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INFRARED SPECTROSCOPY
OF ULTRAVIOLET-IRRADIATED CARBON NANOTUBES'

The possibility of using the UV irradiation for a functionalization of carbon nanotubes with
different degrees of structural perfection is considered. In investigations, the method of infrared
spectroscopy is used. A change in the number of functional groups under the short-term UV
irradiation of specimens with multiwall carbon manotubes is estimated by a change in the
relative intensity of the IR spectral bands corresponding to vibrations of the functional groups
in comparison with the relative intensity of the band corresponding to vibrations of the carbon

atoms in graphite.
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1. Introduction

The development of new composite materials based
on polymer matrices with nanocarbon filler, in partic-
ular, multiwall carbon nanotubes (MWCNTS), is one
of the main tasks of modern materials science. When
creating the composite materials, it is important
to consider their temporal stability and mechanical
strength under the influence of various external fac-
tors. This is achieved, firstly, by the formation of a ho-
mogeneous dispersion of the nanocarbon filler in the
polymeric matrix, and, secondly, by a strong bond
between the filler particles and the polymeric ma-
trix. The problem is further complicated by the fact
that all nanocarbon particles are hydrophobic. As is
known, the method of functionalization of a nanocar-
bon filler surface can be used for the solution of this
problem. The functionalization of a nanocarbon sur-
face creates favorable conditions for the uniform dis-
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tribution of a nanocarbon filler in the polymer matrix
and provides the strong connection between filler par-
ticles and the polymer matrix [1-3]. The most com-
mon method to obtain functional groups on the sur-
face of a nanocarbon filler is the covalent function-
alization. At the covalent functionalization, the de-
struction of the delocalized m-electron system and
the partial o-bond break in the graphite layer occur,
thus forming the free bonds, due to which various
functional groups are joined with carbon atoms on
the surface of carbon nanotubes (CNTs) [4-7]. Thus,
the covalent functionalization causes the formation
of a significant number of defects on the surface of
CNTs. This process, on the one hand, improves the
connection between a nanocarbon filler and the poly-
meric matrix and enhances the mechanical proper-
ties of nanocomposites. On the other hand, a signif-
icant number of defects in the nanocarbon filler re-
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sults in a deterioration of its properties associated
with charge transfer. This causes a deterioration of
the electrical properties of the polymeric composite
as a whole. Another method used to obtain func-
tional groups on the surface of the nanocarbon filler is
the noncovalent functionalization [8-11]. The nonco-
valent functionalization does not lead to the destruc-
tion of the sp?-graphite structure, i.e., the unique
properties of a nanocarbon filler are kept. However,
the weak bonds between carbon atoms and functional
groups provide no strong interfacial interaction be-
tween a nanocarbon filler and the polymer matrix,
which significantly impairs primarily the mechanical
properties of polymer nanocomposites. Therefore, the
search for optimal methods of nanocarbon surface
functionalization is very important. From this point
of view, the use of a short-term UV irradiation can
be very useful, because the short-term UV irradiation
does not lead to the destruction of the filler structure.

The aim of the presented work was to establish the
possibility of using the UV irradiation for a function-
alization of CN'Ts with different degrees of structural
perfection. The study is conducted by the method of
infrared (IR) spectroscopy.

2. Experimental

For the studies, two specimens of CNTs with different
degrees of structural perfection have been chosen.

Specimen #1 is MWCNTs obtained by the method
of catalytic decomposition of a hydrocarbon in the
presence of a nickel catalyst. According to the pass-
port data, specimen #1 contains ~80% of MWCNTs
with diameters up to 50 nm and lengths up to
10 mcem, ~15% of the disordered carbon phase, and
a small amount of the catalyst.

Specimen #2 is MWCNTs obtained by the method
of catalytic decomposition of a hydrocarbon in the
presence of an iron catalyst and purified by the ther-
mochemical method. According to the passport data,
this specimen contains ~99% MWCNTs with diame-
ters up to 50 nm and lengths up to 10 mem and ~1%
of the disordered carbon phase.

The structure of MWCNTs was investigated by the
X-ray diffraction method on an X-ray diffractometer
DRON 4-07 (with Nig, radiation for specimen #1
and Cog, radiation for specimen #2).

The specimens of MWCNTs were exposed to the
UV-irradiation by a DRT-1000 (ultraviolet lamp)
equipped with an electric-discharge arc high-pressure
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lamp inflated with mercury and argon compound that
could release the ultraviolet radiation 50 W in power
at a wavelength of 240-320 nm. The distance between
a UV lamp and the sample was fixed at 11 cm.

The quantitative composition of functional groups
on the surface of the source and UV irradiated CNTs
is determined by the IR spectroscopy method. The
experiments have been performed by a Perkin Elmer
Spectrum BX FT-IR infrared spectrometer in the fre-
quency range 4000-400 cm~'. The specimens in a
form of pellets 10 mm in diameter were prepared from
a powder mixture of pre-dried CNTs and KBr.

