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Abstract

Poly(methyl methacrylate) (PMMA) containing aluminum—ethyl acetoacetate (EAA) [M5-Al(OBu®)(EAA),] was obtained
from trialkoxysilane-functional poly(methyl methacrylate) and ethyl acetoacetate modified aluminum sec-butoxide via the
sol—gel method. Infrared (IR), '*C nuclear magnetic resonance (NMR) spectroscopy, and thermogravimetric analysis (TGA)
were used to analyze the structures and properties of the hybrids with various proportions of PMMA. The effects of the
PMMA content on the dynamics and stability of the M5-Al(OBu®)(EAA), hybrids were investigated in this study. The 'H
spin-diffusion path length of the hybrids was in a nanometer scale as estimated from the spin—lattice relaxation time in a
rotating frame (T{"p). The apparent activation energies (E,), evaluated by van Krevelen’s method, of the M5-Al(OBu®)(EAA),
in thermo-oxidative degradation for random scission of EAA segments decreased roughly with increasing PMMA content.

© 2001 Elsevier Science B.V. All rights reserved.

Keywords: Poly(methyl methacrylate); Aluminum alkoxide; Hybrids; Relaxation; Degradation

1. Introduction

At present, popular ceramic substrates used in the
industry are made of alumina or its composites
because of their excellent thermal and mechanical
properties. Organic polymers combined with inor-
ganic components, especially metal alkoxides, che-
mically modified with chelating ligands, have been
synthesized by the sol—gel process in order to prevent

*Corresponding author. Tel.: +886-3-389-1716;
fax: +886-3-389-2711.
E-mail address: techuan@ccit.edu.tw (T.C. Chang).

the precipitation during hydrolysis and condensation.
Ethyl acetoacetate (EAA) is generally used to stabilize
aluminum alkoxides [1-4].

Several methods have been used to characterize the
miscibility of organic—inorganic hybrids, including
microscopy, scattering techniques, mechanical and
thermal measurements, and spectroscopy. NMR spec-
troscopic methods are sensitive to short range inter-
actions. The relaxation processes can be influenced
by several factors, such as change in molecular mass
and addition of a suitable polymer modifier. In our
previous work, the miscibility of poly(methyl metha-
crylate)—-silica (PMMA-SiO,) and polyvinylimida-
zole-silica (PVI-Si0O,) hybrids was studied by NMR
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with relaxation time measurement, and it was found
that the organic and inorganic segments separated on a
nanometer scale as estimated by spin-diffusion path
length [5,6]. On the other hand, investigations of
thermal decomposition parameters, such as E,, AH",
AS*, and AG™ have been carried out on the transition
metal complexes of various classes of organic ligands
[7-11]. But, very little work has been carried out on
the dynamic and thermal stability of poly(methyl
methacrylate) modified by ceramic precursor such
as AI(OBu®)(EAA),, i.e. aluminum sec-butoxide com-
plex with ethyl acetoacetate.

In the present study, poly(methyl methacrylate)
containing aluminum-ethyl acetoacetate hybrid
materials, M5-Al(OBu®)(EAA),, were prepared by
the sol-gel technique. To understand the dynamics
of the hybrids, the proton spin—lattice relaxation times
in the rotating frame (T}{p) of the hybrids were mea-
sured. Furthermore, the thermo-oxidative stability of
the AI(OBu®)(EAA), complex containing various
proportions of PMMA was measured by thermogravi-
metric analysis. The values of apparent activation
energy (E,) were evaluated by van Krevelen’s
method [12].

2. Experimental
2.1. Materials

The monomer methyl methacrylate (MMA, Jans-
sen) was purified by distillation before use, [3-(metha-
cryloxy)propyl]trimethoxysilane (MSMA, TCI) was
used without purification. Aluminum sec-butoxide
[AI(OBu®)3, Strem] was used as the inorganic source
and it is commercially available. Ethyl acetoacetate
(EAA, Janssen) was used as a chemical modifier of
aluminum alkoxide in order to prevent the precipita-
tion on the hydrolysis of aluminum alkoxide. Azo-
bis(isobutyronitrile) (AIBN, BDH) was recrystallized
from ethanol prior to use. Tetrahydrofuran (THEF,
Aldrich) was fractionally distilled in the presence of
metallic sodium and benzophenone under nitrogen
atmosphere. Deionized water (18 MQ) was used for
the hydrolysis.

