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ABSTRACT

In this study, the single-walled carbon nanotube (p-SWCNTs) and poly (methyl methacrylate)
(PMMA) polymer nanocomposites were prepared by solution casting method. The effects of
functionalization and sodium dodecyl sulfate (SDS) on the thermal properties of PMMA/p-
SWCNT nanocomposites were investigated. Samples were characterised using BET, FTIR-ATR,
SEM, DTA/TG, DSC, TEM and AFM. Morphological analyses showed that changes in the
structure of SWCNTs with modification occurred and CNTs were tubular structure,
homogeneously dispersed and nano-sized. Functionalised SWCNTs increased the first mass
loss (Tmax1), the second mass loss (Tmaxz) and glass transition temperatures (Tg) of PMMA.
SDS assisted both better dispersion of CNTs and interaction between PMMA and CNTs.
While PMMA/p-SWCNT-OH (0.1 wt.%) had the highest thermal stability in SDS-free medium,
PMMA/SDS/p-SWCNT-O-APTS (0.1 wt.%) had the highest thermal stability in SDS medium.
The maximum increases at Tpaxi and Ty temperatures of nanocomposites were
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calculated as 49 and 13°C for PMMA/SDS/p-SWCNT-O-APTS (0.1 wt.%), respectively.

Introduction

Polymeric nanocomposites consisting of polymers
reinforced with different nano-sized fillers such as
bentonite [1], sepiolite [2], kaolin [3], perlite [4],
hydroxyapatite [5], boron oxide [6], montmorillonite
[7], etc are increasingly used in the defence industry,
aerospace, automobile, sports and electronics indus-
tries due to their lightweight, high strength, high elec-
trical and thermal conductivity. Today, one of the
polymers commonly used in the areas mentioned
above is poly(methylmethacrylate) (PMMA). It has
excellent optical properties, balanced mechanical
properties, good dielectric properties, weather resist-
ance properties etc. Furthermore, it is also widely
used in the building materials as it is cheap and easy
to be processed [8]. However, PMMA has its short-
comings, such as low hardness, low wear resistance,
heat resistance, especially low thermal performance.
These properties of PMMA limit its application
areas [9]. One way to improve these properties,
especially thermal properties, of PMMA and expand
its use areas is to prepare its nanocomposites with car-
bon nanotubes (CNTs).

Discovered by the Japanese scientist Iijima in 1991,
CNTs [10] are considered a top class subject in aca-
demic research and various industrial fields. Because
they have unique physical properties such as high

aspect ratio, good electrical conductivity, good mechan-
ical strength and high thermal stability. These different
properties of CNTs make them an excellent filling
material in the polymer matrix [11]. CNT is a structure
formed by rolling the graphite layer into a tubular
structure. There are three types of CNT structures,
namely single-walled carbon nanotube (SWCNT),
double-walled carbon nanotube (DWCNT), and
multi-walled carbon nanotube (MWCNT), according
to the number of walls [12]. Despite these advantages
of CNTs, they are poorly dispersed in the polymer
matrix and/or in organic or aqueous solutions due to
the van der Waals attractions between them. This can
cause agglomeration of CNTs. The effective use of
CNT is related to the homogeneous distribution in
the polymer matrix. Dispersion of CNT samples in
the PMMA matrix is the major problem to be solved
for CNT reinforced polymer composites. It is seen in
the literature that many studies focused on the
improvement of the dispersion of CNTs in the polymer
matrix or solvents and to prevent their agglomeration
[13-15]. Methods such as surface treatment, chemical
purification, solution mixing, melt blending, and poly-
merisation have been used in these studies [16-18].
Surface modification process to improve the physical
and chemical properties of CNT samples allows a
strong interaction between the polymer and CNT.
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Modification of CNT samples is important to fulfil the
superior mechanical, electrical and biological functions
of these materials and to increase their distribution in
polymer matrices [19].

In our previous studies, we determined that the sur-
face modification of CNT and solvent type in synthesis
method were important in improving the thermal
stability of poly (vinylacetate)/ MWCNT, PMMA/
MWCNT and PVA/SWCNT nanocomposites and
the dispersion of CNTs in the polymer matrix
[13,14,20]. Similar results were also found for PVA/
MWCNT, epoxy/MWCNT, PVA/SWCNT nanocom-
posites [21-23]. These similar results revealed the
importance of modification in improving the proper-
ties of nanocomposites.

In the literature, PMMA/SWCNT and PMMA/
MWCNT nanocomposites were prepared using differ-
ent methods and their mechanical, optical, electrical
and thermal properties were investigated [24-26].
For example, Kalakonda and Banne synthesised
PMMA/SWCNT nanocomposites using coagulation
method. Optical and scanning electron microscopies
showed an improved dispersion of SWCNTSs in the
PMMA matrix and comprehensive improvement in
elastic modulus, electrical conductivity, and thermal
stability with the addition of SWCNT's [27]. Ayanoglu
and Dogan investigated the thermal degradation kin-
etics of PMMA/functionalised MWCNT nanocompo-
sites and calculated the activation energies of
nanocomposites in different solvent medium [20].
Ciobotaru et al. synthesised PMMA and modified
SWCNT (SWCNT-COOH) composites using solvent
dispersion method and investigated the thermal,
mechanical and electrical conductivity properties of
composites [28]. As can be seen from the literature
summary above, there are many studies on the nano-
composite production of multi-walled carbon nano-
tubes with PMMA and other polymers. However,
the number of studies on single-walled carbon nano-
tubes is quite limited. This is because the single-walled
carbon nanotubes are not dispersed homogeneously in
the polymer matrix due to the van der Waals attrac-
tion forces. To the best of our knowledge, there is
no study the investigating the effects of functional
groups and sodium dodecyl sulphate (SDS) on the
thermal sproperties of PMMA/SWCNT nanocompo-
sites. Thus, the aim of this study is to prepare
PMMA/p-SWCNT nanocomposites by solvent casting
method and to improve the thermal stability of
PMMA. p-SWCNT is the purified SWCNT from
SWCNT. For this, the surface of p-SWCNT was func-
tionalised with hydroxyl and an organo silane com-
pound to improve dispersion of SWCNT in PMMA
matrix and solvent. In addition, SDS was added into
the synthesis medium to provide homogeneous dis-
persion of p-SWCNT and the functionalised p-
SWCNT samples into the PMMA matrix. PMMA, p-
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SWCNT, the functionalised-p-SWCNT and their
nanocomposites were characterised using Brunauer-
Emmet-Teller (BET) surface area device, Fourier
transform infrared-Attenuated total reflectance spec-
troscopy (FTIR-ATR), differential thermal analysis/
thermogravimetry (DTA/TG), differential scanning
calorimetry (DSC), atomic force microscopy (AFM),
transmission electron microscopy (TEM) and scan-
ning electron microscopy (SEM).

