
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Journal of Macromolecular Science, Part A
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713597274

Free-Radical Copolymerization of Methyl Methacrylate and α-
Methacrylophenone. I. Reactivity Ratios
R. Roussela; M. Galina; J. C. Galina

a Centre de Recherches sur les Macromolecules C. N. R. S., Strasbourg, France

To cite this Article Roussel, R. , Galin, M. and Galin, J. C.(1976) 'Free-Radical Copolymerization of Methyl Methacrylate
and α-Methacrylophenone. I. Reactivity Ratios', Journal of Macromolecular Science, Part A, 10: 8, 1485 — 1512
To link to this Article: DOI: 10.1080/00222337608060767
URL: http://dx.doi.org/10.1080/00222337608060767

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713597274
http://dx.doi.org/10.1080/00222337608060767
http://www.informaworld.com/terms-and-conditions-of-access.pdf


J. MACROMOL. XI.-CHEM., A10(8), pp. 1485- 1512 (1976) 

Free=Radical Copolymerization of 
Methyl Methacrylate and a-Methacrylophenone. 
1. Reactivity Ratios 

R. ROUSSEL, M. GALIN, and J. C. GALIN 

Centre de Recherches sur les Macromolthles  
C. N. R. S. 
67083 Strasbourg, France 

A B S T R A C T  

The free- radical copolymerization of methyl methacrylate 
and methacrylophenone (MAP) initiated by azobisisobutyroni- 
trile a t  60" C has been studied in ethylbenzene solution and in 
bulk. The process is characterized by a competitive Diels- 
Alder condensation of methacrylophenone and by a very low 
reactivity of methacrylophenone- terminated macroradicals in 
propagation reactions, The experimental composition data are 
consistentwith a terminal unit model: f A  = 1.77 f 0.02, rB = 

0.110 f 0.006. Copolymerization with depropagation of meth- 
acrylophenone- terminated growing chains and copolymeriza- 
tion affected by penultimate effects have been tested as 
optimized possible models to take into account the inability 
of MAP to undergo homopolymerization. 
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1486 ROUSSEL, GALIN, AND GALIN 

INTRODUCTION 

During the last five years, copolymers of methyl methacrylate 
(MMA) and various ketonic monomers have received increased inter- 
est as models for fundamental studies of photodegradation processes 
in polymers, as well as models for new photodegradable materials 
of technological importance. Copolymers of MMA with methyl vinyl 
ketone [ 1-31 and phenyl vinyl ketone [ 2-41 have been extensively 
studied, for instance, but a-methacrylophenone [MAP, CHa=C(C&)- 
CO-CsHs ] copolymers seem to have been neglected in spite of their 
obvious potential interest. To our knowledge, there is only one report 
in the literature [ 51 dealing with the polymerization and the copolym- 
erization of MAP. According to Mulvaney et al. [ 61, MAP is unable 
to undergo free-radical polymerization. A large range of initiation 
conditions was investigated between -50 and lOO’C, but the only well- 
characterized product obtained in such reactions was the Diels- 
Alder cyclic dimer of MAP, 2,5-dimethy1-6 phenyl-2 benzoyl-3,4- 
dihydro-2 [ H] pyran (DA). However, free-radical bulk copolymeri- 
zation of styrene and MAP, involving probably some penultimate 
effects, leads to the expected copolymers. 

DA 

The purpose of the present work is to describe some experimental 
results related to free-radical MMA-MAP copolymerization with 
special emphasis on the determination of the reactivity ratios. 

E X P E R I M E N T A L  

R e a g e n t s  a n d  M o d e l  C o m p o u n d s  

MAP (monomer B), prepared according to a literature procedure 
(71, and MMA (monomer A) were twice vacuum-distilfed over CaHa 
just before polymerization. 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



FREE-RADICAL COPOLYMERIZATION. I 1487 

Ethylbenzene and toluene (solvent S) were distilled on a Cadiot 

Azobisisobutyronitrile (AIBN) was twice crystallized from toluene- 

DA and polymethacrylophenone (PMAP) were prepared from MAP 

spinning-band column. 

methanol solution. 

