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Abstract

The mechanism of thermal degradation of several substituted polyhedral oligomeric silsesquioxanes (POSS) cages is studied in this work.

Hydrogen POSS and methyl POSS shows incomplete sublimation on heating, both in inert atmosphere and in air. Isobutyl and octyl substitute
POSS undergo an almost complete evaporation when heated in inert atmosphere. In air, oxidation competes with volatilization, producing
considerable amount of silica-like residue on heating up to800

Phenyl POSS shows a higher thermal stability than saturated aliphatic POSS and limited volatility, producing a ceramic residue at high yield or
heating in nitrogen, composed of a silica containing a considerable amount of free-carbon. A lower amount of residue is shown after heating ir
air, corresponding to the POSS Si-O fraction.

A vinyl POSS cage/network resin is also studied, in comparison to above materials, showing the highest ceramic yield.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction POSS were used for avariety of applications, from low dielec-
tric constant materials to new resists for electron beam lithog-
Silsesquioxanes are compounds with general formulaaphy materials and high temperature lubricdiis A further
(RSIOy 5),, Where R is an organic group or hydrogHs-5], interestwas givento POSS as their cage can easily be opened and
which attracted a wide research interest in the last yeardurther closed incorporating transition metals. These materials,
Silsesquioxanes can have various geometrical structural ordeffeaturing a geometrically well-defined catalytic centre, can be
including random, ladder and cage structures; the latter are aldoghly selective and active catalysts for organic reactions, both
known as polyhedral oligomeric silsesquioxanes (POSS). Comin homogeneous and heterogeneous catalysis, such as alkene
pared to the others, they can be considered the smallest particlpslymerization, epoxydation and metathesis reactjén8].
of organosilica currently available. Among the various applications of POSS, a very important
POSS are produced by sol—gel techniques through hydrolytifield is the preparation of polymer nanocomposites and hybrids,
condensation of trifunctional monomers RgjXX being a  with the aim to obtain multifunctional materials with inter-
highly reactive substituent, such as Cl or alkoxy. Oligomericmediate properties between those of organic polymers and of
silsesquioxanes were firstly synthesized in 1§8J6and some ceramics.
research groups worked on POSS since 198@§ but only in In this field POSS were successfully used to improve poly-
the last decade several applications have been developed; timer properties such as use temperature, oxidation resistance and
great interest arisen by POSS building blocks is mostly due tanechanical properties; in some cases an interesting reduction of
their hybrid organic/inorganic structure. polymer flammability was reachdd,10,11].

In the light of this background, a deep insight on POSS ther-
mal properties is necessary, in order to be able to tune the final
properties of POSS-containing hybrids and nanocomposites.

* Corresponding author. Tel.: +39 0131 229316; fax: +39 0131 229331. Alkyl (from Cz to Cy0) substituted cubic cage POSS thermal
E-mail address: alberto.fina@polial.polito.it (A. Fina). properties were studied by Bolln et §1.2]; thermogravimet-
L INSTM member. ric analyses showed that, increasing the alkyl chain length, the
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weight loss onset shifted to higher temperatures. Indeed, when

heated in nitrogen (atC/min heating rate) these values ranged \Si ——0 ~._ R

from 166°C for octapropyl POSS to 35% for octadecyl POSS. R O g Si

Residues at the end of analysis were in the range between 5 and ~ 7 0 \S. -0

15% of the initial weight and were believed by the authors to Si 5 - o R=CH,

be due to a siloxane structure. Higher residual weights (from 30 / \ R / oH

to 50%) were found after heating POSS in air; the weight loss o R \S 0 479

being higher with increasing alkyl chains length. °Si Si__ R CoHi7
POSS degradation studies were also developed by Mantz 0 0 71/’

et al.[13], who analysed gases (by means of FTIR and mass Sj - -0

spectrometry) and chars from pyrolysis of both fully and par- s/ o N\ CeHs

tially condensed POSS. Fully condensed cyclohexyl trigonal R R

prismatic and cubic POSS macromergfOg and RsSigO12] Fig. 1. Ts POSS structure.

were shown to have propensity to sublimation on heating in

inert atmosphere. On the other end, the incompletely condensed

POSS (BSigO11(OH)2) underwent a two-step degradation pro- ., jensed POSS in order to evaluate the effect of the chemical
cess, leading to a residue (40% of the initial weight) stable up tQtructure on the degradation pathway.

