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Metal poly (styrene-co-butyl methacrylates) copolymers were obtained by radical poly- 
merization with benzoyl peroxide (BPO) and azodiisobutylonitrile (AIBN). The mono- 
mers were codeposited with the metals: Pd, Cu, Ag, Au, Zn, Cd, Ga, in, Ge, Sn, Sb and 
Bi a t  77 K. The metals were evaporated to produce atoms and with the monomers they 
can generate a matrix on the reactor walls at low temperature. During the warm up 
process, metal co-monomers colloids can be obtained. The colloids were polymerized 
with BPO and AIBN at 65°C for 3.0 h. Four different initiator concentrations (1,l.S. 3.0 
and 5.0mol%) were used. The yields are fairly low (30-60%) and the viscosimetric 
molecular weight range from lo4  105g/mol. 

The higher m v  are Ga-SBMA and Ag-poly(styrene-co-butyl methacrylate) for AIBN 
series and Sn-SBMA and Pd-SBMA for BPO series. The thermal stabilities of these 
metal polymers have been studied by thermogravimetry (TG) between 25 and 550’C 
under nitrogen flow. The decomposition temperatures were obtained from the first 
derivative from TG curve. 

The kinetic parameters of the thermal decomposition were determined by the 
Arrhenius equation. All these copolymers degrade in a single step process around 
3 0 0 T .  The kinetic data thus obtained show the therinostabilities decrease in the ordel.: 
C u - S B M A  > Ge-SBMA > Ag-SBMA > I n - S B M A  > Z n - S B M A  > Bi-SBMA > 
Ga-SBMA > Cd-SBMA > Sb-SBMA > Sn-SBMA > Pd-SBMA for AIBN series and 
Ga-SBMA > Ag-SBMA > Au-SBMA > In-SBMA > Ge-SBMA > Zn-SBMA > Sn- 
SBMA > Bi-SBMA > Cd-SBMA > Pd-SBMA > Cu-SBMA > Sb-SBMA for BPO series. 

The thermal stability is strongly dependent on the metal cluster incorporated in the 
polymer matrix. The decomposition reaction order is zero either for AiBN or BPO 
series of metal copolymers. The pre-exponential factor and the activation energy of the 
decomposition reaction for all the copolymers have been determined. 

Keywords: Poly(styrene-co-butyl methacrylate); metal clusters; thermal analysis; ther- 
mal stability; kinetics 

-*To whomcorrespondence should be addressed. 
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72 G CARDENAST. ,AND M GONZALEZG 

INTRODUCTION 

In solid-state decomposition reactions. we found variations in the kinetic 
parameters due to the sample and measuring conditions. The variation in 
the Arrhenius parameters results from a certain change in the overall 
behavior of the reaction process due to several factors. The variations of 
kinetic parameters for a series of reactions tend to a result of a mutual 
dependence of the apparent Arrhenius parameters. Several papers [ 1-41 
showed an historical review dealing with the kinetic compensation effect 
(mutual dependence of the apparent Arrhenius parameters). I t  is gene- 
rally accepted that the experimentally shape of a TG curvc changes with 
the measuring conditions applied. such as sample mass, heating rate, 
atmosphere and others [ S ] .  Guarini 161 mentioned that non-linearity of 
the Arrhenius plot increases with the sample mass. Sample mass depend- 
ent variation in the apparent Arrhenius has been explained by the effect 
of gradients in temperature [7].  To avoid this problem we usually used 
2-5 mg of sample during the heating process. 

The \)ariation in the behavior for a reaction is only detected as 
changes in the position and shape of the experimentally T G  curves. 
The kinetic parameters calculated from these macroscopic data are 
projected on the Arrhenius coordinates through the general kinetic 
equation. The variation in the respective kinetic parameters most 
probably is produced from the changes in the experimental and 
physicochemical factors. 

I t  is well known the relationship existing between the TG curves 
and the general equation. 

In this paper, the dependence of the Arrhenius parameters with the 
increased i n  the amount of clusters incorporated in styrene-co-butyl 
methacrylate is discussed. Several metal clusters such as: Pd, Cu, Ag, 
Au. Zn, Cd. Ga. In. Ge, Sn. Sb were used to prepare copolymers with 
metals in the matrix. 