3. Results and Discussion

Figure 1 presents the fragments of X-ray diffraction
patterns for specimen #1 (Fig. 1, a) and specimen
#2 (Fig. 1, b).

As is seen from Fig. 1, the diffraction patterns for
specimens #1 and #2 are different. For specimen #1,
the X-ray diffraction pattern contains only intense 00!
graphite bands. The interlayer distance determined
from the angular position of the 00! lines according to
the Bragg law is 0.340 nm (dgg2 = 0.340 nm). The size
of crystallites L for MWCNTs of specimen #1 was
estimated by the broadening of 002-band according
to the relation

kA
L= Bcos(6)’ B= m’

where k is the band form-factor, & = 0.90, X\ is the X-
ray wavelength, 6 is the angle at which the band is ob-
served, B is the band half-width for the test specimen,
and b is the band half-width for the reference spec-
imen. As the reference specimen, natural monocrys-
talline graphite was used. The crystallite size L for
specimen #1 determined according to relation (1) is
~20 nm. In addition, the intense band corresponding
to the nickel catalyst is observed for specimen #1.
Unlike specimen #1, there are 001(002,004)
graphite bands and hkl (100,101) graphite bands on
the X-ray diffraction pattern for specimen #2. The
angular position of the 00/ bands corresponds to the
interplanar distance dpge = 0.3354 nm. This dggo
value is equal to the interplanar distance in monocrys-
talline graphite. The presence of the 100 and 101
graphite bands in the X-ray diffraction pattern in-
dicates a certain ordering of the graphite planes in
the MWCNTs among themselves. The crystallite size
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Fig. 1. The fragments of X-R diffraction patterns for specimen #1 (a) and specimen
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Fig. 2. The fragments of IR spectra for specimens #1 (a) and #2 (b) before (1) and

after (2) UV irradiation

L for specimen #2 was estimated by the broaden-
ing of hkl-bands with the use of relation (1) in which
k = 1.84. The calculations give the value L ~ 65 nm.
As seen from Fig. 1, b, for specimen #2, the catalyst
bands are absent on the X-ray diffraction pattern.

Therefore, according to X-ray diffraction investi-
gations, specimen #1 is MWCNTs for which a con-
stant distance between graphite layers is observed
with no ordering between the individual graphite lay-
ers. The graphite layers themselves contain a signifi-
cant amount of defects, as indicated by the relatively
small crystallites size. Specimen # 2 is MWCNT5,
and the distance between its layers corresponds to the
distance between the graphite layers in HOPG. There
is some ordering between the graphite layers for spec-
imen #2, and the graphite layers are less defective
than for specimen #1.

The specimens of MWCNTs were exposed to the
short-term ultraviolet irradiation. The fragments of
the IR spectra for the MWCNTs specimens #1 (a)
and #2 (b) before (1) and after irradiation (2) are
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shown in Fig. 2. As is shown in Fig. 2, a, IR spec-
tra are significantly different for the source and UV-
treated specimen #1. The spectrum for specimen #1
contains both bands corresponding to vibrations of
the functional groups, as well as the intense bands
associated with vibrations of the carbon atoms on
the CNTs surface; moreover, the intensities of these
bands are approximately equal. In the IR spectra for
UV-irradiated specimen #1, the intensity of bands
corresponding to vibrations of carbon atoms is neg-
ligible compared to those of the bands of functional
groups.

Let us analyze the spectra of the source and UV-
irradiated MWCNTs for specimen #1 in more de-
tails. The most intense bands in the IR-spectra for
both specimens are associated with valence vibra-
tions of the hydroxyl group v_op. Each of these
bands has two components. The first (3428 cm™!)
more intense component corresponds to adsorbed wa-
ter (tabular value 3400 cm~1!) or valence vibrations
of the so-called free groups —OH. These groups are
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not parts of other functional groups, for example,
the carboxyl group —COOH. The second less intense
component corresponds to vibrations of the related
groups —OH, that is, those that are parts of other
functional groups. The following two bands (more in-
tense at 2926 cm~! and less intense at 2853 cm™!)
are associated, respectively, with valence vibrations
of sp? (Vosp2—u) and sp> (Vesps—u) hybridized car-
bon atoms related to hydrogen. Such carbon atoms
with attached hydrogen, including the rehybridized
sp> carbon atoms, are located along the boundaries
of crystallites. Thus, the presence of these intense
lines can be considered as a criterion of the perfec-
tion of the nanocarbon structure. One more band as-
sociated with valence vibrations of the graphite skele-
ton is the C=C band (vc—c, 1540 cm~1!). As can
be seen from Fig. 2, the intensity of this band for
the source specimen #1 is approximately equal to
the intensity of the Cgp2_y and Cgps_p bands, as
well as the intensities of the bands corresponding to
the different functional groups. Another intense band
in the spectrum of the source MWCNTs of spec-
imen #1 corresponds to the valence vibrations of
the carbonyl group (vsc—o, 1626 cm~!). The next
band (1409 cm™1!) is associated with the deforma-
tion vibrations of the hydroxyl group (d_omn). Note
that the intensity of this band correlates with the
intensity of the valence vibration band (v_op). The
last broad intense band containing at least two
components is associated with the valence vibra-
tions of the functional group C-O (v_¢_o), which
is a part of, in particular, the lactone groups or
ethers.

