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ABSTRACT: It is demonstrated that the thermal degradation kinetics for vinyl-terminated poly(methy1 
methacrylate) (PMMA-CH-CH,) are dependent on the sample thickness. A systematic study of film thickness 
on PMMA-CH=CH, degradation indicates the accepted mechanism of homolytic scission /3 to  the vinyl group 
is incorrect. A chain-transfer process is proposed that explains the observed results. The source of radicals 
that  initiate degradation is not determined. 

Introduction 
I t  has been observed that vinyl-terminated poly(methy1 

methacrylate) thermally degrades a t  a lower temperature 
than saturated PMMA (PMMA-H). For example, when 
free radically polymerized PMMA is heated at  10 OC/min, 
the unsaturated portion (PMMA-CH=CH2) degrades 
between 230 and 300 OC, whereas the saturated portion 
(PMMA-H) degrades between 300 and 400 0C.1-3 I t  is 
generally believed that PMMA-CH=CH2 is less stable due 
to facile @-scission of the relatively weak C-C bond @ to 
the vinyl group (Scheme I). With short polymer chains 
the result of Scheme I is end initiation followed by com- 
plete unzipping. Accordingly, the rate of degradation will 
be independent of molecular weight? Studies with model 
PMMA-CH=CH, oligomers confirm the low degradation 
temperature and, in agreement with Scheme I, suggest 
degradation is independent of molecular   eight.^ The 
Arrhenius activation energy reported for PMMA-CH= 
CH2 degradation ( N 114 kJ/mol) appears low if p-scission 
is rate limiting.6 

We are studying the thermal degradation of PMMA- 
CH=CH2 and report that the major degradation mecha- 
nism is not as shown in Scheme I but involves efficient 
radical transfer to the vinyl chain end (Scheme 11). Any 
reaction that generates a radical R' (including p-scission 
if it does occur) will degrade a large number of polymer 
chains by the chain-transfer process. We believe the 

t Contribution No. 4860. 

Scheme I 

" \ +  
CH3' COOCH3 

'CH2 
F C H z  

COOCH3 

Scheme I1 

-CH, + R' *I 
CH$ COOCH3 COOCH3 

.R 
Rd 

complete unzipping 

+ %DP(MMA) + R" 
/R %' COOCH3 

radical that transfers the active site to the next chain (R") 
will usually be the species present at  the initiation end of 
the PMMA-CH=CH2 chain. With our samples this will 
be short oligomeric (*C(CH3)(COOCH3)-R), saturated end 
group ('C(CH3),COOCH3), or AIBN radicals (*C- 

Results and Discussion 
Samples of vinyl-terminated PMMA were prepared by 

using a cobalt chain-transfer catalyst7 (CoCTC) similar to 

(CHJ2CN). 
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Figure 2. Molecular weight distributions for PMMA-CH=CH2 
after 0, 20, 40, 60, and 80% isothermal degradation at 260 "C. 

Furthermore we noted that samples of differing initial 
MW degrade a t  different rates; the observed isothermal 
rate of degradation increases as MW decreases. This is 
opposite of that observed with PMMA-Hg and would ap- 
pear to be in conflict with the MW distribution data and 
Scheme I. 

We concluded that all of our observations were con- 
sistent with a very long zip length (many chains degrading 
per initiation event) dependent on a combination of the 
efficiency of chain transfer by mobile free radicals to the 
vinyl end group and the rate that "live chains" unzip. 
Consideration of the mechanism outlined in Scheme I1 led 
us to conclude that such a chain-transfer process is una- 
voidable with vinyl-terminated material. 

