes” (curve 2) and the ratio of
spectra 2 and 1 (curve 3). After formation of the
“polyethyleneimine — carbon nanotubes”
composite intensive absorption maxima were
measured in area of the sp® hybridization (D)
bonds at the frequency of the primary amino
group N-H(1) oscillations in PEI (Fig.2 b,
curve 1) and in area of the sp? hybridization (G)
bonds for the secondary amino group N-H(2)
oscillation frequencies in PEI (Fig. 2 b, curve 2).

Fig. 3a shows IR absorption spectra of
polyamide (curve 1), “polyamide — carbon
nanotubes” composite (curve 2) and the ratio of
the curves 2 and 1 (curve 3). After adding CNTs
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to polymers (concentration of 0.25%), IR
absorption  of  “composite/polymer”  films
exceeds that of polymer films essentially. Higher
C-C fluctuations, CH, CH, and CH; bond

NH(2)
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Fig. 2.

absorption correspond to higher absorption of
composites at the frequencies of sp’
hybridization bonds (Fig. 3 b).
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a—1IR absorption spectra of polyethyleneimine (curve 1), “polyethyleneimine — carbon nanotubes”

composite (curve 2) and the ratio of the curves 2 and 1 (curve 3), b — IR absorption by N-H(1) (curve 1) and
N-H(2) (curve 2) bonds in composites based on polyethylenimine vs the carbon nanotube content in

polymer
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a — IR absorption spectra of polyamide (curve 1), “polyamide — carbon nanotubes” composite (curve 2) and

the ratio of the curves 1 and 2 (curve 3), b — IR absorption by sp’ hybridization bonds (D) in composites
based on polyamide-6 vs the carbon nanotube content in polymer

From Fig. 4 a one can see that after adding
CNTs  (concentration of  0.25%) to
polypropylene IR absorption exceeds the
absorption of polypropylene 4-8 times in antire
measured spectral range. This increases the
intensity of the C-C bond vibrations (835 and
1000 cm ™), 7(CH3) (A) — 970 cm™, y,(CH3) —
1170 cm™’, y,(CH) (A) on the frequency of
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bonds sp hybridization (D) — 1360 cm™', as well
as fluctuations o(CH;) — 1380 cm ', §(CH,) —
1440 cm™, 9,(CH;) — 1470 cm ™' [13, 14].

After formation of the “polypropylene —
carbon  nanotubes”  composite  intensive
absorption maxima were measured in the area of
sp’ hybridization (D) bonds at the frequency of
yo(CH) vibrations (Fig. 4 b). Higher C-C
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fluctuations, CH, CH, and CH; bond absorption
correspond to higher absorption of composites at
the frequencies of sp® hybridization bonds.

Table shows type and frequency of bonds for
the IR absorption growth at frequencies of sp’
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hybridization after adding carbon nanotubes to
polymers. Thus, higher absorption of composites
at the frequencies of sp® hybridization bonds is
due to in the primary amino group N-H(1),
7o(CH) and y,(CH,) vibrations.
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Fig. 4. a—1IR absorption spectra of polypropylene (curve 1), “polypropylene —carbon nanotubes” composite
(curve 2) and the ratio of the curves 1 and 2 (curve 3), b — IR absorption by sp® hybridization bonds (D) in
composites based on polypropylene vs the carbon nanotube content in polymer
Table. Type and frequency of bonds in the areas of sp” and sp® hybridizations in composites after adding multiwall
carbon nanotubes to polymers
Polyethyleneimine — Polyamide- Polypropylene-
Type of carbon nanotubes carbon nanotubes carbon nanotubes
hybridization Type of Frequency, Type of Frequency, Type of Frequency,
bonds em™” bonds cm_ bonds cm™
sp’ N-H(1) 1314 7o(CHy) 1319 7o(CH) 1360
sp” N-H(2) 1572 1406

IR absorption by sp® hybridization bonds in
composites of polymers with multiwall carbon
nanotubes has maxima (Figures 2 b, 3 b and 4 b)
at its dependences on CNT content. Thus, the
maxima correspond to fixed distances between
nanotubes. The distance between nanotubes in
composites depends on the concentration of CNT
(Newr), its content (% CNT) and the nanotube
volume (Vewr):

a = (Newr)*= (% CNT/100V vy (1)

