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Abstract Six polyhedral oligomeric silsesquioxanes (POSSs)

with general formula R7 R01 (SiO1.5)8, where R- was an

isobutyl group and R0- a variously substituted phenyl group,

namely hepta isobutyl polyhedral oligomeric silsesquioxane

(hib-POSS), were prepared and their composition was

checked by elemental analysis and 1H NMR spectroscopy.

The degradation of compounds obtained was studied by

simultaneous differential thermal analysis/thermogravimetry

(DTA/TG) technique, in both inert (flowing nitrogen) and

oxidative (static air atmosphere) environments, in order to

draw useful information about their thermal stability. Exper-

iments, performed in the 35–700 �C temperature range,

showed different behaviour between the two used atmo-

spheres. The formation of volatile compounds only, with an

about complete mass loss, was observed under nitrogen,

while a solid residue (&40–50% in every case), due to the

formation of SiO2, as indicated by the FTIR spectra, was

obtained in static air atmosphere. The results obtained were

discussed and compared, and the classifications of resistance

to thermal degradation in the studied environments were

made. A comparison between the thermal stabilities of hib-

POSSs and analogous cyclopentyl POSSs previously studied

was also performed.

Keywords POSS � Silsesquioxanes � Thermal

degradation � Thermogravimetric analysis

Introduction

Polymer nanocomposites are a novel class of materials

formed through the dispersion at nanoscale level of an

inorganic compound in a polymer.

The major reason of interest in introducing inorganic

structures into polymers at nanoscale level is the

enhancement in physical, mechanical, barrier, and flam-

mability properties in comparison with those of virgin

polymer and conventionally filled polymer composites [1].

In addition, nanocomposites exhibit a pronounced increase

in thermal stability [2–4], which is important because they

can be subjected to high temperatures during processing or

in service.

Various nanoparticles, such as carbon nanotubes, lay-

ered silicates, etc., have been used in the past to prepare

organic–inorganic hybrid systems [5–14], but, in the last

years, another class of nanoparticles, polyhedral oligomeric

silsesquioxanes (POSSs), has awaken an increasing interest

for the formulation of nanocomposites [15–21].

A typical POSS nanoparticle is formed by an inorganic

Si8O12 nanostructured skeleton surrounded by eight

organic groups, such as alkyl, aryl or any of their deriva-

tives, linked to silicon atoms by covalent bonds [22, 23].

POSSs are thus hybrid inorganic/organic materials with

formula (RSiO1.5)n, or RnTn, where organic substituents

(R), which can be the same or different, are attached to a

silicon–oxygen cage (T).

The most common molecular formulas of POSSs are

(RSiO1.5)8 or R7R01(SiO1.5)8. The nature of R- and R0- affects

the solubility in conventional solvents, the compatibility

with polymers and the capability to undergo nanometric

dispersion in host polymer matrices, and then the thermal,

physical, and mechanical properties of the resulting nano-

composites. In particular, on the basis of recent studies on

I. Blanco (&) � L. Abate � F. A. Bottino

Department of Industrial and Mechanical Engineering,

University of Catania, V.le A. Doria 6, 95125 Catania, Italy

e-mail: iblanco@dmfci.unict.it

P. Bottino

Department of Pharmaceutical Sciences, University of Catania,

V.le A. Doria 6, 95125 Catania, Italy

123

J Therm Anal Calorim (2012) 108:807–815

DOI 10.1007/s10973-011-2050-3



homosubstituted POSSs of type (RSiO1.5)8, were R- is an

alkyl (C2–C10) chain, the presence of aliphatic groups

appears to increase solubility but to worsen thermal prop-

erties [24–26]. By contrast, the presence of aromatic groups

seems to act in the opposite direction, considerably

enhancing thermal stability but decreasing solubility and

compatibility [27].

Due to the relevant and increasing technological

importance of POSSs, our group has planned a wide

research programme on the synthesis and characterization

of variously substituted POSSs, aiming to obtain com-

pounds with high thermal stability coupled with suffi-

ciently good compatibility and solubility in polymer

matrix, to be used in the preparation of new thermally

stable nanocomposites having polystyrene (PS) and poly-

olefins as matrices.

In the first part of this research some R7R01(SiO1.5)8

POSSs, where R = cyclopentyl and R0 = mono-, di- or tri-

substituted phenyl group, were synthesized and their ther-

mal stabilities were determined and compared [28]. The

results obtained were encouraging because all compounds

showed high thermal stability, thus suggesting the possi-

bility of their use also in quite drastic conditions.

