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Abstract The effect of incorporation of octakis({alkyl}

dimethylsiloxy)octasilsesquioxanes molecules with

n-octyl, n-octadecyl and 4-methyl-hexyl substituents on

thermal properties of polypropylene (PP), low-density

polyethylene (LDPE) and high-density polyethylene

(HDPE) was investigated. Thermal properties of those

composite materials were evaluated by means of the dif-

ferential scanning calorimetry (DSC) and thermogravi-

metric analysis (TG) methods. The type and mass% content

of POSS nanofillers influenced the crystallization and

melting properties as well as thermal stability of the

obtained polyolefin nanocomposites. The incorporated

POSS particles—acting as nucleating agents—improved

the crystallization process of those polyolefin materials.

The POSS nanofiller with n-octyl substituents turned out

the most effective nucleating agent. The addition of POSS

nanofiller particles into the polyolefin matrix affected the

melting behavior of the nanocomposites obtained,

decreasing their melting temperatures. Thermal stability

under nitrogen as well as in air atmosphere was most sig-

nificantly enhanced for polyolefin nanocomposites con-

tained the POSS with n-octadecyl substituents. That may

result from improved compatibility of the POSS structure

with long n-alkyl chain substituents at the silicon–oxygen

core. The uniform dispersion of the long n-alkyl chain-

substituted POSS was confirmed by SEM analysis.

Keywords Polyolefin matrix (nano)composites �
Polyhedral oligomeric silsesquioxanes � Thermal

properties � Thermal stability � Nucleating agents

Introduction

New polymer materials attracted a great deal of interest

from both the academic and industrial points of view over

the last two decades. Special attention was paid to the

nanocomposites with polyhedral oligomeric silsesquiox-

anes (POSS) fillers [1].

POSS particles generally have diameters in the range of

1–3 nm, and they are considered to be the smallest possible

particles of silica [2–6]. The POSS structure can be

expressed by the general formula (RSiO3/2)n, where R is a

reactive or non-reactive group and n can take the values of

6, 8, 10 or higher [2, 4, 6]. The possibility to modify the

POSS structure within a wide range is the unique attribute

of those compounds. The silicon–oxygen POSS cores can

be formed as random, ladder, cage or partial cage structures

[2, 5–7]. Moreover, different kinds and numbers of sub-

stituents can be attached to the silicon atoms in the POSS

cage [2, 4, 6]. This could open up the opportunity to adjust

the POSS properties to meet the needs of a specific

application by the structural control [8–11].

High thermal and chemical stability of POSS molecules

make them promising candidates as nanofillers for polymer

materials because of their silica-like structures and unique

architectures [11–15]. POSS particles have been success-

fully incorporated into various polymers (polyolefins,

polyesters, polyamides, polystyrenes, etc.), and the
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addition of POSS particles improved thermal, mechanical

and rheological properties of the nanocomposite materials

[7, 16, 17]. Moreover, the properties of POSS-containing

polymer nanocomposites are dependent on both the

chemistry of the substituents attached to the silicon–oxy-

gen POSS core and the content of the POSS nanofiller in

composite materials [7, 11, 16, 17].

One of the most important factors which define appli-

cability of POSS-containing polymer nanocomposites is to

understand the effect of POSS nanofillers into the poly-

meric matrix on thermal properties of the polymer

nanocomposites obtained [18, 19].

As regards POSS-filled polyolefin nanocomposites,

many investigations were focused on the influence of alkyl

substituents on the T8 POSS core on thermal properties of

those materials [20, 21]. It was found that POSS particles

might act as effective nucleating agents, which accelerate

crystallization of polymers [20–22]. Moreover, the pres-

ence of POSS nanofillers clearly improved thermal stability

of those materials [20, 23, 24]. However, it should be

mentioned that the papers published to date covered mainly

the properties of polyolefin/POSS nanocomposites which

contained POSS molecules with relatively short alkyl chain

substituents (from methyl to iso-octyl) [20–22, 25–30].

Only few papers related to nanocomposites with long alkyl

chain substituents (from n-octyl to n-octadecyl) on the T8
POSS core [31, 32] and most of those studies focused on

PP/POSS [20–22, 25, 28–30] and LDPE/POSS [26, 27, 31, 32]

nanocomposites, while studies on HDPE/POSS nanocom-

posites were limited [33].

The goal of this work was to study the structural effects

of long alkyl chain substituents on the T8 POSS core on

thermal properties of various polyolefin/POSS nanocom-

posites. The idea of adding POSS molecules with long

alkyl chain substituents into the polyolefin matrix was

based on the assumption that long alkyl chains would

enhance compatibility of the filler particles with polymer

chains. Dispersion of POSS nanofillers in the matrix might

hence be improved. Therefore, octakis({n-octyl}dimethyl-

siloxy)octasilsesquioxane (POSS8), octakis({n-octadecyl}

dimethylsiloxy)octasilsesquioxane (POSS18) and octa-

kis({4-methyl-hexyl}dimethylsiloxy)octasilsesquioxane (POSS7b)

were melt-blended within our study with commercially

available polyolefins such as polypropylene (PP), low-density

polyethylene (LDPE) and high-density polyethylene (HDPE).

The influence of the structures of long alkyl chains on the T8
POSS core and the influence of the amount of the POSS

nanofiller present in the matrix on thermal properties was

studied using differential scanning calorimetry (DSC) and

thermogravimetric analysis (TG). Based on the results, the

role of POSS particles as nucleating agents and the impacts of

POSS nanofillers on the thermal stability of POSS-containing

polyolefin nanocomposites were discussed.