according to the literature methods [ 61 by thermal cyclization and 
by anionic polymerization respectively; [ nBuLi] /[ MAP] = 0.03. After 
18 hr a t  -40" C, the yield of polymeric material is 65%, 2 = 8.5 X lo3 
(dn/dc = 0.216 ml/g a t  25" C in methyl ethyl ketone for X = 5460 A). 

w o  

F r e e - R a d i c a l  C o p o l y m e r i z a t i o n  

Copolymerizations were carried out a t  a constant temperature of 
60 f 0.1" C in an all-Pyrex glass reactor protected from light by 
aluminum foil under a slight pressure of purified argon (?  30 Torr),  
after degassing the reaction medium by three freeze-thaw cycles, 
The kinetics of the polymerization have been studied by monitoring 
the decrease of monomer concentration with time by using vapor- 
phase chromatography. The experimental conditions of chromato- 
graphic separation and analysis were the following: Perkin-Elmer 
900 chromatograph fitted with flame ionization detector and coupled 
with an Hewlett-Packard 3370 B electronic integrator; columns (2 
m length, 1/8 in. diameter) packed with 5% Silicone SE 30 on Chromo- 
sorb G; injector and column temperatures, 200 and 150'C, respec- 
tively; nitrogen flow rate, 30 ml/min. In all cases the solvent 
(ethylbenzene or  toluene) was used as internal standard, and the MMA, 
MAP, and DA concentrations were calculated according to previous 
calibration with pure compounds. 

dried under vacuum a t  50°C. In all cases they were stored and 
handled in glass vessels protected from light by aluminum foils in 
order to avoid any photodegradation. 

The copolymers were recovered by precipitation in methanol and 

C o p o l y m e r  C h a r a c t e r i z a t i o n  

Composition 

The composition of the different samples was systematically 
determined by elemental analysis, W and 'H-NMR spectroscopy, 
and in some cases by additional IR spectroscopy and flash pyrolysis- 
gas chromatography. 
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1488 ROUSSEL, GALIN, AND GALIN 

W spectroscopy was carried out on a Beckman Acta V spectropho- 
tometer. The spectra in dioxane solution were analyzed for PMAP con- 
tent at A = 243 nm (phenyl ring n - n * transition), by using the value of the 
molar absorptivity measured for anionic PMAP, E = 7830 liter/mole-cm. 
IR spectroscopy was performed on a Perkin-Elmer 225 spectropho- 

tometer. The spectra obtained in chloroform solution were analyzed 
for PMMA and PMAP absorptions at  1728 cm-' [ v (-CO4-), E = 762 
liter/mole-cm for free-radical PMMA] and 1668 cm- [ Y (-CO- CSHB ), 
E = 375 liter/mole-cm for anionic PMAJ?], respectively. The two bands 
may overlap, and peak separation and peak measurements were car- 
ried out graphically and by planimetry. 

spectra obtained in trifluoroacetic acid solution at 30" C at concentra- 
tion * 10% (w/v), TMS as internal standard, were analyzed by plani- 
metry for PMMA and PMAP contents by using the -0CH3 (singlet at 
3.30 ppm) and -&Hs (multiplet centered at  7.10 ppm) resonances 
according to the Eqs. (1) and (2) 

'H-NMR spectroscopy was run on aVarianHA 100 spectrometer. The 

Molar fraction PMAP = 8I(-CsHs )/[ BI(tota1 H) - 2I(-CaHa )] 

or 
( 2 4  

Flash pyrolysis was carried out by Curie point pyrolysis (induction 
heating of the filament up to its Curie point in 30 msec) on a Fisher 
apparatus, The pyrolysis of 20 pg of copolymer (deposited upon the 
filament a s  a film from 2 p1 of a 1% solution in chloroform or acetone) 
was carried out at 700" C for 3 sec. The separation and analysis of the 
degradation products was performed by using the same chromato- 
graphic technique a s  for kinetic measurements. 

Molecular Weights 
Number-average molecular weights were measured by osmometry 

for Mn 2 1.5 X 10' on toluene solutions at 35°C with a Mechrolab 52 

high-speed membrane osmometer, Schleicher and Schuell SS08 cellu- 
lose acetate membranes, or Ultracella Allerfeinst membranes 
(Membrane Filter Gesellschaft) or by tonometry for Mn< 1.5 X lo4 
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FREE-RADICAL COPOLYMERIZATION. I 1489 

on benzene solutions a t  35°C with a Hewlett-Packard 302 vapor- 
pressure osmometer. 