In Scheme 11, an active free radical site is formed on the 
polymer chain end by radical attack at  the vinyl terminus 
of PMMA-CH=CH2. Scheme I1 is not specific about the 
nature of R'. Indeed an unzipping polymer chain 
(PMMA') can react with PMMA-CH=CH,; however, we 
anticipate the rate of reaction between smaller free radical 
species and PMMA-CH=CH2 will be much greater. 
Scheme I1 indicates that once the chain process starts, 
degradation of PMMA-CH=CH2 will cantinue until R' (or 
R'*) is removed from the system. Equations 4-6 define the 

(4) 2R' - R-R or R + R 

(5 )  

kt 

kcl 
R' + 02 - ROZ' 

I -  , 
0 100 200 300 4 0 0  500 

TEMPERATURE, O C  

Figure 1. Comparison of TGAs of PMMA-CH=CH2 (vinyl- 
terminated polymer) and PMMA-H (saturated polymer); heating 
rate = 20 OC/min. 

that described p r e v i o u ~ l y . ~ ~ ~  Methyl methacrylate polym- 
erization using CoCTC is fairly well understood.6 The 
polymers used in these experiments were initiated with 
AIBN. Reaction 1-3 describe the polymerization. 

(CH,)&NC' + MMA - 
'C(CH3) (COOCH3)-C(CHJ,CN (1) 

'C(CH,)(COOCH3)-P + COCTC' 4 

CH2=C(COOCHJ-P + COCTC-H (2) 

COCTC-H + MMA - 
'C(CH,)(COOCH,)-H + COCTC' (3) 

Besides reaction 2 (which accounts for most of the ter- 
mination) polymerization is terminated by the usual pro- 
cesses of coupling and disproportionation. Because reac- 
tion 2 accounts for most of the termination, these polymers 
should have less head-to-head couplings than PMMA 
polymerized without CoCTC. A complete accounting of 
all probable end-groups is given here (where P = polymer). 

Initiation end 

CN(CHJ2C-CH,-C(CH3)(COOCH,)-P 
CH,-C(CHJ(COOCHJ--CH2--C(CH3)(COOCH3)-P 
Termination end 

CH,=C(COOCH3)-CH2-C(CHJ (COOCH,)-P 

HC( CH3) (COOCHJ-CH2--C(CHJ (COOCH,)-P 

Regardless of which group is present a t  the initiation end 
of the molecule, all molecules terminated with a vinyl 
group are labeled PMMA-CH=CH, and molecules ter- 
minated with a saturated carbon are labeled PMMA-H. 
The most likely candidates for R" in Scheme I1 are of 
course (CH3)&!NC* and (CH3)2(COOCH3)C'. 

Figure 1 compares a TGA of PMMA-CH=CH2 with 
PMMA-H. As expected, PMMA-CH=CH, degrades a t  
a considerably lower temperature than PMMA-H. 

Figure 2 shows molecular weight distributions for 
PMMA-CH=CH2 after 0,20,40,60, and 80% isothermal 
degradation a t  260 "C. The stability of the molecular 
weight (MW) distribution is remarkable! All molecular 
weights apparently degrade a t  the same rate. This ob- 
servation is consistent with the accepted mechanism 
(Scheme I); however, we were surprised that such perfect 
retention of the MW distribution would occur on the basis 
of Scheme I. We anticipated that some chains would not 
completely unzip, leading to a noticeable increase in low 
MW material. 

kD 
R' - R,' 

most important reactions responsible for removal of R' 
(R") from the sample, where k,  is the rate of bimolecular 
termination, ko, is the rate of termination by oxygen, and 
k D  is the rate of R' diffusion out of the sample.lOJ1 Re- 
action of R' with PMMA-CH=CH2 is not included here 
because it does not permanently remove R' from the 
system; however, the rate of depolymerization of PMMA' 
will affect the number of chains that depolymerize before 
termination. 

The importance of R' loss by evaporation during poly- 
mer degradation has been addressed.', I t  is anticipated 
that the residence time of small, volatile radicals (R') in 
the sample can be systematically controlled by varying the 
sample thickness. The time scale for diffusion out of the 
system will be proportional to the sample thickness, 1 (eq 
7).12J3 At 300 OC, the time scale for diffusion of R' out 

T D  = l2/ (3DR*) (7) 

of polymer films of 64, 4, 2, 1, 0.4, and 0.1 pm will be 
-3000, 1200, 300, 75, 12, and <1 ps, respectively (using 
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Figure 3. Appearance of MMA when a 60-pm-thick film of 
PMMA-CH=CH2 is heated at 20 OC/min. 
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Figure 4. Appearance of MMA when a 4-pm-thick film of 
PMMA-CH=CH2 is heated at 20 OC/min. 
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Figure 5. Appearance of MMA when a 2-pm-thick film of 
PMMA-CH=CH2 is heated at 20 OC/min. 

