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ABSTRACT

This study describes a facile method for the synthesis of functionalized multi-
walled carbon nanotubes (MWCNTSs) carrying photoactive group. The synthesis
of MWCNTs-based macro-photoinitiator was achieved by the esterification
reaction between benzoin moiety and acyl chloride functional MWCNTs. Syn-
thesized MWCNT-based photoinitiator (MWCNTs-benzoin) was used in the
photopolymerization of styrene to yield polystyrene (PS)-grafted MWCNTs
(MWCNTs-PS) by “grafting from” method. The efficiency of MWCNTs-benzoin
photoinitiator was determined by evaluating the effect of initiator to monomer
ratio and reaction period on photopolymerization of styrene. Fourier transform
infrared spectroscopy, Raman and X-ray photoelectron spectroscopy analyses
confirmed the covalent bonding for functionalization of MWCNTs and deter-
mined the final structures. Thermogravimetric analysis, gel permeation chro-
matography and UV spectroscopy were performed to evaluate the grafting
efficiency of PS that covalently grafted to MWCNTs, and high efficiency of
MWCNTs-benzoin as a macro-photoinitiator was also confirmed. Scanning
electron microscopy was used to determine the surface morphology of func-
tionalized MWCNTs and MWCNTs-PS.
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Multi-walled carbon nanotubes (MWCNTs) are
composed of multiple concentric rolled up graphene
sheets, while single-walled carbon nanotubes
(SWCNTs) as the other basic form of CNTs consist of

Introduction

Carbon nanotubes (CNTs) with very different struc-
ture properties compared to their allotropic carbon

species such as graphite or fullerenes have been
accepted as exciting and novel molecular form of
carbon since their discovery by Iijima [1]. CNTs have
drawn significant attention in sub-branch of nan-
otechnology due to an extraordinary combination of
thermal, mechanical and electrical properties [2-4].
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a single cylindrical sheets of graphene [5-8].
Possessing inner and outer doping of tubes,
MWCNTs have some advantages over simple
SWCNTs, such as higher stability and stiffness. Their
unique properties make them very attractive in
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different fields of applications such as material sci-
ences, electronics, optics, physics and medicine
[9-12].

However, the insolubility and low dispersion of
MWCNTs in solvents, combined with their high
hydrophobicity and poor chemical compatibility,
restrict the direct use of them in practical applica-
tions. Therefore, both covalent and non-covalent
modifications and functionalization strategies have
been used to tailor the surface of MWCNTs [13-16].
The attachment of molecules and polymers onto
MWCNTs, preferably by covalent interactions, has
been used not only to enhance dispensability and
processability of MWCNTs in different environ-
ments, but also to improve chemical interactions with
polymer matrix [17-21].

Among the various types of covalent modification
strategies, incorporating carbonyl derivatives onto
the surface of MWCNTs is one of the most versatile
methods that enables further modification opportu-
nities through ester, amide, etc., groups. Refluxing
with concentrated sulfuric and nitric acid is the most
common oxidative treatment method to functionalize
MWCNTs with carboxylic acid group. The same
oxidative treatments are also used to remove amor-
phous carbon and metallic impurities from pristine
MWCNTs [22-25].

Possessing superior properties of MWCNTs and
advantageous features of polymers, carbon nan-
otube—polymer composites have drawn much atten-
tion in research and practice [26-32]. “Grafting from”
and “grafting to” are two main methods through
which covalent attachment of polymer chains on the
surface of CNTs can be achieved. The “grafting to”
route involves bonding of a preformed end-func-
tionalized polymer chain with the functional groups
of CNTs [33-36]. The “grafting from” method is
based on covalent immobilization of polymer pre-
cursors on CNTs and the addition of appropriate
monomers afterward, as propagation step [37-41].

Since it was discovered by Dupont, photoinitiated
polymerization has become an important industrial
process [42]. Photoinitiators (PIs) have a significant
role on the development of this technology. The most
important properties of type I Pls are high absorption
at far UV region and having high quantum yield
during propagation of the radicals. Benzoin and its
derivatives are well-known type I PIs, which are also
used in commercial applications for UV curable
coatings [43-45]. The process is based on the

9599

polymerization of appropriate monomers by photo-
chemically generated alkoxy benzyl and benzoyl
radicals as shown in Fig. 1.

