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Abstract: Polystyrene nanocomposite materials prepared with differently functionalized multiwall carbon nanotubes 
(CNT) as nanofillers were investigated. Two types of functionalized multiwall carbon nanotubes were used: oxidized 
(CNT-COOH) and their ester analogue with ethylbenzene groups (CNT-COOEtBz) introduced by further functionalization 

of the fore. The functionalized nanotubes were examined by thermogravimetric analysis and contact angle method that 
both revealed differences between them. Also, their dispersion was investigated in polar methanol and non-polar toluene 
with the assistance of UV-Vis spectrophotometer. Good dispersion of CNT-COOH in methanol and CNT-COOEtBz in 

toluene is in accordance with polarity introduced on the surfaces of carbon nanotubes. Mixtures of styrene monomer and 
1 wt. % of CNT-COOH or CNT-COOEtBz in toluene were reacted in a radical in-situ polymerization reaction in order to 
prepare corresponding nanocomposites. Prior to the reaction nanotubes were dispersed by sonication of the reaction 

mixture. The synthesized composites were characterized by the SEC, TGA, DSC, DMA, SEM and contact angle method. 
The DSC measurements show a significant Tg shift towards lower temperature since Tg of studied PS is around 60 °C 
and Tg of PS composites with CNT-COOH at 35 °C and CNT-COOEtBz at 33 °C. The storage modulus increase in the 

PS/CNT-COOEtBz composite can be assigned to a larger similarity of matrix and filler structure. This is corroborated 
with the SEM micrographs where much lesser extent of agglomeration can be seen.  
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1. INTRODUCTION 

Polymer materials have changed our life style over 

the last 60 years immensely, so much that it can be 

considered revolutionary. And their expansion into new 

and more complex and demanding areas of application 

continue. One very important area of their application is 

the composite materials where polymer composites 

take a prominent place. Because composite materials 

can be the answer to ever increasing demand for 

materials of exceptional quality, multi-purpose and 

multifunctional materials for various applications in the 

industry. Among the most extensively used nanofillers 

are those belonging to the class of aluminum silicates, 

calcium carbonate, silicon dioxide, titanium dioxide, 

zinc oxide, as well as metal nanoparticles (Ag, Au, Cu, 

Rh, Pd) [1-3], which can further be differentiated by 

means of processing method, shapes, geometry, etc. 

Also, along with many other fillers carbon nanotubes 

(CNTs) are often used. Primarily, because carbon 

nanotubes exhibit a wide range of excellent 

mechanical, electrical, magnetic, and optical properties 

as well as nanometer scale diameter and high aspect 

ratio, along with chemical stability. This make them an 

ideal e.g. reinforcing agent for high strength polymer 

composites since their mechanical properties, such as 

Young’s modulus and tensile strength, considerably  
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exceed those of currently available materials [4]. The 

research in this area started with Ajayan et al. [5] who 

has reported the first polymer nanocomposites using 

CNTs as a filler. Afterwards, different polymer/CNT 

nanocomposites have been prepared by incorporating 

CNTs into various polymer matrices, such as 

thermoplastics [6, 7], thermosetting resins [8, 9], liquid 

crystalline polymers [10], water-soluble polymers [11], 

conjugated polymers [12], to name just some 

examples. However, besides their extraordinary 

properties that provoked intense research activity, 

there are some characteristics that cause problems 

detected while preparing and formulating 

nanostructured composites based on CNT. It is 

extremely difficult to disperse and align CNTs in a 

polymer matrix because they usually form stabile 

bundles due to Van der Waals interactions. Therefore, 

the biggest issues in the preparation of CNT-reinforced 

composites is how to achieve an efficient dispersion of 

CNTs in a polymer matrix, the assessment of the 

dispersion, as well as the alignment of the CNTs in the 

matrix. Several methods are used for the dispersion of 

nanotubes in the polymer matrix such as melt-

compounding or solution mixing, in-situ polymerization, 

etc. Additionally, the issue of dispersion and 

agglomeration of carbon nanotubes can be dealt dually 

by the procedure of nanocomposites preparation or 

modification of interactions between filler and matrix. 