diffusion data for toluene in PMMA above Tg, log,& = 

The rate of R' addition to PMMA-CH=CH2 will be very 
fast. Using eq 8, we estimate that -60 ps is the average 

TR. = 1 / (k,[PMMA-CH=CH,]) (8) 

time for R' to react with PMMA-CH=CH2 a t  300 "C 
(using Arrhenius parameters for the reaction of tert-butyl 
radical with MMA; E, = 25.2 kJ/mol, A = 4.0 X lo7 s-l, 
M,, = 14 700, and assuming tert-butyl radical is a reason- 
able model for (CH&J2NC' and (CH3)2(COOCH3)C').15 

Scheme I1 indicates the efficiency of PMMA-CH=CH2 
degradation will decrease when the residence time for 
radicals is reduced below the time required for chain 
transfer to PMMA-CH=CH2. Comparison of the time 
scale of chain transfer (-60 ps) with the time scale for 

5.9 - 5870/T).14 
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Figure 6. Appearance of MMA when a 1-pm-thick film of 
PMMA-CH=CH2 is heated at 20 OC/min. 
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Figure 7. Appearance of MMA when a 0.4-pm-thick film of 
PMMA-CH=CH2 is heated at 20 OC/min. 
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Figure 8. Appearance of MMA when a 0.1-pm-thick film of 
PMMA-CH=CH2 is heated at 20 OC/min. 
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Figure 9. Appearance of MMA when a 60-pm-thick film of 
PMMA-H is heated at 20 OC/min. 
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diffusion of R' out of the polymer film suggests a transition 
in the mode of degradation will occur when the film 
thickness is reduced below 1 pm. 

Figures 3-8 show the appearance of MMA when 
PMMA-CH=CH2 (M,  = 14700, Mw/M, ,  = 1.23) samples 
of 60,4,2,1,0.4, and 0.1 pm are heated at 20 "C/min. For 
comparison, Figure 9 shows the appearance of MMA when 
a 60-pm film of PMMA-H ( M ,  = 17000, Mw/Mn = 1.13) 
is heated a t  20 OC/min. With films >1 pm thick, degra- 
dation of PMMA-CH=CH, takes place in predominantly 
three stages with peaks a t  -200, 300, and 400 OC. 

The low-temperature peak (150-230 "C) is usually at- 
tributed to degradation of polymer with head-to-head 
bonds (H-H) in the main chain., Because of the chain- 
termination mechanism for polymerizations using cobalt 
chain-transfer catalysts, this polymer should have less 
head-to-head bonds than "typical" free radical polymerized 
PMMA. Degradation of PMMA-CH=CH, via Scheme I1 
is the most simple explanation for monomer formation 
between 150 and 230 "C. One source of radicals a t  these 
low temperatures is trace amounts of peroxide from ex- 
posure of the sample to tetrahydrofuran (THF). We have 
noted that the size of this low-temperature peak can vary 
depending on how the PMMA sample is isolated. The 
peak is inevitably larger for samples isolated by rotary 
evaporation of T H F  (which will leave trace amounts of 
THF peroxide) than when the polymer is precipitated out 
of T H F  with water (in which case THF peroxide will re- 
main in solution). The sample used to prepare films for 
the data in Figure 8 was isolated by rotary evaporation of 
the THF. Samples isolated by precipitation give a much 
smaller low-temperature peak with a correspondingly 
larger intermediate peak. Regardless of the radical source, 
a striking observation is that this peak decreases signifi- 
cantly with very thin films, Figures 3-6 vs Figures 7 and 
8. It is certain that the fraction of polymer chains con- 
taining H-H linkages will not vary with sample thickness. 

The intermediate temperature peak is usually attributed 
to degradation of PMMA-CH=CH2 via Scheme I. The 
results described hereinabove indicate that PMMA-CH= 
CH, degradation below -300 "C is almost entirely due to 
reaction via Scheme 11. The mechanism outlined in 
Scheme I1 allows R' to degrade many PMMA-CH=CH2 
chains. The source of R' is not certain; however, possible 
candidates are (1) impurities, (2) small amounts of H-H 
bonds, (3) @-scission via Scheme I, or (4) random scission. 
Again, the important feature is that the peak decreases for 
very thin films, Figures 3-6 vs Figures 7 and 8. 