As can been seen from Fig. 2, b, the shapes of the
IR spectra for the source and UV- treated specimen
#2 are almost the same, unlike specimen #1. For
the source and UV-treated specimen #2, the v'c—c
band (1540 cm™!) corresponding to vibrations of
the graphite skeleton is observed in the IR spec-
tra. In addition, v_cg,2_i and v_ggys_y bands are
observed. However, the intensities of the bands cor-
responding to vibrations of the hydrogen-bonded sp?
and sp3-hybridized carbon atoms are very low for
both the source and UV-irradiated specimen #2. The
spectra of the source and UV-irradiated specimen
#2 also contain the bands corresponding to vibra-
tions of the carbonyl group vsc—o (1626 cm~1) and
the hydroxyl group v_on (3434 cm™!). As for the
last band, unlike specimen #1, there is no long-wave
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shoulder associated with vibrations of the so-called
related v_oy group for it.

Let us analyze changes of the MWCNTSs spectra un-
der the influence of UV radiation in more details. But
before that, we will make two assumptions on which
our analysis will be based. First, the intensity of the
bands corresponding to vibrations of different func-
tional groups is proportional to the number of these
groups. Second, the number of C=C vibrations in
the graphite layer and, therefore, the absolute in-
tensity of the vo—c band do not change under the
UV irradiation. However, the literature has the data
on the disappearance of the line C=C after the ir-
radiation of CNTs with powerful UV for the time
more than 20 min. Due to a powerful UV irradia-
tion, a part of the substance evaporates from the
surface of the CNTs, which leads to a decrease in
the intensity of the C=C band. However, the con-
ditions of UV irradiation in our studies are such
that the number of C=C connections is obviously
unchanged. Therefore, it is logical to choose the rel-
ative intensity of the C=C band as the unit of
intensity.

In Table, we give the wave numbers corresponding
to different functional groups and their intensities rel-
ative to the band intensity of the valence vibrations
of C=C atoms in the graphite layer. Figure 3 presents
the diagrams of the ratio of relative intensities of the
bands corresponding to vibrations of various func-
tional groups before and after the UV irradiation for
both specimens.

‘Wave numbers v’ and relative intensities

I/I,c=c of the bands of IR spectra corresponding
to different functional groups for specimens #1
and #2 before and after the UV irradiation

Specimen #1 Specimen #2
v, Functional
em™! group Source |After UV| Source |After UV
I/T,c=c|I/I,c=c |I/I,c=c|I/I.c=c
1540 | vo_c 1 1 1 1
2926 | ve g 0.75 2 0.2 0.8
2853 vos_n 0.325 1 0.2 0.7
3224 | V_om(retatea) | 0.75 35 10 7
1626 VsCc=C 1.625 26 10 1.4
1409| 5 on 1 27 - -
1272 vo—C 1.015 20 2.3 2.5
1053 vo_C 0.65 15
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Fig. 3. Ratio of relative intensities of the bands corresponding to the various functional
groups vibrations before and after UV irradiation for specimen #1 (a) and specimen #2

(b) before (1) and after (2) UV irradiation

As is seen from Table and Fig. 3 for specimen #1,
the relative intensities of the bands corresponding
to vibrations of carbon atoms in the graphite skele-
ton are approximately equal to the relative intensi-
ties of the bands corresponding to vibrations of the
functional groups. For the spectrum of UV-irradiated
specimen #1, there are practically no bands cor-
responding to vibrations of carbon atoms in the
graphite skeleton (C=C, Cgp2_y and Cgps_y bands).
This spectrum contains only bands corresponding to
vibrations of the functional groups OH, >C=0, and
C—-0. The relative intensity of these bands in com-
parison with the intensity of the vc—¢ band increases
almost thirty times. Thus, under the UV irradiation,
the intense functionalization of the surface of spec-
imen (#1) is observed. Note that the intensities of
the v_op are related, and v~c—o are correlated with
each other. Obviously, this points to the fact that
precisely carboxyl groups are formed on the surface
of source MWCNTs under the UV irradiation.