Experimental section
Materials

SWCNT with diameters of less than 1 nm, lengths of
1-3 um, and carbon purities of >92% was purchased
from Nanografi (Turkey); PMMA (M. W. =35000 g/
mol) from Acros Organics (Belgium); 3-aminopropyl-
triethoxysilane (APTS) from Merck Chemical Co.
(Germany); N, N-dimethylformamide (DMF) and
SDS from Sigma-Aldrich (Germany). All chemical
reagents were of analytical grade and used as received
without further purification.

Methods

Purification of SWCNT samples

HCI (100 mL, 5 M) and SWCNT (1 g) were placed into
250 mL reaction flask to increase the efficiency of
SWCNT samples. After 1 h of ultrasonic bath at 30°
C, it was stirred for 48 h (2 days) on a magnetic stirrer
under reflux at 70°C. This mixture was filtered in a
vacuum filtration device and washed with the purified
water until pH =7. After the filtrate was kept in an
oven at 60°C for 24 h, it was dried at 60°C in a vacuum
oven for 48 h. SWCNTs treated with HCI were named
as p-SWCNT [29].

The hydroxylation of p-SWCNT

FeCl,.4H,0 (0.3 M; 90 mL) and p-SWCNT (1 g) were
placed into the reaction flask and dispersed in an
ultrasonic bath for 1h at 25°C. The mixture was
taken on a magnetic stirrer and H,O, (30%, 360 mL)
was added dropwise. It was then stirred for 12 h at
room temperature. After mixing, it was filtered with
a vacuum filtration device. The filtrate was washed
with HCI (5%) and with distilled water. The sample
was dried for 24 h in an oven at 80°C and then for
48 h in a vacuum oven at 60°C. SWCNTSs functiona-
lised with Fe**/H,0, (30%) were named as p-
SWCNT-OH [30].

Functionalization of p-SWCNT-OH with APTS

p-SWCNT-OH (1g), toluene (50 mL) and APTS
(2mL) were placed sequentially into the reaction
flask. After dispersion in the ultrasonic bath for 0.5 h
at room temperature, it was taken on a magnetic
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Fe?', 30% H,0,

Magnetic stirrer, 12 hours

Figure 1. Surface functionalization reactions of p-SWCNT.

stirrer and refluxed (80°C, 24 h). Then, the mixture
was filtered and washed with toluene, methanol and
acetone, respectively. After washing, it was dried for
24h in an oven at 80°C and for 24 h in a vacuum
oven at 60°C. SWCNTs functionalised with APTS
were named as p-SWCNT-O-APTS [14]. Synthesis
of p-SWCNT-O-APTS from p-SWCNT is given in
Figure 1.

Preparation of nanocomposites

PMMA/SWCNT nanocomposites (0.1, 0.5 and 1
wt.%) were prepared in DMF using solution casting
method. The nanocomposite synthesis was conducted
by following five steps: PMMA (1g) and DMF
(50 mL) were taken into a reaction flask and mixed
on a magnetic stirrer for 1 h. DMF (50 mL) and
SWCNT (0.1, 0.5 and 1 wt.%) were added into another
reaction flask. The mixture was dispersed in an ultra-
homogenizer for a total of 20, 5min each time.
PMMA solution and the dispersed SWCNT suspen-
sion were taken to ultrasonic bath set at 30°C and
kept in ultrasonic bath for 2 h. After the polymer sol-
ution and the dispersed SWCNT suspension were
combined, this mixture was kept in the ultrasonic
bath for 2 h and then, mixed on the magnetic stirrer
for 1h. The solution was poured into a glass Petri

Polymer solution

*PMMA polymer in DMF
Magnetic stirrer

v

*Ultrasonic bath
2 hours

dish and placed in a drying-oven at 60°C to remove
DMEF. Subsequently, the material was taken into a vac-
uum oven with a temperature of 60°C and was kept for
seven days. Thus, PMMA/p-SWCNT nanocomposites
were prepared [28]. The same procedure was applied
to prepare the other nanocomposites. The respective
stages of nanocomposite preparation were clearly
illustrated in Figure 2. SDS (1 wt.%) was added to
the nanocomposite synthesis medium to increase the
interactions between PMMA and SWCNT and to bet-
ter disperse the SWCNTs in the PMMA matrix [31].