The IR absorption maximum for sp’
hybridization bonds (D) of composite
polyethyleneimine-carbon nanotubes (Fig. 2 b)
corresponds to the average distance a =0.31 um
between the cylindrical CNT (diameter of 20 nm,
length of 2 um). The IR absorption maximum for
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sp’ hybridization bonds (D) of composites
polyamide-carbon nanotubes and polypropylene-
carbon nanotubes (Fig.35 and Fig.4b)
corresponds to the average distance a = 0.35 um
between the cylindrical CNTs. Obtained maxima
can be explained by the geometric factor —
characteristic volume around the -cylindrical
CNT at a distance of a,/2 from nanotubes. As
a > ay, the characteristic volume around CNT
increases due to increasing of the content of
CNT — % CNT, Ncnr, IR absorption increases
too. The characteristic volume around CNT and
IR absorption decreases with growth of CNT
content at a < ay,,

Fig. 5 shows the calculated (according to
Equation (1)) dependences of average distance a
between CNT (curve 1), geometric
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approximation (curve 2, characteristic volume
around CNT), experimental dependence from
Fig.4b of the IR absorption peak of sp’
hybridization = of  “polypropylene — CNTs”

composite (curve 3) on CNT content. The
obtained geometric approximation (Fig. 5,
curve 2) explains qualitatively only the

experimental dependence of IR absorption peak
in bonds sp’ hybridization (D) of
“polypropylene — carbon nanotube” composite
on the CNT content. This relationship is more
nonlinear and has the form of a 1D Gaussian
curve (Fig. 5, curve 4), which corresponds to the
diffusion equation in the electric field.
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Fig. 5. Calculated dependences of average distance
a between CNT (1), geometric
approximation (2) — characteristic volume
around CNT; experimental dependence from
Fig. 4 b of the IR absorption peak of sp’
hybridization of “polypropylene — CNTs”
composite (3) and its approximation (4) on
CNT content
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Fig. 6. Band bending and SCR width at the
“polymer — CNTs” boundary
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Fig. 7. Dependence of SCR width w around
cylindrical nanotubes on its diameter for
surface potential Y: / — 12 kT; 2—8 kT; 3 —
4 kT

The electric field between the nanotubes and
polymer matrix has a space charge region (SCR)
of width w (Fig. 6) with surface potential Ys. We
used the Poisson equation in a cylindrical
coordinate system to calculate the SCR width
(Fig. 6) around a cylindrical nanotube:
1o,0Y, P, e

()= =

; )
ror or ggy kT

where r is the radius vector, p, is the charge
density, eg, — the relative dielectric permittivity.
We used the boundary conditions for the area of
the SCR width w for a cylindrical nanotube
diameter d: E(d/2+w)=0, Y(d/?2+w) =0,
Y(d/2) = Y, where E is the electric field strength,
Y5 — the value of the potential on the boundary
“polymer — CNTs”. Integrating Eq. (2) and using
the above boundary conditions, we obtained the
equation [15]:

2
16&90Y3W—1+(1+2Wj {1—21n(1+zwjj=0 E)
eq,d’ d d

Fig. 7 shows dependences of the size of the
space charge region w of cylindrical nanotubes
calculated from Egq.(3) on their diameter at
various values of the surface potential Y. Fig. 7
shows that the SCR width w decreases with the
diameter of nanotubes decrease. The length
a=031pum  between  cylindrical CNT
corresponds to the distance between nanotubes
w=(ay - d)/2=0.155 um in composite
“polyethyleneimine — carbon nanotubes” for
maximum of IR absorption (Fig. 2 b) and surface
potential Yg=-3kT (79.5 mV) at the electric
field intensity E = Ygw =5.12:10° V/cm. The
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length @ =0.35 um between cylindrical CNTs
corresponds to the distance between nanotubes

W= (ay-d)/2=0.17 pm in composites
“polyamide — carbon nanotubes” and
“polypropylene — carbon nanotubes” (Fig. 3 b

and Fig. 4 ) for maximum of IR absorption. It
corresponds to surface potential Yy =-4kT
(106 mV for room temperature 300 K, Fig. 7)
and electric field intensity FE =Y;/w=
6.3'10°V/em  for w=0.17um  between
cylindrical CNTs (diameter of 20 nm, length of
2 pm) at maximum of IR absorption for bonds of
sp® hybridization (D). The profile analysis of
X-ray reflexes confirmed high -crystallinity
degree of investigated composite “polyamide 6 —
CNTs” from 72 to 85 % [16] at the maximum of
IR absorption (Fig. 3 b). Crystalline polymers
demonstrate high tensile strength (30-40 MPa
for composite “polyamide 6 — CNTs”.

Carbon nanotubes are divided into two main
groups: (1) the molecular associated nanotubes
linked through weak interactions, van der Waals
forces, and (2) nanotubes with additional strong
covalent sp® type C-C bonding [8]. Thus, one of
the way to improve the strength properties of
“polymer — CNTs” composites is the polymer
crystallization as a result of the formation of C-C
bonds in the polymer chains supported by the sp*
hybridization bond organization in nanotubes
and by resonances of the primary amino groups
of polyethyleneimine, y,(CH) vibrations of
polypropylene and y,(CH,) vibrations of
polyamide-6 (Table) in the intrinsic electric field
between nanotube and polymer matrix.