Experimental

Materials

Polypropylene (PP) Moplen HP 400R (MFR = 23 g 9

10 min-1; 230 �C 9 2.16 kg-1), low-density polyethylene

(LDPE) Lupolen 3020 K (MFR = 4 g 9 10 min-1; 190 �C
9 2.16 kg-1) and high-density polyethylene (HDPE)

Purell GA 7760 (MFR = 18 g 9 10 min-1; 190 �C 9

2.16 kg-1) were provided by Basell Orlen Polyolefins and

served as polymer matrices. Octakis({n-octyl}dimethyl-

siloxy)octasilsesquioxane (POSS8), octakis({n-octadecyl}

dimethylsiloxy)octasilsesquioxane (POSS18) and octakis({4-

methyl-hexyl}dimethylsiloxy)octasilsesquioxane (POSS7b)

were synthesized according to the procedure described by

Caetano et al. [34]. Chemical structures of POSS8,

POSS18 and POSS7b are shown in Fig. 1a–c.

Spectroscopic data of octakis({alkyl}dimethylsiloxy)

octasilsesquioxanes (POSS):

Octakis({n-octyl}dimethylsiloxy)octasilsesquioxane

(POSS8).
1H NMR (CDCl3, 298 K, 300 MHz) d [ppm] = 0.11

(OSiCH3); 0.57 (SiCH2); 0.84 (CH3); 1.31 (CH2).
13C NMR (CDCl3, 298 K, 75.5 MHz) d [ppm] = -0.43

(OSiCH3); 14.1 (CH3); 18.11–34.20 (CH2).
29Si NMR (CDCl3, 298 K, 59.6 MHz) d [ppm] = 12.54

(OSi(CH3)2); -108.67 (SiOSi).

Octakis({n-octadecyl}dimethylsiloxy)octasilsesquioxane

(POSS18).
1H NMR (CDCl3, 298 K, 300 MHz) d [ppm] = 0.14

(OSiCH3); 0.57 (SiCH2); 0.87 (CH3); 1.26 (CH2).
13C NMR (CDCl3, 298 K, 75.5 MHz) d [ppm] = -0.50

(OSiCH3); 13.62 (CH3); 17.5–33.62 (CH2).
29Si NMR (CDCl3, 298 K, 59.6 MHz) d [ppm] = 12.57

(OSi(CH3)2); -108.98 (SiOSi).

Octakis({4-methyl-hexyl}dimethylsiloxy)octasilsesquioxane

(POSS7b).
1H NMR (CDCl3, 298 K, 300 MHz) d [ppm] = 0.17

(OSiCH3); 0.60 (SiCH2); 0.86 (CH3); 1.32 (CH2); 1.45

(CH).
13C NMR (CDCl3, 298 K, 75.5 MHz) d [ppm] = -0.47

(OSiCH3); 11.51, 19.15 (CH3); 22.05, 23.41, 29.21, 41.12

(CH2), 34.71 (CH).
29Si NMR (CDCl3, 298 K, 59.6 MHz) d [ppm] = 12.51

(OSi(CH3)2); -108.57 (SiOSi).

Preparation of nanocomposites

Polyolefin/POSS nanocomposites were obtained by the

melt blending method in two-step process: (1) preparation

of polyolefin/POSS concentrates and (2) preparation of

polyolefin/POSS nanocomposites with predetermined
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concentrations of nanofillers. The first step was carried out

in a HAAKE Polylab Reomixer, at 180, 170 and 150 �C for

nanocomposites with PP, LDPE and HDPE, respectively.

Polyolefin/POSS concentrates contained 10–20 mass% of

POSS nanofillers. The second step was performed in the

laboratory twin screw extruder, ZAMAK type IM-15,

which was coupled to the laboratory injection molding

machine, ZAMAK type IMM-15. Nanocomposites were

prepared at 175–195, 150–175 and 155–170 �C for mate-

rials with PP, LDPE and HDPE, respectively. The obtained

polyolefin/POSS nanocomposites contained 1, 3, 5 and

10 mass% of POSS nanofillers. Each sample was marked

with the types of the applied polymer matrix and POSS

nanofiller, as well as the mass% content of the POSS

nanofiller used. For example, the sample specified as LDPE/

5 %POSS18 was composed of low-density polyethylene

(LDPE) filled with 5 mass% of the POSS18 nanofiller.

Characterization and measurements

1H NMR (300 MHz), 13C NMR (75 MHz) and 29Si NMR

(59 MHz) spectra of octasilsesquioxanes were recorded on

a Varian XL 300 spectrometer at room temperature, with

the use of CDCl3 as a solvent.

Thermal properties of the obtained nanocomposites

were studied by the differential scanning calorimetry

(DSC) method using a DSC1 Mettler Toledo device. The

samples (3–10 mg) were taken from injection molding

specimens, and they were put into aluminum pans to

undergo three successive runs (heating–cooling–heating)

from the room temperature to 170 �C to erase the previous

thermal history of the materials. All tests were performed

under nitrogen at the rate of 10 �C 9 min-1. The presented

data were taken from the cooling run (crystallization pro-

cess) and second heating (melting process) run. The crys-

tallinity degree (Xc) was calculated from the ratio:

Xc ¼
DHf

w � DHo

� 100

where DHf is the heat of fusion of the analyzed sample and

DHo is the heat of fusion of the 100 % crystallinity sample

(293 J 9 g-1 for HDPE and LDPE [35–37]; 209 J 9 g-1

for PP [38–40]), and w is the mass fraction of polymer in

the composite.