EXPERIMENTAL 

Colloid Synthesis 

As a typical example. tin colloid (lOniL) was placed in a polymeri- 
zation flask with 1.0 mol% of AIBN under nitrogen atmosphere. The 
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METAL POLY (STYRENE-CO-BUTYLMETHACRYLATES) 73 

flask was closed and placed in an isothermal bath at 65°C for 3.5 h. 
The content of the flask was quenched in l00mL of methanol. The 
polymer was filtered off and dried under vacuum Torr) for 48 h 
at 30°C. The yield of the copolymer was determined. Similar procedure 
was followed for 1.5, 3.0 and 5.0mol% AIBN fractions). Mole- 
cular weights were determined in 2-butanone ( K  = 9.3 x and 
u = 0.72) [lo]. 

Identical method for copolymers prepared with BPO was achieved. 

Elemental Analysis 

The metals were determined by atomic absorption in a Perkin-Elmer 
3100 A and carbonlhydrogen in a Perkin-Elmer 2100 Automatic 
Analyzer. 

Thermogravimetry 

A Perkin-Elmer Model TGS-2 Thermogravimetric system, with a 
microprocessor driven temperature control unit and a TA data 
station, was used. The weight of these samples were recorded accurately 
and were generally in the range of 5 mg. The sample pan was placed in 
the balance system in equipment and the temperature was raised from 
25 to 550°C at a heating rate of lO"Cmin-'. The weight of the sample 
was continuously recorded as a function of the temperature. 

RESULTS AND DISCUSSION 

The synthesis and molecular weights of metal poly (styrene-co-butyl 
methacrylate) has been recently reported [ll]. The synthesis of poly- 
mers with doped metal in styrene [12] and butyl methacrylate 1131, 
was also reported. The present work is an attempt to study the ther- 
mal properties of the alternate copolymers of styrene and butyl meth- 
acrylate (SBMA). The following synthesis scheme was followed: 

The metal SBMA copolymers might exist in several conformations, 
but the most probable copolymer is alternating due to their copolymeri- 
zation ratios. The single step decomposition in the thermograms is also 
another evidence (see Fig. l a  and lb). The undoped copolymers showed 
different thermal decomposition, e.g. for the highest MW fraction SBMA 
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I 4  G C,ARDENAST. AND M GONZALEZG 

CH=CH2 + CH2 = C -CH3 + Matoms 
C-O-CqHg 
0 

1 )  Codeposition 77 K 
2) Warm up to r.t. I 

- Cb2rC-CH3 
C-O-CqHg 
0 

- -  - -  C H =-C-Hz 

(-J _ _ _  - - - M x = - - -  _ _ , ,  
Colloid 

4 
Copolymerization 
AlBN or BPO, "C 

y 3  

8 
M = Pd, CU, Ag, Au, 

Zn, Cd, Ga, In, 
Ge, Sn, Sb and Bi 

Metal copolymers SBMA 

Scheme 1 

prepared with BPO showed a thermal decomposition (7,) at 372.16'C. 
however the SBMA from AlBN exhibited a 7, at 379.87-C (Fig. la and 
Ib  respectively). The reported TD values are between styrene (400 C) 1141 
and butyl methacrylate (282-C). respectively. 

Besides, Cu-SBMA (389.64 CI showed the higher TD than the un- 
doped copolymer for AlBN series. Ga-SBMA (418.19 C) is the most 
stable copolymer. for the highest molecular weight fraction in the BPO 
series. In both cases the doped copolymers exhibited higher thermal 
stability than the corresponding copolymers. 

The amount of metal clusters in the copolymers is similar to PBMA 
[IS] already reported but lower than polystyrene series. As we can 
see. the presence of metal clusters in the copolymers are dealing with 
the improvement in thermal stability increasing their T,. Ag, In and 
Ge-SBMA showed similar 7, in both series (Fig. 2 shows Ag-SBMA 
fractions 1 and 4). The other metal copolymers showed differences but 
i n  general. the AIBN series exhibited higher T, than the B P O  series. 
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METAL POLY (STYRENE-CO-BUTYLMETHACRY LATES) 15 

- cop 1 Y. 

----cop 3% ..... cop5% 

-.-.-COP.L5L5Y. a 

0 1  
1 I I I 

6b 180 300 420 5443 
TEMPERATURE ('C) 

0 1  1 -. 
110 210 310 410 50 

TEMPERATURE ( C )  

FIGURE 1 Thermogram of poly(styrene-co-butyl methacrylate) (a) undoped copolymers 
from BPO series; (b) undoped copolymers from AIBN series. The fractions 1: 2,3 and 4 
are corresponding to 1,1.5,3.0 and 5.0 mol% initiators. 
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FIGURE 2 Thermogram and first deri\ative of Ag-poly(stS'renz-co-buty1 methacry- 
laret obtained at heatins rates of 10 C min-': (a )  fraction of 1.0 mol'lio BPO; (h) fraction 
of 1.0 mol"i  AIDE. respecti\cl!. 