With thin films (-<0.4 pm, Figures 7 and 8) the deg- 
radation of PMMA-CH=CH2 is similar to PMMA-H 
(Figure 9); most of the degradation takes place above 340 
"C. In this case the residence time of R' in the film is too 
short to allow efficient radical transfer, supporting the 
mechanism outlined in Scheme 11. The degradation of 
PMMA above 300 "C is known to be initiated by a random 
scission along the chain followed by complete loss of the 
chain (when DP C As the efficiency of the chain- 
transfer process decreases, the only mechanism left for 
degradation is the random scission process. 

As a final confirmation of Scheme I1 we looked a t  the 
degradation of a thin film (-0.4 ym) sandwiched between 
two quartz plates. We anticipated that the presence of a 
quartz barrier to diffusion of R' out of the system will 
make the thin-film system degrade similar to a thick film. 
The data in Figure 10 confirm the anticipated result. 

Conclusion 
The thermal degradation kinetics for vinyl-terminated 

PMMA (PMMA-CH=CH2) are dependent on the sample 
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Figure 10. Appearance of MMA when a 0.4-fim-thick film of 
PMMA-CH=CH2 sandwiched between two 1-mm-thick quartz 
plates is heated at 20 OC/min. 

thickness. A systematic study of film thickness on 
PMMA-CH=CH2 degradation indicates the accepted 
mechanism of homolytic scission /3 to the vinyl group is 
incorrect (Scheme I). A chain-transfer process, Scheme 
11, is proposed that explains the observed results. The 
source of radicals, R', that initiate degradation has not yet 
been determined. 

Experimental Section 

PMMA-CH=CH2 was prepared using a cobalt chain transfer 
catalyst? The PMMA-CH=CH, samples were dissolved in THF 
and reprecipitated by addition of excess water. Residual cobalt 
chain-transfer agent and AIBN initiator were removed (from the 
samples used in the thin-film studies) chromatographically on 
a Zorbax ODS reverse-phase column by elution of the polymer 
sample with a solvent gradient of H20/THF/CH3CN 0.2/1.5/1.5 - H20/THF 1/9 over 5 min. The chromatography also frac- 
tionated the PMMA-CH=CH, sample by molecular weight. 
Samples were isolated by rotary evaporation of the solvent. 

The PMMA-CH=CH* samples used to determine the effect 
of degradation on molecular weight distribution contained 95% 
vinyl end groups (estimated on the basis of the percent of the 
material that degrades below 340 "C) with a M, = 7800 and 
M,/M, of 2.1. Isothermal degradations were carried out at 260 
"C in a Mettler TG 50 thermobalance. The time required for 20, 
40, 60, and 80% degradation at 260 O C  was 7.2, 13.2, 21.0, and 
32.7 min, respectively. 

The PMMA-CH=CH2 samples used in the TGA/mass spec- 
trometry studies contained 75% vinyl end groups with a M ,  of 
14700 and M w / M n  of 1.23. Thin PMMA films on quartz plates 
were made as follows. A PMMA solution was prepared by dis- 
solving 10 mg of polymer in 100 p L  of methylene chloride and 
adding 500 fiL of tert-butyl alcohol. A quartz plate (0.8-cm 
diameter) was thoroughly cleaned and placed on an optically flat 
table that floated on a bath of mercury. A film was prep,ared by 
spreading 5 fiL of the polymer solution on the 0.8-cm quartz plate 
and allowing the solvent to evaporate. This procedure covered 
most of the quartz plate with a uniform 0.4-pm-thick film; how- 
ever, the perimeter of the film (outer l-mm edge) was much thicker 
and was removed with a razor blade. Uniform films of 0.1-4 fim 
were prepared by adjusting the polymer solution concentration 
or the volume of solution added to the quartz plate. Profilometry 
of the quartz plates was done with a Sloan Dektak IIA. After 
removal of the outer edge the remaining film had a uniform 
thickness f 20%. 