Thermogravimetric analyses (TG) were performed on a

TG/DSC1 Mettler Toledo device. The samples (3–10 mg)

were put into alumina pans and heated under nitrogen or in

air from the room temperature to 500 �C at the rate of

10 �C 9 min-1. The maximum mass loss rate temperature

(Tmax) as well as the T5 parameters which define the tem-

perature at which 5 % mass losses of samples take place

and which characterize the beginning of thermal decom-

position was determined for all the materials studied.

The morphological analysis was performed by means of

the scanning electron microscopy (SEM), using a Hitachi

TM3000 device. The samples were covered with gold

before being examined with a microscope. The SEM

operating voltage was 15 kV.

Results and discussion

Crystallization and melting behavior studies

In neat polymers, the homogeneous nucleation process may

occur which is controlled mainly by the processing

R

R

R R

R

R

R

O
O

O

O

O

O

O

R

O

O
O

O

O
Si Si

Si Si

SiSi

Si Si

R

R

R

O

O

O

Si

Si

Si

CH3

CH3

CH3

CH3

CH3

CH3

CH3

CH3 CH3

7

17

3

CH2

CH2

CH2 CH2 CH3HC

(a)

(b)

(c)

Fig. 1 Chemical structures of a POSS8, b POSS18 and c POSS7b

nanofillers

Study of thermal properties of polyethylene and polypropylene nanocomposites with long alkyl… 1289

123



conditions and which gives a broad distribution of crystal

sizes. In order to provide a better control of the crystal-

lization process, the nucleating agents are introduced.

These are substances which could induce the heteroge-

neous nucleation process, and they control the spherulites

formation in crystallizable polymers by creation a large

number of spherulites instead of a few large ones [41].

It was found in the literature data that the POSS parti-

cles, when introduced into various polyolefin matrices,

may act as effective nucleating agents. The structure and

the amount of the POSS nanofiller have a great influence

on the crystallization behavior and the melting behavior of

polyolefin/POSS nanocomposites [20, 21].

In our studies, the influence of POSS nanofillers with

long alkyl chain substituents (n-octyl, n-octadecyl and

4-methyl-hexyl) attached to the silicon–oxygen T8 POSS

core on the crystallization behavior and the melting

behavior of polyolefin/POSS nanocomposites was

determined.

Table 1 lists the values of the crystallinity degree (Xc),

onset, peak and endset crystallization temperatures (Tco,

Tcp and Tce, respectively) as well as onset, peak and endset

melting temperatures (Tmo, Tmp and Tme, respectively) for

neat polyolefins and for polyolefin/POSS nanocomposites,

as evaluated by differential scanning calorimetry (DSC).

The DSC parameters were found to be depended on the

kind of the polymer matrix applied (PP, LDPE, HDPE) as

well as on the kind of the POSS nanofiller (POSS8,

POSS18, POSS7b) and its mass% content in the

nanocomposite (1–10 mass%).

The incorporation of POSS particles into polyolefin

matrices resulted in the increase of the crystallinity degree

(Xc) values for the nanocomposites. Moreover, the

increasing POSS mass% contents in polyolefin/POSS

nanocomposites caused a further increase in the Xc values.

These results indicate that POSS particles may act as

nucleating agents for the crystallization process of poly-

ethylene or polypropylene matrices [20, 25, 31].

It should be noted that in many literature reports the

crystallinity degree values for POSS-containing nanocom-

posites are calculated without taking account of the share

of POSS nanofillers in the composite materials [21, 33, 42–45].

In this case, the decrease in Xc values for the studied

nanocomposites was observed, in comparison with neat

polymer, irrespective of the POSS nanofiller kind and type

of polyolefin matrix used (data not shown).

In the case of PP and LDPE nanocomposites containing

n-alkyl-substituted POSS nanofillers, incorporation of

POSS particles into the polymeric matrix caused a slight

increase in Tcp values as compared to neat matrices. How-

ever, the observed changes often fell within the limits of

experimental error (up to 0.4 and 1.6 �C, respectively),

irrespective of the lengths of n-alkyl substituents on the

silicon–oxygen core of POSS (Table 1, items 1–18). The

values of Tco for PP/POSS nanocomposites were generally

slightly decreased with the increasing POSS mass% content

(Table 1, items 1–9), in relation to neat PP and irrespective

of the kind of the POSS nanofiller applied (POSS8 or

POSS18). The values of Tco for LDPE/POSS nanocom-

posites were slightly shifted toward higher temperatures

(Table 1, items 10–18), which means that the POSS parti-

cles could more effectively accelerate crystallization of

LDPE, in comparison with PP. The changes of Tce values

for PP/POSS and for LDPE/POSS nanocomposites were

less systematic, but they increased generally with the

increasing POSS amount in the nanocomposites (Table 1,

items 1–18) which was especially visible for the POSS-

containing LDPE nanocomposites (Table 1, items 10–18).

It should be noted that the increasing mass% content of

POSS in PP and in LDPE nanocomposites resulted in the

narrowing of the exothermic peak corresponding to the

polymer crystallization process (Fig. 2a, b). These results

suggested that the crystallization process of those polymers

started later in the presence of POSS particles but it run

much faster as compared to neat PP or LDPE. This effect

clearly indicated that POSS particles acted as effective

nucleating agents in PP/POSS and LDPE/POSS

nanocomposites and that they can accelerate the polymer

crystallization process.

