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Quasi I iving Carbocat ionic Polymerization. I. 
Classification of Living Polymerizations in 
Carbocat ion ic Systems * 

JOSEPH P. KENNEDY AND TIBOR K E L E N ~  

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

FERENC TUD& 

Central Research Institute fo r  Chemistry 
Hungarian Academy of Sciences 
1525 Budapest, Hungary 

A B S T R A C T  

It has been shown that in addition to classical living polymeri- 
zations, several  other polymerization systems exist that may 
exhibit partially living so-called quasiliving character. The 
single requirement for  quasiliving polymerization is the absence 
of irreversible termination. The various possible living systems 
have been classified by taking into consideration the absence or 
reversibility of termination and the absence, reversibility, or 
irreversibility of chain transfer. In regard to  chain transfer, 
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of his discovery of living anionic polymerization. 
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1190 KENNEDY, KELEN, AND TUDOS 

both unimolecular and/or bimolecular processes have been 
considered, A comprehensive examination of all  possibilities 
yielded, in addition to the classical terminationless-transferless 
living system, five quasiliving systems. Kinetic analysis led to 
equations defining these systems and to diagnostic techniques 
useful for  the classification and characterization of the mechanism 
of living carbocationic polymerizations, 

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

Unquestionably, one of the truly pioneering breakthroughs in con- 
temporary polymer science was the discovery of living anionic polym- 
erizations by Professor Michael Szwarc about 25 years  ago 11, 21. 
By the use of the living polymerization concept the synthesis of new 
families of polymeric materials became realities, e.g., block copoly- 
mers,  terminally functional polymers, several  of which gave r ise  to 
important commercial commodities (for example, the thermoplastic 
elastomers Kraton by Shell and Solprene by Phillips) that have signifi- 
cantly contributed to the health, safety, comfort, and prosperity of 
mailkind. It is our conviction that, a s  is so often the case, this dis- 
covery was not the result of serendipity coupled with astute observa- 
tion (witness the discovery of low pressure ethylene polymerization 
by Ziegler et al. [ 31 which culminated in the discovery of stereo- 
regular polymerizations, i.e., terminationless-transferless anionic 
polymerization of styrene and isoprene [ 1, 21) but was due to an 
inspired assessment of basic chemical facts followed by ingenious 
experimentation. 

Since the time of demonstration of anionic living systems, efforts 
have also been made in the field of carbocationic polymerizations to 
find conditions under which living polymerizations could be obtained. 
Kennedy et al.'s early attempts [ 51 to adapt super-acid chemistry 
remained fruitless, and Higashimura et al.'s systems with iodine and 
very reactive monomers, i.e., N-vinyl carbazole 161 and p-methoxy 
styrene [ 7, 81, were also less  than satisfactory. Stannett e t  al.'s 
t r ia ls  to block poly(N-vinyl carbazole) f rom alkyl vinyl ether carbenium 
ions were also hampered by extensive chain transfer [ 91. In a similar 
vein, Gcethals e t  al. [ 101 used "dormant" polystyryl perchlorate 
es te rs  to block aziridines. A detailed examination of these and similar 
data indicates that completely terminationless-transferless polym- 
erization could not be achieved in carbocationic systems, and a truly 
living carbocationic polymerization has as yet not been obtained. 
According to Pepper [ 111, i t  is "unlikely that any cationic polym- 
erization will display living characteristics in their full perfection, 
i.e,, satisfy the molecular weights as well a s  rate criteria." 

that the situation i s  not as hopeless a s  that painted by Pepper 111, 
A thorough analysis of options (see below) leads to the conclusion 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. I 1191 

and while a completely and irreversibly terminationless-transferless 
carbocationic polymerization has not yet been assembled, systems 
have been defined which to the outside observer behave as  character-  
istic typical living systems, i.e., exhibit linear molecular weight 
growth with time and lead to relatively narrow molecular weight 
distribution (aw/Mn < 2.0). 

A systematic search for  living carbocationic polymerizations has 
started in Akron in the framework of efforts directed toward macro- 
molecular engineering. The discovery of new initiator/coinitiator sys-  
tems, mainly alkylaluminum and boron trichloride based systems 
[ 121, was a milestone toward this goal and led to  polymerizations with 
"controlled terminations" [ 131, Le., to polymerizations where Rt > 

(the rate of termination was higher than that of chain transfer Rtr,M 
to  monomer). While controlled termination led to  endgroup control 
(i.e,, to terminally functionalized polymers) and gave r i se  to a s e r i e s  
of new block copolymers, the desirable synthetic capabilities offered 
by living polymerizations remained elusive. 