CONCLUSIONS

Carbon nanotubes are among the most
anisotropic materials known and have extremely
high values of the Young modulus. The
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possibilities to enhance the properties of
nanostructured surfaces were demonstrated on
the “polymer-multiwall carbon nanotube”
composites and composite nanocoatings on
macroporous silicon structures.

Influence of sp’ hybridization bonds on
polymer crystallization and strengthening was
investigated in composite films. Intensive IR
absorption maxima were measured after
formation of composite “polyethyleneimine —
carbon nanotube” in the area of the sp’
hybridization (D) bonds at the frequency of
N-H(1) oscillations in the primary amino groups
of polyethyleneimine. In addition, high IR
absorption at frequencies of sp® hybridization
bonds of polypropylene, polyamide-6 with
carbon nanotubes is determined by y,(CH) and
7o(CHy) vibrations.

The IR absorption peak dependences on
CNT content at frequencies of sp® hybridization
bonds are described by a 1D Gaussian curve for
the diffusion equation in the electric field. The
electric field intensity between nanotubes and
polymer matrix is equal to 6.3-10° V/cm at
0.25% CNTs (polyamide-6 with carbon
nanotubes). Thus, the way to improve the
strength  properties of  “polymer — CNT”
composites is the composite crystallization
supported by y,(CH) and y,(CH,) vibrations in
the intrinsic electric field.

ACKNOWLEDGEMENTS

This work was supported by the Project of
Scientific and Technical Cooperation between
the National Academy of Sciences of Ukraine
and the Ningbo University of Technology
(China).

ISSN 2079-1704. X®TI12019. T. 10. Ne 3



Carbon sp3 hybridization bonds in composites “polymer — CNT”

3B’sA3KH sp3 riopuan3anii B KOMIO3UTAX «IMOJiMep — ByIJielleBi HAHOTPYOKH»
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Jlocniooceno modciueocmi NiOCUIEHHs. 61ACMUBOCMeEll KOMNO3UMIE «nolimep — 6azamowlaposi eyzieyesi
Hanompyoxuy. Byeneyesi nanompybrxu € oOnum 3 HQUOIIbWL AHIZOMPONHUX MAmMepianie [ Maiombs HAO036UYALUHO
6uUcoKi 3nHauenHs mooyns FOnea. Oyineno ennus sp3—2i6pu0u3auidﬂux 36'A3Ki6 Ha Kpucmanizayiro ma 3MiyHeHHs.
NOAIMEpI8 y KOMNOZUMHUX NAIBKAX NOJIeMUIeHIMIHY, Noaiamioy ma nONInponiieHy 3 gyeneyesumu HaHOmpyOKamu.
Hicna gopmysanns komnoumy «nojiemuneHiMin — gyeneyesi HAaHOMPYOKU» OYauU GUMIPAHI MAKCUMAbHI 3HAYEHH S
IY9-noenunanna 6 obracmi sp3—2i6pu0u3auiﬁnux 38 A3KI8 HA YACMOMI NePEUHHUX AMIHOSPYN NOJiemuneHiMiny.
Cymmese niosuwenns I9-noenunanms na 4acmomax sp -eiopuousayiiinux 36'sa3xie noninponineny ma noniamioy-6 3
gyeneyesuMU HAHOMPYOKAMU BUSHAYAEMbCSA KOMUBAHHAMU, 8i0nosioHo, V,(CH) ma y,(CH,) 6 pesyromami
ymeopenna C-C 36’A3Ki6 8 NoNiMepHUX JAHYI2AX, WO RIOBUWYE Kpucmanizayilo noaimepie ma MiyHicmo
xkomnosumis. Iliku 3anexcnocmeil [Y-noenunanusa 6i0 emicmy eyeneyesux HAHOMPYOOK HA  4ACMOmMax
sp3-2i6pu0u3aui12Hux 36 ’a3Ki6 onucylomocsi 1D-eayccoeoio kpueoio 0nsi pieHsaHHs OuQy3ii 6 eleKmpuyHoMy NoJi.
Taxum wurom, cnocid NiOBUWEHHS MIYHOCMI KOMNO3UMIE «NOJIMep — Oa2amowaposi gyeneyesi HaHOmpyoKuy - ye
Kpucmanizayis noaimepa 6 peszyiomami mparcgopmayii C-C 36’513Ki6 6 NONIMEPHUX JIAHYI02AX, RIOMPUMAHOL
DE30HAHCAMU KOAUBAHb NeP8UHHUX aminozpyn, y.(CH) ma y,(CH,) 6 erexmpuunomy noai mixc HaHOmpyoOKow i
noaimeproro mampuyero. Ilpu ybomy MiyHicms Ha po3pus, HANPUKIAd, Oas Komnosumy noriamio-6 npu 0.25 %
gyeneyesux HaHompyook 3oinvuyemoca 6 1.7 pasis, a depopmayis posmsacysanus - 6 2.3 pasu.