On continuing our research, in this work we synthe-

sized a new series of POSSs of general formula

R7R01(SiO1.5)8, where R = isobutyl and R0 = mono- or

di-substituted phenyl group, the substituents present in

R0- being the same of those in the quoted cyclopentyl

derivatives (Fig. 1). The isobutyl group was selected

because it is known in literature that a POSS molecule

with an isobutyl periphery has a diameter of approxi-

mately 1.5 nm [29], thus giving rise to well-dispersed

nanocomposites and then ensuring good compatibility with

polymer matrix. In addition, due to the simple route of

preparation and to the low cost, the hepta isobutyl poly-

hedral oligomeric silsesquioxanes (hib-POSSs) here stud-

ied appear attractive for the use as nanofillers in the

production of nanocomposites.

The obtained hib-POSSs were characterized by ele-

mental analysis and 1H NMR spectroscopy. Thermogravi-

metric (TG) and differential thermogravimetric (DTG)

analysis, differential thermal analysis (DTA) and differ-

ential scanning calorimetry (DSC) experiments were then

carried out to investigate the thermal behaviour of the

studied compounds in both inert and oxidative atmo-

spheres, and to verify if and how much their thermal sta-

bility changed on changing substituent on the aromatic

ring. To this aim the results obtained for the various

compounds were compared with each other, and, also, with

those of cyclopentyl derivatives (CP-POSSs) previously

studied [28], in order to investigate how the substitution of

cyclopentyl groups with isobutyl linked to silicon-oxygen

cage affects thermal stability.

Experimental

Materials

Isobutyltrimethoxysilane and phenyltrimethoxysilane have

been purchased from Aldrich Co. and used as received.

4-Fluorophenyltrimethoxysilane, 2,4-difluorophenyltrimethox-

ysilane, 4-methylphenyltrimethoxysilane, xyliltrimethoxysi-

lane and 4-methoxyphenyltrimethoxysilane were prepared

from the appropriate Grignard reagent and Si(OCH3)4

[30–33]. The isobutyltrisilanol (iC4H9)7–Si7O9 (OH)3 was

prepared according to literature methods [34]. Tetrahydro-

furan was distilled over a Na-benzophenone mixture.

Compounds 1–6 were prepared by Corner Capping

Reaction of isobutyltrisilanol with the suitable aryltri-

methoxysilane. The same procedure was used for all

compounds. The synthesis of 2 is given as an example.

Isobutyltrisilanol (3.95 g, 5.0 mmol) was dissolved in

50 ml of ethanol and p-tolyltrimethoxysilane (1.10 g,

5.2 mmol) and 2.0 ml of tetramethylammonium hydroxide

were added under stirring. The clear solution was stirred at
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room temperature for 24 h. The resulting solid was filtered

and washed with two portions (10 ml) of anhydrous etha-

nol. After drying under reduced pressure, the white solid

obtained was crystallized from THF/MeCN mixture to give

3.60 g of desired compound (79.5% yield).

Yield, 1H NMR spectroscopy and elemental analysis

1H NMR spectra were recorded on a Varian Unity Inova

instrument (1H 500 MHz) in CDCl3 as solvent. Chemical

shifts are in ppm (d) from TMS as internal standard.

The 1H NMR data found for the various compounds

investigated were the following:

Compound 1

Yield 90.3%. 1H NMR: 7.65 (dd, 2H), 7.42 (dd, 1H), 7.36

(dd, 2H), 1.87 (m, 7H), 0.96 (m, 42 H), 0.63 (m, 14H).

Anal. Calcd for C34H68Si8O12: C 45.73, H 7.68. Found: C

45.47, H 7.75.

Compound 2

Yield 87.9%. 1H NMR: 7.55 (d, 2H), 7.18 (d, 2H), 2.36

(s, 3H), 1.86 (m, 7H), 0.96 (m, 42 H), 0.63 (m, 14H). Anal.

Calcd for C35H70Si8O12: C 46.35, H 7,78. Found: C 46.11,

H 7.81.

Compound 3

Yield 84.6%. 1H NMR: 7.58 (d, 2H), 6.90 (d, 2H), 3.82

(s, 3H), 1.87 (m, 7H), 0.97 (m, 42 H), 0.64 (m, 14H). Anal.

Calcd for C35H70Si8O13: C 45.55, H 7.64. Found: C 45.31,

H 7.71.

Compound 4

Yield 80.5%. 1H NMR: 7.65 (dd, 2H), 7.04 (dd, 2H), 1.86

(m, 7H), 0.96 (m, 42 H), 0.63 (m, 14H). Anal. Calcd for

C34H67FSi8O12: C 44.88, H 7.41. Found: C 44.62, H 7.48.