A large variety of carbocationic polymerizations have been found 
that gave molecular weight dispersities significantly below 2.0 [ 141 
and these unexpected observations prompted us  to derive a series of 
mechanisms which in turn led us  to the conclusion that these results 
may be either due to a coupling between dead olefinic polymer formed 
by proton elimination and active propagating carbenium ions or to the 
absence o r  suppression of termination, i.e., at  least partly living 
character [ 151. Morawetz, who also examined this information [ 161, 
explained the observations by assuming a system containing partly 
living and partly terminated chains. 

Another important step on the road toward quasiliving carbo- 
cationic polymerizations was the recognition that termination is 
reversible in many carbocationic systems, e.g., in C~&C(C&)ZCl/ 
BCL /a-methylstyrene, because of rapid reionization [ 171 : 

In the course of these studies, Faust e t  al. [ 171 assumed that in 
such a terminationless and/or "dormant" system, i.e., when termina- 
tion is reversible, chain transfer could be suppressed by working in 
the virtual absence of monomer by continuous slow addition of a dilute 
monomer feed to a charge containing the initiator, and that by this 
technique a system could be assembled that behaved in many respects 
as  a living one (quasiliving system). With the C+jHsC(CH3 )zCl/BCL/ 
cr-methylstyrene system these authors were able to demonstrate 
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1192 KENNEDY, KELEN, AWD T k d S  

molecular weight growth with time and a significant narrowing of the 
molecular weight distribution. Further exploration of other carbo- 
cationic polymerizations by the use of the dilute continuous monomer 
addition technique demonstrated the general nature of this finding and 
the existence of many systems that exhibit behavior quite similar to 
those of living polymerizations. 

A purpose of this issue i s  to collect and discuss in one readily 
available volume the field of living carbocationic polymerizations, 
and the purpose of this article is to introduce and comprehensively 
classify this field. 

C L A S S I F I C A T I O N  O F  L I V l N G  P O L Y M E R I Z A T I O N S  
I N  C A R B O C A T I O N I C  S Y S T E M S  

A comprehensive systematization must s ta r t  by definitions. A 

= 0 (where Rt and Rtr = ra tes  of 
classical living polymerization is an addition (chain growth) polym- 
erization in which R = O  a n d z  t t r  
termination and chain transfer, respectively), i.e., a system in which 
termination and chain transfer a r e  absent [ 111. As a consequence of 
these conditions, the concentration of active si tes remains rigorously 
constant during the polymerization (cri terium No. 1): 

[Re] = const 

and the degree of polymerization increases linearly with the mono- 
mer  consumed (criterium No. 2): 

mn = AM/[ R@] 

where AM is  the amount of monomer built into the polymer. Neces- 
sarily, in such a system the molecular weight dispersion must be 
very near unity: 

a/,m = 1  w n  (3)  

According to some authors, e.g., Ref. 11, another cri terium of living 
polymerizations is the inequality Ri > R (i.e., that the rate  of 
initiation must be higher than that of propagation), This "rate re -  
quirement, '' however, can be neglected by separating the initiation 
and propagation steps: for example, by preparing a quantity of 
active (propagating) centers and subsequently adding monomer to the 
"seed," o r  by the use of dynamic polymerization methods, i.e., con- 
tinuous monomer addition, in place of the conventional static technique. 

P 
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QUASILI VING CAR BOCATIONIC POLYMERIZATION. I 1193 

The initiation phase can be neglected if the time of continuous mono- 
mer  addition is long. (Other advantages of the continuous monomer 
addition method will be discussed below.) Evidently, the relative rate 
of initiation is not a criterium of living polymerizations and can be 
controlled by experimental technique and methodology. 

of Eq. (1) (this is in line with Pepper's most recent position [ 181). 
Systems exhibiting living (or quasiliving) character may exist under 
a wide variety of conditions. In quasiliving systems, Eqs. (2)  or (3) 
a r e  only partially or approximately valid, or may even be invalid, 

As a result of a thorough examination of pertinent mechanisms, 
the classification shown in Table 1 has been developed. The various 
living and quasiliving systems theoretically possible in carbocationic 
polymerizations have been defined by the three parameters [ R B I ,  
Tn, and zw/hln. To facilitate the quantitative evaluation of Eq. (2) 
(criterium No. 2), the table has been developed for  dynamic systems, 
i.e., for systems in which the polymerization was sustained by con- 
tinuous steady monomer addition to active centers. 