Figure 1 shows the change in sample weight as a function of time 
and temperature \vhen the four fractions of poly (styrene-co-butyl 
methacrylates) are heated from 25 to 550-C. The fraction 1 (the 
highest MW) exhibits the highest decomposition temperature (T,) in 
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METAL POLY (STY RENE-CO-BUTYLMETHACRYLATES) 77 

TABLE I 
crylate) with AIBN 

Kinetic parameters for metal poly(styrene-co-buty1 metha- 

Copolymer E,(kJ/mol) n Temp. range ( " C )  TD ("C) 

SBMA-1 

SBMA-3 
SBMA-4 

SBMA-2 

CU-SBMA-I 
CU-SBMA-4 

Ge-SBMA-1 
Ge-SBMA-4 

Ag-SBMA-I 
Ag-SBMA-4 

In-SBMA- 1 
In-SBMA-4 

Zn-SBMA-1 
Zn-SBMA-4 

Bi-SBMA-1 
Bi-SBMA-4 

Ga-SBMA-1 
Ga-SBMA-4 

Cd-SBMA-1 
Cd-SBMA-4 

Sb-SBMA-1 
Sb-SBMA-4 

Sn-SBMA-1 
Sn-SBMA-4 

Pd-SBMA-1 
Pd-SBMA-4 

32.28 
30.69 
20.37 
17.34 

36.61 
29.29 

3 1.43 
27.57 

25.84 
24.77 

28.26 
23.94 

34.05 
28.97 

26.8 1 
26.04 

23.60 
21.55 

3 1.94 
30.75 

32.28 
27.11 

28.04 
25.25 

30.23 
21.53 

0 
0 
0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

0 
0 

356.62-420.84 
366.99-425.80 
367.01-445.33 
365.94-488.86 

355.91 -420.50 
355.63-435.40 

375.53-436.47 
356.75-414.82 

376.82-437.79 
366.94-430.19 

350.42-425.84 
365.76-430.86 

355.55-429.66 
361.30-422.51 

360.23-435.48 
350.97-435.90 

370.26-433.37 
370.30-443.21 

353.72-430.10 
349.57-429.79 

350.60-435.04 
340.93-435.23 

375.91-440.51 
365.98 435.81 

369.29-427.33 
358.72-425.72 

379.87 
361.20 
377.39 
379.76 

389.64 
377.99 

385.94 
381.05 

385.13 
374.86 

385.81 
385.83 

383.46 
379.89 

381.83 
378.29 

381.05 
374.79 

380.96 
376.06 

379.59 
375.70 

377.61 
375.1 8 

376.67 
377.56 

SBMA = poly(styrene-oo-butyl methacry1ate)s. 
TD = decomposition tcmpcralurc. 

both BPO (Fig. la) and AIBN (Fig. lb)  series. Their activation ener- 
gies of decomposition reactions are also decreasing with the lower 
MW (Tabs. I and 11). 

These copolymers degrade in a single step, loosing mostly their 
weight around 370°C. It is quite important to observe only one curve 
in the thermogram which is a good evidence for the presence of alter- 
nating copolymers. 
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78 Ci CARDE\AS T A \ D  W GOhZALEZ G 

TABLE I1 
crylate) nith BPO 

Kinetic parameters for iiictiil pol!(at)I.ene-co-but!l mctha- 

(‘Opc’l! Ii1VI’ E‘, ( LJ  I ? l O / )  I1 ?iwp. rull</l’ ( c‘) 7n I c 
SBILIA-1 44.48 n .351.60-?XX.00 372.18 
S B M 11-1 42.4X 0 33X.16-406.20 372.40 

s R M r \ - l  40.71 0 .>..>.I3 394.93 373.70 

GLI-SBMV1A-I 36.26 0 361.21 4ZO.85 418.19 
G a-S B h4 A-4 3 8.7 7 n 357 .41-4263  411.X1 

A-\-SBhlA-I 42.50 0 36 I. 12-419.96 391.00 
Ag-SBRiA-4 28.58 0 336.73 413.69 383.34 

,Au-SBhlA-I 40.49 0 360.26-420.06 388.79 
Au-SBhlA-4 41.30 0 330.36 385.40 363.73 

In -  S B bl A - 1 40.67 0 364.7X -429.13 388.52 
I 11-S R bl A -4 2 7.59 0 340.x0 420.74 3x1.10 