Characterisation of PMMA, SWCNTs and
nanocomposites

Polymer, SWCNT samples and nanocomposites were
characterised using FTIR-ATR, BET, DSC, DTA/TG,
AFM, TEM and SEM. The specific surface areas of
samples were determined by the nitrogen adsorp-
tion/desorption technique using a Quantachrome
Nova2200e BET surface area instrument. Prior to the
measurements, the samples were degassed at 100°C
for 24 h and N, was used as the adsorbate gas. Infrared
spectroscopy was used to investigate the interaction
between polymer matrix and filler materials. FTIR
measurement was carried out with PerkinElmer Spec-
trum 100 FTIR spectrometer in the wavenumber

SWCNT dispersion

S
*Ultrasonic bath
2 hours

*Ultrasonic homogenizer
5 min/ 4 times

*Ultrasonic bath 2 hours
*Magnetic stirrer 1 hour

*Polymer solution and SWCNT mixed up|

Solution casting -
— — s
Polymer nanocomposite

Figure 2. Experimental design of nanocomposite preparation method with solution casting method in SDS-free medium.



range of 4000-600 cm™". Thermogravimetric analysis
of the samples were performed out using PerkinElmer
Diamond simultaneous DTA/TG analyzer in the
temperature range of 25°C-600°C with at heating
rates of 10°C/min and flow of nitrogen gas is
200 mL/min. The glass transition temperatures (T,)
of the polymer and its nanocomposites were measured
using the PerkinElmer DSC 4000 with a temperature
range of 25°C-400°C at a heating rate of 10°C/min
under nitrogen atmosphere. AFM topography of the
prepared nanocomposites was obtained from a Nano-
surf EasyScan 2 AFM Instrument in tapping mode (tip
TAP190Al-G; vibration frequency 190 kHz) in air and
room conditions. Maximum scanning size of the
microscope probe was 25x25um. Morphological
characterisation of the nanocomposites was examined
by using the Zeiss Evo LS 10 Scanning electron
microscopy (SEM). From the films, 1 mg/mL of
sample and solvent were held and dispersed in the
ultra-homogenizer for 5 min, and then one drop of
the suspension was dropped onto the wafer. The
sample was hold in a drying-oven for about 24 h to
evaporate solvent. The study parameters were shown
on SEM images.

TEM images of the modified SWCNT and nano-
composite samples were taken using JEOL JEM-1400
Plus transmission electron microscopy (taken at accel-
erating voltage 200 kV). The nanocomposites were
suspended in DMF and a drop of the resulting mixture
was placed on a carbon-coated Cu grid and dried in an
oven.

Results and discussions
Characterisation

BET analysis

The changes in BET-specific surface areas of the
SWCNT and functionalised SWCNTs may be a sign
of modification. Specific surface areas of SWCNT, p-
SWCNT, p-SWCNT-OH and p-SWCNT-O-APTS
were measured as 510, 430, 360 and 60 m*/g, respect-
ively, using the Quantochrome Nova2200e BET
device. BET surface areas of SWCNTs decreased
with the purification and functionalization processes.
Similar results were also found by different research-
ers. Cai et al. determined BET surface areas of
SWCNT, manganese-terephthalic acid (Mn (TPA))
and Mn (TPA)-SWCNT as 668.61, 5.54 and 10.03
m?*/g, respectively [32]. In another study, BET surface
areas of SWCNT, SWCNT + 4% Ni, SWCNT + 8% Ni
and SWCNT +12% Ni samples were measured as
584.8, 520.8, 478.6 and 436.0 m’/g, respectively. In
both studies, BET surface area of SWCNT decreased
with modification [33]. The variation in surface
areas of SWCNT, p-SWCNT and functionalised
SWCNTs is quite compatible with the literature. The
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decreasing of BET surface area with purification and
functionalization may be due to the deformation of
SWCNT structure, the occurrence of structural defects
and the blocking of the ends of the tube with modifiers
[34-37].

FTIR analysis

Figure 3 illustrates FTIR-ATR spectra of PMMA, p-
SWCNT, functionalised-SWCNT and their nanocom-
posites. It can be seen from FTIR spectra that p-
SWCNT has been successfully functionalised. Gener-
ally, the bands observed at 1257, 1453 and
1167 cm™" are related to C-O-C, C-OH and C-O
oxygen-containing functional groups, respectively;
the band observed between 1600-1650 cm™' to the
C-C skeleton; and the band observed around
1730cm™" to the carbonyl group (or carboxylic acid
and ester) [38]. When the spectrum of p-SWCNT is
examined (Figure 3(a)), the C-C band is seen at
1633 cm™' and C-H band at 2919 and 2841 cm™.
The most important functional group of PMMA is
the carbonyl or ester group. Figure 3 shows the main
FTIR bands of PMMA. The band belonging to the car-
bonyl group was observed at 1723cm™’, the C-H
stretching vibration bands of the -CH; and -CH,
groups at 2991 and 2950 cm™', the C-H bending
vibration band of the -CHj; group at 1386 cm™ !, the
vibration bands of the C-H group at 1386 and
750 cm™", and the peaks of the C-O-C single bond
bending vibrations between 986 and 841 cm™!
[28,39]. FTIR-ATR spectra of PMMA/p-SWCNT
nanocomposites were shown in Figure 3(a).

The p-SWCNT was hydroxylated by Fenton reac-
tion and the p-SWCNT-OH structure was obtained.
FTIR-ATR spectrum of p-SWCNT-OH was given in
Figure 3(b). In this spectrum, the wide and intense
hydroxyl vibration band between 3000-3500 cm™'
(3425 cm™), C-H stretching vibration bands at 2928
and 2854 cm™' and C-C band at 1635cm™' are
seen. When Figure 3(a and b) are compared, the
2919, 2841 and 1633 cm ™" bands of p-SWCNT shifted
t0 2928, 2854 and 1635 cm ™, respectively. These band
shifts and the hydroxyl band of p-SWCNT-OH in
Figure 3(b) are evidences of hydroxylation of p-
SWCNT. In the spectrum of nanocomposites, it was
determined that some bands of PMMA shifted to
higher and lower wave numbers. These band shifts
are an indicative of interactions between PMMA and
p-SWCNT-OH.