The f i rs t  line in Table 1 defines living polymerizations (symbol 
L 

fer processes are absent. The subsequent five lines define quasi- 
living systems (symbol QL), i.e., polymerizations in which termination 
is absent or reversible (criterium No, 1 satisfied), however, chain 
transfer i s  absent, reversible, or present. For completeness sake 
the last three lines in Table 1 also define "conventional" nonliving 
systems, i.e., polymerizations in which irreversible termination is 
present (hence the symbol T). 

In the f i r s t  column (Mechanism symbol) the f i r s t  subscript refers  

OR to termination and the second to chain transfer. For example, QL 

signifies a quasiliving system in which termination is absent and chain 
transfer i s  reversible. The second and third columns indicate the 
absence (0) ,  reversibility (R) or presence (1) of kinetic termination 
and chain transfer, respectively. For living or quasiliving systems 
the "Termination" column must show 6 o r  R, whereas "TransfertT 
may be 0, R, o r  1. As a consequence of the absence or  reversibility 
of termination, the concentration of active centers i s  constant in living 
o r  quasiliving systems; this is indicated by "const" in the [ R e ]  
column. In nonliving systems [Re] decreases during polymerization. 
The DP versus AM column indicates the manner the particular sys-  

tem meets criterium No. 2. Rigorous linearity in the DP versus AM 

plot exists only in the Loo and QLRo systems. In the &LOR and QLRR 

systems, En increases toward infinity with AM; however, the growth 

01 curve follows a nonlinear (square root) function. Finally, in the QL 

n' and QLR1 systems, irreversible transfer limits the growth of DP 
i.e., the En versus AM plot approaches a limit. 

The only rigorous criteriuin of living polymerization is the validity 

), i.e., polymerizations in which both termination and chain trans- 00 

__ 

n 

n 
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TABLE 1. Classification of Living and Quasiliving Polymerizations in Carbocationic Systems 

Decisive mechanistic stepa 
Mechanism 
symbol Termination Transfer [R@I mn vs AM aw/an 

% % Const Linear increase 1 

R e Const Linear increase >1 
Loo 
QLRO 

e R C onst Approaches square >1 

Const Approaches square >1 

root increase 

root increase QL~~ R R 

QL0l e 1 Const Approaches a 
limit 

>1 

QLR1 R 1 Const Approaches a 
limit 

>I 

Nonliving ("conventional" ) Systems 

*lo 1 0 Decrease Approaches a 

Decrease Approaches a 

Decrease Approaches a 

limit 

limit 

limit 

2 

TIR 1 R >2 

T1 1 1 1 >2 

a0 = absent, R = reversible, 1 = present. 
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QUASILIVING CARBOCA TIONIC POLYMERIZATION. I 1195 

The las t  column in Table 1 refers  to molecular weight dispersities 
and shows that /M increases (Le., distributions broaden) by mov- 
ingfrom the top toward the bottom of the table. Exact numerical values 
of molecular weight distributions can be developed only by detailed 
calculations. 

The section below concerns a quantitative kinetic analysis of living 
carbocationic systems, in particular, the dependence of DP on AM (the n 
DP vs AM column in Table 1 has been derived from this analysis). 
Among the conclusions, we wish to emphasize that in the QL and 
QLRR systems the DP versus AM relationship is described by a non- 
linear function and that i t  approaches the classical L 00 with decreasing monomer addition rate. 

of the slow continuous monomer addition technique. By the use of 
this technique, local overheating of the charge is avoided and dis- 
turbing temperature jumps often encountered during the mixing of 
ingredients in conventional static batch operations are largely elimi- 
nated. Reduced monomer addition rates  greatly help to  increase 
the reliability of mn data obtained with the QLol and QLR1 systems 
also. 