1000°C. Inthe first weight loss stage, sublimation was observed,

together with traces of water and carbon dioxide in the degra;

5. Experimental
dation gases; these phenomena produced an insoluble residue, xpert

whose formation was explained through macromer’s homopoly- The synthesis of octahydride POS§3#%015 (H-POSS) was
merization reactions occurring in competition with sublimation. rried on the basis of the Agaskar procéé@@,ﬂ The syn-

. . C
In the second weight loss stage, evolution of cyclohexane an{f

. . esis is an acid-catalysed hydrolytic condensation of HSICl
cyclohexene was observed due to the degradation of the first St?gigma—Aldrich reageztgradg) car);ied oninatwo-phase system
residue. '

. . _ . . based on a mixture of hexane/cyclohexane/toluene and acidic
Char analysis via solid-staf8Si NMR and X-ray diffraction . (HCI) water containing FeGl This synthetic procedure led
showed a progressive loss of cage structural order and crystalli € the desired cubic cage grmolecule, together with minor

structure, with increasing thermal treatment temperature. :
’ . . mounts of higher gr. nd Tio), rv
In our previous work[14], the thermal degradation of gcilli/lésa%alygise grade cagesi¢lnd Toz), as observed by

octaisobutyl POSS was deeply siudied: thermogravimetry Organic substituted POSBI(. 1) were obtained from Hybrid
showed evaporation of POSS leading to an almost completsIastics Compani21]
weight loss independently on the heating rate, while in oxidis- Methyl (me-POSS.) isobutyl (ib-POSS) and “isoctyl” PGSS

N9 atmo;phere an important residue at the end of treatme ito—POSS) were used as received. i0-POSS is actually a cage
was obtained. The amount was found to be strongly related t ixture, containing , T1o and Tz cages, as in the case of

the heating rate, ranging from 20% at T@min to 46% at . o
. . . H-P ;th t t furth f -
1°C/min. The structure of residual solid phase after thermox- OSS; these products were not further purified because pres

I . ; L ence of different cages does not affect silsesquioxane thermal
idative treatments was investigated by vibrational spectroscopg ehaviour. as shown in this work

and X-ray diffraction, showing an organic amount decrease by Phenyl POSS (ph-POSS) was purified from residual solvents
increasing the treatment temperatures and a total conversion 6?, drying in vacuum at 180C for 40 min. Since the commer-
amorphous silica by heating POSS up to 800 cial product was found to contain sodium chloride (observed by

In a recent study, Zeng et al. reported the thermal degradae-I . : . :
. L _ ) emental analysis and X-ray diffraction), polyvinyl POSS (pv-
tion of octyl trisilanol POSS, during both programmed heat'ngPOSS,Fig. 2) V\)//as purified b)): washing i21 gei())/nisgd water(gnd

and |sothe.rm.al cgnd|t|on[&5]: Heating octy] risilanol POSS filtering on a 0.45wm Millipore® polymeric membrane, then
at 10°C/min in nitrogen a single step weight loss (betweend ied i £ 80C for 2 h

250 and 530C) was observed, leading to a 8% residue. When fied In vacutim & or 2.

treated in isoth | diti ' © 28D a vi i 'd. Thermogravimetry (TGA) was performed on a TA Q 500
reated in Isothermal conditions & a vIscous IqUig Was - ;i ment in platinum pans, with gas fluxes of 60 ml/min for

optamed, explamed by silanol group con_densanon. Heating Igample gas (nitrogen or air) and 40 ml/min for balance protection
air, a ceramic yield close to the theoretical value for conver- s (nitrogen)

. o . L a
sion to silica was obtamed;_ aIS|m|Iar amount (37%) qf powderyg Analyses were carried outin isothermal conditions or on heat-
residue was also reached in isothermal at Z80explained by ing at 10°C/min, between 50 and 80C, on 10 mg samples.