2.2. Preparation of M5-Al(OBu’)(EAA), hybrids

PMMA containing aluminum-EAA hybrids, M5-
Al(OBu®)(EAA),, were prepared in situ by sequential

G
+ CH=C
O 0:(]:
OMe O(CH,);Si(OCH,);
MN[( A MSMA AlOBuY);,  + EAA
AIBN/THF
60°C, 24h
P(MMA-MSMA) s
Copolymer Al(OBU’ Y EAA ),

EtOH
H,O/HCI

M5-AOBu®)(EAA), hybrid materials

Scheme 1.
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synthesis, as outlined in Scheme 1. In a typical
example, a mixture of MMA (4.00 g) and MSMA
(0.524 g), AIBN (6.89 x 103 g), and THF (28 ml)
was poured into a 100 cm® round bottom flask under
nitrogen, and the solution stirred for 24 h at 60°C to
initiate the copolymerization of the methacrylic
monomers. A homogeneous solution of Al(OBu®);
(6.786 g) and EAA (7.170 g) was added, followed
by addition of water (0.992g) and ethanol
(5.068 g). After stirring for 30 min at room tempera-
ture, the mixture was allowed to gel at room tempera-
ture for a week. The hybrid was further heated for 24 h
at 70°C, 3 h at 100°C, and finally 24 h at 150°C under
vacuum. Hybrid M5-AI(OBu®)(EAA),-60  was
obtained, where 60 denotes that 60 wt.% of Al(OBu®);
based on weight of monomer (MMA and MSMA) and
Al(OBu®); condenses with 40 wt.% of PMMA with
5 mol% trialkoxysilyl functional group. The formula-
tions of the other hybrids are listed in Table 1.

2.3. Characterization of M5-Al(OBu®)(EAA),
hybrids

The IR spectrum of the samples dispersed in dry
KBr pellets were recorded between 4000 and
500 cm ™', The 3C, 27A1 and 2°Si NMR spectra of
the solid state M5-Al(OBu®)(EAA), hybrids were
measured using a Bruker MSL-400 with the cross-
polarization combined with magic angle spinning
(CP/MAS). The proton spin—Ilattice relaxation times
in the rotating frame (Tﬁ,) were measured by using a
'H spin-lock t-pulse sequence followed by cross-
polarization. The 'H 90° pulse width was 4.5 ps,
and the CP contact time was 2 ms. The length of
delay time, 7 ranged from 0.1 to 20 ms for TEJ. The
thermal stability of hybrid was measured using a

Table 1
Experimental conditions for M5-Al(OBu®)(EAA), hybrids®

Perkin-Elmer TGA-2 at heating rate of 10°C/min in
air. The sample weight was about 10 mg, and the gas
flow rate was kept at 100 cm®/min.

3. Results and discussion
3.1. Hybrids characterization

The IR spectra of M5-Al(OBu®)(EAA), hybrids
containing various proportions of PMMA are shown
in Fig. 1. The intensities of the peaks, the character-
istic of PMMA at 1724 and 750 cm ™! (Fig. 1) decrease
with decreasing PMMA content, whereas those at
1733, 1604 and 1516 cm™! increased. Absorption
peak at 1604 and 1516 cm ™", respectively corresponds
to C—O and C=C stretching vibration in the enol form
of EAA bonded to AlI(OBu®); [13]. The results indi-
cate that the EAA is complexed to Al(OBu®); in the
enol form. On the other hand, the band at 1733 cm ™!
corresponds to a partially released EAA ligand.

The NMR chemical shift is affected by reaction,
conformational changes, hydrogen bonding and inter-
molecular forces, while its shape reflects the mobility
of certain parts of the molecules. The >’ Al CP/MAS
NMR spectra of M5-Al(OBu®)(EAA), hybrids are
nearly identical, as shown in Fig. 2. 2’ Al resonance
was broad and asymmetric indicative of the distribu-
tion in quardrupolar coupling constants and chemical
shift. All the spectra showed an intense resonance at
around —1 ppm from octahedral aluminum (A1YY).
The resonance at 66 and 35 ppm was assigned to
aluminum in four- (AI") and five-fold (A1Y) coordi-
nation, respectively [14]. The results suggest that for
PMMA modified AI(OBu®*)(EAA), complex treated at
temperature below 200°C, generally only octahedral