Here, covalent or non-covalent modification of 

nanotubes can be used in order to improve 

interactions. It is known from the literature [13-20] that 
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by covalent functionalization of CNTs their solubility as 

well as dispersion in solvents and polymer can 

improve. Generally, covalent functionalization can be 

accomplished by direct reagents to the side walls of 

nanotubes or by modification of the groups bounded on 

the surface, in our case carboxylic acid groups. The 

presence of carboxylic acid groups on the nanotube 

surface is more convenient than others because a 

variety of chemical reactions can be carried out with 

this group. The presence of –COOH groups on the 

nanotube surface enables the attachment of both 

inorganic and organic materials [21] but we have 

introduced ethylbenzene groups in order to evidence 

interaction of covalently functionalized CNTs with 

resembling polystyrenic matrix, since polystyrene 

belongs among four common plastic materials and is 

often used polymer matrix. 

2. MATERIALS AND METHODS 

2.1. Materials 

Oxidized multiwall CNT from Chengdu Organic 

Chem. Co., Chinese Academy of Sciences, were used 

as received. The characteristics of used oxidized CNT 

are: diameter from 10 to 30 nm, purity > 90 %, length 

from 10 to 30 μm and COOH content 1.55 wt. % (share 

of surface carbon atom: 8-10 mol. %). In 

functionalization reaction sodium hydroxide pellets (98 

%, Kemika), (2-bromoethyl)benzene (97 %, Fluka), 

hexadecyltrimethylammonium bromide (98 %, Sigma 

Aldrich) and demineralized water were used. For the 

purification of obtained functionalized CNT-COOEtBz, 

chloroform (99 %, Carlo Erba Reagenti), methanol 

(99.5 %, Carlo Erba Reagenti) and demineralized water 

were used. In the polymerization reactions styrene 

monomer (ST, polymerization grade, Fluka), 1,1-di(tert-

butylperoxy)-3,3,5-trimethylcyclohexane (Trigonox 29
®
, 

Akzo Chemie) as an initiator and toluene (p. a., Carlo 

Erba Reagenti) as a solvent were used. Mentioned 

solvents were also used in UV-Vis measurements. 

2.2. Reaction of Functionalization of CNT-COOH 
into CNT-COOEtBz 

Water solution of sodium hydroxide (250 ml, 6 mM 

NaOH) is added to oxidized multiwall carbon 

nanotubes (CNT-COOH, 1.55 wt. % COOH, 3 g) 

dropwise during 5 min with vigorous stirring. Additional 

mixing in ultrasonic bath is required (40 kHz, 30 min). 

Afterwards, during 5 minutes 20 ml of 6 mM NaOH 

solution that contains 500 mg of (2-bromoethyl) 

benzene and 100 mg of hexadecyltrimethylammonium 

bromide have been added dropwise in the flask. The 

reaction is allowed to proceed for 20 h, whereat 5 h at 

the reflux temperature. Prepared CNT-COOEtBz have 

been separated by vacuum filtration and subsequently 

washed with chloroform, methanol and demineralized 

water. Afterwards, CNT-COOEtBz were dried in a 

vacuum oven 48 hours at 50 °C. Resulting CNT-

COOEtBz are characterized by TGA, contact angle and 

UV-Vis measurements in order to prove effectiveness 

of functionalization procedure. Thermogravimetric 

analysis (TGA) was performed by TGA Q500 V20.13 

Build 39 instrument at a heating rate of 10 °C min
-1

 in a 

temperature range from room temperature up to 900 

°C, in an inert atmosphere of nitrogen. Sample mass 

was around 4 mg. Contact angle measurements were 

performed by OCA 200 Data Physics Contact Angle 

System. Water droplets (6 μl) were placed on the 

surface of different CNT films. These films were 

prepared via deposition of dispersion of nanotubes in 

chloroform on the glass surface at room temperature. 

Contact angle of water on the pure glass surface was 

50.7 °. Contact angle was measured after 10-15 s of 

contact between fluid and examined surface. 

