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Abstract

Poly(methyl methacrylate)—silica hybrid materials, P(MMA-MAS)-5® P (MMA-GMA5)-Si0,, were synthesized from
the in situ reaction of the methyl methacrylate (MMA) with maleic anhydride (MA) or glycidyl methacrylate (GMA), then
hydrolyzed with 3-aminopropyl methyl diethoxysilane (APrMDEQOS) and tetraethoxysilane (TEOS) by a sol-gel process.
The thermal stability and the apparent activation enerdigsdf the PMMA moieties in the hybrids under air and nitrogen,
evaluated by van Krevelen's method, were studied by differential scanning calorimetry (DSC) and thermogravimetric analysis
(TGA). P(MMA-GMAS5)-SiO; hybrids with the flexible chain of the coupling agent had the lower glass transition temperature
(Tg) andEa. Moreover, the structure of the coupling agent influences the thermal and thermo-oxidative degradation of the
PMMA within the hybrids.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction presence of trialkoxysilane-functional PMMA, and
the apparent activation energies;Eor the random
The mixture of a tetrafunctional silicon alkoxide scission of the PMMA segments in the hybrids were
and poly(methyl methacrylate) (PMMA) with the 3- evaluated. It was found that Si@reatly reduced the
(trimethoxysilyl)propyl methacrylate (MSMA) coupl-  thermal stability of PMMA moieties, whereas that
ing agent, produces poly(methyl methacrylate)—silica, enhanced less the thermo-oxidative stablity].
P(MMA-MSMA)-SiO,, hybrid materials through Recently, Xie et al[16] condensed the poly(methyl
variations of the sol-gel methg@l-14]. The P(MMA- methacrylate-maleic anhydride) copolymer with
MSMA)-SiO, hybrids have been investigated fo- 3-aminopropyl trimethoxysilane coupling agent, and
cusing on the microstructurg8], morphology [9], then hydrolyzed with tetraethoxysilane (TEOS) to pre-
mechanical propertig40], optical propertie§l1,12], pare the transparent poly(methyl methacrylate-maleic
and thermal stability13,14]. In our previous work,  anhydride)-silica hybrids, P(MMA-MA)-SiQ with
the P(MMA-MSMA)-SiGhybrids were prepared amide bonds by a two-step process. They demon-
by in situ polycondensation of alkoxysilanes in the strated the Si@ content had an influence on the
mechanical properties of the hybrids. However, the
* Corresponding author. imide-containing P(MMA-MA5)-SiQ (or amine-
E-mail address: techuan@ccit.edu.tw (T.C. Chang). containing P(MMA-GMAS5)-SiQ) hybrids were
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prepared by in situ additional polymerization of (TGA). The values of apparent activation energies
MMA, MA (or GMA), and condensation with  (E;) are evaluated by van Krevelen’'s metHdd].
3-aminopropyl methyl diethoxysilane (APrMDEOS)

coupling agent, then co-hydrolyzed with TEOS via

the sol—gel technigue. We found that the local segment 2. Experimental

dynamics and the average spin-diffusion path length

of the hybrids were influenced by the interfacial (cou- 2.1. Materials

pling agent) structurgl7]. The effect of interfacial

structure on the thermal property of the hybrids is  The monomer methyl methacrylate (MMA;
further studied in this work by differential scanning Janssen), was purified by distillation before use.
calorimetry (DSC) and thermogravimetric analysis Maleic anhydride (MA; Showa Chemical Inc.),
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glycidyl methacrylate (GMA; TCI), tetraethoxysilane 2.3. Degradation of hybrids

(TEOS, TCI), and 3-aminopropyl methyl diethoxysi-

lane (APrMDEOS; Gelest Inc.) were used without Differential scanning calorimetry (DSC) was con-

purification. Azobisisobutyro nitrile (AIBN; BDH)  ducted in a Perkin-Elmer 7 unit. The sample weight

was recrystallized from ethanol prior to use. Tetrahy- was 5mg, and the scanning rate was Cfmin under

drofuran (THF; Aldrich) was fractionally distilled nitrogen. The kinetics of degradation of the hybrids

in the presence of metallic sodium and benzophe- were measured using a Perkin-Elmer TGA-2 at a

none under a nitrogen atmosphere. Deionized water heating rate of 10C/min under air and nitrogen. The

(18 M2) was used during the hydrolysis. sample weight was about 10 mg, and the gas flow rate
was kept at 100 ml/min.