Si—C bonds cleavage and reorganisation in a solid structure. High temperature TGA was performed on a Setaram SET-
Many literature reports are available on the thermal degra-SYS Evolution TGA, with 6 mi/min of argon protection gas and
dation of silsesquioxane homopolymers and copolymers; theSf4 ml/min sample gés (argon or air).
materials are generally used as precursor for low dielectric mate-
rials (E&E sector) and for cerami¢3,16-19].
On the basis of this background, in this work we investigated 2 commercial “isoctyl POSS” R substituent is actually 2,2,4-trimethylpentyl,

the thermal and thermoxidative degradation of a series of fullyas stated by the producer.
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Fig. 2. Polyvinyl POSS (approximate struct(id]). Fig. 3. Alkyl POSS TGA curves in nitrogen.

sublimation[4,25], while longer chain POSS evaporate above

Differential scanning calorimetry (DSC) analyses were runmeltmg tehmperﬁtur.{ém,lz].h . i ¢
using a Mettler DSC 30 instrument; measurements were done In air the be :aviour on heating may be very different rom
on 4mg samples in open aluminium pans, under a nitrogen d/lvhat observed in inert atmosphere, as oxygen plays an active
air flow (30 ml/min). Heating rate was 2/min role in the degradation process. Indeed, the two longer alkyl-

Transmission FTIR spectra (resolution 4ch were chain POSS (ib- and io-POSS) show a considerable amount

recorded on KBr pellets on a Perkin-Elmer Spectrum GXIIIof cplourless glassy residue at 8@D. The initial weight loss .
spectrophotometer. io-POSS, being a liquid at room tempere{pr ib-POSS occurs at a temperature close to that observed in

ture, was deposited on a monocrystalline silicon wafer. in(_ert atmpsphere (ca._ 20Q) but the evaporation is inC(_)mp_Iete
Scanning electron microscopy (SEM) imaging was obtainedF'g' 4). i0-POSS weight curve shows a two-step oxidation of
by means of a LEO 1450 VP instrument. octyl groups, attemperatures lower than that necessary for POSS

Gas chromatography (GC) was performed on a Perkin-EIme‘?Vaporation' This behaviour prevents evaporation and leads to a
Autosystem XL, equipped with a medium polarity silica 30 m residue amounting to 27% of the initial weight, which is close
capillary column, coupled with a Perkin-Elmer Turbomass Gold© the io-POSS inorganic fractlon amount (31%)2
Mass Spectrometer (MS). Flash pyrolyses in inert condition (He) The proposed mechanism for the POSS bearing longer alkyl

were performed in a SGE Pyrojector Mk2 pyroliser, assemble&hams involves the competition between the evaporation pro-
on the GC injector (Py GC-MS) cess already observed in nitrogen and an oxidation phenomenon,

which leads to a thermally stable residue. This oxidation mech-
anism involves the peroxidation of the alkyl chains and the sub-

3. Results and discussion sequent fragmentation through classical radical path\idsdjs

3.1. H- and alkyl POSS

100 -+ H-POSS
The thermogravimetric curves in nitrogen for H-POSS and % 8o _::epgggs
alkyl substituted POSS reportedhig. 3 show a direct depen- = 60 e i0-POSS
dency of the weight loss temperature on the substituent type g ;]
and size, both as regards onset and maximum weight loss rate= 20
temperature (fax), Which ranges from 157C for H-POSS to
372°C for io-POSS. o
The weight loss takes place in a single step and, except for 2 2'5_
H-POSS, it is almost complete, leaving a negligible amount of g, 210_
residue at 500C. g sl
H-POSS thermal behaviour is explained by contemporary 2 101
occurrence of sublimation above 100, as reported by Calza- ‘g 0.5 1
ferri and Hoffman[22] and redistribution reactiong3,24], g 0.0

leading to a silica residue.