Dispersion behavior of different CNTs in methanol and 

toluene were studied and quantified by using UV-Vis 

spectroscopy. Concentrations of nanotubes in the 

corresponding solvent from 10 to 50 mg L
-1

 in the step 

of 10 mg L
-1

 were prepared in the flasks that are further 

mixed using ultrasonic bath for two hours. After 

ultrasonic mixing UV-Vis measurements were under-

taken within 10-15 minutes. Absorption of individually 

dispersed CNTs in methanol and toluene was 

measured with Shimadzu UV-1650 PC spectropho-

tometer operating between 400 and 700 nm. 

2.3. Preparation and Characterization of Poly-
styrene Nanocomposites  

Styrene (40 g) was weighed in Erlenmeyer flask and 

1 wt. % of carbon nanotubes was added. The mixture 

was ultrasonically stirred in ultrasonic bath (40 kHz, 15 

minutes) and afterwards poured in a preheated reactor 

(50 °C). Toluene (60 g) was added and the resulting 

mixture was homogenized with ultrasound probe (3 

times for 30 seconds). Initiator 1,1-di(tert-butylperoxy)-

3,3,5-trimethylcyclohexane, 1 wt. % with respect to the 

mass of the monomer was added and mixture was 

heated to 105 °C. After reaching the set temperature 

the reaction was allowed to proceed for six hours in a 

nitrogen atmosphere. A batch reactor of 250 ml of 

volume, double jacked using oil as a heat exchanger 

was used. The reaction mixture was stirred with anchor 

mixer at 150 rpm. After the reaction completion the 

resulting polymer bulk was poured into the Teflon 

molds and placed for drying in an oven at 60 °C till the 

constant weight. 
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Average molecular weights and polydispersity of 

polystyrene (PS) homopolymer and PS matrix from 

nanocomposite systems were determined by Polymer 

Laboratories GPC 20 instrument. Approximately 30 mg 

of sample was dissolved in 6 ml of toluene and 

introduced for chromatographic analysis. Solutions of 

nanocomposite samples had been vacuum filtered 

through filter paper before measurements to remove 

the nanotubes. Stationary phase was poly(styrene-co-

divinylbenzene) copolymer gel of the particle size 3-

100 μm, mobile phase was toluene, flow rate of 1 ml 

min
-1

 and detector was a photosensitive cell. 

Thermogravimetric analysis (TGA) was performed by 

TGA Q500 V20.13 Build 39 instrument at a heating rate 

of 10 °C min
-1

 in a temperature range from room 

temperature to 600 °C for pure polystyrene and to 900 

°C for nanocomposites, in air. Mass of examined 

samples was around 15 mg. Differential scanning 

calorimetry (DSC) analysis was performed by 

DSC823e Mettler Toledo instrument. Masses of 

examined samples were 9-12 mg. Three heat-cool-heat 

runs were performed whereat heating and cooling rates 

were 10 °C min
1
. Heating data for the second scan 

were used. Dynamic mechanical analysis (DMA) was 

performed by DMA 983 TA Instruments. The size of 

test specimens was ca. length 50 mm, width 10-13 

mm, thickness ca. 2 mm. A constant frequency of jaw 

motion 1 Hz, 0.2 mm amplitude, a temperature interval 

from -30 °C to 80 °C at a heating rate of 5 °C min
-1

 

were applied. Scanning electron microscopy (SEM) 

recording was carried out by VEGA 3 TESCAN 

microscope, with a detector of secondary electrons. All 

samples were previously sputter coated with Au or Pd 

in the argon plasma to enhance their conductivity. 

Contact angle measurements were performed by OCA 

200 Data Physics Contact Angle System. Water 

droplets (2 μl) were placed on the surface of 

nanocomposites and contact angle was measured after 

10-15 s of contact between fluid and examined surface. 

3. RESULTS AND DISCUSSION 

3.1. Functionalization of Oxidized into Ethyl-
benzene Ester Multiwall Carbon Nanotubes 

The reaction pathway of CNT-COOH modification is 

shown in Figure 1. In the first step carboxylic groups of 

oxidized CNTs were converted into sodium salt form, 

which in the next step reacted with (2-bromethyl)-

benzene giving corresponding CNT-COOEtBz ester. 