This article describes the surface functionalization
of MWCNTs via photoactive benzoin groups, which
can be utilized as a photoinitiator along with its
improved dispersion and processability in compar-
ison to pristine MWCNTs. In the following step,
benzoin functional MWCNTs (MWCNTs-benzoin)
were employed as macro-photoinitiators for the free
radical polymerization of styrene to obtain polymer-
bounded MWCNTs, which may combine advanta-
geous properties of both MWCNTs and polymers in
the same structure.

Materials and methods
Materials

MWCNTs with the outer diameter of about 25-30 nm
(provided by Dr. Mohamed Abdel Salam in King
Abdulaziz University) were produced by natural gas
catalytic decomposition method over Ni/Al,Os. Sul-
furic acid (H,SO,; Merck), nitric acid (HNOs3,
Lachema), thionyl chloride (SOCl,, Merck) and pyr-
idine (Lachema) were used without further purifica-
tion. Styrene (99%, Kempro Chemicals Corp.) was
distilled under reduced pressure before use.
Dimethylformamide  (Labkim), tetrahydrofuran
(Labkim) and all solvents were purified and dried by
standard techniques before use. Sodium hydride
(NaH, Sigma Aldrich) was stored under nitrogen
before use. Benzoin (Acros Organics) and the rest of
the chemicals were used without further purification.

Methods

Synthesis of acid chloride functional
MWCNTs

Three grams of pristine MWCNTs and 100 mL solu-
tion of sulfuric and nitric acid mixture with a volume
ratio of 3:1, respectively, were added into a round
bottom flask for the oxidation of MWCNTs.
MWCNTs/acid mixture flask was sonicated for
15 min in an ultrasonic bath to prevent agglomera-
tion of MWCNTs. Then, the flask was equipped with
a reflux condenser and thermometer, and the reaction
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Figure 1 Cleavage of
photoactive benzoin initiator.

was carried out under reflux for 2 h. A dense brown
gas that evolved through this period was collected
and treated with aqueous NaOH that was connected
to the condenser. After the reaction was completed
and the temperature of the mixture went down to
room temperature, the mixture was diluted with
distilled water and then vacuum-filtered through a
0.45-um polytetrafluoroethylene (PTFE) membrane
and subsequently washed with distilled water until
the pH of the filtrate was approximately 7. The fil-
tered solid was washed with THF and finally dried in
vacuum oven at 70 °C giving off MWCNTs—COOH.

For the synthesis of acyl chloride (-COCl) func-
tional MWCNTs, 0.8 g of MWCNTs-COOH were
dispersed in 20 mL of anhydrous THF by ultrasoni-
cation. Then, 50 ml of SOCl, and 2 drops of anhy-
drous DMF were added into a three-necked round
bottom flask containing dispersed MWCNTs-COOH
in THE. The reaction of acyl chloride functionaliza-
tion was carried out for 24 h in nitrogen atmosphere
under reflux at 75 °C. The resulting solid was then
separated by vacuum filtration using a 0.45-um PTFE
membrane filter and subsequently washed with
anhydrous THF. The final -COCl functional MWNTs
(MWNTs-COCl) were obtained by the removal of
solvent residue under vacuum. The oxidation and
functionalization reactions are shown schematically
in Fig. 2.

Synthesis of benzoin functionalized
MWCNTs

0.4 g of MWCNTs—-COCl were dispersed in 50 ml of
anhydrous THF by ultrasonication. One gram of
benzoin and a few drops of pyridine were added into
the dispersion. The mixture was stirred in the dark
for 48 h under nitrogen protection at 65 °C. The
resulting benzoin functional MWCNTs (MWCNTs-
benzoin) were separated from the mixture by

Figure 2 Synthesis of
MWCNTs-COOH and

HNO4/H,SO0, (1:3)
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filtration and washed repeatedly with anhydrous
THF to remove the unreacted benzoin. After drying
overnight in vacuum, MWCNTs-benzoin was stored
in a dark colored, sealed vial. The illustration of the
synthesis is shown in Fig. 3.

Polymerization of styrene with MWCNTs-
Benzoin photoinitiator

The vial containing the dispersion of MWCNTs—
benzoin and styrene in THF solution was degassed
with nitrogen in usual manner and irradiated in a UV
photoreactor (Anax = 365 nm, medium pressure
mercury UV lamp) at 25 °C. At the end of the poly-
merization, the solution was filtered to separate the
polystyrene-bounded MWCNTs, and washed with
plenty of THF to completely remove the unbounded
polystyrene. MWCNT-bounded polystyrene
(MWCNTs-PS) was washed with methanol and
dried overnight under vacuum. Illustration of the
photopolymerization is shown in Fig. 4.