2.2. Preparation of hybrids

P(MMA-MAB)-SiO, and P(MMA-GMAB)-SiQ 3. Results and discussion
hybrids were prepared in situ by sequential synthe-
sis, as shown irBcheme 1. In a typical example, a 3.1. DSC of hybrids
mixture of MMA (2.0g), MA (0.1g), APrMDEOS
(0.29), AIBN (3.63x 10~2g), and THF (14 ml) was The SiQ particles from the hydrolysis of TEOS
poured into a 250 ml round-bottom flask under nitro- decreases the free volume of the hybrids and makes
gen, and the solution stirred at 80 (24 h) to initiate the Ty increase. But the microparticles of SiO
the copolymerization of the methacrylic monomers. fills in among the polymer molecules, making the
A desired amount of water (0.43g), TEOS (1.24Q), interaction among the polymer molecules to de-
and HCI with THF was added and then vigorously crease, therefore thg, decreas¢16]. The Ty of the
stirred for 10 min at room temperature. The result- P(MMA-MAS5)-SiO; hybrids (~124C) is indepen-
ing homogeneous mixture was poured onto a Teflon dent of silica content (Table 1). The phenomenon
dish. After drying at room temperature for 24 h under is also observed in the P(MMA-MSMA)-SjOhy-
atmospheric pressure, the film was heated for 3h at brids (~163C [15]; ~150°C [19]), revealing that
60°C, 3h at 100C, and finally 24 h at 150C under the two effects are comparable in magnitude. On the
vacuum. Hybrid MA5-70 was obtained, where 70 do- other hand, thdy of the P(MMA-GMAS)-SiG hy-
nates that 70 wt.% of 95 mol% MMA with 5mol% di- brids decreases with increasing silica content. This
ethoxysilyl functional group condenses with 30wt.% dissimilar behavior, as observed from a compari-
of TEOS based on the weight of monomer (MMA, son with the P(MMA-MA5)-SIiQ hybrids, may be

MA, and APrMDEOS). due to the uncondensed residual Si(@H)7] that
Table 1
The characteristic parameters of the degradatior? @Ifin) for hybrid materials
Hybrids Ty (°C) No/air
Ts (°C) Tm (°C) Ye (wt.%) Ea (kJ/mol)
A: MA5-100 124 281/272 416/402 7.6/3.9 (4.0) 140/90
B: MA5- 90 123 309/291 412/395 13.6/8.0 (8.4) 122/82
C: MA5- 80 125 311/288 411/387 17.0/13.2 (12.2) 115/90
D: MA5- 70 123 309/290 410/374 23.2/18.5 (15.4) 97/111
E: GMA5-100 112 262/253 411/363 8.1/6.3 (2.9) 67/82
F: GMA5- 90 112 266/258 416/361 18.1/15.3 (7.7) 82/85
G: GMA5- 80 91 232/237 412/368 25.4/21.0 (11.8) 81/84
H: GMA5- 70 90 218/226 402/367 29.8/25.8 (15.3) 96/84

Tg: glass transition temperatur@s: temperature of 5% weight losS,: maximum rate temperature of weight l094;: char yield at
800°C; E,: activation energy for the degradation. Tlfg values in parentheses are evaluated by calculation method.
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tends to create more free volume in the hydaa].
Moreover, theTy value of hybrids is in the order
P(MMA-GMA5)-SIi0; < P(MMA-MA5)-SiO,; <
P(MMA-MSMA )-Si0O, hybrid, suggesting that the
structure of the coupling agent affects the flexibility
of the PMMA in the hybrids.

3.2. Thermal degradation

Fig. 1 is the deconvoluted derivative thermo-
gravimetry (DTG) curve of the MA5-70 hybrid under
nitrogen. The broader peak at 38D refers to the
scission of inherently weak head-to-head linkages
[21,22] and vinylidene chain-end initiatiof23], and
the strong narrow component peaking at 4C6orig-
inates from random positions by chain scission within
the polymer[21,22]. Additionally, another shorter
peak at 512C may be due to degradation of the 3i0O
network[15].