. . . .. . 3
Knrwuoei cnosa: NOJIIMEPHL KOMNno3umiu, bazamocminni gyeeyeest HaHompy6Ku, 36 '13KU Sp -, eleKmpudrne noJje

Cs138 sp° rUGPHAM3AIHN B KOMITO3UTAX «IIOJTMMEp — YIJIPOIHbIe HAHOTPYOKM»

H. Kapreas, JI. KapaueBueBa, W. Bo, 0. Cemennos, B. TpaueBckuii,
0. bakaaunckas, O. JlutBuHenko, B. OHuineHko
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Huemumym xumuu nosepxnocmu um. A.A. Yyiixo Hayuonanvroti akademuu Hayk Ykpaunsi
ya. I'enepana Haymosa, 17, Kues, 03164, Ykpauna, nikar@kartel.kyiv.ua
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Hccnedosanvl 603mModCcHOCIU  YIIYUUEHUS CBOUCME KOMNO3UMOG «NOIUMED — MHO2OCMEHHblE Y2llepOoHble
Hanompyoxuy. YenepoOouvie HaHOMPYOKU AGNAIOMCA OOHUMU U3 HAUOONee AHU30MPONHLIX MAMEPUALO8 U UMEIOM
upeseuuaiine  Guicokue snavenus Mmooyis FOwea. Ouyeneno enusmnue Sp -eubpuOUaUUOHHLIX —ceasell  Ha
KPUCMATLIU3QYUIO U VAPOUHEHUE NOAUMEPOS 6 KOMHOZUMHBIX WIEHKAX NOJUIMUICHUMUHA, NOAUAMUOA U
HONUNPORUNEHA C YeaepoOnviMu Hanompyoxkamu. ITlocie gopmuposanus KOMROZUMA —(NOTUIMULEHUMUH -
yenepoouvie  HAHOMPYOKU»  Obllu  U3MepeHbl  MaKcuMmanbHvle 3nauenus HK-noerowenus 6  obracmu
sp -eubpuousayuonnvix  cesseli na uacmome nePUYHBIX amuno2pynn  noaudsmunenumund. Cyujecmeennoe
nosviuenue MK-noznowenus Ha 4acmomax sp’-euGpuousayuonnbix cesseli nOoIunponuiend U nomuamuod-6 ¢
YeNepoOHbIMU HAHOMPYOKAMU ONpedessiemcst Koiebanusimu, coomeemcmeento, y,(CH) u y,(CH,) 6 pezyiemame
obpaszosanuss C-C cesizeil 6 NONUMEPHBIX YENsX, YMO NOGbluldem KPUCMALIUZAYUIO NOIUMEPO8 U NPOYHOCHb
Komnozumos. Iluxu sasucumocmeti MK-noznowenuss om cooepicanusi yeiepooHbiX HAHOMPYOOK Ha 4acmomax
sp’-eubpuousayuonnvix cesseli onucvisaromes 1D-2ayccosoii Kpusoii Ons ypasnenus Oudgysuu 6 dnekmpuueckom
none. Taxum obpazom, cnoco6 nOGvlULEHUS NPOYHOCTU KOMHO3UMOG «NOIUMED - MHOZOCIOUHbIE YenepOOHble
HaHOMPYOKUY - 3Mo Kpucmaniusayus noiumepa 6 pesyromame mpancgopmayuu C-C cesazell 6 NOIUMEPHbIX Yensx,
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NO00ePIHCAHHOU PE3OHAHCAMU KOeDaHUl nepeudHbIX amunozpynn, Y,(CH) u y,(CH,) 6 anexmpuueckom noie mexcoy
HaHompyoxou u nonumepnou mampuyei. Ilpu smom npouHocms HaA paspele, Hanpumep, OIs KOMRO3UMA
noauamuo-6, codepxcawezo 0.25 % yenepoouwvix HanompyoOox, yeenuuusaemcs 6 1.7 pasza, a Oegopmayus
pacmsadcenus - 8 2.3 pasa.

3
Knwuesvie cnosa: NOJUMEPHbIE KOMNO3umsvl, MHO2OCMEHRHbIE y2/l€p0()Hbl€ Hanompy61<u, Sp Ce643U,
dJIeKmpuvdeckoe noie
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