Similar reaction pathway was previously used by Wang 

et al. [22]. In literature the esterification reaction has 

been also commonly done using thionyl chloride [23-

27] and N,N'-dicyclohexylcarbodiimide [28-30]. 

3.2. Characterization of Ethylbenzene Ester 
Multiwall Carbon Nanotubes 

Thermogravimetric analysis is often used to 

determine the extent of functionalization and influence 

of functionalization on thermal stability of CNT [22, 27, 

31, 32]. Here, thermal stability of functionalized 

multiwall carbon nanotubes measured in inert 

atmosphere of nitrogen has displayed a significant 

difference between the two kinds of nanotubes (Figure 

2). The total weight change of CNT-COOH is much 

smaller while CNT-COOEtBz exhibit much more 

intensive weight loss. Thus, the total weight loss in 

former nanotubes amounts less than 4 wt. % (up to 900 

°C) while the latter such a loss display bellow 600 °C 

and the total loss higher than 10 wt. %. Bulkier 

ethylbenzene ester group attached onto nanotubes 

show lower stability, which results with higher fraction 

of volatile components. 

The surface wettability of modified CNTs was 

quantified by contact angle measurements with water 

droplets. Contact angle values and corresponding 

photographs measured on CNT films and pure glass 

(measured for comparison reasons) are given in Table 

1. Measurements of contact angle reveal a large 

difference in the surface properties of nanotubes with 

carboxyl functional groups and ethylbenzene ester 

group. Water droplets in contact with the surface of 

CNT-COOH display immediate seepage which points 

to a strong surface hydrophilicity as a result of 

interactions with the polar carboxylic groups. This 

behaviour is consistent with the literature data [22, 27]. 

On the other hand, in case of CNT-COOEtBz water 

droplets display a contact angle of 141.1 °. This high 

angle is a result of increased hydrophobicity due to the 

introducing of nonpolar groups onto the surface of 

nanotubes. 

 

Figure 1: Reaction of CNT-COOH with NaOH and further functionalization with (2-bromoethyl)benzene into CNT-COOEtBz. 
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Figure 2: TGA of functionalized nanotubes measured at a 
heating rate of 10 °C min

-1
 in an inert atmosphere of nitrogen. 

 

Table 1: Pictures and Values of Contact Angle of Water 
Droplets on the Examined Surfaces  

Sample Shape of water droplets 
Contact 

angle 

Pure glass 

 

50.7 ° 

CNT-COOH 

 

Seepage 

CNT-COOEtBz 

 

141.1 ° 

 

Chemical functionalization of carbon nanotubes 

influences their dispersibility in solvents, among other 

properties. As a result, tailoring of this ability in organic 

solvents and water enables improvement of their 

compatibility with other materials, facilitating the 

preparation of composites [33,34]. Functionalization not 

only facilitates carbon nanotubes manipulation by 

various processes (mixing, blending, ultrasonic 

dispersing) but also allows tuning of their chemical and 

physical properties for specific demands and 

applications. After mixing of functionalized nanotubes 

(concentration of 0.1 wt. %) with water per hand, it was 

observed that oxidized nanotubes fell to the bottom, 

while those modified with ethylbenzene remained on 

the surface due to their hydrophobicity (Figure 3).  

 

Figure 3: Behaviour of functionalized nanotubes (0.1 wt. %) 
CNT-COOH (left) and CNT-COOEtBz (right) in water after 
mixing per hand. 

Also, dispersions of nanotubes were investigated in 

methanol and toluene. Methanol was selected as a 

polar solvent, while toluene was selected as a non-

polar solvent. Nanotubes were dispersed in the 

selected solvent using ultrasonic bath during 2 hours. 

Dispersibility was measured by a UV-Vis 

spectrophotometer, whereat the concentration of 

dispersed nanotubes was counted via molar extinction 

coefficient, which is 500 = 28.6 cm
2
 mg

-1
 at 500 nm 

[35]. Quality of dispersion is expressed with the 

dispersibility index (DI), which is defined as: 

DI = cUV  100 / c 

where c is the concentration of added CNTs and cUV 

the concentration of individually dispersed nanotubes 

from UV-Vis measurements. 