RESULTS AND DISCUSSION 

In presentation of the results the following abbreviations have been 
used: MMA = monomer A; M A P  = monomer B (M = A + B); I = 
initiator (AIBN); f A  and fB = molar fractions of A and B in the mono- 

mer  feed; FA and FB = molar fractions of A and B in the copolymer; 

x and n = A/B ratios in the monomer feed and in the copolymer, 
respectively . 
zation leads to conversion curves defined with good accuracy, and 
allows measurements of the various rates d[ A]/dt, d[ B] /dt and 
d[ DA] /dt at  any time of the reaction, and thus the determination of 
the instantaneous copolymer composition [ 8, 91, especially of the 
initial copolymer (t -. 0). 

The gas chromatographic method applied to solution copolymeri- 

0.3 

0.2 

0.1 

CONVERSION 
I mole fraction ) 

c 
20 40 60 80 t (hour1  

FIG. 1. Conversion curves for solution copolymerization (run 13, 
( a ) MMA; ( 0 ) total MAP; ( o ) MAP in copolymer; Table 2): 

( n ) MAP in DA. 
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1490 ROUSSEL, GALIN, AND GALIN 

TABLE 1. Analytical Data on Noninitkl Copolymers 

Molar fraction of MAP in copolymer FB 

Elemental Flash 
R U ~ ~  analysis w €I1-NMR IR pyrolysis 

2 0.0708 0.0675 

3 0.0925 0.0843 0.0851 0.095 

11 0.223 0.219 0.218 0.211 

12 0.285 0.272 

13 0.318 0.3 02 

14 0.393 0.380 0.378 0.367 0.362 

23 0.769 0.755 0.763 

aSee Tables 2 and 3 for the initial conditions of the copolymeriza- 
tions. 

The recovered low conversion samples (yield 5 6%) have been 
analyzed through independent techniques; some characteristic results 
are collected in Table 1. The analytical data obtained from elemental 
analysis, 'H-NMR and W spectroscopy are in good agreement over 
the whole range of composition. W and IR analysis rest on the as- 
sumption that the molar absorptivity of the chromophoric units in the 
copolymer is independent of the monomer unit distribution along the 
chain and has the same value as in the parent homopolymer taken as 
reference; this is not always true [ 10, 113, but for MMA-MAP co- 
polymers this assumption is quite verified. Thus, W spectrometry 
has been used for bulk copolymers. On the other hand PMMA, PMAP, 
and the MMA-MAP copolymers quantitatively depolymerize a t  700" C 
to yield the corresponding monomers. This feature may be con- 
sidered as  a strong argument for a regular head-to-tail placement of 
monomer units in the anionic PMAP (in good agreement with previ- 
ous results [6]) and in the radical MMA-MAP copolymers as well. 

The experimental results of solution and bulk copolymerizations 
are collected in Tables 2 and 3, respectively. 
D i e l s -  A l d e r  C o n d e n s a t i o n  P r o d u c t  

condensation of MAP in bulk at 60" C together with literature data [ 61. 
In Table 4 are  collected our experimental results related to thermal 
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TABLE 4. Diels-Alder Condensation of MAP 

Temperature Conversion kc X lo6 
(" C) Time t (hr) ffa (sec- 'P 
6OC 

6 0' 

6 OC 

7 5d 

8 Od 

85d 

90d 

120 

164 

303 

144 

187 

117 

3 04 

0.404 

0.516 

0.758 

0.538 

0.734 

0.520 

0.945 

1.20 

1.23 

1.30 

1.49 

1.97 

1.74 

2.65 

Calculated as ff = ([ Bl0 - [ B] ,/[ Bl0. a 

bFrom kc = l/t X log[ 1/1 - a ) ] .  

experimental data. 
dData of Mulvaney et  al. [ 61. 

Formation of Diels-Alder (DA) condensation product obeys first-  
order kinetics with respect to MAP: 

d[DA] 1 d[B] 

dt 2 dt 
- -  _ - -  - 

1 

2 
= - kc[ B] (3) 

log [ 1/(1 - a)]  = kct (4) 

where k = 1.25 X lo-' 8ec-l a t  60°C. 
C 

In a first  approximation, k values a t  higher temperatures may be 
C 

calculated from the literature data [ 61 (no kinetic studies but single 
point experiments); all the k values thus obtained correlate poorly 

C 
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1494 ROUSSEL, GALIN, AND GALIN 

on an Arrhenius plot, leading to a rough estimate of an activation 
energy E N 4.9 f 0.9 kcalPC-mole. 