Fig. 2 shows the TGA and DTG curves of the
P(MMA-MADS5)-SiO2 hybrids under nitrogen at a heat-
ing rate of 10C/min. Table 1lists the characteris-
tic data of the 5% weight loss temperatureg)(The
maximum rate temperature of weight lossyjTand
the char yield (¥) at 800°C. The Ts value of the
P(MMA-MADB)-SiO; hybrids (~309C) is larger than
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Fig. 1. The deconvoluted derivative thermogravimetry (DTG) curve
of MA5-70 hybrid under nitrogen.
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Fig. 2. TGA and DTG thermograms of hybrids (A) MA5-100;
(B) MA5-85; (C) MA5-70 at the heating rate 2€/min under
nitrogen.

that in literature (~260C) [16]. This suggests that in-
terfacial structure in this study is imide bonding rather
amide bonding. On the other hand, thg value of
the P(MMA-MA5S)-SIiQ hybrids decreases with in-
creasing silica content. The results reveal that;S&
tards the thermal scission of head-to-head linkage and
vinylidene chain-end initiation, but enhances the ran-
dom scission within the polymer chain. Moreover, the
values ofY, increase with increasing silica content,
indicating that more three-dimensional silica network
develops as the TEOS proportion increases.

The weight loss (TGA) and DTG curves of the
P(MMA-GMADB)-SiO; hybrids under nitrogen display
two main reaction steps (Fig. 3). The degradation at
lower temperatures is due to scission of head-to-head
and unsaturated chain ends of the polymer, while
degradation at higher temperature is associated with
random scissiorj24]. Interestingly, the value ofs
of the P(MMA-GMA)-SiG hybrids decreases with
increasing silica content, while the value of, is
around 41FC. This indicates that Si¥Denhances the
initial thermal degradation of the PMMA segments
containing amine bonds.

Fig. 4 shows the TGA and DTG curves of the
MA5-70, GMA5-70 and MSMAS5-70 hybrids under
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Fig. 3. TGA and DTG thermograms of hybrids (A) GMA5-100;
(B) GMA5-85; (C) GMA5-70 at the heating rate 1G/min under
nitrogen.

nitrogen. TheTs value of hybrids is in the or-
der MSMA5-70 < GMA5-70 < MA5-70. On the
other hand, theT,, value of hybrids is in the or-
der MSMA5-70 (402C) ~ GMA5-70 (402°C) <
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Fig. 4. TGA and DTG thermograms of hybrids (A) MA5-70; (B)
GMA5-70; (C) MSMAS5-70 at the heating rate 1G/min under
nitrogen.
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MA5-70 (410°C) hybrid. This suggests that the struc-
ture of the coupling agent affects the thermal stability
of the PMMA in the hybrids. The char yield¥y) are
notably more than the calculated values (Table 1), and
the difference between the calculated and experimen-
tal values is proportional to silica content. The results
imply that other degradation products are produced.
Moreover, the P(MMA-GMADBS)-Si@ hybrids have
the higherY., compared with P(MMA-MA5)-SiQ
hybrids. This may be due to the contribution of
amine interfacial structure that decreases the pyrolitic
temperature, retards carbonization of PMMA, and
increases pyrolysis residue.

3.3. Thermo-oxidative degradation

The deconvoluted DTG curve of MA5-70 hybrid
under air is also fitted by three main reactions (Fig. 5).
It can be seen that the temperature of maximum rate
of weight loss () of each degradation step is about
360, 396 and 524C, respectively. The first stage is
due to degradation of partially oxidized groups. These
polymer chains are formed by oxygen trapping of the
radicals that are generated from the weak linkages
[21,22]. The second-step is an oxygen attack on the
radicals that are generated by random scissions within
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Fig. 5. The deconvoluted DTG curve of MA5-70 hybrid under air.
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Fig. 6. TGA and DTG thermograms of hybrids (A) MA5-100; (B)
MA5-85; (C) MA5-70 at the heating rate TC/min under air.

the polymer chainf21,22]. The third degradation step
may be due to the Sighetwork[15]. Fig. 6shows that
the Ts of P(MMA-MADB)-SiO, hybrids (~290C) is
larger than that of copolymer (27£), and theTy, of

the hybrids decreases with increasing silica content.
Therefore, SiQ retards the initial thermo-oxidative
degradation of the PMMA segments, but it enhances
the random scission.

