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Polymerization of Q-Met hylstyrene in Tetra hydrofuran 
with Potassium as Initiator. V. 
NMR Analyses of the Reaction Products 

S. L. MALHOTRA 

Departement de Genie chimique 
Facult6 des Sciences et de Genie 
Universit6 Lava1 
Qu6bec (Que.), Canada, G1K 7P4 

A B S T R A C T  

Nuclear magnetic resonance (NMR) studies on poly a-methyl- 
styrene prepared at  high temperatures (> 25°C) and having 
multimodal gel permeation chromatographic (GPC) molecular 
weight distributions built up of components D + A and B + C 
showed that their propagation reactions follow Bernoullian 
statistics, the P 

the former and 0.26 for the latter component. The NMR 
analyses of polymers prepared at  lower temperatures (5 to  25°C) 
and having unimodal GPC molecular weight distributions also 
showed the presence of component D + A whose propagation fol- 
lowed Bernoullian statist ics but with lower (0.25 to 0.35) Pm 
value. On further lowering the polymerization temperatures to 
-25 o r  -78"C, the reaction continued t o  yield component D + A; 
however, the propagation reaction did not correspond to Bernoul- 
lian but a first-order Markov statistics. The propagation reaction 
responsible for the formation of component B + C, on the other 
hand, always obeyed Bernoullian propagation with Pm of about 

value being in the range of 0.34 to 0.45 for m 
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74 MALHOTRA 

0.26. This suggests that the formation of component D + A 
results from a reaction mechanism which is different from that 
of B + C .  

I N T R O D U C T I O N  

Gel-permeation chromatographic (GPC) molecular weight distri-  
butions of poly-a-methylstyrene initiated with potassium and potas- 
sium naphthalene in tetrahydrofuran (THF) [ 1, 21, p-dioxane [ 31, and 
cyclohexane [ 41 have been reported earlier.  It was shown that, 
irrespective of the solvent used, the polymers prepared at high tem- 
peratures (> 25°C) and with high initial living end concentration, 
[ LEI0 , yielded multimodal molecular weight distributions made up 
of components having average degree of polymerization, DP, ranging 
from 4 to 1000 and sometimes even greater than that. These molecu- 
lar weight distributions were split into four components, viz., D, A, 
B, and C, where D denotes a dead polymer, A is the dormant polymer, 
and B and C denote polymers due to different ion-pair mechanisms. 
Similar assignments are also reported in the anionic polymeriza- 
tion of methyl methacrylate [ 5, 61 and s t  rene [ 71, as well as 
cationic polymerization of styrene [ 8 -  11J where bimodal GPC 
molecular weight distributions were observed. These were made 
on the basis  of the C13 nuclear magnetic resonance (NMR) studies 
which showed that the species responsible for the formation of high 
and low molecular weight fractions were different in nature. Keeping 
this in mind, poly-a-methylstyrene samples with unimodal and multi- 
modal GPC molecular weight distributions [ 1, 21 were analyzed by 
proton NMR spectroscopy and the data thus obtained were compared 
with those already reported on this polymer in the l i terature [ 12-21]. 
The principal resul ts  of these studies form the subject of the present 
communication. 

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

The data on the origin and purification of materials, method of 
polymerization and the characterization of products have been pre-  
sented somewhere else  [ 1, 21. 

NMR A n a l y s e s  

with a 220-MHz Varian Associates spectrometer a t  25 and 100°C in 
Nuclear magnetic resonance spectra of the polymers were recorded 
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POLYMERIZATION OF a-METHYLSTYRENE. V. 75 

carbon tetrachloride (CC14) and o-dichlorobenzene (o-CsH4Clz) a s ,  
solvents, respectively. Tetramethylsilane was used as the internal 
reference. 

I R  A n a l y s e s  

Spectra of the polymers were recorded on KBr pellets with a 
Beckman- 12 infrared spectrophotometer. 