Dispersibility index of both kinds of nanotubes in 

toluene and methanol are shown in Figures 4 and 5, 

respectively. The calculated values of the dispersibility 

index slightly over 100 % can be explained either as a 

consequence of ultrasonic mixing where the possibility 

of pulling or breaking of nanotubes cannot be excluded, 

which finally leads to their increased number or as a 

consequence of experimental error during the samples 
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preparation. Regarding dispersion of CNT-COOH 

nanotubes in toluene (Figure 4) one can see that as the 

concentration increases from 10 mg L
-1

 to 50 mg L
-1

 the 

dispersibility index decreases from ca. 60 % to 15 %. 

On the other hand, CNT-COOEtBz display an opposite 

behavior, being placed in a solvent of similar polarity 

where increase in their concentration leads to the 

increase of dispersibility index (from 80 % up to 100 

%), except for the highest concentration where a 

marked decrease of index is observed (45 %). Figure 5 

shows dispersibility index of both kinds of nanotubes in 

methanol. Again, a significant difference between two 

systems regarding the index vs. concentration 

dependence can be observed. The dispersions of CNT-

COOH show similar dispersibility index (90%-100%) for 

all examined concentrations. Although the highest 

index is recorded for the lowest concentration, with the 

further concentration increase the dispersibility index 

remain high, above 90 %. However, the dispersibility 

index of CNT-COOEtBz being placed in a solvent of 

opposite polarity decreases from ca. 70 % down to 20 

% as their concentration increases.  

 

Figure 4: Dependence of dispersibility index on the 
concentration of CNT-COOH and CNT-COOEtBz in toluene. 

 

 

Figure 5: Dependence of dispersibility index on the 
concentration of CNT-COOH and CNT-COOEtBz in 
methanol. 

In both cases one can see that the dispersibility of 

nanotubes depends strongly on interactions between 

functional groups on the CNT surface and a solvent 

surrounding them. The dispersibility of functionalized 

nanotubes is much higher if they are mixed with a 

solvent of similar polarity compared with a solvent of 

opposite polarity. As the concentration increases the 

dispersibility decreases in solvent of opposite polarity 

because the interactions between carbon nanotubes 

are more pronounced and they tend to agglomerate. 

However, interactions between carbon nanotubes are 

less pronounced in a solvent of similar polarity, but if 

the critical concentration has been exceed, like in case 

of CNT-COOEtBz in toluene, agglomeration of 

nanotubes becomes a dominant effect and, therefore 

the dispersibility decreases with the concentration 

increase.  

3.3. Polystyrene Composites with Oxidized and 
Ethylbenzene Ester Multiwall Carbon Nanotubes  

There is a very intensive research activity regarding 

composites of carbon nanotubes in polymer matrix 

based on polystyrene and its copolymers. In most of 

the cases solution processing or melt-blending [36-38] 

is used as a common method of composites 

preparation. However, the researches that include 

synthesis of polystyrene matrix are scarce and are 

mainly related to the specific polymerization 

procedures [39-41]. Here, two kinds of polystyrene 

composites with oxidized and ethylbenzene ester 

multiwall carbon nanotubes as fillers are prepared by 

in-situ polymerization. Afterwards, the obtained 

nanocomposites are characterized. 

The compatibility of the CNTs and monomer can 

affect polymerization. There are conflicting findings in 

the literature [42-44], about the impact of carbon 

nanotubes present in the reaction mixture on the 

molecular weights and polydispersity index of resulting 

polymeric matrix. It depends on monomer and initiator 

type, polymerization conditions, as well as surface area 

and quality of the nanotubes. Thus, Seppällä et al. [44] 