Ge-SBbIA-I 35.26 0 3>3.87 422.97 387.15 
Ge-SBM.4-4 44.08 0 343.04-41 1.03 384.80 

LIl-SBMA-1 39.76 0 350.30- 400.13 376.51 
Zn-SBhl.4-4 32.71 0 366.33 4 lO . lh  394.71 

Sn-SBRlh-1 35.97 0 342.93-397.10 373.05 
Sn-SRI\IA-4 36.69 0 340.33 395.36 374.78 

Bi-SBMA- 1 -36.44 0 325.16-385.40 366.26 
Ri-SRMA-4 11.60 0 327.76 390.16 378.68 

C’d-SRMA- 1 34.25 0 320.40 395.36 366.1 I 
C d - S R M - 4  28.82 0 .325.l6 305.36 365.25 

Pd-SBhl.4-1 44.58 0 320 83-380.20 355.50 
Pd-SBR.1.A-4 29.63 0 330.36-385.40 353.55 

Cu-SBMA-I 27 24 0 344.50 419.31 353.77 
C u - S B M - 4  44.25 0 .>?9.40-425.64 353.77 

S b-S R M A- I I1 -315.20- 385.40 347.91 
Sb-SBMA-J 3O.SX 0 330.20 390.16 362.64 

SBMA-3  38.8X 0 336.00-400. I 3 370.88 
-,- 

- - -  

3 -  

The decomposition reaction during the heating processes is irrever- 
sible so that the rate dependent parameters such as activation energy 
and order of reaction may be calculated from a single experiment 
curve [ 161. From the Arrhenius equation [17] we can get information 
of the specific rate constant ( I ; )  and activation energy ( E J .  The reac- 
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METAL POLY (STYRENE-CO-BUTYLMETHACRYLATES) 79 

tion rates, daldt,  were calculated using a differential technique with 
heating rate of 10"Cmin-'. 

The final equation used in a logarithmic form is (18): 

j = In [ - d u / d t ) / b ( l -  u)"]  = In 2- E/RT (1) 

A computer linear multiple regression program was developed to 
calculate the kinetic parameters E and 2 from a linear least-squares 
fit of the data in a semilog plot of p versus 1/T. The Arrhenius plot 
for the thermal degradation of the metal copolymer (Ag-SBMA) are 
shown in Figure 3 .  The linearity of every plot is good (between 0.976 
and 0.987) with some scattering at the beginning of the decomposi- 
tion curve. 

Tables I and I1 summarizes the kinetic data obtained according to 
the method already mentioned and the temperature ranges used to 
obtain the parameters. 

In the AIBN series most of the doped copolymers (Cu, Ge, Ag, In, 
Zn, Bi, Ga, Cd and Sb-SBMA) exhibit higher than the undoped 
copolymers (379'C). The data in Table1 is another evidence of the 
improved thermal stability of those copolymers. 

9.13 
1 . t  03 ' 1Sk-03 ' WAC 03 ' lsdEQ3 

l l T  (1K-1) 

as 

1.44~ 03 1.48103 1.52€ 03 1.56Fo3 
VTitK-1) VT VK-1 I 

FIGURE3 
Arrhenius plot of Ag-SBMA (fraction 1 and 4) for AIBN series, respectively. 

(a) Arrhenius plot of Ag-SBMA (fraction 1 and 4) for BPO series; (b) 
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80 G. C A R D E N A S T .  AND M. G O N Z A L E Z G .  

O n  the other hand. in the B P O  series. Ga .  Ag. Au. In, Ge, Zn  and 
Sn-SBMA shoived higher TD than the undoped copolymers (372-C) 
(see Tab. 11). 

Both series followed a zero oi-der decomposition reaction with a 
single decomposition curve. 

The activation energies (E,)  are difficult to compare due to the 
differences in the molecular weights of both series, so the amount of 
the metal clusters dispersed in the copolymers is different. For  
example. in the B P O  series the E ,  is higher for the undoped 
copolymers than the AIBN series. probably due to the higher M W  
[19]. For BPO. only Pd and Ag-SBMA are similar to the undoped 
copolymer. However. in the AIBN series Cu. Zn and  Sb-SBMA are 
similar to the undoped copolymers. In general. the B P O  series showed 
higher values than AIBN series. 

Finally, it is important to observe that in both series the fraction of 
higher molecular weight exhibits the higher TD. The activation 
energies of the decomposition reactions showed differences between 
4-13 KJ  mol for the same metals in the B P O  with AIBN series. 
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