R E S U L T S  A N D  D I S C U S S I O N  

P o t a s s i u m  - I n i t i a t e d  H i g h  - T e m p e r  a t u r  e P o l y m  e r i z a  - 
t i o n s  

In Fig. 1 a r e  shown the GPC molecular weight distributions of some 
of the polymers used in the present study. Their analyses in t e r m s  
of percent proportion of low D + A and high B and C molecular weight 
components is presented in Table 1 which also c a r r i e s  data for addi- 
tional polymers whose GPC distributions are presented elsewhere 
[ 1, 21. The resul ts  in Table 1 indicate that in order  to prepare a 
polymer rich in component D + A, use of high [ LEI0 and high tem- 
peratures,  which yield low conversions, is necessary. 

In Fig. 2 a r e  presented the IR spectra of two polymers, viz., 
M-14 and L-19, the former being 100% (GPC data in Table 3) and 
the latter having only 6% of component D + A. The spectra  of these 
two polymers differ a s  follows: (a)  The intensity of the -OH band 
a t  3400 cm- ' i s  more pronounced in the lower molecular weight 
polymer M-14, which is quite normal, and (b) the make up of methylene, 
methyl, and benzene resonances between 2900 and 3100 c m -  ' in the 
two cases  is different. This could, however, very well arise out of 
the fact that the increase in the number of methylene, methyl and 
benzene groups (from M- 14 to L- 19) and the corresponding increase 
of absorptivity associated with each of the three resonances, do not 
follow the same  scale. 

in the two polymers were to be different, their analyses with IR do 
not appear to be  feasible. Thus it w a s  thought of interest  to investigate 
the structural  differences in these polymers with the help of NMR. 

In a preliminary study, five samples viz., L-19, 66, 68, 67, and 
65-B containing different GPC proportions of D + A, B, and C were 
selected. In Fig. 3 are shown the benzene protons of these polymers 
as  observed in CCL at 25°C. These appear between 2.7 and 3.57.  
In the case  of polymers carrying the B + C component only, benzene 

Even if  the proportions of methylene, methyl, and benzene groups 
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I 

ELUTION V O L U M E  ( 5 m l  counts ) 

4 17 45 150 730 6400 
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- 
DP 

FIG. 1. GPC molecular weight distributions of poly-cr-methyl- 
styrene samples 65-B, 67, 68, 66, and L-19 initiated with potassium 
at 25°C in THF as solvent and polymerized at different temperatures. 
See Table 1 for other data. 

protons appearing between 2.7 and 3.0 may be classified as syndio- 
tactic, between 3.0 and 3.2 as heterotactic, and those between 3.2 
and 3.5 a s  isotactic. In the case of the present polymers, however, 
where in addition to B + C, there are varying proportions of D + A, 
the above 7 value assignments may not be rigorously true. In Fig. 3 
it may be noted that as one moves from L-19 to 65-B the make up of 
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FIG. 2. IR spectra of poly-a-methylstyrene samples M- 14 and 
L-19. See Table 3 and Table 1 for other data. 

3 0  3 5  
7: ( VALUES i 

FIG. 3. 220 MHz NMR spectra of the benzene protons of poly-0- 
methylstyrene samples 65-B, 67, 68, 66, and L- 19 observed in CCI4 
at 25°C in the range of 2.7 to 3.5 7. 
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I 6 5 - 8  

7.5 8.0 8.5 

( V A L U E S )  

FIG. 4. 220 MHz spectra of the 0-methylene protons of poly-cr- 
methylstyrene samples 65-B, 67, 68, 66, and L- 19 observed in 
OCsHlClz at  100°C in the range of 7.3 to 8.6 T.  

benzene protons changes as follows: the relative intensity of protons 
between 2.7 and 3.0 r increases whereas intensity values of those 
appearing between 3.0 and 3.2 T are lower; and the intensity of protons 
between 3.2 and 3.5 r decreases regularly. 