Hybrids P(MMA-MSMA) (wt.%) Al(OBU*)(EAA), (Wt.%)
A: M5-Al(OBU®)(EAA),-85 15 85
B: M5-Al(OBU®)(EAA),-80 20 80
C: M5-Al(OBuY)(EAA),-75 25 75
D: M5-Al(OBu*)(EAA),-70 30 70
E: M5-AI(OBU*)(EAA)»-60 40 60
F: M5-Al(OBu®)(EAA),-30 70 30

* IMSMAJ/(IMSMA]+[MMA]) = 0.05; MMA: methyl methacrylate; MSMA: [3-(methacryloxy)propyl]trimethoxysilane; Al(OBu®)s:
aluminum sec-butoxide; EAA: ethyl acetoacetate; Al(OBu®);/EAA molar ratio = 1:2.
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Fig. 1. Infrared spectra of the hybrids: (A) M5-Al(OBu®)(EAA),-
30; (B) M5-Al(OBu*)(EAA),-60; (C) M5-Al(OBu*)(EAA),-70; (D)
M5-Al(OBu®*)(EAA),-75; (E) M5-Al(OBu®)(EAA),-80; (F) M5-
Al(OBu®)(EAA),-85.

Al within M5-AI(OBu®)(EAA), hybrids was observed.
Note that the resonance of Al'Y and AlY in M5-
Al(OBu®*)(EAA),-30 (Fig. 2C) are observed at 56
and 29 ppm. The up field resonance suggests that
trialkoxysilane-functional PMMA bonds with alumi-
num as PMMA bonds are major one in hybrid [15].
2Si CP/MAS NMR spectrum of MS5-Al(OBu-
SEAA) 3() shows a broad peak in the range —40 to
—70 ppm (Fig. 3) indicates of most being T>-species

65 35 C
B
56 2|9

ppm 150 100 50 0 -50 -100 -150

Fig. 2. Al CP/MAS NMR spectra of the hybrids: (A) MS5-

Al(OBu®)(EAA),-30; (B) M5-Al(OBu*)(EAA),-60; (C) M5-Al(O-
Bu®)(EAA),-85.

(—56 ppm). Moreover, a faster energy exchanged
between the 'H and 2°Si spin systems of the 7>-species
than that of T°-species (—65 ppm) is a result of the
former contain more protons which can provide the
Si-H dipolar coupling, as suggested by previous
literature [5], and the relaxation behavior of the
TQ—species in M5-Al(OBu®)(EAA),-30 hybrid has not
much difference with that in PMMA-SiO, hybrids [5].

Fig. 4 shows the 3C CP/MAS NMR spectrum of
M5-Al(OBu®)(EAA),-85 hybrid. The chemical shifts
for the PMMA segments observed at 178, 56, 52, 45

I T T T T
ppm 20 -40 -60 -80  -100

2120 -140

Fig. 3. 2°Si CP/MAS NMR spectra of M5-Al(OBu*)(EAA),-30 hybrid as a function of contact time.



T.C. Chang et al./Thermochimica Acta 372 (2001) 165-173 169
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C: 62 ppm
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Fig. 4. 3C CP/MAS NMR spectrum of M5-Al(OBu®)(EAA),-85 hybrid.

and 18 ppm correspond with the carboxyl, methylene,
methoxy, quaternary and methyl carbons, respectively
[5,16]. Therefore, the chemical shifts at 185, 174, 85,
62,26 and 15 ppm are due to the EAA ligand carbons.
The resonance at 185 and 174 ppm is attributed to
carbonyl carbons in enol form of EAA chelating to
aluminum, while those at 85, 62, 26 and 15 ppm are
correspond to =CH-, -OCH,CH;, —-CCHj;, and
OCH,CHj3;, respectively [5,16]. On the other hand,
the intensity of the methoxy carbon peak (52 ppm)
relative to that methylene carbon peak (56 ppm) is
independent of the PMMA content in hybrids, and that
is similar to the spectrum of bulk PMMA. This

suggests no Lewis acid—base interaction between
PMMA and AI(OBu®)(EAA), complex [17].