have found that in emulsion polymerization of styrene, 

multiwall CNTs increased the molar mass. The 

increase of molar mass was based on the compatible 

molecular structures of CNTs and styrene, so that 

individual nanotubes were covered by monomer clouds 

when initiator arrived. The CNTs stabilized the 

emulsions, and molar mass distributions narrowed with 

higher amounts of CNTs. In combined emulsion/ 

suspension polymerization of styrene, CNTs reacted 

with the initiator and there was less initiator to 

polymerize the monomer. 
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Homopolymerization of styrene and both its 

composites were performed under the same conditions 

in order to determine the effect of present nanotubes 

on the final structure of polystyrene matrix. Prior to 

GPC/SEC measurements solution of composites was 

filtered (in order to remove CNTs). For the comparison 

reason, solution of pure PS was filtered, as well. Figure 

6 shows obtained chromatographs and values of 

number (Mn) and weight (Mw) averages as well as 

polydispersity index (PD) are given in Table 2. There is 

no any significant difference between values for pure 

polystyrene before and after filtration. This finding 

bespeaks as valid values obtained for the prepared 

composites after filtration. It is evident that the 

presence of nanotubes in PS/CNT-COOH causes 

increase in Mn (19%) and Mw (13%) but reduces PD 

(5%), while even a greater increase of Mn (44%) and 

Mw (41%) with a negligible reduction of PD (2%) cause 

present nanotubes in PS/CNT-COOEtBz. 

 

Figure 6: Chromatographs of polystyrene (PS) before and 
after filtration (f) and PS/CNT-COOH and PS/CNT-COOEtBz 
composites. 

Thermal stability of synthesized PS/CNT-COOH or 

PS/CNT-COOEtBz composites was investigated by TG 

analysis. The obtained thermograms shown in Figure 7 

display clearly that the addition of nanotubes does not 

have a significant impact on thermal stability of 

nanocomposites with respect to the pure polymer. It is 

noted that all three systems show major thermal 

decomposition in one step at temperatures above 300 

°C. Furthermore, in the area of weight loss of up to 5 % 

PS and PS/CNT-COOH composite behave alike, the 

loss occurs at temperature 223 °C and 241 °C, 

respectively. But the PS/CNT-COOEtBz shows a larger 

initial instability which is probably associated with 

somewhat larger amount of residual styrene or toluene 

due to the favorite interaction with CNT-COOEtBz. This 

composite exhibits a weight loss of 5 % at temperature 

as low as 175 °C while in the range 225 °C to 240 °C 

the loss exceeds 10 %. 

 

Figure 7: Thermal stability of PS (1), PS/CNT-COOH (2) and 
PS/CNT-COOEtBz (3) measured at a heating rate of 10 °C 
min

-1
 in air. 

Figure 8 shows thermographs of the final stage of 

thermal decomposition as an evidence of nanotubes 

Table 2: Molar Weight Averages and Polydispersity Index of Polystyrene (PS) and its Composites 

Sample Mn / g mol
-1

 Mw / g mol
-1
 Mz / g mol

-1
 PD 

PS (non-filtered) 24400 49900 85100 2.04 

PS (filtered) 24600 49100 82200 2.00 

PS/CNT-COOH 29200 55300 89500 1.89 

PS/CNT-COOEtBz 35500 69300 115400 1.95 

 

Figure 8: Thermographs of the final stage of thermal 
decomposition of PS (1), PS/CNT-COOH (2) and PS/CNT-
COOEtBz (3) composites. 
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combustion. It can be seen that complete 

decomposition of PS and PS/CNT-COOEtBz 

composite appear at the similar temperature around 

550 °C. However, in the PS/CNT-COOH composite it 

happens at temperature above 700 °C, which indicates 

higher stability of nanotubes oxidized with carboxylic 

groups. Also, from these data a share of nanotubes in 

nanocomposites can be calculated. Calculations of the 

mass remaining after decomposition of the majority of 

polymer matrix (around 440 °C) and subtracting the 

mass of PS residue, give 1.21 % in PS/CNT-COOH 

and 0.93 % in PS/CNT-COOEtBz, both matching the 

theoretical value of 1 wt. %. Here, the initial 

decomposition step is not taken into consideration. 