Although it is possible that these changes in intensity result  from 
the varying proportions of syndiotactic, heterotactic and isotactic 
configurations in these polymers, yet these have been assigned to the 
downfield placement (lower T values) of benzene protons due to com- 
ponent D + A. The exact assignments of benzene protons correspond- 
ing to component D + A is difficult to assess ,  however. 

In Fig. 4 a r e  shown the P-methylene protons of polymers L-19, 66, 
68, 67, and 65-B observed in o-C6H4C12 at 100°C in the range of 7.3 
to 8.6 T. The P-methylene protons in L-19 appear between 7.9 to 8.6 T,  
with an important peak at  8.3 T corresponding to the rrr tetrad. As 
one moves from L-19 to 65-8, the peak due to the rrr tetrad remains 
stationary at  8.3 7 although i ts  intensity decreases  regularly. Further- 
more, in polymers 66, 68, 67, and 65-B other peaks s tar t  to  appear 
between 7.2 to 8.0 r, the most prominent of these being at  7.95 T.  The 
intensity of this peak var ies  with the polymer sample. It would appear 
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I I 

9.0 9.5 

‘r: ( V A L U E S  1 

FIG. 5. 220 MHz NMR spectra of the 0-methyl protons of poly-a- 
methylstyrene samples 65-B, 67, 68, 66, and L-19 observed in 
oCsH4Clz a t  100°C in the range of 8.6 to 9.8 7. See Tables 1 and 2 
for other data. 

that the P-methylene protons associated with component D + A a r e  
placed between 7.5  to 8.0 7 (sample 66), 7.3 to 8.0 7 (sample 68) and 
7.2 to 8.2 T (samples 67 and 65-B) depending upon their proportion 
in the polymer. This makes i t  difficult to analyze the placement of 
various tetrads in the P-methylene protons of D + A. 

In Fig. 5 are presented the a-methyl protons of polymers L- 19, 
66, 68, 67, and 65-B observed in o-CsH4Clz at 100°C in the range 
of 8.6 to 9.9 T .  The 0-methyl protons in L- 19 appear between 8.9 
and 9.9 T, with important peaks at 9.0, 9.43, and 9.69 assigned to the 
tr iads mm, mr,  and rr, respectively [ 12, 18, 211. In polymer 
samples 66, 68, 67, and 65-B, there a r e  numerous other peaks be- 
tween 8.6 and 9.25 7. The most prominent of these peaks in the 
spectra of samples 68, 67, and 65-B are a t  (8.65, 8.68, 8.71 I), 
(8.80, 8.83, 8.86, 8.91, 8.94, 8.97 T ) ,  and 9.06, 9.09, 9.12, 9.20, 9.23, 
9.26 7). These appear to be associated with the different tr iads due 
to the methyl groups of the D + A component in the polymer. 

The two very prominent peaks in the case  of sample 66, however, 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
8
:
4
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



82 MALHOTRA 

seem to be of different nature as compared to those in samples 68, 
67, and 659. These peaks at 8.7 and 9.13 r may correspond to 
methylene and methyl protons of yet another component in polymer 66 
which i s  different to those of D + A and B + C in structure. This con- 
clusion was reached from the results of the thermal decomposition 
of poly-cr-methylstyrene samples 66, 67, 68, and 65-B at various 
temperatures (150-300" C) [ 221. The NMR analyses of the 300°C 
decomposed polymers 67, 68, and 65-B showed the presence of all 
of the peaks which were present in the undecomposed polymers as 
well; however on 50 min isothermal decomposition at 250°C of 
sample 66 the resulting product showed the absence of peaks at 8.7 
and 9.13 r in its NMR spectrum. 

triads due to a-methyl groups of component D + A, two polymer 
samples, viz., 65-B and M- 14, which yielded well defined spectra 
were selected. In Fig. 6 a r e  presented the spectra of the methyl 
protons of component D + A of these two polymers observed in 
oCsH4Clz at  100°C in the range of 8.6 to 9.35 T. In the spectrum of 