Compound 5

Yield 69.3%. 1H NMR: 7.27(s, 2H), 7.06 (s, 1H), 2.31

(s, 6H), 1.87 (m, 7H), 0,97 (m, 42 H), 0.63 (m, 14H). Anal.

Calcd for C36H72Si8O12: C 46.95, H 7.88. Found: C 46.79,

H 7.93.

Compound 6

Yield 61.0%. 1H NMR: 7.54 (dd, 1H), 6.87 (dd, 1H), 6.76

(dd, 1H), 1.85 (m, 7H), 0.97 (m, 42 H), 0.62 (m, 14H).

Anal. Calcd for C34H66F2Si8O12: C 43.96, H 7.16. Found:

C 43.72, H 7.18.

IR spectroscopy

The Fourier Transform Infrared (FTIR) absorption spectra

were recorded by a Perkin Elmer model Spectrum 100

spectrometer, using an universal ATR sampling accessory.

Spectra were recorded from 4000 to 400 cm-1 with a

resolution of 2.0 cm-1. The results are an average of three

experimental run to test the results reproducibility. Anal-

ysis was performed at room temperature, directly on the

compound, without any preliminary treatments.

Thermal analysis

A Shimadzu DTG-60 simultaneous DTA–TG apparatus

was used for both TG and DTA. Temperature, heat flow

and weight calibrations were performed following the

procedure reported in the instruction manual of equipment

[35] using as standard materials: indium (NIST SRM

2232), tin (NIST SRM 2220) and zinc (NIST SRM 2221a)

for temperature; indium (NIST SRM 2232) for heat flow

and a set of exactly weighed samples supplied by Shima-

dzu for the weight. All calibrations of equipment were

repeated every 2 weeks.

Scannings were carried out in the temperature range

35–700 �C, at the heating rate of 10 �C min-1, under

flowing nitrogen (0.02 L min-1) and in a static air atmo-

sphere. Samples of about 6 9 10-3 g, placed in a 40 lL

platinum open pan, were used for experiments. For TG the

sample weight as a function of temperature was monitored

and recorded by a PC connected with the DTG-60 appa-

ratus. At the end of each run the experimental data were

used to plot the percentage of undegraded sample W/Wo%

as a function of temperature, where Wo and W were the

weights of sample at the starting point and during scanning,

respectively. For DTA analysis, the heat flow of sample

was monitored and recorded by the PC connected with the

DTG-60 apparatus, in order to evaluate enthalpy and

temperature of the observed phase transitions.

DSC measurements

A Mettler DSC 20 differential scanning calorimeter, cou-

pled with a Mettler TC 10A processor as control and

evaluation unit, was used for heating–cooling–reheating

thermal cycles. The enthalpy and temperature calibrations

of our apparatus were made, according to the procedure

suggested by the manufacturer [36], through two built-in

programs which use indium for the enthalpy calibration

and the melting points of three metals such as indium, lead

and zinc, for that of temperature. The calibration of
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enthalpy was thus checked by the melting of fresh indium,

showing an agreement with the literature standard value

[37] within 0.25%, while the accuracy of temperature,

checked by several scans with fresh indium and tin,

was within 0.08% in respect to literature data [37].

The calibrations were repeated every 2 weeks. Samples of

about 6.0 9 10-3 g, held in sealed aluminium crucibles, a heat-

ing rate of 10 �C min-1 and a nitrogen flow (0.02 L min-1)

were used for measurements.

Results and discussion

The thermal behaviour of our compounds was studied by

DTA–TG experiments, in dynamic heating conditions, in

both inert (flowing nitrogen) and oxidative (static air

atmosphere) environments. For all investigated compounds

a different behaviour between the used experimental con-

ditions was observed.

The TG and DTG curves under nitrogen (Figs. 2, 3,

respectively) evidenced for all hib-POSSs studied, in the

complete scanned temperature interval (35–700 �C), a

single thermal process falling, in every case, in the

200–400 �C temperature range, with about complete mass

loss (C98%). The initial decomposition temperatures (Ti)

were obtained by the TG curves as the intersection between

the starting mass line and the maximum gradient tangent to

the TG curve. The Ti values under nitrogen are reported in

Table 1 together with the temperatures of DTG peaks (Tm),

which represent the temperatures at maximum weight loss

rate, and the values of the residues obtained after complete

temperature scan.