In the copolymerization experiments, Diels- Alder condensation 
and copolymerization are  simultaneous and competitive processes; 
their relative rates depend on monomer and initiator concentrations. 
For solution reaction, DA condensation is much slower than expected 
from a kinetic equation of the form d[DA]/dt = 0.625 X [ M] fg; 

for an equimolar feed of MMA and MAP (run 13 in Table 2 and Fig. l), 
the initial rate of MAP consumption to yield DA is about 0.12 of the 
total rate of MAP consumption. For constant [ A], [ B], and [ I], we 
have checked the possible influence of DA onto the MMA-MAP co- 
polymerization by introducing 0.001 and 0.02 mole fraction of DA 
with respect to total monomers in the initial solution (runs 5 and 6 
of Table 2). Neither the kinetics nor the number-average molecular 
weight of the copolymer (Mn = 2.2 X lo4 for 0.25 conversion after 
8 hr )  are affected by the presence of DA in the monomer solution. 
DA is not an inhibitor, a retarder, or a transfer agent and it may 
be considered as an inert diluent in copolymerization. The Diels- 
Alder condensation, which is a one-step multicenter cycloaddition 
[ 121, does not interfere directly with the free-radical copolymeriza- 
tion process, but it is effective as a simultaneous reaction competing 
with copolymerization for MAP consumption. 

C o p o l y m e r i z a t i o n  R a t e  Rp a n d  N u m b e r - A v e r a g e  
D e g r e e  of P o l y m e r i z a t i o n  s, 

The influence of the molar fraction of MAP in the monomer feed 
on the copolymerization rate R and on the number-average degree 
of polymerization FPn may be studied wi th  the following assumptions. 

For a fixed monomer ratio, R and Sn depend on monomer and 

initiator concentration according to Eqs. (5) and (6) [ 131: 

P 

P 

R = K[ M] 
P 

- 
DPn = K'[ M] /[ I] 0.' 

(5) 

- 
DPn values are  deduced from the corresponding values of zn tak- 

ing into account the copolymer composition: 
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FREE-RADICAL COPOLYMERIZATION. I 
- 
M n =Dpnm 

where 

m = m  F A A + m ~ F ~  

1495 

( 7) 

where mA and m are the molecular weights of the monomeric units 

A and B respecKvely. 

were calculated from literature data [ 141 according to: 

B 

The R and DPn values for MMA homopolymerization a t  60" C 
P 

R (mole/liter-sec) = 3.39 x [A] [I]"' 
P 

l/Wn = 2.66 x lo-' [ IIo" /[A] + 0.7 x lo-' + cs[S]/[ A] 

B' For solution copolymerization, the variations of R versus f 
P 

normalized to [ I] = 0.0543 mole/liter and [ M] = 5.43 mole/liter are 
plotted in Fig. 2. 

chiefly for low f values; R is reduced by a factor greater than 2 

when f 

B' R is a drastically decreasing function of f 
P 

increases from 0 to 0.05. 

The variations of DP versus f normalized to [I]  = 0.083 mole/ n B' 
liter and [ M] = 6.40 mole/liter are plotted in Fig. 3. All the experi- 
mental points may reasonably fit a single curve, but the 5 values n 
seem systematically higher for bulk than for solution copolymeriza- 
tion, in spite of the normalization procedure. This slight discrepancy 
may reflect the fact that the solvent ethylbenzene is actually a transfer 
agent towards growing chains terminated by MMA (transfer constant 
CT = 7.66 X lo-' a t  60" C [ 151 ) or possibly MAP radicals. The 

average degree of polymerization decreases markedly when the 
molar fraction of M A P k t h e  monomer feed increases, especially 
for low MAP contents; DP is divided by a factor of 4 when f B  in- 

creases from 0 to 0.10. 

ably characteristic of the low propagation constant and of the high 
termination constants of MAP-terminated growing chains. 

