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Quasiliving Carbocationic Polymerization. IV. 
Polymerization of p-tert-Butylstyrene 

JUDIT PUSKk,*  GABOR KASZAS,? J. P. KENNEDY, and T, KELENt 

Institute of Polymer Science 
The University of Akron 
Akron, Ohio 44325 

FERENC T U D ~ S  
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A B S T R A C T  

The mechanism of polymerization of p-tert-butylstyrene 
(ptBuSt) initiated by the cumyl chloride/BCL initiating system 
in CHZCla a t  -50°C has been investigated. At and below -0.4 
M ptBuSt, quasiliving polymerizations proceed, i.e., initiation 
i s  instantaneous, termination i s  absent or  reversible, and chain 
transfer to monomer can be suppressed or eliminated. In the 
quasiliving range the an versus [ ptBuSt] plot i s  linear and 

passes  through the origin, and a / M  decreases much below 2.0 

with decreasing [ ptBuSt]. GPC traces  change from broad 
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1246 PUSKAS ET AL. 

multimodal to narrow monomodal and the color of polymeriza- 
tion charges change from colorless to golden-yellow with decreas- 
ing [ ptBuSt] . The effect of temperature jump subsequent to mono- 
mer  addition has been examined; however, i t  does not explain the 
peculiar monomer concentration effect on the mechanism. 
Changes in the ionicity may be responsible for  this phenomenon. 

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

Recently i t  has been discovered [ 11 that under well-defined con- 
ditions, i.e., by the use of continuous steady slow monomer addition 
to efficient cationic initiating systems, the 
increases linearly with the amount of consumed monomer. This 
system exhibits features similar to living polymerizations, i.e., 
initiation is virtually instantaneous upon monomer addition, 
termination is absent or reversible, and chain transfer to monomer 
is virtually absent or  largely suppressed over a reasonably wide 
range of conditions. To emphasize the similarity between these 
characteristics and those exhibited by truly living systems (i.e., 
in systems where R. >> R , R = 0, R 
was introduced [ 11. 

of a-methylstyrene [ 11, intensive reasearch has been carr ied out 
to  find other monomers that behave similarly. These efforts have 
been successful and quasiliving carbocationic polymerizations 
have been defined to exist, fo r  example, with isobutylene [ 21, styrene 
[ 31, isobutyl vinyl ether [ 41, and methyl vinyl ether [ 51. 

In the course of experimentation aimed to extend the scope and 
to gain insight into the fundamentals of quasiliving cationic polym- 
erizations, it was of interest to  elucidate the polymerization 
behavior of p-t-butylstyrene (ptBuSt). During these studies a 
series of surprising phenomena have been observed which prompted 
us  to undertake a detailed investigation on the effect of monomer 
concentration on the polymerization of ptBuSt. This paper concerns 
the mechanism of ptBuSt polymerization, particularly the changes 
that occur a t  low monomer concentrations and the definition of con- 
ditions under which quasiliving polymerization of ptBuSt can be 
achieved. 

of a-methylstyrene n 

= 0), the te rm quasiliving 
1 P t  t r  

Subsequent t o  the discovery of quasiliving cationic polymerization 

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

M a t e  r i a l s  

p-t-Butylstyrene and a-methylstyrene were extracted with 10% 
aqueous NaOH, washed neutral with distilled water, dried over 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. IV 1247 

molecular sieves (3A), and distilled from CaHz under vacuum. 
Methylene chloride was purified as described [ 61. BC13 was con- 
densed from a lecture bottle under N2. Cumyl chloride (2-chloro- 
2-phenylpropane, CC) was prepared from purified a-methylstyrene 
by hydrochlorination in methylene chloride solution; excess HC1 and 
solvent were removed by repeated freeze-drying. 

P r o c e d u r e s  

Polymerizations by conventional technique (controls) were carried 
out in a stainless steel  enclosure under dry N Z  at -50°C in capped 
culture tubes. The total volume of polymerization mixtures was 25 
cm3. The initial concentrations of BC13 and CC were 3.5 X lo-‘  and 
1.03 X mol/dm3 , respectivefy. Polymerizations were stopped 
by adding methanol to the charge. Conversions were determined 
gravime trically. 