The DTA curves, simultaneously obtained together with

the TG and DTG ones, evidenced for all hib-POSSs

investigated an endothermic peak, attributable to melting,

roughly falling for all compounds in the 200–300 �C

temperature range (Fig. 4). This behaviour was confirmed

by the visual observation of phenomenon into an equip-

ment for melting point determination (room temperature—

300 �C) which showed that a solid–liquid transition occurs

for all investigated hib-POSSs in the same temperature

interval.

In order to further confirm the occurrence of melting

phenomenon, heating–cooling–reheating thermal cycles

were then carried out on the studied compounds into our
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Table 1 Initial decomposition temperatures (Ti), temperatures at maximum rate of weight loss (Tm) for the main degradation stage and residue%

of the studied hib-POSSs in flowing nitrogen and in static air atmosphere

Compound Nitrogen flow Air static atmosphere

Ti/�C Tm/�C Residue% Ti/�C Tm/�C Residue%

1 291.3 341.4 0 235.8 n.d. 52.4

2 285.7 330.4 2.2 242.7 n.d 50.0

3 301.2 353.8 0 263.9 n.d 41.9

4 292.8 336.6 0 232.6 n.d 39.9

5 299.6 348.5 2.0 256.0 n.d 43.3

6 284.9 335.2 0.5 230.7 n.d 47.5
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differential scanning calorimeter. To this aim every sample

was heated into a pan of equipment up to the end of DSC

peak. Onset (Tonset) and peak (Tp) temperatures, as well as

the associated DH values, were determined (Table 3). The

obtained Tonset and Tp values were in quite satisfactory

agreement with those from DTA experiments reported in

Table 2. Samples were thus cooled to room temperature

and then re-heated twice, and Tonset, Tp and DH values were

again determined after each scan (Table 3). A very good

reproducibility (±0.5 �C) was found for both Tonset and Tp

temperatures, thus indicating the reversibility of considered

processes and substantially confirming that the endother-

mic peaks observed are due to the melting of the studied

hib-POSSs. By contrast, relatively little differences were

found for enthalpy, which decreased after every thermal

cycle. These results indicated that the melting of our

compounds was accompanied by evaporation, which con-

tinued up to about complete mass loss on increasing tem-

perature, as shown by the TG curves. This finding appears

also in agreement with literature results on octaisobutyl

POSS [26].

The degradation TG curves of our hib-POSSs in static

air atmosphere (Fig. 5) evidenced a different behaviour in

respect to nitrogen environment. A very complex degra-

dation process, characterized by several unresolvable

stages, was observed, as evidenced by strongly irregular

DTG curves, which, due to this reason, do not allow to

single out the temperatures at maximum weight loss rate of

the degradation processes of various studied compounds,

and then are not here reported.

Also, a substantial solid residue was obtained after the

complete temperature scan (35–700 �C), which appears

due to the formation of SiO2 as confirmed by the IR spectra

which were also performed. This finding is in agreement

with our previous results on CP-POSSs [29] and with lit-

erature reports on similar compounds [26, 27].

The initial decomposition temperatures and residue%

values of the studied silsesquioxanes in static air atmo-

sphere are reported in Table 1. The IR spectrum of the

solid residue from compound 6 is reported, as an example,

in Fig. 6.

The DTA curves (Fig. 7) confirmed the very complex

degradation process in oxidative environment just observed

by TG and DTG experiments. It is worth to note that all

curves showed a peak in the temperature range

200–270 �C, which was more or less exothermic for the
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Fig. 4 DTA curves under nitrogen flow of differently substituted hib-

POSSs

Table 2 Onset temperature (Tonset) and temperature of DTA peak

(Tp) of the studied hib-POSSs in flowing nitrogen and in static air

atmosphere

Compound Nitrogen flow Air static atmosphere

Tonset/�C Tp/�C Tonset/�C Tp/�C

1 292.5 295.9 221.6 243.7

2 235.5 250.0 214.6 277.7

3 217.5 224.1 209.2 290.5

4 273.6 284.8 219.0 241.7

5 199.5 207.8 197.8 207.9

6 268.0 271.5 219.8 236.0

Table 3 Onset temperature (Tonset), peak temperature (Tp), and enthalpy (-DH) of fusion from DSC thermal cycles of the studied hib-POSSs in

flowing nitrogen

Compound First heating scan Second heating scan Third heating scan

Tonset/�C Tp/�C -DH/(J g-1) Tonset/�C Tp/�C -DH/(J g-1) Tonset/�C Tp/�C -DH/(J g-1)

1 286.4 291.9 -38.6 286.6 291.9 -37.4 286.0 292.0 -36.0

2 233.0 242.9 -19.3 233.4 242.4 -18.0 233.1 242.7 -17.2

3 214.2 221.1 -20.9 214.4 221.2 -19.7 214.2 221.0 -19.0

4 274.3 282.2 -32.6 274.1 282.1 -31.7 274.3 282.1 -30.8

5 198.8 203.9 -20.1 198.4 203.4 -18.7 198.6 203.4 -16.5

6 261.8 269.9 -30.1 262.0 270.1 -27.8 261.7 270.1 -27.5
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compounds 1, 2, 3, 4 and 6 and endothermic for the

compound 5.