3.2. Hybrids relaxation time

Based on the spin-locking mode employed in Tﬁj
measurement, the magnetization of resonance is
expected to decay according to the following expo-
nential function [18]:

-1
M, = My exp lT—E}] (D

T T T T T T
ppm 160 140 120 100 80

1
40 20 0

Fig. 5. Stacked plot of the '*C CP/MAS NMR spectra of M5-Al(OBu®)(EAA),-60 hybrid as a function of delay time.
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Fig. 6. Semilogarithmic plot of the peak intensity of the MS5-
AI(OBU®)(EAA),-60 hybrid as a function of the delay time.

Here 7 is the delay time used in the experiment and M,
corresponds to resonance intensity. Fig. 5 shows the
effect of delay time, 7 on the 13C resonance of the M5-
AI(OBu®*)(EAA),-60 hybrid. All the peaks present the
same relaxation behavior, indicating no bias due to
local environment. The T{{p values of the respective
carbon in this hybrid can be measured by using the
standard pulse sequence, as shown in Fig. 6. Table 2
shows that the TE, value of the PMMA segments
(178 ppm) is consistent with that of the EAA segments
indicating that they have the same mobility. Moreover,
the PMMA content does not affect the relaxation
measurement, suggesting that aluminum is intimate
with the EAA to the same extent. However, the T{'})

Table 2
The proton spin-lattice relaxation times in the rotating frame T
hybrids, and the spin-diffusion path length L values of hybrids

H
lp

values of M5-Al(OBu®)(EAA),-30 show a larger value
as compared with that of the other hybrids (Table 2).
This may be due to the fact that the motion of the EAA
and PMMA segments in the former is less restricted
and becomes looser. Consequently, the spin-diffusion
path length (L) of the M5-Al(OBu®)(EAA),-30 would
be enhance.

A fast spin-diffusion occurs among all the protons
in the hybrids, which averages out the whole relaxa-
tion process. Thus, the domain size of hybrids is
smaller than the spin-diffusion path length within
Tﬂ) time. The spin-diffusion path length can be esti-
mated using the following equation [18]:

Ly = (=2 |(d) )

Here L, is the distance between protons, typically
0.1 nm, and 75 is the spin—spin relaxation time which,
below T, is about 10 ps, and then, the mean square
distance (L?) over which magnetization can be eval-
uated. The calculated spin-diffusion path length L is in
the range of 3—4 nm (Table 2). This result, therefore,
implies that the PMMA segments and AI(OBu-
SUEAA) complex in hybrids are compatible in a scale
of several nanometer.

3.3. Thermal stability

Fig. 7 shows the TGA and DTG curves of the M5-
Al(OBu®)(EAA), hybrids under air at a heating rate of
10°C/min. MS5-AI(OBu®)(EAA), hybrids degrade
mainly by a three-stage process, and that is destroyed
virtually complete at 600°C. The maximum rate of
weight loss at the first stage decreases with increasing

values of the respective resonance lines (ppm) of M5-Al(OBu®)(EAA),

Hybrids T}':, (ms) L (nm)
15 26 62 85 174 178 Average
A: M5-Al(OBu®)(EAA),-85 11.08 10.19 14.52 16.76 15.87 13.46 13.65 3.69
B: M5-Al(OBu®)(EAA),-80 8.34 8.68 10.39 10.94 10.05 12.59 10.17 3.19
C: M5-AI(OBu®)(EAA),-75 10.24 10.47 10.53 12.90 11.30 13.29 11.46 3.38
D: M5-Al(OBu®)(EAA),-70 8.63 9.01 9.25 11.23 11.32 12.04 10.25 3.20
E: M5-Al(OBu®)(EAA),-60 9.34 9.59 9.82 10.41 8.56 9.41 9.52 3.09
F: M5-AI(OBu’)(EAA),-30 16.40 - - - - 15.80 16.10 401
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Fig. 7. TGA and DTG thermograms (10°C/min) of hybrid
materials under air: (A) M5-Al(OBu®)(EAA),-30; (B) M5-Al(O-
Bu®)(EAA),-60; (C) M5-Al(OBu®)(EAA),-85.
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Fig. 8. The deconvoluted DTG curve of M5-Al(OBu®)(EAA),-85
hybrid under air.
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Table 3

The characteristic parameters of thermo-oxidative degradation (10°C/min) for hybrid materials®

Hybrids T, (°C) Ty, (°C) Ty (°C) Tps (°C) n E, (kJ/mol)
A: M5-Al(OBUu®)(EAA),-85 217 302 375 444 1.26 56