The degradation processes of alkyl-POSS have been ascribec
to a volatilization phenomenon influenced by the substituent
size: me-POSS was recognized to undergo almost complete Fig. 4. Alkyl POSS TGA curves in air.

100 200 300 400 500 600 700 800
Temperature [°C]
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Fig. 5. FTIR spectra for H-POSS heated in different conditions: (a) room tem-

perature, (b) heated to 80C in Ny, (c) heated to 808C in air. Fig. 6. FTIR spectra for io-POSS heated in air at increasing temperatures. (a)
Room temperature; (b) treated 230, 2 h; (c) treated 350C, 1 h; (d) heated to

The weight loss curves in air for H-POSS and me-POS§00 C, 10°C/min.
are very similar to those obtained in nitrogen both as regards A similar behaviour on heating in air is observed with io-

the degradation temperature and as regards the residual WeingSS (Fig. 6); the signals related to the organic fraction (around

?ndicat.in.g that the effect of oxygen on th(e_irQegradation pattern§900 cnml) are strongly reduced after treatment at 260and
is negligible. In the case of me-POSS, this is probably due to thgre almost completely lost after heating up to 360 Once
lower reactivity towards oxygen of the primary carbon atom as

; ; . ; in, th t for io-POSS heated to “@Dis
compared to ib- and io-POSS, while the proposed mechams%%aslg to tﬁast%?csrié’m orio cated up o very
for H-POSS thermal degradation involves gibixidation in '
gas phas§4].

The residues obtained from the thermal treatments hav%‘z' Phenyl POSS
been studied by means of FTIR spectroscopy, in order to

vesigate the evolution of the chemical structure durind o ce of alkyl substituted POSS (Fig. 7); this kind of POSS,

In F?g 5the spectra of H-POSS and of the residues after hea{[1 fact, is thermally stable up to 35C and produces a consider-
ing at 80C’C in nitrogen and in air are shown. H-POSS spectrungglirr]]'gari}er residue with respect to alkyl-POSS both in nitrogen
(a) clearly shows signals from Si—O stretching (ca. 1123%m :

Si-H stretching (ca. 2295 cnd) and bending (ca. 861 cm), In nitrogen, a two-step weight loss is observed, with max-

I I 0,
partially splitted because of solid-state effects on molecular symImum rates at 466 and 628, producing a 70% stable black

metry, in agreement with what previously reporf2é,27]. The glassresidue at 70€. The POSS volatilization effect observed
spectra of the residues (b) and (c) show some weak residual

The thermal behaviour of ph-POSS is completely different

Si—H bending signal (880 cnt) and the broad band from Si—O 1004

bonds stretching. Moreover, the centre of the absorption band 804

for Si-O is shifted to lower wavenumbers (ca. 1090¢ner- ) 70%

sus 1123 cml); these results can be related to the formation °§ 60+

of inter-cage stretched Si—O bonds, in agreement with previous -2 4 N: o N

studies[16,17]. = 0 Air 40%
In our previous work14], the residues obtained after ther- 204

mal treatments of ib-POSS in air were studied in detail by FTIR 0 .

and Raman spectroscopies. The characteristic signals for the § 0.4 £ 500°C . g50°C

organic fraction (in particular the C—H stretching bands around £

2900 cnt1) were found to decrease by increasing the treatment g 03 595°c":

temperature, showing the progressive loss of POSS organic frac- 2 02 466°C

tion. In parallel, absorptions of Si—O bonds stretching modes @ /

for the 200 and 300C residues occurred at lower wavenumbers & 0,14 43°C, AR

with respectto pristine ib-POSS. This behaviour isin accordance E: 0.0 ’ AN

with what observed here for H-POSS, indicating the formation Y . s P

of a Si—-O-Si network structure. After heating to 8@ the
infrared spectrum was totally consistent with that of an amor-
phous silica.