Polymerizations by continuous, slow, steady monomer addition 
were carried out in a stainless steel enclosure in 300 cm3 three- 
neck round-bottom flasks equipped with s t i r re r ,  Teflon plug for  
monomer addition, and outlet fo r  sampling under dry NZ at -50°C. 
The initial volume of solvent was 100 cm3 and the initial concentra- 
tions of BCL and CC were 3.5 X and 1.03 X lo-’ mo1/dm3, 
respectively. Monomer mixtures were fed continuously by a pre- 
cision metering pump (Beckman Model llOA) through a precision 
glass capillary outlet. The temperature of the charge was  measured 
by a thermocouple sealed into a thin glass tube placed directly into 
the charge. Samples (0.1 cm3 ) were withdrawn with a syringe and 
were injected into capped vials containing excess methanol. Polym- 
erizations were stopped by adding methanol to the charge. Conver- 
sions were determined gravimetrically. 

Molecular weights were determined by a Waters Associates High 
Pressure GPC equipped with four Microstyragel columns ( lo5,  l o 4 ,  
lo3,  and 500 A) and dual UV and RI detectors. Molecular weights 
were calculated from a calibration curve obtained with polystyrene 
standards, 

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

The polymerization of ptBuSt has been investigated by two mono- 
mer  addition techniques: 1) Adding a quantity of monomer in one 
rapid dose (conventional technique, control) o r  2) introducing a con- 
tinuous steady s t ream of monomer to a charge of well-stirred 
initiating system in a solvent (quasiliving technique). 
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1248 PUSKAS ET AL. 

TABLE 1. Polymerization of p-t-fhrtylstyrene by the CC/BCl Initiat- 
ing System with Single Monomer Addition (CH2Cl2 solvent, -5O"C, 
[ II0 = 1.03 X lo- '  mol/dm3 ) 

- 
DPn Mw/Mn 

[ MI0 - 
Sample ( mol/dm3 1 M~ x 

I11 1.500 6.33 39.5 6.53 

I12 1.000 6.16 38.5 5.03 

I 1 3  0.710 6.00 37.4 4.32 

I 1 4  0.600 6.85 42.8 3.61 

I 1 5  0.400 5.50 34.3 2.93 

I 1 6  0.200 2.36 14.7 2.95 

I 1 7  0.110 1.65 10.3 1.81 

I18  0.089 1.40 8.7 1.63 

I 1 9  0.067 0.91 5.7 1.45 

I 2 0  0.045 0.77 4.8 1.34 

P o l y m e r i z a t i o n  b y  S i n g l e  A d d i t i o n  of M o n o m e r  

Table 1 shows the results of a ser ies  of experiments in which 
various quantities of ptBuSt were rapidly added to a CC/BCb initiat- 
ing system st i r red in CHzClz a t  -50°C. 

Assuming that in this system initiation i s  instantaneous, termina- 
tion i s  absent [ 71, and chain transfer operates at  infinite time (after 
all monomer has been consumed), the number-average degree of 
polymerization can be described by 

where [ 110 and [ M]o are the initial concentrati6ns of the initating 
cumyl cation and ptBuSt, respectively, and k and k 

constants fo r  propagation and chain transfer to monomer, respectively 
[ 81. Rearranging Eq. (1) yields a modified Mayo equation: 

are the rate P t r ,  M 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. IV 1249 

0 4  
0 100 [II,/[MIoxlO’ 200 

FIG, 1. Modified Mayo plot of the polymerization of p-t-butyl- 
styrene by conventional technique. 

Figure 1 shows the modified Mayo plot for the system. The ordinates 
belonging to high monomer concentrations practically do not differ. 
However, the plot i s  linear a t  [ M] 

range the above assumptions a r e  valid. 
Figure 2 i s  a plot of Rn versus [ M] 

M. The linearity of the plot and the fact that the line can be smoothly 
Tack-extrapolated to the origin i s  evidence for  the existence of quasi- 
living conditions in this [ MI 

adjacent to the experimental points a r e  molecular weight dispersities 
(Mw/Mn), and their decreasing tendency with decreasing [MI also 

indicates living character. 
Inspection of GPC traces  a lso provides valuable information. As 

shown by the representative t races  in Fig. 3, below -0.4 M ptBuSt 
the GPC traces  a r e  monomodal and narrow whereas at  higFer ptBuSt 
concentrations they a r e  multimodal and broad. 