Defunctionalization of MWCNTs-PS was carried
out by the base-catalyzed hydrolysis method [46].
Forty-nine milligrams of MWCNTs-PS was dis-
persed in 3 ml of anhydrous THF in a round bottom
flask, and then 49 mg of NaH was added. The solu-
tion was refluxed at 65 °C under nitrogen protection
for 2 h. After the solution was cooled down to room
temperature, liquid phase containing detached PS
was separated from the solid dark colored MWCNTSs
and subsequently poured into 100 ml of methanol.
After the mixture was centrifuged with 4500 rpm at
5 °C, PS was precipitated at the bottom of the glass
vial, and the upper solvent layer was carefully dec-
anted. Then, the precipitated detached PS was dried
in vacuum.

N
SOCl,
—_— =

MWCNTs-COCL

MWCNT-Pristine
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Figure 3 Synthesis of
MWCNTs—benzoin.

0
d—ci
MWCNT-COCI

Figure 4 Tllustration of the
photopolymerization on the
surface of MWCNTs—benzoin.

MWCNT-Benzoin

Analysis

Fourier transform infrared (FTIR) analysis was per-
formed on a Nicolet iS10 FTIR spectrometer with
4 cm ™" resolution. The spectra were collected from 16
scans for each sample, operating in the frequency
range of 4000400 cm ™.

Raman spectroscopic characterization was carried
out on a Renishaw inVia Reflex Raman microscope
with a solid-state laser (excitation at 514 nm), grating
of 2400 lines/mm at room temperature.

Thermogravimetric analysis (TGA) was performed
on a Q50 TGA by TA Instruments under nitrogen
atmosphere at a heating rate of 20 °C/min. The
weights of samples were about 10 mg in a Pt crucible.

X-ray photoelectron spectrometer (XPS) measure-
ments were performed on a Thermo-Scientific spec-
trometer with monochromatic AlK-a photon source
under ultra-high vacuum (P < 5 x 10~° mbar). Dur-
ing XPS spectra process, the pass energy was set to
100 eV corresponding to a spectral resolution of
about 0.1 eV. Flood gun was used during the mea-
surements for charging compensation.

Molecular weight and polydispersity of PS were
analyzed by Agilent 1100 Series Gel Permeation
Chromatography (GPC) equipped with RI-G1362A
refractive index detector. Tetrahydrofuran (THF) was
used as the eluent with a flow rate of 0.5 mL/min at
30 °C, and polystyrene was used as standards.

UV-vis-NIR absorption spectra were recorded
with a UV-1700 spectrometer (Schimadzu) operating
between 200 and 800 nm. Samples were prepared
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65°C, reflux

MWCNT-Benzoin
(MWCNT based photoinitiator)

PI: Photoinitiator
PS: Polystyrene /\\

MWCNT-PS

after the sonicating process and diluted by a certain
factor, resulting in certain MWCNT contents that
were suitable for UV-vis measurements.
Morphological surface properties of MWCNTs
were observed by an EVO MA10 scanning electron
microscope (SEM) with a tungsten filament by Zeiss.

Results and discussion

In this study, MWCNTs were modified with -COCI
over -COOH functionality. Subsequently, chloride
functional MWCNTs (MWCNTs—-COCI) reacted with
benzoin moiety yielding photoactive MWCNT-ben-
zoin by esterification reaction. In the second stage,
MWCNT-benzoin  macro-photoinitiators ~ were
employed to initiate the polymerization of styrene
under UV irradiation.

FTIR analysis was performed to characterize the
chemical structure of functionalized MWCNTs with
the dispersed samples in THF. The reason for
preparing dispersions is the black color of MWCNTs
which has the absorbing property for all infrared rays
resulting in difficulty for FTIR analysis. Characteristic
absorption peaks of MWCNTs—pristine, MWCNT-
COOH and MWCNT-benzoin are shown in the
spectra of Fig. 5.