Polymer degradations were done in a Mettler TG 50 thermo- 
balance purged with a steady flow of helium (400 cm3/min). Mass 
spectral analysis on the evolved gases was done with the TGA 
interfaced to a HP 5970A mass spectrum analyzer. 

Molecular weights were determined by GPC using PMMA 
standards. 
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ABSTRACT Adsorption of polystyrene on silica was performed at 25 and 35 O C  in carbon tetrachloride. 
The adsorption isotherm displays two distinct regions: a plateau at low concentration, followed by a region 
where the adsorption amount increases steeply with the solution concentration. Radioactive 3H labeled polymers 
enabled us to measure, in both regions, the intrinsic self-mobility of the polymers at the interface at constant 
chemical composition. As previously reported, surface molecules exchange very slowly with solution molecules. 
The kinetic properties are, however, very different in both regions of the isotherm. In the plateau region, 
fluxes can be expressed in terms of one relaxation time, whereas in the zone of high adsorption, the interfacial 
exchange of labeled and nonlabeled polymers cannot be characterized by one kinetic constant. The dynamical 
properties are connected with the specific conformational properties of polymer layers in both regions. 

Introduction 
The formation of an adsorbed polymer layer and its 

desorption raise many questions: when the bare solid 
surface is exposed to a polymer solution, how does the 
coverage increase with time? Can polymers exchange 
between surface and bathing solution fast enough so that 
thermodynamic equilibrium is rapidly established? How 
are kinetic and conformational properties related? 

Different experimental approaches have been attempted 
to characterize some of these points. The main observa- 
tions relative to the desorption of polymers are the fol- 
lowing: polymer desorption is promoted by changing some 
parameters of the system such as temperature, solvent, pH, 
etc. or by using monomeric or polymeric displacers of 
different nature or of the same nature but of different 

In these experiments, the adsorption equilibrium 
was, however, always modified and information on the 
intrinsic mobility of polymer species in the adsorbed state 
cannot be obtained. 

Recently, we have used a method in which preliminary 
adsorption of radioactively labeled polymers was carried 
out, the surface then being exposed to a solution of unla- 
belled polymers.8 In this way, flux measurements of la- 
beled polymers from the surface to the solution can be 
measured a t  chemical equilibrium, and the mean time 
spent by a polymer a t  the interface, which characterizes 
its self-mobility in the adsorbed state, is obtained. In a 
systematic study of polyacrylamide adsorbed in aqueous 
media onto modified silica, we found that surface mole- 
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cules exchange very slowly (on the laboratory time scale) 
with solution molecules. A metastable equilibrium is then 
reached in which solution is replaced by pure (or nearly 
pure) solvent. These kinetic aspects were analyzed from 
the theoretical viewpoint by de Gennes in several re- 
p o r t ~ . ~ J ~  In this paper, we present in the same context 
kinetic data on the rate of exchange of labeled polystyrene 
adsorbed in carbon tetrachloride on silica. The poly- 
styrene/carbon tetrachloride system is familiar in ad- 
sorption studies of p01ymers.ll-l~ However, aerosil was 
most often used as sorbent. This is a pyrogenic silica which 
develops a large specific surface area but has siloxane and 
silanol groups on its surface which have different ther- 
modynamic affinities toward the styrene ring.12-15 More- 
over, the aerosil grains are complex assemblies of ele- 
mentary spheres and are not suitable models for adsorption 
at plane interfaces.16 The sorbent we used is a nonporous, 
spherical, fully hydrated silica which bears only hydroxyl 
groups on its surface. In that respect, it is a better model 
for the study of adsorption in the presence of interacting 
surface sites.17 

Experimental Section 
Materials. (a) Polymer. Radioactive techniques proved 

useful to measure the amount of polymer adsorbed on metal 
surfaces.I8 In order to synthesize unlabeled polystyrene and 
radioactively labeled polystyrene having the same macromolecular 
characteristics, we prepared, by radical polymerization of styrene 
in the presence of traces of acrolein, a statistical copolymer of 
styrene and 0.2 % acrolein. After purification, unlabeled polymer 
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