The thermo-oxidative degradation of the P(MMA-
GMADS)-SIiO, hybrids (Fig. 7) is different from that
of the P(MMA-MA5)-SiG hybrids. TheTs value
of the P(MMA-GMA)-SiQ hybrids decreases with
increasing silica content, while the value ®f; is
around 365C. The results imply that Si©enhances
the degradation of the interfacial amine bond at initial
stages.

Fig. 8 shows the TGA and DTG curves of the
MA5-70, GMA5-70 and MSMA5-70 hybrids un-
der air. TheTs and Ty, value of hybrids is in the
order MSMA5-70 < GMA5-70 < MAS5-70. The
results reveal that the latter has the more stable
interfacial structure. Thus, the apparent activation
energy (R), evaluated by van Krevelen’s method
[18], for the hybrids in thermo-oxidative degrada-
tion may be in the order ®IMA-MSMA5)-SiO; <
P(MMA-GMA5)-SiO2 < P(MMA-MAS)-SiO».
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Fig. 7. TGA and DTG thermograms of hybrids (A) GMA5-100;
(B) GMA5-85; (C) GMA5-70 at the heating rate 1G/min under
air.

3.4. Kinetic analysis

Figs. 9 and 1Qepresent the logarithmic plots for
the degradation ratg(e) of the PMMA segments
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Fig. 8. TGA and DTG thermograms of hybrids (A) MA5-70; (B)
GMAS5-70; (C) MSMA5-70 at the heating rate 1G/min under
air.
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Fig. 9. Plot of Ing(«) vs. InT for thermal degradation of hybrids
(A) MA5-100; (B) MA5-90; (C) MA5-80; (D) MA5-70 at heating
rate10*C/min under nitrogen.

in the hybrids versus temperature under nitrogen.
The E5 values of random scission for PMMA seg-
ments in hybrids, evaluated from slopes in a plot of
Ing(«) versus InT, are listed inTable 1. Thek, value

of the P(MMA-MAS5)-SiQ; hybrids under nitrogen
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Fig. 10. Plot of Ing(«) vs. InT for thermal degradation of hybrids
(E) GMA5-100; (F) GMA5-90; (G) GMA5-80; (H) GMA5-70 at
heating rate10C/min under nitrogen.
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decreases with increasing silica content, whereas that
under air increases. However, tBgvalues of random
scission in the homopolymer are around 230 kJ/mol
under nitrogen and 70kJ/mol under &#5]. This
indicates that the reduction &, by nitrogen is very
large, whereas the enlargement by air is very small.
This large difference reveals that chain scission of the
PMMA segments in hybrids may be more complex
than in the homopolymer. At present, the reduction in
Ea may be associated with the higher thermal conduc-
tivity of SiO» (5mcal/cm$C) compared to that of
PMMA (0.5mcal/cm $C) [26]. However, the reason
for enlargedE, value in the degradation under air is
not clear at present. On the other hand,Eqe&alue of

the P(MMA-GMADS)-SiQ hybrids is independent of
the silica content under nitrogen (~86 kJ/mol) and air
(~84 kJ/mol). TheE, value of the PMMA moieties

in hybrids is in the order MMA-MSMA5)-SiO, <
P(MMA-GMA5)-SiO2 < P(MMA-MA5)-SiO2 hy-
brid, as compared with the P(MMA-MSMA)-SjO
hybrids [15]. The result reveals that the stable inter-
facial structure, even only small amount (5% molar
ratio), has the more thermal and thermo-oxidative
stability of the PMMA.

4, Conclusions

MA and GMA, two coupling agents, were used to
bond the PMMA and Si@ The effect of the Si@
content and interfacial structure on the flexibility
and stability of the PMMA-Si@ hybrids was chara-
cterized by DSC and TGA. However, thHg, value
of the PMMA moieties in hybrids was in the order
P(MMA-MSMA5)-SiO, < P(MMA-GMAS5)-SiO,
< P(MMA-MA5)-SiO» hybrid, as compared with
the P(MMA-MSMA)-SIiQ hybrids. The result indi-
cated that the stable interfacial structure had the more
thermal and thermo-oxidative stability of the PMMA.