In order to assign the peaks between 8.6 and 9.35 r to the various 

I 6 5 - 8  

0.7 9.0 

7: ( v a l u e s  1 
9.3 

FIG. 6. 220 MHz NMR spectra of the a-methyl protons of the D + A 
component of poly-rr-methylstyrene samples 65-B and M- 14 observed 
in 0 G H E l z  at 100°C in the range of 8.6 to 9.35 7. See Tables 2 and 3 
for other data. 
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sample 65-B, the region carrying a major portion of the methyl protons 
l ies  between 8.75 and 9.0 T whereas in the spectrum of sample M-14 
the methyl protons a r e  located between 8.75 and 9.05 T as well as be- 
tween9.2 and9.35 T .  The region between 8.6 and 8.75 T in both poly- 
m e r s  carries a small  proportion of the methyl protons, although 
these a r e  more pronounced in the spectrum of sample 65-B as com- 
pared to that of sample M- 14. The various regions in the spectra  of 
these two polymers may be assigned to different triads, as follows: 
Sample 6 5 8 :  (a) 8.6-8.75 T ,  with peaks at (8.65, 8.68 and 8.71 T )  to 
mm triads;  (b) 8.75-9.05 T, with peaks at  (8.80, 8.83, 8.86 T )  to m r  
and those at  (8.91, 8.94, 8.97 T )  to r m  triads;  (c)  9.05-9.35 T ,  with 
peaks at (9.06, 9.09, 9.12 T )  as well a s  (9.20, 9.23, 9.26 T )  to rr 
triads;  Sample M-14: (a) 8.6-8.75 T, with peaks at (8.65, 8.68, 8.71 T )  

to mm triads; (b) 8.75-9.05 T, with peaks at 8.82 T to m r  and those a t  
(8.90, 8.93, 8.96 T )  to r m  triads;  (c) 9.05-9.35 T ,  with peaks a t  (9.23, 
9.255, 9.286, 9.31 T )  to rr triads. 

These assignments of mm, m r  + rm, and rr t r iads  to the three 
regions 8.6-8.75, 8.75-9.05, and 9.05-9.35 T ,  respectively, are made 
exclusively on the basis  that s imilar  t r iads  due to the methyl protons 
of the high molecular weight component B + C have also been shown 
[ 12, 18, 21J to follow the ascending order  of magnetic field. 

protons associated with the components D + A and B + C were made 
on all polymers listed in Table 1, and the resul ts  of these analyses 
are presented in Table 2. 

It may be added here that the immediate region around 9.0 T, 

which c a r r i e s  contribution due to the mm triads of the high molecu- 
l a r  weight component B + C, must be taken into account prior to 
making any calculations for m r  o r  r m  tr iads  of component D + A. 
This has been achieved in two steps assuming that the high molecu- 
l a r  weight component B + C in all the polymers studied obey 
Bernoullian propagation statist ics similar to that in polymer L- 19 
(cf. Table 2). 

In the first step the ratio of the integral counts covering the 
regions 9.7-9.9 T[rr = (1 - P ) z  ] and 9.5-9.7 T [ m r  = 2 P m ( l  - Pm)] 

is used to compute Pm of Component B + C, and consequently the 

values of mm, m r  and rr are known. In the second step, the contribu- 
tion due to mm integral counts present in the r m  o r  rr region of com- 
ponent D + A  is calculated with m r  and rr values of component 
B + C  and their integral counts on the NMR spectrum. This  mm 
integral count is added to that of B + C and subtracted from that of 
component D + A in order to compute the NMR-characterized percent 
contributions of each of the two components. 

ing observations. First, the proportions of component D + A calcu- 
lated by the NMR technique do not agree completely with those 

By making use of these assignments, the tr iad analyses for methyl 

m 

The analyses of the resul ts  in Tables 1 and 2 reveal two interest-  
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obtained from the CPC data presented in Table 1, the values obtained 
by the former technique being always lower. Secondly, the propaga- 
tion steps in the formation of components D + A and B + C obey Ber-  
noullian statistics, with P 

former and 0.26 for the latter component. 
This difference in the Pm values of components D + A and B + C 

formed during the potassium-initiated and high-temperature polym- 
erization of a-methylstyrene leads one to speculate that the reaction 
steps for their formation may not be the same. 