A completely different situation is observed
for specimen #2 (MWCNTS with perfect struc-
ture). The first feature of the spectrum for speci-
men #2 is the small relative intensity of vibrations
of the hydrogen-bonded sp?- and sp>-hybridized car-
bon atoms in comparison with the intensity of the
vo=c band. Obviously, this is due to a significantly
smaller defect of the MWCNTs structure for speci-
mens #2, because, first of all, the attachment of hy-
drogen atoms to the carbon atoms by defects and
crystallite boundaries occurs in graphite layers. For
specimen #2, the relative intensities of the bands
corresponding to vibrations of the functional groups,
in particular, hydroxyl and carbonyl groups, are 10
times higher than the intensity of the band corre-
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sponding to vibrations of the carbon atoms in the
graphite skeleton. After the UV irradiation, the rela-
tive intensities of the bands vggp2_g and vegps_ g in-
crease almost four times, while the relative intensities
of the v_py and vsc—p bands decrease. Moreover,
the relative intensity of the v_ oy band decreases only
by 30%, and relative intensity of the v~c—o band is
decreased by 7 times. Herewith, the relative inten-
sity of the vc_o band is almost unchanged. So, for
specimen #1 containing high-defect MWCNTs un-
der the influence of UV radiation, the relative inten-
sity of bands corresponding to vibrations of all func-
tional groups is unambiguously increased. For spec-
imen #2, which consists of MWCNTs with perfect
structure, the processes occurring on the surface of
the MWCNTs under the UV irradiation are much
more complex.

Thus, the analysis of the IR spectra of MWCNTs
with different degrees of structure perfection has re-
vealed that the processes occurring on the surface
of the CNTs under the UV irradiation are signifi-
cantly dependent on the degree of structural perfec-
tion of MWCNTs. For MWCNTs with imperfection
structure, the short-term UV irradiation resulted in
a significant increase in the relative concentration of
functional groups, in particular, hydroxyl and car-
bonyl groups and the C-O group. As is known, the
UV irradiation leads to a partial conversion of oxygen
contained in air to ozone. For MWCNTs with more
perfect structure, the UV irradiation does not lead
to the formation of new functional groups on the sur-
face of CN'Ts. But, on the contrary, a part of the func-
tional groups on the surface of MWCNT5 is destroyed.

As is known, ozone is a strong oxidant, and its
interaction with the surface of CNTs leads to the for-
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mation of a significant amount of oxygen-containing
groups on it. This process obviously depends signif-
icantly on the degree of defectness in the graphite
layer. When the defectness of the graphite layer is sig-
nificant (the presence of broken bonds at the places of
boundary defects), the process of attachment of func-
tional groups to the surface of the CNT is intense. If
the structure of the graphite layer is not defective
(there are no broken bonds between the carbon atoms
in the graphite layer), the short-term UV irradiation
does not lead to a significant functionalization of the
CNT surface.

4. Conclusions

Thus, the carried out investigations have shown that
the short-term ultraviolet irradiation can cause a
partial functionalization of the CNTs surface with
oxygen-containing functional groups. The qualitative
composition and the relative number of functional
groups depend essentially on the degree of defect-
ness of tubes and the state of their surface. The
largest number of functional groups is observed for
highly defective MWCNTs with a lot of torn chem-
ical bonds. For MWCNTs with a perfect structure,
the degree of functionality after the UV-irradiation
is significantly smaller in comparison with defective
MWCNTs. Moreover, the UV-irradiation of perfected
MWCNTs leads to a decrease in the degree of their
functionalization.
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ITHOPAYEPBOHA CITEKTPOCKOIIIA
BYIVIEHEBX HAHOTPYBOK IILJ AI€IO0
YJIBTPA®IOJIETOBOI'O OITPOMIHIOBAHHSA

Peszmowme

B pobori po3risgaerbest MOXKIIMBICTD BHKOPUCTAHHS YJIBTPa-
diosreToBoro onpomMiHoOBaHHS i DyHKIOHAI3aIil ByTJIele-
Bux HaHorpybok (BHT) 3 pisHuM cTymeHeMm CTPYKTYpHOI J0-
ckonajocti. Jist mociIiyKeHHsI BUKOPHUCTOBYETHCSA METOZ, iH-
dpadepBoHOI crieKTpockorril. 3MiHa KiabKOCTI (yHKIIOHAIb-
nux rpyn Ha noepxui BHT oninroerscest 3a 3mino0 BigHOCHOT
IHTEHCUBHOCTI CMyT iH(PadYepBOHOrO CIEKTPY, LIO BiamoBiza-
IOTH KOJINBAaHHAM (DYHKIIOHAJIBHUX rpyn Ha mosepxui BHT, y
MOPIiBHSAHHI 3 BIIJHOCHOIO IHTEHCUBHICTIO CMYTH, IO BiIIIOBigae
KOJIMBAHHSIM aTOMIB BYIVIEIIO B rpadiToBOMYy IIapi.
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