The weak peak related to C=C aromatic ring
stretching and phonon modes (ketone, quinone and
derivatives) of MWCNTs is observed at 1640 cm ™' in
the FTIR spectra of the all samples [47]. Noticeable
peaks at 2850-3000 cm™' were assigned to C-H
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Figure 5 FTIR spectra of a MWCNT—pristine, b MWCNT-COOH and ¢ MWCNT-benzoin.

asymmetric and symmetric stretching vibrations. The
weak broad peak around 3528 cm™' in spectrum
(A) is assigned to the vibration of O-H group in
MWCNTs-pristine. It is likely to observe related
absorption peaks of some minor functional groups of
MWCNTs-pristine. Such functional groups may be
originated from carbonaceous fragments and possible
partial oxidation related to purification methods and
storage conditions of MWCNT-pristine [48].

Compeared to the spectra of MWCNTs—pristine, the
increasing intensity of broad O-H absorption in
MWCNT-COOH spectra (B) and the appearance of a
weak peak at 1723 cm ™', which is characteristic of
-COOH, confirm the carboxyl functionality of
MWCNT-COOH. The disappearance of broad OH
absorption around 3528 cm ™' and the appearance of
a new peak at 1600 cm ™" in Fig. 5¢ both indicate the
esterification reaction between —COOH group of
MWCNTs-COOH and -OH group of benzoin mole-
cule confirming the covalent attachment of benzoin
moiety in MWCNTs.

Raman spectroscopy is a very valuable tool for the
characterization of carbon-based nanostructures. The
structure of MWCNTs and the functionalization on
the surface were also studied by Raman spec-
troscopy. The spectra of pristine and functional
MWCNTs in the range of 1000~1800 cm™' frequency
are shown in Fig. 6. Each spectrum consists of three
common characteristic bands assigned as D-band at

@ Springer
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Figure 6 Raman and functionalized

MWCNTs.

spectra of pristine

~ 1310 cm™ !, G-band at 1580 cm~! and D’-band at
1617 cm™"'. D-band corresponds to double resonance
effects in carbon and is attributed to the presence of
disordered amorphous carbon [7, 49]. It is important
to mention that carbon structural disorder is due to
the structural imperfections such as impurities,
nanosized graphitic planes and any other forms of
carbon. Thus, D-band mode (ill-organized graphitic)
should not be considered directly related to the
defects in the tube walls. G-band corresponds to the
tangential C—C bond vibrations of hexagonal carbon
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in graphene sheets. In addition, as seen in Table 1, D’
band is also related to the double resonance feature
induced by strain in C-C bond vibrations and dis-
order due to the defects and functionalization.

The intensity ratios of the D-G band (Ip/Ig) can be
seen as a proof of disruption in the aromatic n-elec-
trons system of CNTs. The Ip/Is for functionalized
MWCNTs are higher than that of the MWNTs—pris-
tine. This result indicated that a number of sp”
hybridized carbons were converted to sp’
hybridization carbons caused by the covalent func-
tionalization of MWCNTs. In addition, when func-
tionalization occurs the intensity of D’ band is higher
than the G band, as a result of increasing disorder.

The chemical composition of the surface of
MWCNT samples was also analyzed by XPS, which
is one of the surface analytical techniques providing
information about the nature of the functional groups
and also about the presence of structural defects on
the MWCNTs surface [50]. XPS spectra were obtained
in the regions of the main elements of interest (C, O
and Cl), and Figure 7 presents the XPS spectra of
pristine and functionalized MWCNTs. All samples
showed photoemission peaks around 284.0 eV and
533.0 eV corresponding to typically C and O atoms in
1 s configurations, and both samples of MWCNTs-
COCl and MWCNTs-benzoin showed weak peaks at
~ 200 eV for Cl atom in 2p configuration. The exis-
tence of oxygen in MWCNTs—pristine may be related
to oxide catalyst residues of MWCNTs, or/and any
possible oxygen containing impurities in MWCNTSs-
pristine. The O atom observation in MWCNTs—pris-
tine by XPS is also in agreement with FTIR analysis
and TGA of MWCNTs—pristine which will be dis-
cussed in a later part.