B P 
B 

n 

The parallel decrease of R and DP when f increases is prob- P n B 
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R (mole/liter-sec) x 10 4 
P 

0.25 0.50 0.75 fB 

FIG. 2. Variation of the copolymerization rate R vs. f for solu- 
P B  

tion copolymerizations normalized to [I] = 0.0543 mole/liter and 
[ M] = 5.43 mole/liter. 

D e t e r m i n a t i o n  of t h e  R e a c t i v i t y  R a t i o s  

Whenever necessary, the instantaneous composition of the mono- 

As pointed out by Guyot et  al. [ 91, rA and rB may be deduced from 

mer feed in equilibrium with the copolymer has been corrected for 
the MAP consumed in the DA condensation. 

the analysis of a single copolymerization experiment at various 
degrees of conversion. The Fineman- Ross linearization method 
[ 161 (Appendix I, Fig. 4) applied to our experiment 13 in Table 2 
(fA N fg N 0.5; Fig. 1) leads to rA = 1.675 *0.002, rB = 0.160 f 0,001. 
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0- ’ fE 0.5 

FIG. 3. Variation of the number-average degree of polymeriza- 
tion DP vs. fB for ( 0 ) bulk and ( o ) solution copolymerizations 

normalized to [ I ]  = 0.083 mole/liter and [ M] = 6.40 mole/liter. 
n 

These values can be considered only a rough estimate because of 
the low range of compositions covered in a single experiment (x 
decreases only from 1.017 to 0.759). 

We have determined the reactivity ratios from the analytical 
data for the initial copolymers obtained in solution and for the low 
conversion (56%) bulk copolymers by using both the Fineman-Ross 
and the Yezrielev-Brokhina-Roskin [ 171 (YBR) methods; this last 
procedure linearizes the experimental data through symmetrical 
equations (Appendix 11) and gives more accurate and more reliable 
results [ 181. 
collected in Table 5. The Fineman-Ross and YBR methods lead to 
slightly different but compatible reactivity ratios, the YBR values 
generally being higher than the Fineman- Ross values; the YBR 
determination must be preferred [ 181. 

bulk copolymerizations. There is no discontinuity when going from 

The different values of the reactivity ratios are 

It is not necessary to take into account separately solution and 
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- 

- 

- 

1.30 - 

1.20 - 

I I 1 

0 1 2 3 +  

FIG. 4. Fineman-Ross plot for solution copolymerization (run 
13, Table 2) analyzed at  different degrees of conversion. 

ethylbenzene solution to pure monomers, the growing chains remain- 
ing soluble throughout the copolymerization in the reaction medium 
in both cases. There is apparently no significant effect of monomer 
concentration between 4.41 and 8.79 mole/liter. 

all the experimental results may reasonably be taken into account 
with a single pair of reactivity ratios rA = 1.77 f 0.02, rg = 0.11 f 
0.006 in spite of a less satisfying agreement between analytica1 data 
and calculated curve for 0.25 5 fA I 0.50 (Fig. 5). 

In the whole range of monomer feed composition (0.05 5 f A 5  0.95) 
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0 0.25 0.50 0.75 f, 1 

FIG. 5. Composition diagram for terminal unit model: ( 0 ) bulk 
copolymers at low conversion; ( o ) initial (t - 0) copolymers; (a) 
copolymers obtained at various degrees of conversion from the same 
monomer feed solution; (-) calculated curve for rA = 1.775, rB = 

0,110 (0.05 I fA  50.95); (---) calculated curve for rA = 1.810, 

r = 0.174 (0.20 5 fA). B 

On the other hand, the characteristic inability of MAP to undergo 
homopolymerization suggests that the copolymerization can be per- 
turbed by propagation-depropagation equilibrium or by penultimate 
effects, as it is often the case with a#-disubstituted ethylene6 of high 
steric hindrance. These deviations from the terminal unit model are 
expected to occur for MAP-rich monomer feeds, such as f < 0.2, for 

instance. The reactivity ratio rA is practically independent of the 
range of monomer feed composition selected for its determination, 
rA N 1.80; the corresponding r value significantly increases from 

0.110 to 0.174 when the domain of MAP-rich monomer feed (fA 5 0.2) 
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FREE-RADICAL COPOLYMERIZATION. I 1501 

is excluded from the calculation. The two composition curves derived 
from the two pairs of reactivity ratios corresponding to f A  2 0.2 and 

f A  2 0.05 a re  clearly distinct for fA 9 0.3 and they allow a better 

fit of the experimental data in their own range of monomer feed com- 
position (Fig. 5). Because of this slight'ambiguity we have tried to 
check if it i s  not possible to choose another copolymerization scheme, 
in order to get an optimized agreement between the experimental data 
and the calculated composition curve over the whole range of monomer 
feed composition. 