On considering the melting temperatures of our com-

pounds (Table 3), this result suggests the occurrence of an

exothermic oxidative degradation which precedes or

overlaps the melting process. This is in agreement with

literature data concerning the degradation of POSSs in

oxidative atmosphere [26] as well as with our previous

finding on CP-POSSs [29] and it is also supported by the

comparison between the DTA curves of each compound in

nitrogen and in air. Compound 5, which is that showing the

most low temperature of fusion, evidences in both DTA

curves (Fig. 8) the same endothermic peak due to melting

(Tp = 207.8 �C under nitrogen; Tp = 207.9 �C in static air

atmosphere), immediately followed, only in oxidative

environment, by irregular peaks due to oxidative degra-

dation at higher temperatures. Nevertheless, it is important

to note that the peak in air is not closed because of the start

of decomposition process.

An analogous comparison between the DTA curves of

compound 3 (Fig. 9) shows that melting occurs at about the

same temperature of initial decomposition process, so a

shoulder at T = 244.7 �C, immediately followed by a

broad exothermic peak (Tp = 290.5 �C), due to the over-

lapping of the two processes, is observed in the curve in air.

For the compounds 1, 2, 4 and 6, which show the most

high temperatures of fusion, oxidative decomposition pre-

cedes the melting process and a sharp exothermic peak in
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the 200–270 �C temperature interval is present in the DTA

curves in static air atmosphere, while the endothermic peak

due to melting does not appear. The DTA curves of com-

pounds 1, 2, 4 and 6, in both environments are reported in

Fig. 10.

Heating–cooling–reheating thermal cycles were then

carried out by our DSC equipment also in static air atmo-

sphere, but no reproducibility of Tonset and Tp values was

observed, it being in agreement with the results over

reported.

Some considerations are possible on the results

obtained: the initial decomposition temperatures of our hib-

POSSs in flowing nitrogen were higher than those in static

air atmosphere, thus meaning lower resistance to thermal

degradation in oxidative environment.

Appreciable, even though not very large, differences

among the Ti values of the various compounds examined

in the same environment were found, which were higher

in air than under nitrogen. On the basis of the values

under nitrogen a classification of the resistance of com-

pound to thermal degradation was made (3 [ 5 [ 4 [
1 [ 2 [ 6), which was similar to that in air (3 [ 5 [
2 [ 1 [ 4 [ 6). A further consideration appears oppor-

tune: to compare the thermal stability of various com-

pounds it is necessary to take into account not only the

initial decomposition temperature, which, in our opinion,

is a measure of the resistance of compound to thermal

degradation, but, also, the degradation rate. This last

parameter is more relevant than the first one when the

initial decomposition temperatures of the compounds

compared are close with each other.

Since the (Tm - Ti) difference can be considered a

measure of the degradation rate, we evaluated these dif-

ferences by the data in Table 1 for the experiments under

nitrogen atmosphere. On the basis of the results obtained

the compound 3, which shows the most high Ti and (Tm -

Ti) values, appears the most thermally stable among the

investigated hib-POSSs. Analogous considerations were

not possible for the data in static air atmosphere, due to the

impossibility to determine Tm values.
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Conclusions

The results obtained indicate a lesser thermal stability

of the hib-POSSs here studied in comparison with the

corresponding hepta cyclopentyl polyhedral oligomeric

silsesquioxanes previously investigated [29], not only for

the lower starting point of decomposition, but also from the

point of view of the degradation kinetics. This lesser

thermal stability appears due to the substitution of cyclo-

pentyl groups with aliphatic i-butyl groups.

This finding seems to drive towards the use of

CP-POSSs as nanofillers for POSSs based nanocomposites

rather than towards that of hib-POSSs. Nevertheless, due to

their low cost, these last compounds can be preferred if the

temperatures during processing or in service are compati-

ble with their thermal parameters, that are, in any case,

quite good. We plan to study in the next future nanocom-

posites of PS and polyolefins with both series of POSSs.
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