The DSC thermal curves of pure polystyrene, 

PS/CNT-COOH and PS/CNT-COOEtBz nanocom-

posites are shown in Figure 9. One can see that the 

addition of modified multiwall carbon nanotubes affects 

significantly the glass transition temperature (Tg) of 

styrene homopolymer. In comparison to pure PS the 

composites display the Tg shift downwards of about 25 

°C, though the Tg values in both composites are 

similar, within 2 °C. The Tg shift indicates that the 

addition of 1 wt. % of nanotubes causes the plasticizer 

effect and enhances movement of macromolecular 

chains. Also, thermal conductivity of nanocomposites 

[45] is improved, which enables a faster input of energy 

within the sample, and is another reason for the Tg 

lowering. 

 

Figure 9: DSC thermal curves of heat flow vs. temperature 
for: PS, PS/CNT-COOH and PS/CNT-COOEtBz composites. 

In order to complement the information provided by 

the traditional techniques of thermal analysis, DSC and 

TGA, dynamic mechanical analysis of materials was 

applied, too. DMA was performed in a temperature 

range from -30 °C to 80 °C to investigate mechanical 

properties of studied materials and further understand 

the influence of carbon nanotubes. Figure 10 shows 

that in the temperature range from -30 °C to room 

temperature there is a big difference in storage 

modulus (E') between the two composites. Thus, 

PS/CNT-COOEtBz shows approximately twice as high 

storage modulus as PS/CNT-COOH composite while E' 

modulus of pure PS lies in the middle. In that 

temperature range PS/CNT-COOEtBz are stronger 

associated with the polymer matrix due to the similar 

polarity and the possibility of additional -  interactions 

between the benzene groups of polystyrene and those 

on nanotubes, which increases storage modulus. On 

contrary, the polar COOH groups of oxidized 

nanotubes display poor interactions with polymer 

matrix because of different polarity that result in the 

storage modulus decrease in comparison with pure PS. 

However, as the temperature rises, these interactions 

become weaker and consequently the effect of 

nanotubes functionalization on the improvement / 

worsening of the storage modulus vanishes. 

 

Figure 10: DMA analysis of PS (1), PS/CNT-COOH (2) and 
PS/CNT-COOEtBz (3) composites: (left) storage modulus 
(E'), (right) angle of phase shift (tan ). 

Polystyrene having loss modulus (E'') of 330 MPa 

surpasses almost three times both its composites 

(Table 3). But Tg values drawn from E'' are relatively 

close in all three materials (36.3, 42.3 and 39.6 °C). 

However, both composites display a shift towards 

higher Tg relative to polystyrene as opposite to what 

was recorded by DSC measurements. At the same 

time, polystyrene displays Tg at 36 °C that is much 

lower compared to 60 °C recorded by DSC. All this 

indicates the differences between the various methods. 

Figure 10 shows the angles of phase shift (tan ), 

which represents the ratio of the energy loss due to 

friction and the maximal potential energy that is stored 

in the examined material. One can see that the tan  
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increases significantly only beyond the glass transition 

temperature, after the increase in the mobility of kinetic 

units takes place. The ability of material to store or 

dissipate energy can be estimated based on plotted 

curves. Polystyrene displays the highest values of tan  

over a broad range of temperature from 20 °C to 70 °C 

with a maximum higher than 1.2 around 40 °C. 

PS/CNT-COOEtBz exhibit similar behavior apart from 

that its maximum barely exceeds 1.0 and is shifted 

towards higher temperature (70 °C). A high angle of 

phase shift of a material does not necessarily mean 

that it is the material of choice, because the attention 

should be paid to each module separately. Very good 

materials for the energy storage (noise and vibration 

absorption) are those with both high storage module, 

as well as the tan . 

The surface properties of composites were 

investigated by measuring contact angle, which has 

clearly shown the effect of the addition of nanotubes. 

Thus, the PS/CNT-COOEtBz shows a decrease of 

contact angle of only 3 °, while in PS/CNT-COOH a 

more pronounced reduction of 16 ° relative to the 

contact angle of pure polystyrene occurs (Table 4). The 

latter material is an obvious example of the 

hydrophilicity increase due to introduction of hydrophilic 

nanotubes in the system, even in as small quantities as 

1 wt. % (cf. Tab. 1). 