C o p o l y m e r i z a t i o n  w i t h  D e p r o p a g a t i o n  

The effect of a propagation-depropagation equilibrium on copolymer 
composition has received much attention [ 191, and Lowry's theory 
[ 201 (Appendix 111) has been successfully applied to a number of sys- 
tems, a-methylstyrenestyrene or a-methylstyrene-acrylonitrile, for 
instance [ 211. We have tried to test it according to the following 
assumptions. 

at  60" C may be calculated from the limiting copolymer composition 
F when f A  - 0: 

The constant K of the MAP propagation-depropagation equilibrium 

B 
Lowry's Case I: 

deduced directly from Lowry's equations [ 201; 
Lowry's Case It 

3 F B - 2  1 - K =  
2 F B -  1 [B]  

according to O'Driscoll et  al. [ 211. 
By extrapolation of the experimental data, the limiting FB value 

when fA - 0 may be estimated around 0.85. The calculated K values 

are respectively 0.12 and 0.18 for bulk ([ B] = 7.016 mole/liter) and 
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1502 ROUSSEL, GALIN, AND GALIN 

solution ([ BImax = 4.44 mole/liter) copolymerizations in both cases I 
and II. These values a re  obviously very rough but useful approxima- 
tions, since the composition equations are only slightly sensitive to 
appreciable variations of K, 

Lowry's case I 

attached to another MAP unit 
MAP has an appreciable tendency to depolymerize whenever it is 

For bulk copolymerization, the composition curve calculated by using 
Lowry's equations and the set of values rA = 1.81, r 
K = 0.12 does not agree well with the experimental results (Fig. 6). 

= 0.174 (fB 5 0.8), B 

1 

FA 

0.75 

0.50 

0.25 

FIG. 6. Composition diagram for copolymerization with depropa- 
gation (rA = 1.81, r = 0.174, K = 0.12-0.18): experimental points a s  
in Fig. 5; (--) calculated curve according to Lowry's first case; (-) 
calculated curve according to Lowry's second case. 
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FREE- RADICAL COP0 LYMERIZATION. I 1503 

Lowry's Case I1 

attached to a sequence of two or  more MAP units: 
MAP has an appreciable tendency to depolymerize whenever it is 

-ABBB. ABB' + B 

The composition curves for bulk (K = 0.12) and solution (K = 0.18) 
copolymerizations a re  identical and allow a good fit of the experi- 
mental results over the whole range of monomer feed composition 
(Fig. 6). 

Nevertheless this improved agreement between experimental 
results and theoretical curve was not taken a s  a strong argument in 
favor of this model, because of the previous assumptions. A study 
of a "possible" MAP homopolymerization (ceiling temperature, 
propagation-depropagation equilibrium constant) and of the influence 
of temperature and concentration on copolymerization would be 
necessary to ascertain the process of copolymerization with de- 
propagation. Moreover it has been recently shown that even for 
monomer pairs such a s  styrene-a-methylstyrene a t  60" C, where 
depropagation of a-methylstyrene is not doubtful (ceiling temperature 
= 61" C, K = 0.110 for pure a-methylstyrene a t  60" C [ 221) the classi- 
cal terminal unit model may quite conveniently take into account all 
the copolymerization data [ 231, 

C o p o l y m e r i z a t i o n  w i t h  P e n u l t i m a t e  E f f e c t s  

Penultimate effects [ 24-26] have often been proposed to explain 
some deviations from the simple terminal unit model occurring in 
the extreme ranges of monomer feed composition, especially with 
monomers unable to undergo homopolymerization [ 271. Starting 
with r = 1.79, r 

range 0.2 I fA 5 0.8, and applying the classical iteration method 
[ 281 (Appendix IV), first for MAP (fB 2 0.65) and then for MMA 

(fA z 0.85), we have determined the following values of the four 
reactivity ratios: 

= 0.170, values related to the medium composition A B 

rAA = 1.77 i 0.02 

r = 2.30i  0.10 BA 
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0 0.25 0.50 0.75 f, 1 

FIG. 7. Composition diagram for copolymerization with penulti- 
mate effects: experimental points a8 in Fig. 5; (-) calculated curve 
for rAA = 1.77, rBA = 2.30, rBB = 0.058, rAB = 0.325. 