Temperature [°C]

Fig. 7. ph-POSS TGA curves.
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Fig. 8. TGA curve in air for nitrogen-obtained ph-POSS residue. peak at 1595 cmt [29], while bands around 3000 cth are

attributed to C—H bonds stretching modes. In particular, signals
_ _ _ N . _ in the range 3000-3100 cth are relative to C—H on phenyl
with alkyl POSS is probably here in competition with chemical groups, while the ones at 2850-3000chare probably related
reactions, due to the higher melting temperature of ph-POS residual solvent in ph-POSS (see Secpn
(500°C; [28]). The higher residue percentage, with respect to  The spectrum for the residue obtained in air is fully consis-
inorganic Si-O fraction in ph-POSS (ca. 40%) can be attributedent with silica structure, while the nitrogen residue shows an
to the entrapment of carbon in the structure, probably due tadditional band centred at ca. 1600¢ch(see insefig. 10),
phenyl group condensation. partially overlapped with the water molecules bending defor-
In air a similar behaviour is shown, with two main weight loss mation at 1630 cml. This signal is probably related to=C
steps (500 and 65@), accompanied by two minor phenomenabonds stretching and it confirms the presence of free carbon in
at lower temperatures (443 and 5%5). The almost colourless  the residue structuf@0,31].
residue after treatment is ca. 40% of the initial weight and can
be accounted for by the quantitative oxidative transformation oB.3. Polyvinyl silsesquioxane
POSS to silica.
Preliminary study of volatile products by Py GC-MS shows A different thermal behaviour from above POSS is shown by
benzene release; a complete study of gaseous degradation prége cured polyvinyl silsesquioxane.
ucts will be the matter of further studies. In order to check the |n inert atmosphere, two weak weight losses are observed,
thermoxidative stability of the nitrogen-atmosphere residue, theollowed by a more significant one, starting above 460
material was ground into powder and re-heated up t’80@  |eading to a final 93wt.% thermally stable residue at 8D0
air (Fig. 8). The results show a single weight loss step, startingrig. 11a).
over 400°C, with a maximum rate at 64T, leading to 56% of The DSC curve (Fig. 11b) shows an exothermic process start-
an almost white powder. ing above 200C with maximum heat flow at about 48C.

The amount (56% of 70% equals 39%) and visual aspect of his phenomenon can be related to the occurrence of vinyl
this material is very close to the one obtained by direct heating

of ph-POSS in air. This fact confirms the presence of free carbon
in the structure that undergoes oxidation during the treatment in
air.

The carbonaceous moieties present in the sample are not
aggregated, but are homogenously dispersed in the material:
indeed, SEM analysis on the residue obtained after heating to
800°C in nitrogen does not show any microscopic phase sepa-
ration (Fig. 9).

The FTIR analyses on ph-POSS residues are shokig i 0. Y
The ph-POSS IR spectrum (a) shows signals for Si-O framework 1 [ 502 28
(band around 1100 cn) together with signals from the organic 4000 3500 3000 2500 2000 1500 1000 500
fraction: peaks at 697 and 746 chare related to phenyl groups wavenumber (cm™)
out-of-plane deformation, signals at 1137 chipartially over- Fig. 10. FTIR spectra for ph-POSS residues. (a) Room temperature; (b) heated

lapped with Si-O band) and 1432 chare due to Si-phenyl to 800°C, 10°C/min in Np; (c) heated to 800C, 10°C/min in air; (d) heated to
group bonds deformation;=C bonds stretching is shown by 8oo°c, 10°C/min in N, then 800°C, 10°C/min in air.