The atomic concentrations of the surface elements
of MWCNTs and their relative ratios evaluated by
quantitative analysis of XPS are also provided in
Table 2. MWCNTs-COOH presented a highly
increased amount of oxygen (12.28%) due to attached
—COOH functionality. The appearance of a new CI
atom signal in the XPS spectra of MWCNTs-COCI
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Figure 7 XPS image of MWCNT—pristine, MWCNTs—COOH,
MWCNTs—COCI] and MWCNTs—benzoin.

indicated that chemical composition was changed on
the surface of MWCNTs during covalent functional-
ization. Comparing the ratios of O and Cl atoms to C
atom (O/C: 0.1 and C1/C:0.019) for MWCNTs-COCl
sample, relatively small amount of CI (1.66%) may
indicate that -COCI functionalization did not occur in
a high yield. However, -COCl is a very reactive
functional group and can easily be transformed to
-COOH functionality. Thus, the possible transfor-
mation of —COCl before or/and during the XPS
measurement might have decreased the amount of Cl
atom while increasing the amount of O atom on the
surface of MWCNTs. Beside, we have the evidence of
oxygen trace for pristine MWCNTs as we already
discussed. By the quantitative analysis of XPS of
MWCNTs-benzoin, it is presented in Table 2 that O
atom reached 14.22% related to benzoin molecule.
The significant decrease in the amount of Cl atom for
MWCNTs-benzoin also confirms the attachment of
benzoin moiety, while the remaining small amount of
Cl atoms indicates the difficulty of chloride func-
tionality to react with benzoin due to the steric hin-
drance of benzoin molecule.

TGA analysis was applied to examine the thermal
stability of MWCNTs samples and to investigate the
content of functional MWCNTs. The samples were
heated up to 800 °C with a heating rate of 20 °C/min
under nitrogen, and the spectra of MWCNT-pristine,

Table 1 Ip/Ig and Ip/Ig intensity ratios for the pristine and functional MWCNTs

Sample MWCNT-Pristine MWCNT-COOH MWCNT-COC1 MWCNT-Benzoin MWCNT-PS
In/lg 2.08 3.00 3.55 3.58 3.14
In/lg 0.96 1.10 1.15 1.11 1.14
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Table 2 Chemical

J Mater Sci (2018) 53:9598-9610

composition (%) and ratios of Sample Cls (%) Ols (%) Cl2p (%) o/C Cl/C

MWCNTs determined by XPS o\ pristine 97.91 2.08 - 0.021 -
MWCNTs—COOH 87.72 12.28 - 0.140 -
MWCNTs—COCI 89.36 8.97 1.66 0.100 0.019
MWCNTs-Benzoin 85.15 14.22 0.63 0.167 0.007

MWCNTs-COOH, MWCNTs-COCI and MWCNTs-
benzoin are presented in Fig. 8. It is well known that
different structural forms of carbon can exhibit dif-
ferent thermal stability depending on its oxidation
behavior [50]. Such as, disordered or amorphous
carbons tend to be oxidized at around 500 °C,
whereas a well-graphitized structures may start to
oxidize above 600 °C depending on the type of CNTs.
MWCNTs—-pristine showed a major decomposition at
550 °C, and the weight loss occurred up to 800 °C
was ~ 7% corresponding to disordered carbon due
to thermal oxidation. The small mass loss of
MWCNTs—pristine is also due to possible oxygen
groups, and the defects occurred on the carbon
structure. The existence of oxygen despite the inert
TGA atmosphere is likely due to the formation and
purification process of MWCNTs and is consistent
with the FTIR and XPS results, which are both indi-
cating oxygen trace. The observed mass loss up to
180 °C is associated with the release of water which is
physically or chemically absorbed and was less than
0.3% for MWCNT-pristine. The higher amount of
mass losses up to 180 °C for functional MWCNTs are

also associated with the release of water along with
the release of possible volatile residues [38].

The thermal stage between the temperatures of 180
and 550 °C as seen in Fig. 8 is attributed to pyrolysis
of organic functionalities of MWCNTs. The observed
mass loss between 180 and 550 °C is less than 1% for
MWCNT-pristine, and the mass losses for the same
temperature range are 8.39, 12.14 and 22.29% for
MWCNTs-COOH, MWCNTs-COCI and MWCNTs—
benzoin, respectively. Relative moles of covalently
attached functional groups were calculated by the
following equation according to the weight losses (%
Wioss) between 180 and 550 °C; (1grasting/g = % Wioss/
100 x MWqrganic  component)- 1aking the molecular
weight of -COOH group into account, the weight loss
of 8.39% for MWCNTs—COOH indicates ~ 2.1 mmol
of -COOH functionality for per gram of MWCNTs—
COOH. Estimated by the related equation consider-
ing the molecular weights of attached organic units,
weight losses of corresponding organic functionali-
ties of MWCNTs indicate that almost all -COOH unit
(-COOH:C atom; 1:36) was transformed to —COCl1
functionality for MWCNTs-COCl and ~ 50% of