= 0.325 f 0.03 'AB 

r = 0.058 f 0.01 BB 

There is excellent agreement between the experimental data and the 
composition curve calculated from these ratios over the whole range 
of monomer feed composition (0.05 5 fA 5 0.95) (Fig. 7). 

As pointed out recently by Guyot [ 291, the penultimate effects may 
represent "only an increase of the number of mathematical parameters 
of the copolymerization equations which allow a better fit of the ex- 
perimental data." In our case, strong interactions between monomers 
MMA and MAP, both having strongly electron-deficient double 
bonds are probably excluded; no solvent effect is apparent, but 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



FREE - RADICAL COPOLYMERIZATION. I 1505 

preferential or selective solvation of the growing macroradicals by 
a given monomer still remains possible. This point would require 
further work, but this is beyond the scope of the present study. 

S t r u c  t u  r e-R e a c  t i v  i t y R e  l a  t i o n  s h i p  f o r  M A P  t h r o u g h  
t h e  Q - e  S c h e m e  

In Table 6 we give different values of the Q and e parameters [ 30, 
31 ] for MAP estimated by three different methods: from styrene- 
MAP reactivity ratios recalculated from literature data [ 61 accord- 
ing to the YBR method [ 171 : rs = 0.23, rB = 0.27; from our own 
values of the MMA-MAP reactivity ratios: rA = 1.77, rg = 0.11 

(0.05 5 f 5 0.95); from the Q and e values of acrylophenone (AP) 

[ 321, which has the structure CH2=CH-CGCsHs (AP) : Q = 1.40 
and e = 0.74. The introductibn of an a-methyl group on the double 
bond of AP may be expected to lead respectively to an increase of 
Q and a decrease of e values, measured by A log Q 
Ae N -0.25 [ 33-35]. These assumptions, chiefly that reflecting the 
influence of substitution on e values, a r e  obviously very rough but 
useful approximations to correlate structure and monomer re- 
activity. 

The Q and e values of MAP calculated from styrene-MAP co- 
polymerization do not show the expected variations with respect to 
the corresponding values of acrylophenone; nevertheless, they may 
appear still plausible, taking into account the very low accuracy of 

A 

0.26 and 

TABLE 6. Q and e Parameters of MAP 

MAP 

From Q and e From sty-MAP From MMA-MAP 
ma values of AP copolymerizationb copolymerizationc 

Q 1.40 2.55 1.14 0.70 0.25 

e 0.74 0.49 0.87 1.68 -0.88 

Data of Otsu and Tanaka [ 321. a 
bStyrene: Q = 1.0, e = -0.8. 
CMMA: Q = 0.74, e = 0.40 [ 331. 
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1506 ROUSSEL, GALIN, AND GALIN 

the reactivity ratios (0.18 5 rs 5 0.50, 0.12 5 r < 0.35) [6] and the B -  
semiquantitative character of the previous assumptions. On the other 
hand, MMA-MAP copolymerization data lead to two pairs  of Q and e 
values which may be considered very improbable. It is well known 
that the Q-e scheme may not be valid in the case of sterically hin- 
dered 1,l-disubstituted ethylene8 [ 30, 31, 33-35], and MAP reactivity 
is probably more. dependent on steric hindrance, which is not taken 
into account in the Q-e scheme, than on resonance (Q) and polarity 
(e) factors. In the case of MMA-MAP copolymerization, steric fac- 
tors a re  obviously of greater influence than in the styrene-MAP 
copolymerization; the Q and e values deduced from MMA-MAP 
reactivity ratios probably have no real  physical meaning. Finally, 
the polymerizability of MAP by anionic initiation [6] and i ts  inabil- 
ity to undergo free-radical homopolymerization are consistent with 
the assumption that the monomer reactivity depends more on steric 
than on electronic factors [ 341. 