Interestingly, the SEM analysis revealed that in the case

of PP/POSS nanocomposites the spherulitic morphology

was visible (Fig. 3b, c) while no specific morphological

features were observed for neat PP (Fig. 3a). No POSS

aggregates were demonstrated which suggests good dis-

persion of POSS in the polypropylene matrix [20]. Hence,

it may be assumed that POSS subnanometric aggregates

may be located in the center of each spherulite, acting

probably as a growth center. In turn, no distinct changes in

morphology were observed for LDPE/POSS nanocompos-

ites versus neat LDPE (data not shown).

For HDPE/POSS nanocomposites, Tcp values were only

slightly increased regardless of the amount of the POSS

nanofiller (Table 1, items 19–31). Furthermore, Tco values

were almost unchanged as compared to the neat HDPE

matrix. The changes in Tce values were not systematic, but

they were generally close to the temperature obtained for neat

polymer. After that, the narrowing of the exothermic peak

which corresponds to the polymer crystallization process was

not observed in the case of HDPE/POSS nanocomposites

(Fig. 2c). Hence, any clear indication of the nucleating effect

of the POSS is difficult for these nanocomposites. Firstly, the

effectiveness of POSS as nucleating agents in the HDPE

matrix is much lower than for PP or LDPE. Secondly, HDPE

is characterized by much higher values of the crystallinity

degree in comparison with those for PP or LDPE, and thus, it

is difficult to improve the HDPE crystallization process.
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Adding nucleating agents into polymer matrix may

affect not only the crystallization behavior but also the

polymer melting process. In many cases, lower melting

temperatures were observed for composites, in comparison

with neat polymers. This phenomenon can be related to

several factors and some of them are associated with the

presence of nucleating agents which promote the formation

of many nucleating points in the polymeric material [46].

In this case, each crystal has a small space available for it

during the crystal growth. Thus, smaller and more imper-

fect crystals are created in comparison with those for neat

polyolefin matrices, resulting in the decrease in melting

temperature for composite materials [46].

The increasing POSS mass% content in the PP/POSS

nanocomposites resulted in a slight decrease in Tmp values

in comparison with the neat PP matrix (Table 1, items

1–9), but there were no systematic changes in Tmo values.

In turn, Tme values decreased at increasing POSS mass%

contents in the PP matrix. In the case of LDPE/POSS

nanocomposites, Tmp values were slightly lower for the

increasing amount of POSS nanofiller in the LDPE matrix

(Table 1, items 10–18). Simultaneously, the Tmo and Tme

values were increased and decreased, respectively, with the

increasing mass% content of the POSS nanofiller. The

endothermic peak on DSC curves associated with melting

process in PP/POSS and LDPE/POSS nanocomposites was

Table 1 Thermal parameters of neat matrices and polyolefin/POSS nanocomposites obtained during DSC investigations

Item Sample Xc/% Cooling 2nd heating

Tco/�C Tcp/�C Tce/�C Tmo/�C Tmp/�C Tme/�C

1. PP 33.54 118.0 113.8 108.2 153.7 163.2 170.4

2. PP/1 %POSS8 33.53 117.5 113.9 108.6 153.7 162.3 169.8

3. PP/3 %POSS8 33.52 117.3 114.2 110.1 154.1 160.1 168.7

4. PP/5 %POSS8 34.26 117.0 114.0 107.5 152.3 163.7 170.5

5. PP/10 %POSS8 33.61 117.2 114.3 110.1 152.7 160.4 168.4

6. PP/1 %POSS18 33.75 117.4 113.4 107.6 153.4 163.1 170.5

7. PP/3 %POSS18 34.27 117.1 113.9 108.1 153.5 163.1 170.2

8. PP/5 %POSS18 33.98 116.9 113.7 108.7 153.2 161.9 169.4

9. PP/10 %POSS18 34.57 117.1 114.2 109.1 152.5 161.7 169.0

10. LDPE 43.83 102.0 99.1 92.9 105.2 114.1 118.2

11. LDPE/1 %POSS8 42.03 102.3 100.1 94.5 106.1 113.0 117.3

12. LDPE/3 %POSS8 43.59 102.5 100.3 94.3 105.9 113.2 117.3

13. LDPE/5 %POSS8 44.08 102.5 100.7 95.2 106.3 112.8 116.6

14. LDPE/10 %POSS8 47.96 102.6 100.7 95.8 106.8 112.8 116.4

15. LDPE/1 %POSS18 42.95 102.5 100.2 94.2 105.9 113.3 117.5

16. LDPE/3 %POSS18 42.68 102.4 100.1 93.1 105.7 113.2 118.1

17. LDPE/5 %POSS18 41.79 102.6 100.3 94.2 106.0 113.2 117.5

18. LDPE/10 %POSS18 45.32 102.4 100.4 94.9 106.6 113.2 117.0

19. HDPE 74.26 120.3 118.4 111.2 124.8 132.1 137.9

20. HDPE/1 %POSS8 75.02 120.5 118.4 111.6 124.6 132.8 137.6

21. HDPE/3 %POSS8 74.81 120.7 118.8 111.1 124.4 132.8 138.1

22. HDPE/5 %POSS8 76.10 120.9 118.8 110.5 123.9 133.3 138.7

23. HDPE/10 %POSS8 77.96 120.1 118.4 111.5 124.7 132.4 136.9

24. HDPE/1 %POSS18 75.81 120.6 118.7 112.5 124.9 131.9 136.6

25. HDPE/3 %POSS18 75.58 120.7 118.7 111.0 124.6 132.3 137.9

26. HDPE/5 %POSS18 73.85 120.5 118.3 110.4 123.9 133.3 138.9

27. HDPE/10 %POSS18 77.92 120.0 117.9 109.7 123.7 132.9 138.6

28. HDPE/1 %POSS7b 74.36 120.2 118.5 112.8 124.4 132.1 136.2

29. HDPE/3 %POSS7b 73.68 120.3 118.4 110.2 124.2 132.8 138.6

30. HDPE/5 %POSS7b 71.96 120.3 118.5 111.1 124.7 131.9 137.5

31. HDPE/10 %POSS7b 77.04 120.3 118.8 112.4 125.0 131.7 136.4
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narrowed in comparison with the peak for neat PP or LDPE