w n  

n 
OR 

mechanism 

Ease and reliability of temperature control is another advantage 

n 

K I N E T I C  T R E A T M E N T  

This kinetic ana 
individual limiting 
of constants. Only 

.lysis of living systems is of general validity. The 
cases can be readily derived by suitable selection 
trends in DP ‘ s  a r e  considered so that a differ- n 

entiation between the absence o r  reversibility of termination is 
unnecessary. 

sidered [ 171 : 

B imole cular transfer to monomer: 

In contrast, two kinds of chain transfer processes will be con- 

-C-C@ + C=C - -C=C + HC-C@ 
I 

H 

Pseudounimolecular transfer to counteranion: 
C=C 

- C 4 @ + G e  - -C=C + H@Ge --HC-C@G@ I slow fast  
H 
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1196 KENNEDY, KELEN, AND T ~ D ~ S  

The following five reactions and corresponding rate expressions 
provide the basis of subsequent calculations. 

1. Chain transfer to  monomer via unimolecular indirect proton 
transfer to the counteranion: 

The M in parentheses serves  to indicate that the rate-determining 
step i s  unimolecular deprotonation of the carbocation followed by 
rapid protonation of monomer. The second reaction (protonation) is 
usually so fast  that the presence of f ree  protons need not be taken 
into account. 

2. Chain transfer to monomer via bimolecular direct proton- 
transfer to monomer: 

R@ +M- M@ +P= ,  Rtr,M = ktr,M c Re 1 [ MI (5)  

3. Addition of protonated monomer (monomer carbocation) to 
olefin-terminated polymer, i.e., the reverse  of Eq. (5): 

4. Addition of monomer to protonated monomer: 

M@ + M  * R@, Rp' = kp[M@][M] (7) 

5. Addition of monomer to propagating carbocation (propagation): 

R@ + M  R@ , R = k  [R@][M] (8) P P  

where M = monomer, M@ = protonated mon_omer or  monomer carbo- 
cation, R@ = growing active carbocation, P- = olefin-terminated 
polymer that arose by deprotonation during chain transfer. Thus 

where [ 11 , = effective active center concentration. The difference 
between the rate constants in Eqs. (7 )  and (8) is probably insignificant 
and can be neglected, Scheme 1 summarizes these events. 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. I 1197 

+M 

+M ~8 ~8 lr RX + (RESERVOIR F . C ,  ACID OF 

DORMANT S P E C I E S )  
tr, GQ 

[H@GQ t P=I /.. FAST) 

SCHEME 1. 

The above set  of reactions can be described by the following set  
of differential equations: 

where A = constant rate of monomer addition. Because of continuous 
monomer addition, the system rapidly reaches the stationary state 
so that 

d[ Re] /dt = - d[ Me] /dt 0 (13) 

and 

(14) P d[ M] /dt A - R 
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1198 KENNEDY, KELEN, AND TUD& 

The conversion of polymerization i s  defined as follows: 

i.e., 

R = &  and AM = AY (16) 
P 

and, from (14) and (16): 

For simplicity we assume complete conversion in the steady state, 
i.e., 5 = 1. 

R = A ,  AM = At (18) P 

and 

d[ M] /dt 0 (19) 

[In certain systems, e.g., p-t-butylstyrene (see Ref. 20) conversions 
a re  substantially lower than 1, monomer accumulates in the system, 
and instead of Eqs. (18) and (19), Eqs. (16) and (17) a r e  applicable.] 

From Eqs. (13) and (9) we obtain the following expressions: 

CI + C,[M] 
[Me] = [ I10 

[MI  +a[P=]  + C I  +C,[M] 

where 61 and CZ a re  the unimolecular and bimolecular chain trans- 
fc r  constants, respectively: 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. I 1199 

and ff contains the rate constant of the backwards reaction (6) expres- 
sing reversibility of chain transfer: 

a = k  /k -tr,M p 

To calculate the number-average degree of polymerization, the 
number of polymer molecules produced by chain transfer, 1 I?=], must 
be available. This quantity can be obtained from Eq. (11) by the use 
of Eqs. (20), (21), (12), and (14): 

C1 + Cz[ MI 
- A 

d[ P=] 

dt 
-- 

[MI + a[ P=] + 2(C1 + Cz[ M I )  

Since [ M] = const, Eq. (25) can be integrated by separating the vari-  
ables and setting t = 0 and [ P=] = 0 a s  initial conditions. Thus a 
second-order equation is obtained: 

c1 +cz C 
[p=I2 +[P=]  - C A t = O  

Ci + Cz1MI 2(Ki + Kz)  

which yields: 