values ranging from 0.34 to 45 for the m 

M e t a l  C o m p l e x -  I n i t i a t e d  H i g h - T e m p e r a t u r e  P o l y m -  
e r i z a t i o n s  

In an ear l ier  study [ 21, dealing with the GPC molecular weight 
distributions of poly-a-methylstyrene initiated with potassium and 
potassium naphthalene in THF a s  solvent, it was observed that the 
presence of naphthalene reduced the formation of GPC-characterized 
D + A component. In order  to study the role  of complexing agents on 
the NMR characterized component D + A, solutions of a-methylstyrene 
were initiated with potassium naphthalene, potassium anthracene, and 
butyllithium tetramethylethylenediamine (Buli- TMEDA) and polym- 
erized at 5OoC. 

In Fig. 7 a r e  shown the GPC molecular weight distributions of 
poly-emethylstyrene samples M-29, M-26, 56-BB, and M- 14 initiated 
with metal complexes and polymerized at 50" C. One notes that poly- 
m e r s  M-29 and M-26 a r e  rich in high molecular weight component 
B + C, whereas the other two (56-BB and M-14) are rich in compo- 
nent D + A. This is further indicated in the NMR spectra of these 
polymers presented in Figs. 8 and 9 where a r e  shown their  &methyl- 
ene and a-methyl protons, respectively. Polymers M-29 and M-26 
have a major portion of their P-methylene and a-methyl protons 
located in the zone assigned to B + C component, while in the case  of 
56-BB and M-14 these protons a r e  placed in zones assigned to D + A 
a s  well a s  B + C components. The data, based on the GPC molecular 
weight distributions shown in Fig. 7 and the NMR spectra presented 
in Figs. 8 and 9, a r e  listed in Table 3. The analyses of the data in 
Table 3 reveal once again that the proportions of GPC- and NMR- 
characterized component D + A do not agree, the value obtained by 
the latter technique being generally lower except in the case  of M-29, 
where the reverse  was found true. 

terized polymers prepared with (M-29) and without (sample 57) com- 
plexing agent revealed that although the presence of the complexing 
agent does reduce the GPC proportion from (27% to 9%) of component 
D + A, the NMR-characterized component D + A reduces very little 

A comparison of the data obtained on the GPC- and NMR-charac- 
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FIG. 7. GPC molecular weight distributions of poly-u-methylsty- 
rene samples M-29, M-26, 56-BB, and M- 14 initiated with potassium 
complexes in THF a s  well a s  in bulk at 25°C and polymerized at 
50°C. See Table 3 for other data. 

(from 20% to 18%). The Pm value of 0.38 in  the NMR-characterized 

D + A (sample 57), however, reduced to 0.30 in M-29. The Pm value 

of 0.26 associated with component B + C in sample 57 remained the 
same in the case of M-29 a s  well. 

and M-14), it was observed that these 100% GPC-characterized prod- 
ucts yielded only 23% and 490/0, respectively, of NMR-characterized 
content in them. The Pm values associated with components D + A 

of 56-BB and M-14 were 0.30 and 0.29, respectively. 

In the case of Buli-TMEDA-initiated polymerization (samples 56-BB 
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7.5 8.0 e.5 
( VALUES I 

FIG. 8. 220 MHz NMR spectra of the P-methylene protons of 
poly-a-methylstyrene samples M-29, M-26, 56-BB, and M- 14 ob- 
served in O - C ~ H ~ C ~ Z  at 100" C, in the range of 7.4 to 8.6 T. See 
Table 3 for other data. 

9.0 9.5 
( VALUES 1 

FIG. 9. 220 MHz NMR spectra of the a-methyl protons of poly-a- 
methylstyrene samples M-29, M-26, 56-BB, and M- 14 in o-C6H4Clz 
at  100°C in the range of 8.7 to 9.9 7. See Table 3 for other data. 