Figure 8 TGA curves of
- 100 e
MWCNT-pristine, \\.\-\‘ .
MWCNTs—-COOH, Nme \ ~
MWCNTs—-COCI and Tl T
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—COCl units were reacted with benzoin molecule
resulting in MWCNTs-benzoin (benzoin:carbon
atom; 1:80). The ratio of attached benzoin is
expectable considering the possible steric hindrance
of benzoin molecule for the reaction and is well
acceptable for a photoinitiator.

Following the synthesis and structural determina-
tion of MWCNTs-benzoin as macro-photoinitiator,
covalent grafting of polystyrene to MWCNTs was
achieved by polymerization of styrene under UV
irradiation. Photoactive benzoin decomposes under
UV irradiation and forms two free radicals, namely
alkoxy benzyl and benzoyl radicals both of which are
effective. In our case, it might appear necessary for
MWCNT-bounded alkoxy benzyl radical to initiate
styrene polymerization instead of benzoyl radical.
However, in the case of monomers like styrene which
prefers termination mainly by combination,
MWCNT-bounded alkoxy benzyl radicals can also
act in the termination step by coupling with the
propagating radicals derived from either benzoyl or
alkoxy benzyl radicals. Thus, MWCNTs-bounded
polystyrene (MWCNTSs-PS) was highly
expectable beside some free-unbounded PS.

In order to investigate the role and the efficiency of
MWCNT-benzoin as a macro-photoinitiator, poly-
merizations of styrene in the presence of MWCNT-
benzoin were performed under UV irradiation with
different weight ratios of styrene monomer/
MWCNT-benzoin initiator (R). For this purpose,
polymerizations with the R of 10, 20 and 45 were
performed representing the resulted PS-grafted
MWCNTs as MWCNTs-10PS, MWCNTs-20PS and
also with the constant R of 45 in different UV irra-
diation periods of 1h, 2 h and 3 h representing the
products as MWCNTs—45PS1, MWCNTs—45PS2,
MWCNTs—-45PS3, respectively.

Covalently bounded PS was separated from
MWCNTs in order to characterize the grafted PS and
determine the molecular weight of PS. The grafted
PS, detached from the surface of MWCNTs-PS, was
prepared for GPC analysis by precipitating into
methanol and dissolving in THF afterward. The
number-average molecular weights (M,,) of detached
PS with R values of 10 and 20 (MWCNTs-10PS and
MWCNTs-20PS) could not be detected by GPC
indicating very low M, of grafted PS. M, values of
detached PS from MWCNTs-45PS were also deter-
mined by GPC, and the results including polydis-
persity index (PDI) are given in Table 3. Contrary to
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undetectable M,, values of PS from both MWCNTs—
10PS and MWCNTs-20PS, high M,, values of PS from
MWCNTs—45PS expressed the effect of low and high
values of monomer to initiator ratio (R), resulting in
low M, of short polymer chains and higher M, of
longer polymer chains, respectively. The results are
as expected from the well-known mechanism of free
radical polymerization. As presented in Table 3, the
high PDI values of MWCNTs—45PS are also consis-
tent with the free radical polymerization mechanism.
Thus, the results evaluated from the GPC analysis
confirmed the role of MWCNT-benzoin as a macro-
photoinitiator and signified the high efficiency of
MWCNT-benzoin for the grafting polymerization of
styrene from the surface of MWCNTs.

TGA analysis was also applied to quantify PS
grafting degree of MWCNTs-PS and examine the
thermal stability of the samples. Figure 9 displays the
TGA curves of MWCNTs-45PS1, MWCNTs—45PS2,
MWCNTs—45PS3 along with the curves of detached
PS (homo polystyrene) from MWCNTs—45PS3 and
MWCNTs-pristine as reference.