Monomer concentration may affect the nature of the species in the 
charge. Thus charges were colorless when the [ ptBuSt] was higher 
than -0.4 M; however, they turned golden-yellow toward the end of 
the polymezzation, i.e., a t  low [ ptBuSt] . In contrast, the charge 
turned golden-yellow immediately when ptBuSt was  added to initiator 

< 0.4 - M, showing that in this 

in the range of [MI < 0.4 

range. The numbers in the figure 0 

0 
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1250 PUSKAS ET AL. 

C 
0 0.b5 [MI, mole/dm3 ;I0 

FIG. 2. iki vs  [ M] n 0 plots of the polymerization of p-t-butylstyrene 
5 conventional technique at low initial monomer concentrations. 
M /M values a r e  given a t  each dot. w n  

charges such that the [ ptBuSt] in the system was less than - 0.4 M. 
Plesch described a similar color phenomenon in conjunction with- 
the phenylethyl chloride/AgC104/styrene/CHzClz system [ 91 and 
attributed it to pseudocationic polymerizations, i.e., to perchlorate 
es te r  propagating species that ionize only in the virtual absence of 
styrene. The system under investigation most likely contains BCLe 
counteranions s o  that es te r  formation, i.e., pseudocationic propagation, 
is unlikely. 

In view of these observations the mechanism of the CC/BC13/ 
ptBuSt/CHzC12 polymerization system is a rather conventional one 
and can be described by Eq. (1) only a t  relatively low monomer con- 
centrations. 

and of the applicability of Eq. (1) with changing monomer concentra- 
tion, f i rs t  we assumed that a t  higher monomer concentrations we are 
observing an artifact due to the temperature jump caused by the 
sudden monomer addition to a n  active initiating charge. However, 
experiments designed and carr ied out to test  this possibility (see 
Appendix) convinced us  that this is not the case and that the effect 
is real. While i t  is difficult to pinpoint the exact nature of the change 
in the mechanism a t  -0.4 M ptBuSt, we speculate that changes in the 
overall ionicity of the system may be responsible. In general t e rms  
the ionicity of the system is affected by the concentration and nature 

In order to explain the above observations, i.e., the change of color 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. IV 1251 

0.6 

0. - 11 - 

- 
ve 2 4  3 2  4 0  

FIG, 3. GPC traces  of poly(p-t-butylstyrene) samples prepared 
by conventional polymerization technique a t  various initial monomer 
concentrations (mol/dm3 ). 

of the solvent. In the case of tight ion pairs the rates  of propagation 
R and chain t ransfer  to monomer Rtr,M a r e  relatively low and high, 

respectively. The use of low [ M] promotes dissociation of the grow- 
ing ion pairs and thus increases R and decreases R 

P 
the use of specific cation- or particularly anion-complexing solvents 
will promote dissociation and thus quasiliving character. Efforts 
are being made to  develop a semiquantitative theory that explains 
this effect and other phenomena associated with quasiliving polym- 
erizations. 

P 

Further, tr,M’ 

P o l y m e r i z a t i o n  b y  C o n t i n u o u s  M o n o m e r  A d d i t i o n  

After having determined that quasiliving polymerization of ptBuSt 
can be obtained a t  low monomer concentrations using a conventional 
technique, efforts have been made to achieve this objective by the 
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1252 PUSKAS ET AL. 

TABLE 2. Polymerization of p-t-Butylstyrene by the CC/BCL 
Initiating System with Continuous, Steady Monomer Addition (CHzC12 
solvent, -5O"C, VO = 100 dm3) 

Monomer 
consumed [ P I  x lo3 - 

Sample At 5 x lo3  (moi) Rn x - DPn tmou Mw/Mn 
- 

A = 2.78 X mol/min, conversion = 71%, DP,,,,, = 141, 
ATstat = -48.2"C 

I 1  16.90 2.60 16.25 1.04 1.38 
I 2  33.80 4.60 28.75 1.18 1.71 
I 3  48.60 5.70 35.63 1.36 1.90 
I 4  67.60 7.90 49.38 1.37 1.92 
I 5  88.60 8.70 54.38 1.63 1.95 
I 6  101.30 9.50 59.38 1.71 1.90 