Trasmittance

(a) 1700 1600 1500 1400
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Temperature [°C] the residue is still not completely stable; heating pv-POSS to
higher temperatures (150G, 10°C/min) a 78% stable residue
is obtained, for temperatures above 1200
Thermogravimetric analysis performed in isothermal condi-
ns at 200 C showed an 8 wt.% gain that levels off after 40 min.
The DSC curve in air (Fig. 12b) enabled us to understand the

Fig. 11. pv-POSS TGA (a) and DSC (b) curves in nitrogen.

groups polymerization, that leads to further POSS crosslink'EIO

ing, with the formation of a continuous —O-Si€5i—O struc- h idati hani howi ¢ thermic si
ture. Increasing temperature above 40Qboth C-C and Si-C ermo-oxjgation mechanism showing a strong exothermic sig-
nal above 200C, probably due to organic fraction peroxidation

bonds can be partially cleaved, with production of volatiles 20D ith vinvl pol i P idati lai
explaining the observed main weight loss. In order to iden2vertapping with vinyl polymerization. Feroxidation explains

tify the degradation products, pyrolyses at 6Q0were per- the observed weight gain; indeed FTIR analysis after heating

formed and the volatiles were analysed by GC-MS analysist,0 250°C (Fig. 13b) shows the appearance of an absorption

showing the release of alkenes with chain length fropt& Peak centred at 1720cth (see insetFig. 13), correspond-

Cis. This is explained by the detachment of unreacted (duénfg totth;atﬁtretching of €0 boTnhds dertived from oxidation f
to steric hindrance) vinyl groups and by the partial eliming-0' Part orthe organic groups. The contemporary presence o

; £ hains f ing the P ic chai oth G=0 band and signals for vinyl groups£C stretching
ton oflonger chains formed during the POSS organic chaing?' g e c1y o Cimaton at 1410, CH wagoing

l . 1 . .
In air above 170C the POSS resin increases its weight up,at 1007 cnt”, CH, wagging at 965 cimr) indicates that only

in analogy with what reported by Voronkov and Lavrent’yevfora part oOf Fhe organic groups can be oxidized. IR spgct_rum
octavinyl POSSA4]; the maximum weight gain was about 6%: of 200°C isothermally treated pv-POSS shows very similar
above 260C, a continuous weight loss occurs (Fig. 12a). AtresAugs. 40G°C. the high efici f ic chai limi
800°C a residue equal to 80% of the initial weight is left. At ove » the high etficiency of organic chains elimi-

this temperature, DTG curve slightly greater than 0 shows th ation due to the oxidation process, leads to a residue which is
' ower than that obtained after heating in nitrogen. After heating

to 800°C (Fig. 13c), contemporarily with the loss of the main
signals related to the organic substituents, the two bands centred

110, 106% — TG curve = .
1051 B 0.10 96 at 1131 and 1047 cnt due to cage and network Si—-O bonds
< 100l 0,05 % stretching are broad.e:'ned' to a single, unresolved band, showing
= o5l 0,00 & amore disordered silica-like structure, as already observed with

2 005 £ the other POSS object of this studly.

= 90 0,10 2 Considering that the inorganic Si—O fraction in pv-POSS is
851 015 £ about 65% of the total weight, the higher residues after both
801 0,20 & treatments in nitrogen (93%) and in air (80%) evidences the

9 presence of carbon in the structure. Both residues obtained on

g 2 heating in nitrogen and in air appear dark. Moreover, when the

F residue obtained at 80C in nitrogen is re-heated in air, a further

= weightloss occurs, leading to the same ceramic amount obtained

® 6 after heating in air, showing the presence of a small amount

T &l exo down of carbonaceous phase, in analogy with what reported for ph-

POSS.

0 100 200 300 400 500 600 700 800

Differently from what observed for ph-POSS, here a carbon-
Temperature [°C]

containing phase is likely formed even after treatment in
Fig. 12. pv-POSS TGA (a) and DSC (b) curves in air. air.
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