As seen in Fig. 9, MWCNTs—pristine showed major
decomposition at 550 °C, and detached PS (homo
polystyrene) displayed major decomposition stage
between 371 and 500 °C reaching total mass loss at
550 °C. Analyzing the curves of MWCNTs—45PS1,
MWCNTs—45PS2 and MWCNTs—45PS3, major
decompositions were also observed at about 372 °C
being almost the same as PS indicating that
MWCNTs did not have a significant effect on the
decomposition temperature of MWCNTs-PS.

Mass loss of MWCNTs—pristine and PS were less
than 1 and 0.3% at 550 and 370 °C, respectively. The
observed mass losses up to 180 °C for all samples
were associated with the release of water and possi-
ble volatile residues. The small organic compounds
attached to MWCNTs such as -COOH and benzoin
were totally decomposed below 350 °C, as discussed
in the previous section. Evaluating the results, ther-
mal stage of 350-550 °C is attributed to decomposi-
tion stage of grafted PS, and the weight losses of this
stage is corresponded to the grafting degree of PS.
The observed weight losses between 350 and 550 °C
were 19.20%, 22.87 and 78.26 for MWCNTs—45PS1,
MWCNTs—45PS2 and MWCNTs—45PS3, respectively,
corresponding to grafting percentages of PS on
MWCNTs and given as GPS% in Table 3. As deter-
mined from the grafting contents of PS, the increase
in the UV irradiation period from 1 h to 3 h resulted
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Table 3 Photopolymerization

of styrene in the presence of Samples Reaction time (h) Grafted PS M,, (x10°) GPS® % PDI
__| n? 9,
MWENTs-benzoin® at 25 °C \rwweNTs-45PS1 1 1.01 19.20 1.95
MWCNTs—45PS2 2 1.18 22.87 2.0
MWCNTs—45PS3 3 1.45 78.26 1.75

MWCNTs-benzoin® = with the R of 45, the weight ratio of styrene/MWCNTs-benzoin
GPS® (%) = Mass percentage of the grafted PS calculated from TGA

Figure 9 TGA curves of
MWCNT-pristine, 1004 S —— _ ‘M\“
MWCNTs-45PS1, —_—
MWCNTs-45PS2,
MWCNTs—45PS3 and homo 80
PS. -
------ MWCNT- pristine “Z'::-__,,_‘“‘
---- MWCNT-45PS1
U — MWCNT-45PS2
" R— MWCNT- 45PS3
2 —= P§
= 40-
20
0 T T v 7 - - -
100 300 400 500 600 700 800

in the increase in polymerization yield of styrene on
MWCNTs despite the similar molecular weights of
PS obtained by GPC. The results, well consistent with
the results of GPC analysis, are in a good agreement
with the free radical mechanism of UV polymeriza-
tion in which irradiation time does not have a sig-
nificant effect on M,, but effects the yield of obtained
polymer. TGA also confirmed the macro-photoini-
tiator property of MWCNT-benzoin and its efficiency
for the polymerization of styrene.

The effect of functionalization on the surface mor-
phology of MWCNTSs was analyzed by SEM, and the
observed images are shown in Fig. 10. MWCNTs
were clearly observed lying on the gold layer by
50000 magnifications. MWCNTs—pristine exhibited
nanowire-like morphology and a smooth surface
with nothing adhering to them (Fig. 10a). The nano-
wire-like morphology can also be observed on func-
tional MWCNTs same as on MWCNTs-pristine,
except the space between nanowires becoming
smaller. The oxidation of MWCNTs by strong acid

@ Springer
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treatment significantly alters the surface roughness of
the nanotubes and also reduces the length of nan-
otubes as observed for MWCNTs-COOH in Fig. 10b.
The existence of functional groups on the surface of
MWCNTs resulted in the increase in the average
diameter of the MWCNTs [51]. The rods became less
distinct for MWCNTs-PS (Fig. 10d) due to the fact
that MWCNTs were enclosed with polystyrene.

UV  absorption spectra of MWCNTs-PS,
MWCNTs-COOH and detached PS of MWCNTSs-PS
during UV radiation were examined and are pre-
sented in Fig. 11. The characteristic absorption band
of PS obtained from the defunctionalization reaction
of MWCNTs-PS was observed at ~ 260 nm corre-
sponding to absorption band of phenyl groups. The
spectrum of MWNTs-COOH did not exhibit any
significant absorption, while that of MWNTs-PS
exhibited absorption band similar to the detached PS
of MWCNTs-PS.