matrices. It is clear that the melting behavior of those

polymers was unsettled by incorporation of POSS particles

which acted as nucleating agents.

In the case of HDPE/POSS nanocomposites, some

changes in the melting temperatures values were observed

in comparison with neat HDPE although the crystallization

temperatures did not vary greatly. The increasing mass%

content of POSS8 and POSS18 in the HDPE matrix resulted

generally in the growth of Tmp values (Table 1, items

19–27). In turn, incorporation of POSS7b caused a slight

decrease in those temperatures (Table 1, items 28–31). In

the case of all analyzed HDPE/POSS nanocomposites, Tmo

and Tme values were almost unchanged in comparison with

the neat HDPE matrix. The melting temperatures of poly-

mer materials are known to be strongly correlated with the

structures of those materials and with the sizes and per-

fection of crystallites in a polymer [47]. Because of that, the

changes of Tmp values may suggest that the polymer chains

are more orderly arranged in the presence of POSS8 or

POSS18 molecules than in neat HDPE. It may thus be

assumed that the POSS8 and POSS18 molecules not only

accelerate the HDPE crystallization process but they also

give rise to the order of polyethylene chains.

It can be concluded that the structure of alkyl sub-

stituents attached to the silicon–oxygen T8 POSS core had

a substantial influence on thermal properties of the POSS-
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containing polyolefin nanocomposites obtained. In the case

of nanocomposites which were filled with the POSS8 with

n-octyl chains as substituents, more significant changes in

the crystallization temperature and melting temperature

values were observed than for the nanocomposites con-

tained POSS18 and which possessed n-octadecyl sub-

stituents on the POSS core. Therefore, POSS molecules

with shorter alkyl chain substituents could be considered as

more effective nucleating agents than those with longer

alkyl chain groups. These results are consistent with those

presented in papers [20–22, 25, 29, 30] where it is reported

that the lengthening of alkyl substituents (from methyl to

iso-octyl) attached to the T8 POSS core decreased effec-

tiveness of POSS particles as nucleating agents.

In turn, the presence of branched 4-methyl-hexyl sub-

stituents in POSS (POSS7b) insignificantly affects the

crystallization and melting behavior of nanocomposites

obtained, in comparison with the nanocomposite materials

with POSS molecules which contain long unbranched n-

alkyl chains. It should be noted that Frone et al. [26, 27]

showed that octakis(dimethylsiloxy)octasilsesquioxanes

bearing branched alkyl substituents such as 3,3-dimethyl-

propyl, 3,3-dimethyl-butyl and 3,3-dimethyl-pentyl may

slightly enhance the crystallization behavior of LDPE/

POSS nanocomposites.

Thermal stability studies

The incorporation of the thermally robust POSS moiety

significantly affects the polyolefin thermal properties,

contributing toward greater thermal stability of the polymer

matrix [20, 23, 24, 26, 27, 30, 43, 45]. This influence is

visible, especially in the case of thermo-oxidative behavior

of polymer.

Thermo-oxidative degradation of POSS leads to the

formation of a silica-like residue [26, 27]. POSS nanofillers

tend to accumulate on the material surface during heating,

and they form a ceramic layer that acts as a protective

barrier which significantly reduces flow of heat and gas

into nanocomposite material [20, 24, 48]. Thus, the sig-

nificant increase in thermal stability of POSS-containing

polyolefin nanocomposites is observed especially in terms

of higher mass loss temperatures [20, 24, 26, 27, 30, 42, 43,

45, 48]. However, it should be emphasized that the extent

of improvement in thermal stability for such composites

depends on the type of the polymer matrix and on the

structure and content of the POSS filler.

In our studies, the thermogravimetric analysis (TG) was

performed to examine the thermal degradation behavior of

neat POSS compounds, neat polyolefin matrices and the

polyolefin/POSS nanocomposites obtained.

The investigation of the thermal stability of neat POSS

was important to understand the influence of those

nanofillers on thermal stability of the POSS-containing

polyolefin nanocomposites obtained. The thermogravi-

metric analysis for neat POSS compounds performed under

nitrogen revealed that thermal stability of POSS was

strongly depended on the structures of the alkyl sub-

stituents on the T8 POSS core. Figure 4a shows the TG

curves under nitrogen for POSS8, POSS18 and POSS7b.

Thermal stability was observed to increase in order:

POSS7b\ POSS8\ POSS18, as regards the maximum

mass loss rate temperature (Tmax) which ranges from

461.9 �C for POSS7b and 485.0 �C for POSS8 to 491.5 �C
for POSS18. The mass loss takes place in a single step.