Table 4: Values of Contact Angle of Examined Materials 

Sample Contact angle / 
o
 

PS 93.8 ± 3.1 

PS/CNT-COOH 78.0 ± 4.3 

PS/CNT-COOEtBz 90.7 ± 2.5 

 

In order to determine the quality of the dispersion 

and the extent of agglomeration of modified nanotubes 

in polystyrene matrix SEM images were taken. In both 

samples a fairly good homogeneous distribution of 

nanotubes can be seen, whereat nanotubes in images 

are presented as bright dots or dashes (Figure 11). In 

the PS/CNT-COOH composite (Figure 11a and b) 

small areas of agglomeration appear, while in the 

PS/CNT-COOEtBz the areas of agglomeration were 

not observed even at a higher magnification (Figure 

11c and d). Nanotubes in PS/CNT-COOH can be seen 

at lower magnifications (Figure 11a) because they have 

been pulled out of the polymer matrix to a large extent. 

In PS/CNT-COOEtBz it is difficult to spot nanotubes 

(Figure 11c) though at a higher magnification they can 

be seen as bright dots (Figure 11d). These phenomena 

indicate that upon the brittle fracture of sample in case 

of PS/CNT-COOH pulling of nanotubes from the 

polymer matrix occurs due to weaker interaction while 

in PS/CNT-COOEtBz the pulling is less pronounced 

because of better interaction. 

CONCLUSION 

Reaction of covalent functionalization of CNT-

COOH with NaOH and further with (2-bromethyl)-

benzene into CNT-COOEtBz was successfully 

performed, whereupon they display different behavior 

when characterized by thermogravimetric analysis and 

contact angle measurements. Also, undertaken UV-Vis 

measurements show distinctive dispersibility of 

functionalized nanotubes in polar methanol and non-

polar toluene. 

Furthermore, composites of CNT-COOH or CNT-

COOEtBz and polystyrene matrix are prepared and 

characterized. The addition of modified multiwall 

carbon nanotubes affects significantly the glass 

transition temperature (Tg) of styrene homopolymer, 

which results with Tg downwards shift of ca. 25 °C 

relative to pure PS in both composites. Two 

composites display a big difference in storage modulus 

(E'). The PS/CNT-COOEtBz shows approximately 

twice as high storage modulus as PS/CNT-COOH 

composite due to the similar polarity and the possibility 

of additional -  interactions between the benzene 

Table 3: Values of Loss Module (E'') of PS, PS/CNT-COOH and PS/CNT-COOEtBz Composites at Various 
Temperatures. 

Sample PS PS/CNT-COOH PS/CNT-COOEtBz 

E'' (-20 °C) / MPa 63 46 63 

E'' (0 °C) / MPa 66 44 61 

E'' (20 °C) / MPa 83 41 85 

E'' (Tg) / MPa  330 (36.3 °C) 115 (42.3 °C) 130 (39.6 °C) 

E'' (60 °C) / MPa 8 30 12 
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groups of polystyrene and those on nanotubes. Also, 

the contact angle measurements display differences 

between two composites where the PS/CNT-COOEtBz 

showed a decrease of only 3°, while in PS/CNT-COOH 

a more pronounced reduction of 16° relative to the 

contact angle of pure polystyrene was noticed. SEM 

micrographs of both composites display a fairly good 

homogeneous distribution of nanotubes, though it is 

better in the PS/CNT-COOEtBz because the areas of 

agglomeration were not observed even at a higher 

magnification. Also, upon the brittle fracture of the 

PS/CNT-COOEtBz sample the pulling is less 

pronounced due to better interaction between 

nanotubes and the polymer matrix. 
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    (a)       (b) 

     

   (c)       (d) 

Figure 11: Scanning electron microscopy of PS/CNT-COOH at a magnification of 2.63 kx (a) and 9.69 kx (b), and PS/CNT-
COOEtBz at a magnification of 5.10 kx (c) and 28.00 kx (d). 
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