As a result of the reaction of p-SWCNT-OH with
APTS, p-SWCNT-O-APTS was obtained. The FTIR-
ATR spectrum of this reaction was shown in Figure
3(c). The absence of the hydroxyl peak of p-
SWCNT-OH in this spectrum is a proof of synthesis
of p-SWCNT-O-APTS. Also, new bands have
appeared in the spectrum of p-SWCNT-O-APTS in
Figure 3(c), different from those of p-SWCNT and
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Figure 3. FTIR-ATR spectrum of (a) PMMA/p-SWCNT, (b)
PMMA/p-SWCNT-OH and () PMMA/p-SWCNT-O-APTS
nanocomposites.

p-SWCNT-OH. The bands at 1065, 1241, 1395 and
3400 cm ™! originate from the bands of Si-O, CH,-
wagging, Si-CH, and free -NH, groups in the struc-
ture of p-SWCNT-O-APTS, respectively [40-43].
Yang et al. showed that the bands at 2920 and
2850 cm ™" corresponded to C-H bonds of alkyl and
alkoxy groups in APTS, the band at 1116 cm™" to
the asymmetrical stretching vibration of the Si-O-R
bond, and the weak band at 1456 cm™" to the bending
vibration of the N-H bond in aminosilane [44]. In
another study, Su et al. observed that the bands at
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Figure 4. FTIR-ATR spectrum of (a) PMMA/SDS/p-SWCNT, (b)
PMMA/SDS/p-SWCNT-OH and (c) PMMA/SDS/p-SWCNT-O-
APTS nanocomposites.

3370, 2950, 1600 and 1030 cm™! were related to the
vibrations of N-H and N-H,, C-H,, N-H and Si-O-
Si, respectively [45]. In nanocomposites, the carbonyl
band of PMMA at 1723 cm ™! shifted to 1724 cm™,
and the C-H bands at 1386 and 750 cm ™" shifted to
1384 and 749 cm™ .

Figure 4 shows the FTIR-ATR spectrum of the syn-
thesised nanocomposites by adding SDS. The FTIR-



ATR spectra do not differ significantly from those in
Figure 3. However, with the addition of SDS, it was
seen that the intensity of some peaks belonging to
the alkyl groups increased and a new peak belonging
to the sulfate group emerged. For example, the asym-
metric and symmetric CH; and CH, bands appear at
2924 and 2847 cm™' in the FTIR spectrum of
PMMA/SDS. In addition, a band belonging to the
symmetrical sulfate group was seen at 1054 cm™'
[46]. Shifts in these peaks were also observed in
PMMA/SDS/p-SWCNT nanocomposites.

SEM, TEM and AFM analysis

In Figure 5, the SEM images of PMMA/p-SWCNT
(0.1, 0.5 and 1 wt9%), PMMA/p-SWCNT-OH (1
wt.%) and PMMA/p-SWCNT-O-APTS (1 wt.%)
nanocomposites were given at 5.000 and 10.000 mag-
nifications. It is seen that CNT samples are uniformly
dispersed without agglomerate in the polymer matrix.
Figure 6 illustrates TEM images of the purified and
functionalised CNTs. SWCNT samples are in nano
size and tube morphology. The morphologies of p-
SWCNT and the functionalised SWCNT's are different
from each other. There is no change in the diameter
and length of the samples. However, point and
sphere-like structures appear on the surface of the
functionalised samples. This may be due to changes
in the structure of p-SWCNT as a result of hydroxy-
lation and silination reactions. These results support
FTIR-ATR analyses. TEM images of PMMA/p-
SWCNT-OH (1 wt.%) and PMMA/p-SWCNT-O-
APTS (1 wt.%) were given in Figure 6(d and e).
Again, it can be said that SWCNT nanoparticles are
dispersed in nano-sized and homogeneously in the
PMMA matrix, and SWCNT nanoparticles are tubular
structure [47].

Surface roughness is one of the important morpho-
logical properties of materials, and surface roughness
value is a good indicator of the performance properties
of the mechanical components of materials. Rough-
ness plays an important role in determining how a
material will interact with its environment. Both
profile and area roughness parameters can be calcu-
lated from AFM topographies. 2D and 3D AFM topo-
graphies of PMMA/p-SWCNT (0.1, 0.5 and 1 wt.%),
PMMA/p-SWCNT-OH (1 wt%) and PMMA/p-
SWCNT-O-APTS (1 wt.%) illustrate in Figure 7 with
surface scanning results of 25 x 25 um?. Profile and
area roughness parameters of PMMA/p-SWCNT
(0.1, 0.5 and 1 wt9%), PMMA/p-SWCNT-OH (1
wt.%) and PMMA/p-SWCNT-O-APTS (1 wt.%)
were given in Table 1. Surface roughness of PMMA/
p-SWCNT nanocomposites increases with increasing
amount of p-SWCNT. PMMA/p-SWCNT (0.5 wt.%)
nanocomposite has the highest surface roughness.
Among nanocomposites containing 1 wt.% SWCNTs,
the nanocomposite with the highest surface roughness
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is PMMA/p-SWCNT, followed by PMMA/p-
SWCNT-OH and PMMA/p-SWCNT-O-APTS,
respectively. In general, these results show that func-
tionalization is an important chemical process in
reducing surface roughness [7,48,49].