From these observations it can be concluded that in the presence 
or  absence of complexing agents the NMR-characterized contents of 
D + A in polymers do not vary by much; however, their presence in 
general does lower the Pm values. The Pm values of B + C compo- 
nent, on the other hand, remain unaffected irrespective of the pres- 
ence, absence, o r  the nature of the complexing agent used. 
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37 34 32 30 
ELUTION V O L U M E  ( 5 ml c o u n t s  ) 

I I I I 
17 4 5  150 - 4 

D P  

FIG. 10. GPC molecular weight distributions of poly-cr-methyl- 
styrene samples L- 16, L- 13, and L- 15 initiated with potassium and 
i ts  complexes in THF at  25°C and polymerized at  different tempera- 
tures. See Table 4 for other data. 

P o t a s s i u m - I n i t i a t e d  L o w - T e m p e r a t u r e  P o l y m e r i z a -  
t i o n s  

In Fig. 10 are presented the GPC molecular weight distributions 
of poly-a-methylstyrene samples initiated a t  25°C with potassium 
(L- 16, L- 13) and potassium naphthalene (L-  15) in THF and polymer- 
ized at  15, 5, and -78°C respectively. On the basis  of the unimodal 
molecular weight distributions of the polymers, it may be assumed 
that these correspond to one or  the other of components D + A and 
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9.0 9.5 
V A L U E S  I 

FIG. 11. 220 MHz spectra of the @-methyl protons of poly-cu- 
methylstyrene samples L- 16, L- 13, and L- 15 observed i n  o-CsHsClz 
at 100°C in the range of 8.7 to 9.9 T. See Table 4 for other data. 

B + C. In the data derived from Fig. 10 and listed in Table 4, these 
have been assigned arbitrarily to component D + A. 

In Fig. 11 a r e  shown the "MR spectra of the methyl protons of 
poly-cr-methylstyrene samples L- 16, L- 13, and L- 15 in the range 8.7 
to 9.8 T. It would appear that, contrary to the GPC assignment of 
these polymers solely to component D + A, these carry a large pro- 
portion of B + C component. The NMR spectra of component D + A 
in these polymers, however, show them to be more syndiotactic than 
those prepared under similar conditions but at high temperatures. 
The NMR data derived from Fig. 11 a re  also presented in Table 4. 

The results of the data analyses in Table 4 again reveal that the 
GPC- and NMR-characterized proportions of component D + A do 
not agree, the values computed from the latter technique being lower. 
The propagation reactions in the polymers prepared at 15 (L- 16) and 
5°C (L-13) still follow Bernoullian statistics, the Pm value being 

slightly lower (0.25) than that of the former (0.30). The propagation 
reaction in the polymer prepared at -78"C, however, did not corre- 
spond to Bernoullian, but a first-order Markov statistics with 
P 

formation of component B + C was found to obey Bernoullian statis- 
tics (Pm = 0.26) at all temperatures studied. 

Similar observations a re  reported during the polymerization of 
1,6-heptadienes [ 23, 241 where the propagation reaction occurs by 

= 0.62 and Pr,m = 0.19. The propagation reaction for the 
m/r  
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alternating intramolecular and intermolecular steps. In one of these 
studies [ 231, it was observed that the propagation reaction for both 
steps followed Bernoullian statistics and had the same Pm value of 

0.3 1, when the polymerization was carried out at  high temperatures 
(100°C). In polymers prepared at low temperatures (-30 to 55°C) 
the intramolecular propagation remained Bernoullian while the 
intermolecular step fitted first-order Markov statistics [ 241. 

If one draws a parallel between the results obtained in the present 
studies with those reported on the polymerization of 1,6-heptadienes, 
one would be led to conclude that the reaction steps for the formation 
of components D + A and B + C at high temperatures a r e  different. 