Acknowledgements

The authors thank the National Science Council of
the Republic of China (Grant NSC 90-2113-M014-
001). We would also like to thank Mr. Y.C. Lin for his
expert technical assistance.



226
References

[1] J.E. Mark, C.Y. Lee, P.A. Bianconi, Hybrid Organic—Inorganic
Composites, ACS Symposium Series 585, American
Chemical Society, Washington, DC, 1995.

[2] G. Philipp, H. Schmidt, J. Non-Cryst. Solids 63 (1984) 283.

[3] E.J.A. Pope, M. Asami, J.D. Mackenzie, J. Mater. Res. 4
(1989) 1018.

[4] B.M. Novak, C. Davis, Macromolecules 24 (1991) 5481.

[5] Z.H. Huang, K.Y. Qiu, Polym. Bull. 35 (1995) 607.

[6] D.E. Rodrigues, B.G. Risch, G.L. Wilkes, Chem. Mater. 9
(1997) 2709.

[7] C.J.T. Landry, B.K. Coltrain, B.K. Brady, Polymer 33 (1992)
1486.

[8] C.J.T. Landry, B.K. Coltrain, J.A. Wesson, J.A. Lippert, N.
Zumbulyadis, Polymer 33 (1992) 1494.

[9] B.K. Coltrain, C.J.T. Landry, J.M. Oreilly, A.M. Chamberlain,
G.A. Rakes, J.S. Sedita, L.W. Kelts, M.R. Landry, V.K. Long,
Chem. Mater. 5 (1993) 1445.

[10] H.B. Sunkara, J.M. Jethmalani, W.T. Ford, Chem. Mater. 6
(1994) 362.

[11] 3.M. Yang, C.S. Lu, Y.G. Hsu, C.H. Shih, J. Biomed. Mater.
Res. (Appl. Biomater.) 38 (1997) 143.

[12] J.M. Jethmalani, W.T. Ford, Chem. Mater. 8 (1996) 2138.

[13] W.C. Chen, S.J. Lee, Polym. J. 32 (2000) 67.

Y.T. Wang et al./ Thermochimica Acta 397 (2003) 219-226

[14] J.E. Pu, Z. Mark, J.M. Jethmalani, W.T. Ford, Chem. Mater.
9 (1997) 2442.

[15] T.C. Chang, Y.T. Wang, Y.S. Hong, Y.S. Chiu, J. Polym. Sci.
Polym. Chem. 38 (2000) 1972.

[16] T.X. Xie, C.G. Zhou, S.Y. Feng, X.Q. Wang, J. Appl. Polym.
Sci. 75 (2000) 379.

[17] T.C. Chang, Y.T. Wang, Y.S. Hong, H.B. Chen, Int. J. Polym.
Anal. Charact., in press.

[18] D.W. van Krevelen, C. van Herden, F.J. Huntjens, Fuel 30
(1951) 253.

[19] Y. Wei, D. Jin, C. Yang, M.C. Kels, K.Y. Qiu, Mater. Sci.
Eng. C 6 (1998) 91.

[20] K.N. Haley, R.B. Moore, E. Viel, A.C. Griffin, Polymer, in:
Proceedings of the 1996 ACS New Orleans Meeting, Vol. 37,
Division of Polymer Chemistry, American Chemical Society,
1996, p. 703.

[21] T. Kashiwagi, T. Hirata, J.E. Brown, Macromolecules 18
(1985) 131.

[22] L.E. Marning, D.Y. Sogah, G.M. Cohen, Macromolecules 22
(1989) 4652.

[23] L.E. Marning, Macromolecules 22 (1989) 2673.

[24] A. Piracha, S. Zulfigar, Polym. Degrad. Stab. 51 (1996) 27.

[25] L.E. Marning, Macromolecules 21 (1988) 528.

[26] D.S. Soane, Z. Martynenko, Polymers in Microelectronics,
Elsevier, Amsterdam, 1989, p. 159.



	Effect of the interfacial structure on the thermal stability of poly(methyl methacrylate)-silica hybrids
	Introduction
	Experimental
	Materials
	Preparation of hybrids
	Degradation of hybrids

	Results and discussion
	DSC of hybrids
	Thermal degradation
	Thermo-oxidative degradation
	Kinetic analysis

	Conclusions
	Acknowledgements
	References