TG and DSC analysis

Thermal gravimetric analysis of SWCNTs

Thermal gravimetry studies give important infor-
mation about the temperature-depending mass losses
of the samples. In this study, since p-SWCNTSs were
modified with different functional groups, the changes
in the mass losses of the samples can be accepted as a
sign of modification. Figure 8 shows the TG thermo-
grams of both CNT samples and their nanocompo-
sites. As can be seen from the figures, the mass
losses of CNTs increase with modification. The mass
loss of p-SWCNT is 6 wt.%, while the mass losses of
p-SWCNT-OH and p-SWCNT-O-APTS are 13 and
24 wt.%, respectively. The higher mass loss of p-
SWCNT-O-APTS is due to its higher molecular
weight of the APTS molecule functionalised on CNT
surface compared to OH group. The low decrease in
mass losses of p-SWCNT and the functionalised
p-SWCNTs in the studied temperature range is an
indication of the high thermal stability of these
materials [50].

Thermal gravimetric analysis of nanocomposites
T represents the temperature at which x wt.% mass
loss occurs and T, represents the degradation temp-
eratures of the sample. Figure 8 shows the TG thermo-
grams of PMMA and its nanocomposites. In these
thermograms, PMMA decomposes in two steps. The
first mass loss was in the temperature range of 174-
229°C (Tpax1 =213°C). The mass loss in this step
was about 8.1 wt.%. Reasons for this mass loss may
be due to i. the removel of moisture absorpting in
the pores and structure of PMMA, ii. the solvent
that cannot be completely removed from the structure
during the synthesis of PMMA, and iii. thermal degra-
dation of the unsaturated bonds at the ends of the
molecular chains of PMMA [51]. The second mass
lass was in the temperature range of 358°C-405°C
(Tmax2=385) and the mass loss in this step was
about 91.2 wt.%. The mass loss is caused by the ran-
dom fracture of the C-C bond of the main PMMA
chains [52]. The amount of residual at 600°C is 0.2
wt.%. Similar results were found by Nikolaidis and
Achilias [53], Gao et al. [54] and Kausar [55]. They
determined that PMMA degraded in two steps. How-
ever, slight variations were observed in T, tempera-
tures. The reason for this may be the molecular weight
and synthesis method of PMMA, and impurities in the
structure of PMMA [20,56].



522 E. YANMAZ AND M. DOGAN

-
e

| 2um  EHT=10.00kV Signal A=SE1 y EHT=10.00kV Signal A=SEI
H WD = 8.0 mm Mag=5.00 KX N\ WD = 8.0 mm Mag=10.00 KX N

2um  EHT=10.00kV Signal A=SEI @ EHT=10.00kV Signal A=SE1 &
= WD = 7.5 mm Mag=5.00 KX N WD = 7.5 mm Mag=5.00 KX

EHT=10.00kV Signal A=SE1 " EHT=10.00kV Signal A=SE1

WD =9.5 mm Mag=5.00 KX WD =9.5 mm Mag= 10.00 KX N

2 um EHT=10.00kV Signal A=SE1 2um  EHT=10.00kV Signal A=SEI
Hi WD =8.5 mm Mag=5.00 KX —  WD=8.5mm Mag=10.00 KX

2um  EHT=10.00kV Signal A=SE1 #» I pum  EHT=10.00kV Signal A=SEI
F  WD=8.0mm Mag=5.00 KX 4 H  WD=8.0mm Mag=10.00 KX

Figure 5. SEM images of (a) PMMA/p-SWCNT (0.1 wt.%), (b) PMMA/p-SWCNT (0.5 wt.%), (c) PMMA/p-SWCNT (1 wt.%), (d) PMMA/
p-SWCNT-OH (1 wt.%) and (e) PMMA/p-SWCNT-O-APTS (1 wt.%) nanocomposites.

TG thermograms of PMMA/p-SWCNT, PMMA/ However, there are differences in T,,,, and T, temp-
p-SWCNT-OH and PMMA/p-SWCNT-O-APTS  eratures and residual amounts calculated from ther-
nanocomposites were given in Figure 8(a—c). Similar ~ mograms of PMMA and its nanocomposites (Table
to PMMA, nanocomposites degrade in two steps.  2). Among PMMA/p-SWCNT nanocomposites, the



Figure 6. TEM images of SWCNTs and PMMA nanocomposites:
(@) p-SWCNT, (b) p-SWCNT-OH, (c) p-SWCNT-O-APTS, (d)
PMMA/p-SWCNT-OH (1 wt.%) and (e) PMMA/p-SWCNT-O-
APTS (1 wt.%).

sample with the highest thermal stability was deter-
mined as PMMA/p-SWCNT (0.1 wt.%). With the
increase of the p-SWCNT amount of the nanocompo-
site, Ty values first increased and then decreased. Ty,
and Tgy temperatures of PMMA was calculated as
291°C and 395°C, respectively, while T, and Tgo
temperatures for PMMA/p-SWCNT (0.1 wt.%) nano-
composite was calculated as 324 and 398 °C. The
increase in T temperature of nanocomposite is con-
siderably higher than Tg, temperature. Ty, and
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Figure 7. Two-dimensional and three-dimensional AFM analy-
sis: (@) PMMA/p-SWCNT (0.1 wt.%), (b) PMMA/p-SWCNT (0.5
wt.%), () PMMA/p-SWCNT (1 wt.%), (d) PMMA/p-SWCNT-OH
(1 wt%) and (e) PMMA/p-SWCNT-O-APTS (1  wt.%)
nanocomposites.

Table 1. Profile and area roughness parameter values of
PMMA nanocomposites.