M e t a l  C o m p l e x - I n i t i a t e d  L o w -  T e m p e r a t u r e  P o l y m -  
e r i z a t i o n s  

In Fig. 12 are presented the GPC molecular weight distributions 
of poly-a-methylstyrene samples initated a t  25°C with potassium 
anthracene (M-28, M- 11) and potassium naphthalene (M-30) and 
polymerized at 25, -78, and -25"C, respectively. The data based on 
these distributions a re  listed in Table 4. One notes that these three 
samples have different proportions of GPC -characterized D + A 
component. The NMR spectra of these polymers is shown in Fig. 13, 
and their analyses in terms of NMR-characterized components D + A 
and P 

are also presented in Table 4. It may be remarked that, a s  usual, 
the GPC and NMR characterized proportions of component D + A 
are different. The polymers M-30 (-25°C) and M-11 (-78°C) pre- 
pared at low temperatures do not correspond to a Bernoullian propa- 
gation but obey a first-order Markov model. Furthermore the devia- 
tion from Bernoullian statistics at -78°C is more pronounced (P  

= 0.54, P 
The propagation statistics for  component B + C, however, remain 
Bernoullian at  all temperatures, with a Pm of 0.26. These results 

agree well with those reported on the polymerization of 1,6-heptadienes 
[ 241 and further support the concept that the components D + A and 
B + C must be the products of two different reaction steps. 

values associated with the two components D + A and B + C m 

m/r  
= 0.18) than that at  -25°C (P = 0.58 and P = 0.24). 

r/m m/ r  r/m 

N a t u r e  a n d  DP of t h e  N M R - C h a r a c t e r i z e d  L o w  
M o l e c u l a r  W e i g h t  P o l y m e r  

In an earlier study [ 11 dealing with the polymerization of a-methyl- 
styrene with potassium as initiator and THF as solvent, i t  was shown 
that a major part of the component D + A in poly-a-methylstyrene 
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FIG. 12. GPC molecular weight distribution of poly-a-methylsty- 
rene samples M-28, M-30, and M-11 initiated with potassium com- 
plexes in THF at 25°C and polymerized at different temperatures. 
See Table 4 for other data. 

sample L-11 was dormant in nature. In order to correlate the GPC 
results of the earlier study with the NMR data of the present one, 
the experiment supporting the dormant nature of component D + A 
has  also been retained for the present study. In this experiment a 
4 . 5  M solution of a-methylstyrene was initiated at 40°C and distributed 
in four ampoules. All of these were polymerized a t  40°C. After 24 hr ,  
L- 11 was opened at 40" C, whereas the other three were further polym- 
erized at -25°C for periods of 15 (L-12) ,  30 (L-26) ,  and 6 0  min (L-27) ,  
respectively. The GPC molecular weight distributions of these four 
polymers a r e  presented in Fig. 14 and their NMR spectra a re  shown 
i n  Fig. 15. The data obtained from the analyses of these two figures 
a re  listed in Table 5. 

The highlights of the data in Table 5 may be outlined a s  follows. 
The species responsible for the propagation reaction at -25" C (L- 12, 
L-26 and L-27) originate from the GPC envelope of component D + A 
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4 I 

8.0 8.5 9.0 9.5 

( V A L U E S  1 

FIG. 13. 220 MHz NMR spectra of the P-methylene and a-methyl 
protons of poly-a-methylstyrene samples M-28, M-30, and M- 11 
observed in o - C d h C 1 ~  at  100°C in the range of 7.2 to 9.8 T. See 
Table 4 for other data. 

a s  depicted in Fig. 14. The yield (GPC as well as NMR data) of 
component D + A remains essentially constant, even after polymeri- 
zations at  -25°C for different periods, suggesting that a major part  
of this component is dormant in nature. The P 

component D + A in L- 11 remains unchanged on further polymeriza- 
tions a t  -25°C. The P 

to 0.28 in L-26 and to 0.30 in the case of L-27, indicating that the 
propagating species a t  -25°C have their origin from a low molecu- 
l a r  weight growing polymer with a higher P 