Moreover, it was found that the lengthening of the alkyl

chain substituents in the POSS molecule clearly increased

the values of the T5 parameter. The values of T5 were:

354.2, 411.4 and 439.9 �C for POSS7b, POSS8 and

POSS18, respectively. It should be noted that the value of

T5 for POSS18 (containing n-octadecyl substituents) was

higher by almost 30 �C in comparison with that for POSS8

with (n-octyl substituents on silicon–oxygen core). Thus, it

could be concluded that the increase in the alkyl chain

length of the substituent at the silicon–oxygen cage

improved thermal stability of the POSS compound. In turn,

in the case of POSS7b with branched alkyl substituents, the

decreased value of T5 by almost 60 �C was observed in

comparison with POSS8. Similar results were obtained by

Fina et al. [10] who revealed that POSS molecules with
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methyl substituents were less thermal stable than the POSS

structures which contained iso-butyl or iso-octyl groups.

The POSS molecules which contain short alkyl chain

groups on the silicon–oxygen core undergo almost com-

plete sublimation, while those with longer alkyl chain

substituents evaporate above the POSS melting tempera-

tures [10].

In the case of POSS-containing polyolefin nanocom-

posites, it was observed that their thermal stability strongly

depended on the structure of the POSS nanofiller as well as

on dispersion of the POSS particles in the polyolefin

matrices.

As regards PP/POSS nanocomposites, incorporation of

the POSS particles clearly enhanced thermal stability of

those materials under nitrogen. The presence of 5 mass%

of POSS8 and POSS18 nanofillers significantly increased

the values of T5, by 22 and 28 �C, respectively (T5 = 405.5

and 411.2 �C for PP/POSS8 and PP/POSS18, respectively)

in comparison with the neat PP matrix: T5 = 383.7 �C.
However, the values of T5 for the PP/POSS nanocompos-

ites were lower than those for neat POSS. The values of the

maximum mass loss rate temperature for the POSS-con-

taining PP nanocomposites did not vary considerably with

the length of the alkyl substituent on the POSS core

(Tmax = 462.4 and 464.1 �C for PP/5 %POSS8 and PP/

5 %POSS18, respectively), but they were slightly higher in

comparison with Tmax for neat PP: Tmax = 460.9 �C
(Fig. 5a, b) and lower than Tmax for neat POSS8 and

POSS18 nanofillers.

In the case of LDPE/POSS nanocomposites, addition of

POSS nanofillers into the LDPE matrix also enhanced

thermal stability of the composite materials under nitrogen.

The values of T5 were improved by 7 and 9 �C for LDPE/

5 %POSS8 and LDPE/5 %POSS18 nanocomposite

(T5 = 437.1 and 438.8 �C, respectively) in comparison

with the neat LDPE matrix (T5 = 429.7 �C). It should be

distinguished that incorporation of 5 mass% of POSS8 into

LDPE caused the increase in the value of T5 as compared to

neat LDPE as well as with the neat POSS8 compound

(T5 = 411.4 �C). LDPE in the composite was degraded

with the maximum rate temperature totally coincident

(Tmax = 477.1 and 477.2 �C for LDPE/5 %POSS8 and

LDPE/5 %POSS18 nanocomposites, respectively) with

that of neat LDPE (Tmax = 478.9 �C) (Fig. 6a, b).
It is interesting that thermogravimetric experiments for

HDPE/POSS nanocomposites conducted under nitrogen

revealed that incorporation of 5 mass% of POSS8 and

POSS18 nanofillers into HDPE resulted in a slight decrease

in the values of T5 (T5 = 453.6 �C for HDPE/POSS8 and

455.5 �C for HDPE/POSS18, respectively) in comparison

with the neat matrix (T5 = 458.5 �C). Moreover, addition

of the POSS7b nanofiller to HDPE caused the most sig-

nificant decrease in the value of T5, by 17 �C (T5 =

441.6 �C) in comparison with the neat HDPE matrix.

Declining thermal stability of the HDPE/POSS nanocom-

posites in the presence of the POSS with branched alkyl

substituents on the silicon–oxygen core may be the result of

low thermal stability of the neat POSS7b compound.

Degradation of polymeric nanocomposites is generally

studied in the inert atmosphere. However, the degradation

tests in air provide more practical information about the

behavior of those materials at higher temperatures.

Thermal degradation of neat POSS compounds in the

presence of air is different than degradation under nitrogen.
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The evaporation and oxidation phenomena compete with

each other during thermal degradation of POSS compounds

with long alkyl chain substituents which leads to the for-

mation of a thermally stable residue. The oxidation

mechanism combines peroxidation of the alkyl chains and

subsequent fragmentation through classical radical path-

ways [10]. For this reason, the values of T5 for the neat

POSS8, POSS18 and POSS7b compounds were much

lower in comparison with the appropriate parameters

obtained from the tests under nitrogen. Interestingly,

lengthening of the alkyl chains in substituents on the T8
POSS core from n-octyl (POSS8) to n-octadecyl (POSS18)

caused a substantial decrease in the value of T5 by 51.9 �C
(T5 = 315.0 and 263.1 �C for POSS8 and POSS18,

respectively). In turn, branching of alkyl substituents

attached to the POSS core in the case of POSS7b also

decreased the value of T5 by 19.2 �C (T5 = 295.8 �C)
against POSS8. Thus, it could be concluded that thermal

stability in air of neat POSS compounds increased in the

order: POSS18\POSS7b\ POSS8. It is interesting that

Tmax was 451.8 �C for POSS18, 454.2 �C for POSS8 and

459.3 �C in the case of POSS7b (Fig. 4b).