- 
A = 5.56 X mol/min, conversion = 9l%, DP = 63, n, max ATstat = -45.5"C 

H 8  18.20 1.70 10.62 1.71 1.29 
H 9  36.40 3.60 22.50 1.62 1.45 
H 10 54.60 4.60 28.75 1.90 1.40 
H 11 72.80 5.50 34.38 2.12 1.84 
H 13 90.90 5.90 36.88 2.47 2.12 
H 14 109.10 6.40 40.00 2.73 1.97 

= m  
n,max ' A = 11.12 X mol/min, conversion = 77%, DP 

ATstat = -42.3"C 

D 1  21.40 3.03 18.90 1.13 2.7 
D 2  42.80 6.82 42.62 1.00 2.3 
D 3  64.20 10.17 63.56 1.01 2.6 
D 4  85.60 13.42 83.92 1.02 2.1 
D 5  107.00 16.95 105.95 1.01 2.1 

A = 19.98 X mol/min, conversion = 71%, DP = 0 3  
n, max ATstat = -37.7"C 

H 3  14.20 1.73 11.54 1.23 1.7 
H 4  28.40 3.70 24.27 1.17 2.1 
H 5  42.60 5.83 3'7.37 1.14 2.1 
H 6  56.80 8.03 50.27 1.13 2.1 
H 7  71.00 9.60 98.70 1.15 2.1 
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QUASILIVING CARBOCATIOMC POLYMERIZATION. IV 1253 

FIG. 4. vs consumed monomer plots of the polymerization of n 
p-t-butylstyrene by continuous steady monomer addition technique: 
( 0 )  11-6 ,  ( X )  H 8-14, ( A )  D 1-5, ( 0 )  H 3-7. 

continuous, slow monomer addition technique described by Faust e t  
al. [ 11. The experimental results a r e  collected in Table 2. The Mn 
vs  consumed monomer plot is shown in Fig. 4. 

Again, it is assumed that in the system under investigation initia- 
tion is instantaneous ([ 110 = [ M e ]  ), termination i s  reversible, and 
transfer to monomer i s  operational. Thus 

Since 
t 

k [ M ] [ I l o d t = A 4  
O P  

by combining (4) and (5), one obtains 

(4) 
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PUSKAS ET AL. 1254 

From ( 6 ) ,  

= k /k and [PI = concentration of polymer mole- where =n,max p tr,M 
cules formed during time t. 

Fig. 2 in Ref, 10) used to classify the various living systems. Figure 5 
shows this representation for four se r ies  of experiments (see also 
Table 2). For convenience, the values a re  given in moles, 

It is gratifying that the intercepts of all  four plots extrapolate to 
[I] ,  î 1.0 X 

mental e r ro r  of the amount of CC initiator used. The slopes of the 
lines give DP (shown in Table 2). SignificantIy, the horizontal 

slope in the experimental Series D 1-5 and H 3-7 indicate that in these 
runs during the investigated short time period, the number of active 
centers didnot change. The slopes of the plots associated withseries I 

Equation (6) i s  the diagnostic expression described in Ref. 10 (see 

ma1 which is within what is considered to be experi- 

n, max 

3 
I r l x l o '  m o l e  t 

0 'O' A t . x l 0 '  mole 

FIG. 5 .  Number of polymer molecules (1 P] ) vs inonomer consumed 
(At<) plot of the polymerization of p-t-butylstyrene by continuous 
steady monomer addition technique. (For notations, see Fig. 4). 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. I V  1255 

1-6 and H 8-14 gave finite mnjmax values, indicating the presence 
of chain transfer to monomer, i.e., according to the classification 