B: M5-AI(OBu®)(EAA),-80 212 293 375 431 1.26 58

C: M5-Al(OBu*)(EAA),-75 215 293 369 419 1.26 41

D: M5-Al(OBu*)(EAA),-70 217 304 370 404 1.26 36

E: M5-Al(OBu®)(EAA),-60 248 311 371 422 1.26 38

F: M5-Al(OBu®)(EAA),-30 231 333 375 494 1.26 34

* Tp1—Tp4 are the temperatures of maximum rate of weight loss at the first to fourth stage in fitting curve; n is reaction order in the first

stage; E, is activation energy of degradation in the first stage.

the PMMA content, while that at third stage increases.
Therefore, the former weight loss corresponds to
Al(OBu®*)(EAA), complex and the latter corresponds
to PMMA. The deconvoluted DTG curve of MS5-
Al(OBu®)(EAA),-85 hybrid under air shows clearly
four-stage (Fig. 8). It can be seen that the peak
temperatures (7;,) of each degradation is about 217,
302, 375, and 444°C, respectively. The degradations
of the hybrids are consistent with Scheme 2 [19]. The
weight loss in the first-stage (~100-250°C) corre-
sponded with step (3)—(6). On the other hand, the last
step (>450°C) may be due to the dehydroxylation of
Al-OH groups. Moreover, the data of T, in other
hybrids are listed in Table 3. It can be seen that the
To1, Tpo, Tp3, and Ty are around 220, 300, 370 and
430°C, respectively. The result suggests that the
degradation of the hybrids is independent of the
PMMA content. Moreover, the Tp4 value of the M5-
Al(OBu®*)(EAA),-30 is comparatively higher than the
other hybrids. This may be rationalized on the basis of
the formation of the silica [5,16].

The reaction order (n) of the thermo-oxidative
degradation in the first stage, determined by the Kis-
singer’s equation [20], is independent of the PMMA
content and that is about 1.26. Fig. 9 shows the
logarithmic plot for degradation rate g(x) of the
hybrids versus temperature of the first stage. The
apparent activation energy E, of the degradation,
evaluated from van Krevelen method [12], is listed
in Table 3. We found that the E, values of random
scission for the EAA segments were in the range of
58-34 kJ/mol, and that decreased roughly with
increasing the PMMA content. The reduction in E,
revealed that the bonding strength between aluminum
and EAA ligand was reduced as the PMMA content
increased.

0.5
0.0
-0.51
—o— A
_ —°TB
3 —4—
o0 ~—vV—D
5 O E
——
6.4

LnT

Fig. 9. Plot of In g(o) vs. In T for thermo-oxidative degradation
(10°C/min) of the hybrids: (A) M5-Al(OBu®)(EAA),-30; (B) M5-
Al(OBU®)(EAA),-60; (C) M5-Al(OBu*)(EAA),-70; (D) M5-Al(O-

Bu*)(EAA),-75; (E) M5-Al(OBu®)(EAA),-80; (F) MS5-Al(OBu-
IEAR) g5

4. Conclusions

The M5-Al(OBu®)(EAA), hybrids were prepared
via sol-gel techniques by mixing PIMMA-MSMA)
copolymer, and aluminum sec-butoxide modified with
ethyl acetoacetate. The characterization of the hybrids
was confirmed through IR, 13C, 27A1, 2°Si NMR and
TGA. It was found that there was no Lewis acid—base
interaction between PMMA and Al(OBu®)(EAA),
complex. Octahedral aluminum was observed in the
M5-Al(OBu®)(EAA), hybrids treated at temperature
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below 200°C, and the trialkoxysilane-functional
PMMA bonds with Al"Y and A1 as PMMA was major
in hybrid. The Tﬁ) value of the PMMA segments was
consistent with that of the EAA segments indicated
that they had the same mobility, and they were
compatible in a nanometer scale estimated by spin-
diffusion path length. However, the Tf'; values of
M5-Al(OBu®)(EAA),-30 showed a larger value as
compared with that of the other hybrids suggested
that the motion of the EAA and PMMA segments in
former was less restricted. The apparent activation
energy E, for random scission of EAA segments in
hybrids was in the range of 58-34 kJ/mol, and that
decreased roughly with increasing the PMMA content.
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