B + C. This higher Pm value polymer may o r  may not be part  of 

the NMR-characterized component D + A. 
The results of the analyses of the GPC- and NMR-characterized 

component D + A listed in Tables 2 to 5 have been repeatedly shown 
to disagree, the latter technique consistently yielding lower values. 
If one assumes that the dormant part  of component D + A is that 
characterized by the NMR technique, i t  would mean that under the 
GPC envelope of D + A there are two different types of polymer, one 
dormant and one living. Based on the GPC and NMR proportions 
of component D + A and the total DP from an a n d a  of the GPC 

component D + A, an attempt has been made to compute the DP of 
the NMR-characterized component D + A, in some of the polymers, 
by using Eqs. (1) and (2). 

value of 0.39 for m 

value of 0.27 for component B + C increases  m 

value than that of m 
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ELUTION VOLUME ( 5 ml Counts) 
I 1 1 1 1  
4 17 4 5  150 730 - 

D P  

FIG. 14. GPC molecular weight distributions of poly-a-methylsty- 
rene samples L-11, L-12, L-26, and L-27, initiated from a 4.5 M 
solution with potassium as initiator and THF a s  solvent, polymerized 
at 40°C (L-11), and further polymerized at -25°C for 15 min (L-12), 
30 min (L-26), and 60 min (L-27). See Table 5 for other data. 

% (D + A)mR X DP(D t A)mR + [ 100 - YdD + A)mR] 

x DP[ 100 - %(D + 

= 100 x DP (D + A) (from Mw) 
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I 1 L - 1 2  

8.0 8.5 90 9.5 

FIG. 15. 220 MHz NMR spectra  of the P-methylene and a-methyl 
protons of poly-a-methylstyrene samples L- 11, L- 12, L-26, and 
L-27 observed in oCsHKlz a t  100°C in the range of 7.2 to 9.8 T. 
See Table 5 for other data. 

- - 
DP(D i- A)NMR DP[ 100 - % (D t A)mR] m ( D  + A) (from an 

(2) 

The values f o r  DP (D + A)mR were selected from 10 to 20 and 

- inserted in Eq. (1) to determine the corresponding values of 
DP [ 100 - % (D + A)mR]. The values of DP (D + A)mR and 

DP[ 100 - %(D + A)mR] yielding the best  fit in Eqs. (1) and (2) were 
retained and are listed in Table 6. In the case of samples 65-B and 
L- 11 which were polymerized by using high [ LEI0 ( > 0.2 mole/liter), 
the DP of the dormant polymer was found to  be  14 whereas in poly- 
m e r s  prepared a t  lower [ LEI0 ( 7 0.1 mole/liter) this DP was 17. 
The DPof the remainder active polymer under the GPC envelope of 
component D + A was always higher than 40. 

The principal conclusions to be drawn from this study may be 
summarized as follows. Polymerization of a-methylstyrene a t  high 
temperatures (> 25"C), initiated with high [ LE]o of metal  and metal  
complexes in THF as solvent, yields bimodal GPC molecular weight 
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distributions built up of components D + A, B and C. The propaga- 
tion reactions responsible for the formation of components D + A 
and B + C at high temperatures follow Bernoullian statistics, the 
Pm value in the former being higher (0.34 to 0.45) than that in the 
latter component (0.26). This suggests that the propagation Step for 
component D + A is different than that for B + C. On lowering the 
temperature of polymerization to -25 or  -78" C the propagation step 
in D + A does not correspond to Bernoullian statistics but obeys a 
first-order Markov model. The propagation reaction for B + C, 
however, follows Bernoullian statistics at all temperatures_A major 
portion of component D + A is dormant in nature and has a DP in the 
range of 14 to 17. 

Further studies on the NMR analyses of poly-a-methylstyrene 
samples prepared in p-dioxane and cyclohexane are in progress, and 
these will be reported in due course. 
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