R1’ developed for  quasiliving polymerizations, these systems are QL 

It i s  of interest to speculate on the processes that lead to the re -  
sults compiled in Table 2. Decreasing the monomer addition rate 
from 19.98 (H 3-7) to 5.56 X mol/min (H 8-14) increased the 
conversions from 71 to 91%; however, a further decrease in the addi- 
tion rate to  2.78 X 
to 71%, i.e., to the accumulation of unconverted monomer. The 
decreasing of conversions may be explained by assuming that the 
number of active propagating centers decreases due to  chain transfer 
by intramolecular alkylation leading to  the formation of an indane 
skeleton: 

mol/min (I 1-6) led to a drop in conversions 

CH3 - C - CH3 CH3 - C - CH3 
I 
CH3 

The transition state is visualized to be rather stable [ 11 and the rate-  
determining step to be proton expulsion. The subsequent event, i.e., 
protonation of monomer, i s  most likely rapid, thus the rate of intra- 
molecular alkylation (indane formation) is independent of monomer 
concentration. In contrast, the rate of propagation i s  affected by 
monomer concentration s o  that a decrease in [ M] would increase 
indane formation. The extended lifetime of the transition state 
leading to indane formation would further decrease the rate of propa- 
gation and thus would lead to  the decrease of conversion. Absence of 
indane formation a t  higher monomer concentrations may be due to  
increased rate of propagation. 
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1256 PUSKAS ET AL. 

TABLE 3. Polymerization of p-t-Butylstyrene by the CC/BCl3 
Initiating System with Repeated Monomer Addition (CHZC12 solvent, 
-50" C) 

__ -- 

Monomer 
consumed X lo3 - [ P I  x lo3 - 

Sample (mol) an" 1 0 - ~  D P ~ ~  (mol) Mw/Mn 

K 13 10.0 1.3 8.13 1.23 1.27 
K 14 20.0 2.3 14.38 1.35 1.39 
K 15 30.0 3.2 20.00 1.50 1.94 
K 16 40.0 3.7 23.13 1.73 2.12 
_I_. .______ 

These results and a body of other evidence [ 1-51 indicate that 
quasiliving polymerizations can only be attained a t  specific monomer 
addition rates. In the case of styrene derivatives where indane 
formation may occur, quasiliving polymerizations will occur neither 
at  too low monomer input ra tes  because of intramolecular alkylation 
nor at  too high input ra tes  because of monomer accumulation and 
consequent chain transfer to monomer. In the present instance the 
monomer input ra tes  A = 2.78 and 5.56 mmol/min in Series H 8-14 
and I 1-6 were too low and indane formation depressed DP 
(GPC traces of samples withdrawn during Series 11-6 showed 100% 
conversion at the beginning of the run and monomer accumulation a s  
the experiment progressed.) In Series H 3-7 and D 1-5 the input 
ra tes  were higher (A = 11.12 and 19.98 mmol/min) and the systems 
approached quasiliving conditions. Interestingly, in Series H 3-7, 
where the input rate was the highest, monomer accumulation has 
occurred (conversion i s  71ojO), nonetheless favorable conditions pre- 
vailed because the residual [ ptBuSt] was sti l l  only 0.3 M, i.e., still 
in the concentration range found to be optimal by conventional polym- 
e r iz  at ions, 

Finally, a se r ies  of experiments have been carried out by inter- 
mittent monomer addition. In these experiments we added a quantity 
of monomer (0.1 M ptBuSt) in one rapid dose to the initiator charge 
as described in th< previous section, After 10 min of st irring a 
sample was withdrawn and another aliquot of 0.1 M monomer was 
introduced. This procedure was repeated four times (four doses of 
monomer, four samples). The data a re  compiled in Table 3, and 
Fig. 6 is a plot of zn versus cumulative amount of monomer added. 

DP increases with monomer input; however, the plot i s  not linear 
which indicates the presence of chain transfer to monomer. Figure 7 
is a plot of [ P] versus cumulative amount of monomer consumed. 
Again, the plot i s  a straight line (QLR1 system), the intercept of which 

n, max' 

__ 
n 
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2 0  48 
cons.mon.x103 

mole 

/ ,  
FIG, 6. vs  monomer consumed plot of the polymerization of n 

p-t-butylstyrene by repeated monomer addition. 