CAt 
[P'] = 

c1 +cz C 2  ; + ( a +  At)"z 
C i  + C z [  MI 2(Ki + Kz) 

where 

K = k  2 tr ,  MIk-tr, M 

Ci  + Cz[ M] 

[MI + ~ ( C L  +Cz[M])  
C =  
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1205 KENNEDY, KELEN, AND T U D ~ S  

C is the overall chain transfer constanl of the system. By the use of 
KL and Kz , ct can also be expressed as follows: 

Equations (26) and (27) contain [ M] , the steady-state concentration 
of monomer which can be obtained from (18):  

[ MI = A/kp[ 11 (32) 

(If the polymerization is reversible, [MI  can be calculated in this 
manner only when 1 MI floor < [ M] ; otherwise [ M] will be equal to 

The number-average degree of polymerization i s  defined a s  
I M' floor* ) 

follows (< = 1): 

where [ P] = total number of polymer molecules. 

Table I, [ P'] will vary and as a consequence the DPn equation 
(Eq. 33)  will also be different. 

Depending on the particular polymerization mechanism shown in 

A .  T h e  L o o  a n d  Q L R o  S y s t e m  
_ _ ~  . .- 

In these syslcms chain transfer is absent s o  that C = CI = CZ = 0 
and the number of polymer molecules formed 

Thus criterium No. 1 is rigorously satisfied even in the QLRo system: 

Due to the reversible termination, however, a /M 
sy s te ir is .  

> 1 in QLRo w 11 
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QUASILIVTNG CARBOCATIONIC PO1,YMERIZATION. I 1201 

B. T h e  & L O R  a n d  QRR S y s t e m s  

In these systems chain transfer is reversible, In case both uni- 
and bimolecular chain transfer processes operate, the number of 
molecules i s  given by Eq. (27). In case only the unimolecular (CI)  
o r  bimolecular (CZ) chain transfer operates, Eq. (27) can be s im- 
plified: 

In Case C1 = 0 

cz 
At 

1 + 2Ca 
[P'] = - 

1/2 

1 + 2 c z  2Kz J 

Depending on whether t i s  small  or large DP will tend toward two 
limits: n 

At - - when t = small: DP =- 

cz 
1 + 2 c z  

n 

[I10 + At 

(37) 

As shown by Eq. (38), mn, in line- with the living character of the 

system, may grow toward infinity. The increase in DPn as  a function 

of At will not be linear and i t s  growth rate  will be determined by the 
monomer addition rate  A. Evidently, mn will be higher a t  a lower A 
a t  a given monomer consumption. 

In Case Cz = 0 

c1 
[ M] + 2C1 

1 c1 

- At 

[P'] = 2 1/2 

[ M] + 2Ci 

(39) 
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1202 KENNEDY, KELEN, AND TUD& 

Similarly to Eq. (36), depending on t, Eq. (39) also tends toward 
two asymptotic limits, i.e., two limiting mn's. (In this and later 

equations, [ M] is expressed by the approximation of Eq. 32.) 

At - 
when t = small: DP = 

c1 

[MI  + 2C1 

n 
[I10 + At 

(41)  
- 

when t = large: D P n =  4- 

As in the C1 = 0 case, DP may grow toward infinity with growing t, 

i.e., the system exhibits living character. 
n 

C .  T h e  Q L o l  a n d  Q L R 1  S y s t e m s  

In these systems, chain transfer i s  irreversible, i.e., K1-m and 
K2-w. Thus Eq. (27) can be significantly simplified: 

Ci + C z [ M ]  
[ P=] = CAt = At 

[MI + 2(C1 + Cz[ MI)  

The number of polymer molecules increases a t  a constant rate due 
to the irreversibility of chain transfer. Thus 

At 

[I] ,  + CAt 
jp = 

n (43)  

and mn will exhibit linear growth only a t  very short polymerization _- 
times, i.e., when t << [I] O/CA. 
limit 

At large t, DPn will grow toward a 

Evidently in these cases DP is entirely determined by chain trans- 

fer. In the presence of only unimolecular or only bimolecular chain 
n 
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QUASILIVING CARBOCATIONIC POLYMERIZATION. I 1203 

FIG. 1. Degree of polymerization vs amount of monomer con- 
mol/L, K2 = 1, sumed (A = l o y z  mol/L*s, C 2  = lo- ' ,  [ I] 

k = lo6  L'mol-'s-'). 
= 

P 

transfer,  Eqs. (42)-(44) can be further simplified. However, their 
character will not change. 