Nanocomposites Ra Rq Sa Sq
PMMA/p-SWCNT (0.1 wt.%) 16.3 20.6 16.4 218
PMMA/p-SWCNT (0.5 wt.%) 56.6 66.8 55.9 67.9
PMMA/p-SWCNT (1 wt.%) 50.8 62.5 574 76.2
PMMA/p-SWCNT-OH (1 wt.%) 517 60.2 56.2 753

PMMA/p-SWCNT-O-APTS (1 wt.%) 16.7 20.7 17.9 26.4

Tmax2 temperatures are 213°C and 385°C for PMMA,
while it is 151°C and 387°C for PMMA/p-SWCNT
(0.1 wt.%) nanocomposite. The decrease in T
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Figure 8. TG thermograms of (a) PMMA/p-SWCNT, (b)
PMMA/p-SWCNT-OH and () PMMA/p-SWCNT-O-APTS
nanocomposites.

temperature is probably due to solvent and impurities
in the structure of nanocomposite. Moreover, the
residual amount of all nanocomposites increased
with the increasing amount of filling. The sample
with the highest thermal stability among PMMA/
p-SWCNT-OH nanocomposites is PMMA/p-
SWCNT-OH (0.1 wt.%). Tpax; and Ty, tempera-
tures were determined as 230°C and 390°C, while
T1o and Ty temperatures were determined as 318°
C and 401°C. Compared to PMMA, increases of
27°C, 6°C, 17°C and 5°C occurred in T .1, Tmax2
T1o and Tg, temperatures, respectively. It was also
observed that the amount of residual increased
when the amount of filling increased. The increase
in thermal stability may be due to hydrogen bonds
formed between the carbonyl group of PMMA and
the hydroxyl group of p-SWCNT-OH. SEM images
show that p-SWCNT-OHs are not agglomerated

and are uniformly dispersed in the PMMA matrix.
This homogeneous distribution can lead to
increased hydrogen bonds between PMMA and
CNTs. Therefore, it can be said that the nanocom-
posite exhibits higher thermal stability. Among the
PMMA/p-SWCNT-O-APTS samples, the nanocom-
posite with the highest thermal stability is PMMA/p-
SWCNT-O-APTS (0.1 wt.%). Compared to PMMA,
increases of 5°C, 2°C and 6°C occurred in T, .41,
Tmaxe and Tgy temperatures, while a decrease of 6°
C in Ty temperature was observed. The residual
amount of nanocomposites increased with increas-
ing amount of filling.

From the above results, the nanocomposites with
the highest thermal stability among all nanocompo-
sites were determined as samples containing 0.1
wt.% CNT. This shows that the CNTs are more homo-
geneously dispersed between the polymer chains at
low ratios, but they are not effectively dispersed or
partially agglomerated between the polymer chains
due to the van der Waals interactions between CNT's
at high ratios. As a result, the thermal stability of
nanocomposites with high CNT ratios will be low.
The sample with the highest thermal stability among
all nanocomposites is PMMA/p-SWCNT-OH (0.1
wt.%). p-SWCNT does not have any functional
groups. However, p-SWCNT-O-APTS has an amine
containing organo silane group. The steric effect is
an important factor in the interaction of bulky mol-
ecules. Although p-SWCNT has the highest thermal
stability among CNT samples, its interaction with
PMMA is very limited since it does not have any func-
tional groups in its structure. Therefore, the thermal
stability of its nanocomposites is lower than that of
p-SWCNT-OH. p-SWCNT-OH has lower thermal
stability than p-SWCNT. However, the thermal stab-
ility of its nanocomposites is higher because the
hydroxyl functional group in its structure forms
hydrogen bonds with the carbonyl group of PMMA.
As can be seen from Table 2, both T, and T, temp-
eratures of PMMA/p-SWCNT-OH (0.1 wt.%) nano-
composite are higher than those of other
nanocomposites. In addition, it can be said that the
steric effect is not important in the interaction of the
hydroxyl group of p-SWCNT-OH with the carbonyl
group of PMMA. The thermal stability of nanocompo-
sites of p-SWCNT-O-APTS is higher than nanocom-
posites of p-SWCNT but lower than p-SWCNT-OH
nanocomposites. p-SWCNT-O-APTS is the most
thermally unstable filler. However, it has an amine-
containing organo silane group in its structure. The
amine group of this structure and the carbonyl
group of PMMA can form hydrogen bonds. However,
it can be said that the interaction will be low due to
difficulties in orienting the amine containing organo
silane group of p-SWCNT-O-APTS in a sterically suit-
able geometry to form hydrogen bond with the
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Table 2. Data obtained from DTA/TG and DSC thermograms for PMMA and its nanocomposites.

Samples TID(OC) TBO(OC) Tmax](oc) Tmaxz(cc) RESidue(%) Tg(cc)
PMMA 291 395 213 385 0.2 88
PMMA/p-SWCNT (0.1 wt.%) 324 398 151 387 05 9%
PMMA/p-SWCNT (0.5 wt.%) 288 396 17 384 1.2 97
PMMA/p-SWCNT (1 wt.%) 261 389 154 378 28 99
PMMA/p-SWCNT-OH (0.1 wt.%) 318 401 230 390 0.2 100
PMMA/p-SWCNT-OH (0.5 wt.%) 325 401 168 390 37 105
PMMA/p-SWCNT-OH (1 wt.%) 319 399 169 383 22 104
PMMA/p-SWCNT-O-APTS (0.1 wt.%) 285 401 218 387 04 90
PMMA/p-SWCNT-O-APTS (0.5 wt.%) 326 399 160 387 1.4 100
PMMA/p-SWCNT-O-APTS (1 wt.%) 338 403 198 386 14 100
PMMA/SDS 263 410 256 385 14.1 94
PMMA/SDS/p-SWCNT (0.1 wt.%) 265 443 285 395 176 92
PMMA/SDS/p-SWCNT (0.5 wt.%) 250 416 270 392 16.5 110
PMMA/SDS/p-SWCNT (1 wt.9%) 235 420 245 393 16.7 1
PMMA/SDS/p-SWCNT-OH (0.1 wt.%) 258 41 286 388 15.7 95
PMMA/SDS/p-SWCNT-OH (0.5 wt.%) 275 430 297 389 19.1 107
PMMA/SDS/p-SWCNT-OH (1 wt.%) 281 440 297 393 19.6 99
PMMA/SDS/p-SWCNT-O-APTS (0.1 wt.%) 280 425 305 398 16.6 94
PMMA/SDS/p-SWCNT-O-APTS (0.5 wt.%) 273 436 302 394 18.7 95
PMMA/SDS/p-SWCNT-O-APTS (1 wt.%) 279 - 298 391 20.3 96
carbonyl group of PMMA. In addition, the residual a T