2 
[p]x103 mole 

0 
cons.mon.x103 

mole 

FIG. 7. Number of polymer molecules ([ P] ) vs monomer con- 
sumed plot of the polymerization of p-t-butylstyrene by repeated 
monomer addition. 
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temperature  ("C) 

- 3 0  w 
-4 0 

-50  

\ 

- 
5 1 0  15 

time ( i n i n )  

FIG. 8. Change of temperature during the polymerization of p-t- 
butylstyrene by conventional technique (Curve a, 0.1 mol monomer in 
one dose), and by quasiliving technique (Curve b, 5.6 X loT3 mol/'min 
monomer addition rate). 

gives [I] = 1.03 x 0 
corresponds to mn,rnax = 59. It i s  of interest that this DPn,max 
is still higher than that obtained by a single monomer addition a t  high 
monomer concentration (i.e., mn = 42 at 1 ptBuSt] = 1.5 M; see 
Table 1). 

mol, close to the theoretical value; the slope 

- 

A P P E N D I X :  T H E  E F F E C T  O F  H E A T  E V O L U T I O N  
DURING MONOMER A D D I T I O N  ON M O L E C U L A R  

W E I G H T S  

The addition of a quantity of monomer to a s t i r red cooled charge of 
active initiating system results in immediate polymerization accom- 
panied by heat evolution. The amount of heat generated over a given 
period of time, AH 

duced. The temperature increase depends on A H  on the heat 

capacity of the system C , and on the heat transfer coefficient a. 

Figure 8 shows the temperature profiles determined experimentally: 
Curve a, adding 0.1 mol monomer to 100 mL charge in one dose 

i s  a function of the amount of monomer intro- 
P' 

P' 
- P 
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15 

10 

5 

C 

0 50 100~tgx103 mole 

FIG. 9. vs monomer consumed plot of the polymerization of n 
p-t-butylstyrene by continuous steady monomer addition a t  -30" C 
( x), -50°C ( 0 ), and -70°C ( A). 

(conventional technique, [ M] 

monomer addition (quasiliving technique) with A = 5.6 X 
The initial charges were 1.03 X 
in 100 mL CHzC12 at  -50°C. 

It i s  noteworthy that the extent of the temperature effect was the 
same, independent of the reagent introduction sequence, i.e., by 
using 1) CHzCl2, 2) CC, 3) ptBuSt, 4) BC13 solution or  1) CH2C12, 
2) BCL, 3) CC, 4) monomer solution. 

Temperature profiles prevailing in continuous runs were deter-  
mined a t  -30, -50, and -70°C (a representative profile at  -50°C i s  
shown in Fig. 8, Curve b). Figure 9 shows mn's as a function of 

monomer consumed a t  these temperatures. The fact that the Mn's are 
independent of temperature indicates that k /k i s  a l so  independent 

= 1.0 - M); Curve b, applying continuous 

mol BC13 

0 
mol/min. 

mol CC and 3.5 X 

The temperature jump by the conventional technique was 14.5OC. 

of temperature in this range. P tr,M 
Obviously, temperature control i s  much better by continuous, slow 

monomer addition than by single o r  sequential monomer addition. The 
temperature difference between the charge and the cooling bath with 
continuous monomer addition i s  
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-AHp at AT(t) = - -(l - e  ) 
C a  

P 

where AH i s  the reaction enthalpy, C i s  the heat capacity of the 
P P 

system, A is the monomer input rate, 4 i s  the conversion, and a i s  
the heat transfer coefficient. After a sufficient time AT(t) will be 
equal to the stationary temperature difference ATstat: 

-AH A< 
- P  ATstat - - - 

cP a 
ss According to pertinent references? AH 

i s  -66.5 ld/mol [ 121, and C is 122 J /K for  100 cm3 CH2C12 a t  

-50°C [ 121. By determining ATstat during a polymerization, one 

can obtain a. Thus we found a = 0.633 min-'. By knowing this value 

and using AH for  styrene, one can approximate AT P stat  
experiments, Table 2 l ists  ATstat  values calculated to prevail in our 
continuous monomer addition experiments. Since al l  these values are 
in the -38 to -48°C range, i.e., in a temperature range over which 
k /k 
change in the polymerization mechanism is  most likely not due to 
insufficiency of temperature control. This conclusion i s  further sub- 
stantiated by the fact that quasiliving polymerization has been demon- 
strated to occur in experiments in which the temperature effect was 
the largest (i.e., Experiments D 1-5  and H 3-7 with ATstat = 7.7 and 
12" C, respectively). 

for  styrene polymerization 
P 

P 

ss in our 

is  independent of temperature (see Fig. 9), the observed sudden 
P tr 
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