CONCLUSION 

In spite of the simultaneous and competitive Diels- Alder conden- 
sation of MAP, MMA and MAP may be readily copolymerized either 
in bulk or in solution, by free-radical initiation. At 60" C, over the 
whole range of monomer feed investigated (0.05 c: f A  5 0.951, the 
copolymerization process may be reasonably taken into account by 
using the classical terminal unit model. Because of the inability of 
MAP to undergo homopolymerization under the same experimental 
conditions, we have tentatively tested two more sophisticated models, 
copolymerization with depropagation (affecting MAP macroradicals) 
and copolymerization with penultimate effects. Both models lead to 
a slightly better agreement between experimental data and calculated 
composition curves. Nevertheless, the composition data alone do 
not allow us to select a physical basis for these assumptions. The 
unit distribution in the chain, which has been shown to be sensitive to 
depropagation [ 361 and penultimate effects [ 371 will  be studied in a 
forthcoming communication [ 381. 

The free-radical copolymerization does not allow a good control 
of important parameters such a s  molecular weight or molecular 
weight distribution and stereoregularity. Nevertheless it is the 
easiest method of synthesis of MMA-MAP copolymers in a large 
range of composition, since the reaction of phenyllithium on well 
defined PMMA fails to introduce selectively MAP units in the PMMA 
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FREE-RADICAL COPOLYMERIZATION. I 1507 

backbone [ 391. The free-radical copolymers may be considered use- 
ful models for photodegradation studies. Preliminary work on our 
samples has been achieved by Professor Guillet and his co-workers 
[ 401. 

A P P E N D I X  I 

L i n e a r i z a t i o n  M e t h o d  of F i n e m a n  a n d  R o s s  [ 1 6 1  f o r  
C a l c u l a t i n g  R e a c t i v i t y  R a t i o s  

(n - I)/X = rA - (n/x2)rB 

where 

x = f  /f A B  

n = FA/FB 

A P P E N D I X  I1 

A n a l y t i c a l  M e t h o d  f o r  C a l c u l a t i n g  R e a c t i v i t y  R a t i o s  
A c c o r d i n g  t o  Y e z r i e l e v ,  B r o k h i n a ,  a n d  R o s k i n  [ 1 7 1  

' J  AAAB - N2 
r =  A AAAB - N2 

AAAB - N2 
r +  

A A -N2 A B  

where N is the number of copolymerization experiments and 

N 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
9
:
1
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1508 ROUSSEL, GALIN, AND GALIN 

N 

N 
A" = C A~' / (N - 2)  

i =  1 

A P P E N D I X  111 

E f f e c t  of D e p r o p a g a t i o n  o n  C o p o l y m e r  C o m p o s i t i o n  
A c c o r d i n g  to  L o w r y  [ 2 0 J  

A has a negligible tendency to depolymerize and K is the ratio of 
the propagation and depropagation rates for macroradicals B: 

Case 1: B has an appreciable tendency to depolymerize whenever it 
is attached to another B unit: 
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FREE-RADICAL COPOLYMERIZATION. I 1509 

Case 2: B has an appreciable tendency to depolymerize whenever 
it is attached to a sequence of two or  more B units 

A P P E N D I X  IV 

I n f l u e n c e  of P e n u l t i m a t e  E f f e c t s  o n  C o p o l y m e r  
C o m p o s i t i o n  a n d  E s t i m a t i o n  of R e a c t i v i t y  R a t i o s  

where 

According to Barb [ 271 and assuming that the reactivity of B radicals 
is null or for monomer feeds such as x = [A]/[ B] - 0 0 ,  the composition 
equation is reduced to the linear form: 
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1510 ROUSSEL, GALIN, AND GALIN 

which allows determination of the reactivity ratios rAA and rBA by 
using a Fineman-Ross plot. When r and r * 0 and x has a 
finite value, the general composition equation may be used if we take 
for the first  step of calculation rBB = rAB = rB, where rB is the 
reactivity ratio determined in the case of a terminal unit model. 
Rough values of rAA and rBA are  f i r s t  determined for monomer feed 
very rich in monomer A. Then the same calculations related to 
r a re  performed for monomer feeds very rich in B, 

using the previously found values of rAA and r After one or 

two iterations, the method leads to the four reactivity ratios with 
a reasonable accuracy [ 281. 

BB AB 

and r BB AB 
BA' 
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