The TG studies for neat PP, LDPE and HDPE performed

in air revealed a decrease in the values of T5 and Tmax

values, in comparison with the results obtained under

nitrogen atmosphere. This may be a result of the oxidizing

action of oxygen molecules on polymer chains which

considerably accelerates the polymer degradation processes

[49, 50].

Incorporation of POSS nanofillers into the PP matrix

was found generally to improve thermal stability of the

nanocomposites obtained, regardless of the kind of the

POSS applied, in comparison with neat PP. Higher T5

values were obtained even when 1 mass% of POSS18 was

introduced into the PP matrix (T5 = 295.5 and 289.1 �C
for PP/POSS18 nanocomposite and neat PP, respectively).

It should be noted that the increasing POSS18 mass%

content for the PP/POSS18 nanocomposites (from 1 to

5 mass%) increased this parameter even further

(T5 = 299.8 �C). On the other hand, when 1 mass%

of POSS8 was used as nanofiller, smaller changes were

observed in the values of T5 (292.4 �C) in comparison with

the neat matrix. Moreover, the increase in the content of

POSS8 to 5 mass% decreased the values of T5 (285.8 �C).
Furthermore, for POSS18-containing PP nanocomposites

(Fig. 7), higher maximum mass loss rate temperatures

(Tmax) were observed which varied from 372.0 to 394.3 �C
for PP/1 %POSS18 and PP/5 %POSS18 nanocomposites,

respectively, in comparison with analogous nanocompos-

ites with POSS8 (Tmax = 368.7 and 365.1 �C, respectively)
as well as with neat PP (Tmax = 366.9 �C).

In the case of LDPE/POSS nanocomposites, addition of

POSS nanofillers into the LDPE matrix had also a signif-

icant impact on thermal stability of the composite materials

obtained. The increasing mass% content of POSS18 in

LDPE nanocomposites increased the value of T5 up to

62 �C (T5 = 345.8 �C for LDPE/1 %POSS18 and

396.5 �C for PP/5 %POSS18 nanocomposites, respec-

tively), in comparison with neat LDPE (T5 = 334.1 �C).
For LDPE/POSS8 nanocomposites, the highest values of T5
were received for LDPE/1 %POSS8 nanocomposite (T5
= 373.6 �C). Any further increase in the POSS8 content
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resulted in a significant decrease in the values of this

parameter (T5 = 315.4 �C).
Addition of POSS nanofillers into the LDPE matrix

improved also the value of Tmax, in comparison with neat

LDPE (Tmax = 434.7 �C). When the content of POSS was

1 mass%, a slightly higher value of Tmax was obtained for

LDPE/POSS8 nanocomposites (Tmax = 445.0 �C), than

with LDPE/POSS18 nanocomposites (Tmax = 442.6 �C). At
higher nanofiller contents, however, the value of Tmax was

higher for LDPE/5 %POSS18 (Tmax = 452.2 �C), against
the LDPE/5 %POSS8 nanocomposite (Tmax = 427.5 �C).

Incorporation of POSS particles into the HDPE matrix

also improved thermal stability of the nanocomposite

materials obtained. In the case of HDPE nanocomposites

filled with POSS containing linear alkyl substituents at the

silicon–oxygen POSS core (POSS8 and POSS18), a sub-

stantial increase in the values of T5 was observed, in

comparison with the neat matrix (T5 = 318.8 �C), when
nanofillers were used even at the amount of 1 mass% (T5
= 349.3 and 382.8 �C for HDPE/POSS8 and HDPE/

POSS18 nanocomposites, respectively). As regards HDPE/

POSS8 nanocomposites, the increasing mass% content of

the nanofiller, from 1 to 5 mass%, decreased the values of

that parameter (T5 = 326.8 �C). After incorporation of the

POSS18 nanofiller into the HDPE matrix, the value of T5
parameter was decreasing (from 382.8 �C to 336.9 �C)
with the increasing content of POSS from 1 to 5 mass%. In

turn, addition of POSS7b into HDPE resulted in the gradual

increase in values of the T5 values with the increasing

mass% content of POSS (T5 = 332.1 and 344.2 �C for

HDPE/1 %POSS7b and HDPE/5 %POSS7b nanocompos-

ites, respectively), and the values of those parameters were

higher in comparison with those for neat HDPE.

The values of the maximum mass loss rate temperatures

(Tmax) were depended on the kind of the POSS nanofillers

applied and their contents in HDPE nanocomposites. At

1 mass% of POSS, the Tmax values for nanocomposites

increased in the order: HDPE/POSS7b (388.4 �C)\HDPE/

POSS18 (459.0 �C)\HDPE/POSS8 (462.2 �C), when

Tmax = 452.5 �C for neat HDPE. In the case of nanocom-

posites containing 5 mass% of POSS nanofillers, the values

of Tmax varied as follows: HDPE/POSS8 (453.1 �C)\
HDPE/POSS7b (463.5 �C)\HDPE/POSS18 (469.2 �C).

Summarizing the results from TG performed under

nitrogen and in air, different POSS structures had different

impacts on thermal stability of POSS-containing polyolefin

nanocomposites.

TGunder nitrogen revealed that the nanocomposites filled

with POSS18 which contained n-octadecyl substituents

exhibited higher thermal stability than neat polymer, irre-

spective of the kind of the polyolefin matrices applied. Yet,

incorporation of POSS8 with n-octyl substituents improved

thermal stability of nanocomposite materials less signifi-

cantly in comparison with nanocomposites with POSS18.