amounts of all nanocomposites generally increased
with the increase of the filler material.

To investigate the effect of SDS on the thermal stab-
ility of nanocomposites, the same nanocomposites
were synthesised in SDS medium and the obtained
thermograms were shown in Figure 9. Ty, T, and
residual amounts calculated from these thermograms
were given in Table 2. DTG thermograms of the nano-
composites have been given in the supplementary
materials. It is seen that significant changes occur in
the thermal stability of nanocomposites synthesised
in SDS and non-SDS medium. The samples with the
highest thermal stability of PMMA/SDS/p-SWCNT,
PMMA/SDS/p-SWCNT-OH and PMMA/SDS/p-
SWCNT-O-APTS nanocomposites are PMMA/SDS/
p-SWCNT (0.1 wt.%), PMMA/SDS/p-SWCNT-OH
(I wt.%) and PMMA/SDS/p-SWCNT-O-APTS (0.1
wt.%), respectively. The samples with the highest ther-
mal stability for nanocomposites synthesised in an
SDS-free medium were nanocomposites containing
0.1 wt.% CNTs. In the medium with SDS, the samples
with the highest thermal stability except PMMA/SDS/
p-SWCNT-OH (1 wt.%) are PMMA/SDS/p-SWCNT
(0.1 wt.%) and PMMA/SDS/p-SWCNT-O- APTS
(0.1 wt.%). As can be seen, SDS provides both better
dispersion of CNTs in PMMA matrix and increased
interaction between CNTs and PMMA. The nano-
composite with the highest thermal stability in SDS
medium is PMMA/SDS/p-SWCNT-O-APTS (0.1
wt.%), followed by PMMA/SDS/p-SWCNT-OH (1
wt.%) and PMMA/SDS/ p-SWCNT (0.1 wt.%). SDS
provided significant increases in both T, and Ty
temperatures of the nanocomposites. Increases of 49,
13, 17 and 15°C for T 1415 Trnaxz> T10 and Tgg tempera-
tures of PMMA/SDS/p-SWCNT-O-APTS (0.1 wt.%)
nanocomposite; increases of 41°C, 8°C, 18°C and 30°
C for Thaxt> Tmaxz» Tio and Tgo temperatures of
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Figure 9. TG thermograms of (a) PMMA/SDS/p-SWCNT, (b)
PMMA/SDS/p-SWCNT-OH and (c) PMMA/SDS/p-SWCNT-O-
APTS nanocomposites.
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PMMA/SDS/p-SWCNT-OH (1 wt.%) nanocomposite;
and increases of 29, 10, 2 and 33°C for Taxi> Tmax2
T1o and Tgy temperatures of PMMA/SDS/p-SWCNT
(0.1 wt.%) nanocomposite were obtained relative to
PMMA, respectively. Compared to nanocomposites
synthesised in SDS-free medium, SDS significantly
increased both T, and T, temperatures of nanocom-
posites. For example, for the most thermally stable
PMMA/p-SWCNT-OH (0.1 wt.%) nanocomposite in
SDS-free medium, T, and T... temperatures
increased by 17°C and 5°C, respectively, while for
the most thermally stable PMMA/SDS/p-SWCNT-
O-APTS (0.1 wt.%) nanocomposite, Ty, and Ty
temperatures increased by 49°C and 13°C, respect-
ively. As can be seen, nanocomposites synthesised in
SDS medium are approximately 3 times more ther-
mally stable than nanocomposites synthesised in
SDS-free medium.

The thermal stability of nanocomposites syn-
thesised with p-SWCNT-OH in SDS-free medium
was higher than that of nanocomposites synthesised
with p-SWCNT-O-APTS. However, the thermal
stability of the nanocomposite prepared with p-
SWCNT-O-APTS in SDS medium is higher than
other nanocomposites. This result can be explained
by the fact that SDS disperses better in the PMMA
matrix by reducing the van der Waals attraction

forces among CNTs and creates the appropriate geo-
metry for hydrogen bonding between the carbonyl
group of PMMA and the amine group of p-
SWCNT-O-APTS. This situation is given in Figure
10. In addition, the nanocomposite with the highest
thermal stability among PMMA/SDS/p-SWCNT-
OH nanocomposites is PMMA/SDS/p-SWCNT-OH
(1 wt.%). This result shows that CNTs, which gain
hydrophilic properties by hydroxylation, are homo-
geneously dispersed in the PMMA matrix by redu-
cing the van der Waals attraction forces between
them in the SDS medium and interact more each
other.