D I A G N O S T I C  T E C H N I Q U E S :  T H E  T R E A T M E N T  
O F  E X P E R I M E N T A L  D A T A  

The classification of individual polymerization systems in terms of 
the mechanisms described in Table 1 can be readily effected by compar- 
ing the experimental data with the equations derived in the previous 
section. Specifically, three diagnostic techniques have been developed. 

1. R e p r e s e n t a t i o n  of  mn v e r s u s  M o n o m e r  C o n s u m e d  

According to  this technique, mn versus At plots are prepared by 

the direct use of experimental data. Figure 1 illustrates characteris-  
tic trends of the systems identified in Table 1. This representation 
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u 0.5 
A t ( r n o l e / l )  

1 

FIG, 2. Total number of polymer molecules as  a function of the 
monomer consumed (constants as in Fig. 1). 

emphasizes the (quasi)living nature of the systems at  small  At values; 
however, a reliable distinction between the individual mechanisms 
can only be obtained at relatively high At values. These plots do not 
give sufficiently accurate kinetic parameters. With decreasing 
monomer addition rate, the plots characteristic of the transfer- 
reversible &LOR and QLRR systems asymptotically move toward the 
straight line characteristic of the transferless Loo and LRo systems. 
The curved arrow identified by A-0 in Fig. 1 serves  to illustrate 
this tendency. 

2 .  R e p r e s e n t a t i o n  of N u m b e r  of P o l y m e r  M o l e c u l e s  
v e r s u s  M o n o m e r  C o n s u m e d  

This diagnostic technique calls for  a plot of the total number of 
polymer molecules formed [ P] versus monomer consumption At. 
In this case P includes olefin-ended macromolecules P= plus any 
other polymeric species 

[PI  = [P=]  + [ d o  = A t / W n  (45) 
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Figure 2 shows characteristic shapes of [ P] versus At plots for  the 
systems in Table 1. The transferless systems Loo and QLRo yield 
horizontal lines whereas systems with irreversible chain transfer 
give straight lines passing through [I] ; the transfer-reversible 
systems &LOR and QLRR yield curves between these two limits. 

mation is most welcome when the exact amount of initiator is unknown 
due to the presence of impurities, particularly moisture, or when 
initiator efficiency deviates from 100%. The irreversible chain 
transfer constant (i.e., the limit of l/mn) can be determined with 
sufficient accuracy from the slope of the linear plot. With decreas- 
ing A the curves describing the transfer-reversible systems tend 
toward the horizontal line representing transferless systems (indi- 
cated by the curved arrow in Fig. 2). 

0 

In this representation [I] is given by the intercept. This infor- 

3 .  R e p r e s e n t a t i o n  of A t / [  P = ]  v e r s u s  [ P = ]  P l o t s  

At/[ P=] versus  [ P=] plots are the best for  diagnostic purposes 
because in such plots even transfer-reversible systems yield straight 
lines, The basis for  these plots is provided by Eq. (46), obtainable 
by rearranging Eq. (26): 

At 1 c1 + c z  
- +  p=1 

[ P=] C 2(C1 + C,[M])(Ki + K2) 

The necessary [ P=] values are available form Eq. (41): 

At 

DPn 
[I1 0 [p=]  =- - - (47) 

where At and mn are directly obtained from experimental data, and 

[I] is given by the intercept of Fig. 2. Figure 3 illustrates charac- 
terist ic plots of stystems described in Table 1. In this representa- 
tion all the systems define straight lines: transferless systems fall 
on the vertical axis ([ P=] = 0), those with irreversible transfer 
give a horizontal line (K1 = K = m), whereas transfer-reversible 
systems yield straight lines between these two extremes. The slopes 
of plots associated with transfer-reversible systems increase with 
decreasing monomer addition rate i.e., they asymptotically approach 

2 
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i 

FIG. 3. At/[ P=] vs  [ P=] representation (constants a s  in Fig. 1). 

transferless systems and this tendency i s  indicated by the curved 
arrow in Fig. 3. 
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