High thermal stability of nanocomposites with n-octadecyl-

substituted POSS can be explained by high thermal stability

of neat POSS18, which was characterized by the highest

values of T5 and Tmax among the POSS nanofillers studied. In

turn, application of POSS7bwith branched alkyl substituents

on the POSS core into the HDPE matrix decreased thermal

stability of nanocomposites in comparison with nanocom-

posites with POSS containing unbranched alkyl substituents

on the POSS core as well as with neat polymer, probably

because of lower thermal stability of neat POSS7b.

The atmospheric TG results showed that, in the case of

polyolefin nanocomposites containing POSS with linear
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alkyl substituents, application of POSS with longer alkyl

chain substituents (POSS18) can clearly enhance thermal

stability of polyolefin/POSS nanocomposites, while incor-

poration of POSS with shorter alkyl chain substituents on

the silicon–oxygen cage (POSS8) caused less significant

changes. It is interesting that POSS18-containing poly-

olefin nanocomposites are more thermally stable in air,

than nanocomposites with POSS8 particles, despite the fact

that neat POSS18 is characterized by lower thermal sta-

bility than POSS8. It could be supposed that the POSS

particles which contain longer alkyl chain substituents

exhibit much better compatibility with polymer chains.

That may be an explanation for high thermal stability of

polyolefin/POSS nanocomposites containing POSS18

nanofiller and for the increase in the values of T5 with the

increasing mass% content of POSS18 as observed for those

materials.

SEM images confirmed high compatibility between the

POSS18 particles and polymeric matrices. The surface of

PP/POSS18 nanocomposites (Fig. 8b) was more homoge-

nous than the surface of PP/POSS8 nanocomposites

(Fig. 8a), and no aggregates were visible.

Incorporation of POSS with branched alkyl substituents

on the silicon–oxygen core (POSS7b) into the HDPE

matrix contributed to the increased thermal stability of

nanocomposites which was improving with the increasing

amount of the POSS7b nanofiller in the composite, prob-

ably because of high thermal stability of the neat POSS7b

compound in air.

Conclusions

Thermal properties of POSS-containing polyolefin

nanocomposites were investigated by differential scanning

calorimetry (DSC) and thermogravimetric analysis (TG).

The effects of the structure of alkyl substituents attached to

the silicon–oxygen POSS core (n-octyl, n-octadecyl and

4-methyl-hexyl) were studied. Also, the effects of the

mass% contents of the POSS nanofiller in the PP, LDPE

and HDPE matrices on the crystallization behavior, melting

behavior and thermal stability of obtained nanocomposites

were determined.

The values of the peak and endset crystallization tem-

peratures generally increased after incorporation of POSS

nanofillers into a polyolefin matrix, irrespectively of the

kind of POSS and the polymeric matrix. The changes in the

values of onset crystallization temperatures were less sys-

tematic. In the case of PP/POSS and LDPE/POSS

nanocomposites, the effect of POSS particles as effective

nucleating agents which improved the crystallization pro-

cess for polymeric materials was clearly demonstrated.

Moreover, POSS with n-octyl substituents had the most

significant impact on the crystallization process of poly-

olefin/POSS nanocomposites. The increasing mass% con-

tent of POSS nanofillers improved their effectiveness as

nucleating agents. This effect was not observed for HDPE/

POSS nanocomposites, probably due to high crystallinity

of HDPE and better spatial arrangement of its macrochains.

Incorporation of POSS molecules into polyolefin matrix

resulted generally in the decreased melting temperature

values for nanocomposite materials obtained. The impact

of POSS particles, acting as nucleating agents, on melting

behavior of polyolefin/POSS nanocomposites was descri-

bed for the first time. A more significant influence of POSS

nanofillers on the crystallization process of the obtained

materials was clearly related to their decreased melting

temperatures. Moreover, the crystallinity degree of poly-

olefin/POSS nanocomposites was increased with increasing

mass% content of POSS nanofillers in these materials.

The structures of alkyl substituents in POSS molecules

affected their thermal stability. Taking into account the

values of T5 and Tmax, thermal stability of neat POSS com-

pounds increased as follows: POSS7b\ POSS8\ POSS18

under nitrogen and POSS18\ POSS7b\POSS8 in air.
Fig. 8 SEM micrographs of a HDPE/5 %POSS8 and b HDPE/

5 %POSS18 nanocomposites
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Thermal degradation of polyolefin nanocomposites—as

assessed by TG under nitrogen—turned out different

depending on the kind of the polyolefin matrix applied. In

the case of PP and LDPE nanocomposites, the values of T5
were higher in comparison with neat PP. The values of

Tmax for POSS-containing nanocomposites of PP and

LDPE were consisted with those for neat polymers. In turn,

addition of POSS particles into HDPE decreased the values

of T5 and Tmax. Irrespective of the kind of the polyolefin

matrix, the nanocomposites with POSS18 were character-

ized by the highest thermal stability when tests were per-

formed under nitrogen.

Thermal stability of POSS-containing polyolefin

nanocomposites in air was improved significantly com-

pared with neat polyolefins, especially at higher contents of

POSS nanofiller. Nanocomposites with the POSS18 nano-

filler were characterized by the highest thermal stability in

comparison with nanocomposites containing POSS8 and

POSS7b. This improvement was attributed to the improved

compatibility and dispersion for POSS with long alkyl

chain substituents in polyolefin matrices. A more uniform

dispersion of POSS18 particles in polyolefin matrices in

comparison with another POSS nanofillers applied was

confirmed by the SEM analysis.
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