As seen from Table 2, in general, it was observed
that the residual amount of nanocomposites
increased with the increase in the amount of filler
in the PMMA matrix and the addition of SDS and
functionalization. This situation may be due to
increasing CNT amount, increasing interaction
between CNTs and PMMA with functionalization,
and increasing interaction between PMMA and
CNT samples with the SDS adding. In literature,
ZnO nanostructures were synthesised by hydrother-
mal method using different molar ratios of CTAB
and SDS. The addition of SDS increased both the
degradation temperature and the residual amount
of ZnO [57].

PMMA/SDS/p-SWCNT-0-APTS

Figure 10. Interactions between the carbonyl group of PMMA and the amine group of p-SWCNT-0-APTS in SDS and SDS-free

media.



DSC analysis

The glass transition temperature, Tg, is one of the
main distinguishing features of polymeric materials,
and this temperature can be determined by DSC
analysis. It is the temperature at which the substance
losses its glassy properties and begins to acquire vis-
cous properties [58]. In this study, the glass transition
temperatures of all nanocomposites prepared in SDS
and SDS-free media were measured and compared
with the T, values of PMMA and PMMA/SDS. As
can be seen from Table 2, the glass transition tempera-
tures of all nanocomposites increased except PMMA/
SDS/p-SWCNT (0.1 wt.%) nanocomposite. Nano-
composites with the highest glass transition tempera-
ture were not corresponded to nanocomposites with
the highest thermal stability. For example, for nano-
composites prepared in SDS-free medium, the samples
with the highest thermal stability were nanocompo-
sites containing 0.1 wt.% CNT, while the samples
with the highest glass transition for PMMA/p-
SWCNT, PMMA/p-SWCNT-OH and PMMA/p-
SWCNT-O-APTS nanocomposites are PMMA/p-
SWCNT (1 wt.%) (Tg 99°C), PMMA/p-SWCNT-
OH (0.5 wt.%) (T4 105°C) and PMMA/p-SWCNT-
O-APTS (0.5 wt.%) (T, 100°C).

The samples with the highest glass transition temp-
erature of PMMA/SDS/p-SWCNT, PMMA/SDS/p-
SWCNT-OH and PMMA/SDS/p-SWCNT-O-APTS
nanocomposites prepared in SDS medium are
PMMA/SDS/p-SWCNT (1~ wt%) (Tg111°C),
PMMA/SDS/p-SWCNT-OH (0.5 wt.%) (T,: 107°C)
and PMMA/SDS/p-SWCNT-O-APTS (1 wt.%) (Tg:
96°C). The nanocomposites with the highest glass
transition temperature are the same samples with
and without SDS. The increases in the glass transition
temperatures of PMMA/SDS/p-SWCNT (1 wt.%),
PMMA/SDS/p-SWCNT-OH (0.5 wt.%), and PMMA/
SDS/p-SWCNT-O-APTS (1 wt.%) nanocomposites
compared to PMMA/SDS are 17°C, 13°C and 2°C,
respectively. On the other hand, the increases in the
glass transition temperatures of PMMA/p-SWCNT
(I wt%), PMMA/p-SWCNT-OH (0.5 wt.%) and
PMMA/p-SWCNT-O-APTS (1 wt.%) nanocompo-
sites compared to PMMA are 11°C, 17°C and 12°C,
respectively. These results show that the addition of
SDS to the nanocomposite synthesis medium does
not have a significant effect on the glass transition
temperatures of the nanocomposites. The highest
glass transition temperature increase was obtained as
17°C for PMMA/p-SWCNT-OH (0.5 wt.%) and
PMMA/SDS/p-SWCNT (1 wt.%) nanocomposites.

These findings show that PMMA began to fracture
at the lower temperature due to the softness of the
polymer, while the mechanical fracture of the compo-
site shifted to a higher temperature, suggesting that the
p-SWCNT/modified SWCNT samples further restrict
the movement of PMMA chains. The surface
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modification of SWCNT and the filling ratio affected
T, value of PMMA, resulted in increased stiffness of
the composite material and contributed to the mech-
anical reinforcement [28]. Benlikaya and Alkan exam-
ined the glass transition temperatures of PMMA/
sepiolite/modified sepiolite nanocomposites and
found that the glass transition temperature of
PMMA increased in the THF medium and decreased
in the acetone medium. T, value of PMMA was deter-
mined as 110°C [56]. In the literature, T, temperatures
of PMMA were measured as 108°C [59], 99.9°C [60]
and 96.5°C [27] by different researchers. In this
study, T, values of the PMMA and PMMA/SDS
were determined as 88°C and 94°C, respectively. The
reason for these variations among the glass transition
temperatures of PMMA could also be as a result of the
different molecular weights of the polymers used or
the specific synthesis methods of PMMA. It can be
said that surfaces that provide strong interaction
with the polymer, hydrogen bonds at the polymer-
substrate interface and SWCNTs dispersed in the
polymer with a higher aspect ratio lead to higher T,
temperatures [61].

Conclusions

In this study, by using SWCNT's modified with different
functional groups, thermal properties improved PMMA
nanocomposites were successfully produced by solvent
casting method. In nanocomposites, it was observed
that CNT samples were uniformly dispersed in the
PMMA matrix, preserved their tubular structure and
were in nano size. PMMA/p-SWCNT-OH (0.1 wt.%)
nanocomposite is both thermally stable and has a high
glass transition temperature. PMMA/SDS/p-SWCNT-
O-APTS (0.1 wt.%) nanocomposite is the most ther-
mally stable nanocomposite. These nanocomposites,
whose thermal stability and glass transition tempera-
tures have increased, may have more uses in industries
such as automobile, aerospace, sports, construction,
glass, etc. In addition, the functionalised CNTs may
have the potential to be used in improving the thermal
properties of other polymers used in industry, and in
the energy field, especially in hydrogen and carbon
dioxide storage, and in the production of gas sensors.
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