Dispersion behavior of functional MWCNTs in
THF was observed. Figure 12 shows three vials
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Figure 10 SEM images of
pristine MWCNT (a),
MWCNTs—COOH (b),
MWCNTs-benzoin (c¢) and
MWCNTs-45PS2 (d).

0,600 -
~260 nm
MWCNTs-PS

0,400 |
3
[ =
©
2
o
(723
ol
<

0,200 MWGCNTSs - COOH

Detached PS of MWCNTs
0,000 i :
250,00 300,00 400,00 500,00

nm

Figure 11 UV—Vis absorption spectra of MWCNTs-PS,

MWCNTs—COOH and detached PS.

containing equal masses of MWCNTs-pristine,
MWCNTs-COOH and MWCNTs—45PS2 separately
in equal volumes of THF. Obviously, MWCNTs-
pristine was not dispersed in THF. Organic func-
tionalities of MWCNTs increased dispersion and
solubility of both MWCNTs-COOH and MWCNTs-
45PS2 as expected. MWCNTs—COOH dispersion in
THF did not collapse for the first 6 h, and then it
started to settle down. MWCNTs-PS in THF formed
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Figure 12 Dispersion behavior of a

MWCNTs—pristine,
b MWCNTs—-COOH, ¢ MWCNTs—45PS2 in THF after a storage
of 1 week.

a clear, black solution that exhibited no discernible
particulate material and remained stable for a period
of at least 1 week.

Conclusions

In the present study, the attempt was to design a
MWCNTs-based photoinitiator and determine its
efficiency in photopolymerization of styrene via
“grafting from” method. Functionalization of
MWCNTs as a macro-photoinitiator was achieved by
the esterification reaction between acid chloride
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functional MWCNTs (MWCNTs—Cl) and benzoin
moiety. The expected structure of synthesized ben-
zoin functional MWCNTs (MWCNTs-benzoin) was
confirmed by FTIR, Raman, XPS and TGA analysis.

The well-designed MWCNTs-benzoin as a macro-
photoinitiator enabled the polymerization of styrene
(MWCNTs-PS) grafting from MWCNTs under UV
irradiation. Defunctionalization of MWCNTs-PS was
also performed by hydrolysis for the further charac-
terization of detached PS of MWCNTs. Characteri-
zation of MWCNTs-PS by GPC, TGA and UV
absorption analysis well confirmed that PS compo-
nent was covalently grafted from MWCNTs.

The efficiency of MWCNTs-benzoin for pho-
topolymerization was investigated by performing
polymerizations with different weight ratios (R) of
styrene/ MWCNT-benzoin and in different UV irra-
diation periods. The values of molecular weights
(M,)), polymerization yields and polydispersity index
(PDD) of PS grafted from MWCNTs were obtained
from the consistent results of GPC and TGA. GPC
results clearly indicated that MWCNTs-PS with
detectable M,, could not be obtained by lower styr-
ene/ MWCNTs-benzoin weight ratios (R: 10 and 20),
whereas higher styrene/MWCNTs-benzoin weight
ratio (R:45) resulted in grafted PS with M,, of about
1.45 x 10°, which is truly supported by the well-
known effect of monomer/initiator concentration on
the M,, of a polymer.

Moreover, the increase in the UV irradiation per-
iod, from 2 to 3 h, resulted in a slight increase in M,
of grafted PS, from 1.18 x 10° to 1.45 x 10°, whereas
increasing the UV irradiation period resulted in a
dramatic increase in the grafting yields of PS, from
22.87 to 78.26%. This result is also in very good
agreement with the well-known mechanism of UV
initiated free radical polymerization in which the
increase in irradiation time does not significantly
affect the molecular weight of polymer but increase
the yield of the resulting polymer. Thus, it is strongly
confirmed that MWCNTs-benzoin was successfully
synthesized, and act as an effective initiator for the
photopolymerization of styrene.

SEM images of functionalized and PS-grafted
MWCNTs indicated the increase in the average
diameter of MWCNTs with the increasing content of
organic grafting. Since the MWCNTs were com-
pletely enclosed with PS, the rods between the
MWCNTs became less distinct. Dispersion behavior
of MWCNTs in THF was also examined, and it was
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observed as expected that stability and dispersion
ability of MWCNTs-PS were higher than those of
MWCNTs-pristine and MWCNTs-COOH in THF.
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