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Segmental exchange (reshuffling) in copolymerization systems 

It occurs when the active center of a 
polymer chain can attack a different 
chain, cutting it. Most often this 
process is observed in Ring Opening 
(co)Polymerizations. 
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Main consequences: broadening of the chain length distribution (CLD) and 
changes of copolymer microstructure:  its statistics becomes eventually 
identical at any position and in chains of any length. 
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Kinetics of reshuffling, giving the equilibrium 
copolymer (CLD, microstructure) 

Kinetics of attaining equilibrium in reversible 
copolymerization (comonomer concentrations, 
CLD, microstructure) 

Relations between the rate constants 
of reshuffling and the equilibrium 
propagation constants 



Copolymer microstructure 

 Random 

 Statistical 

 Gradient 

block alternate ... ... 

Various statistics 

Simulations:  Monte Carlo, 
limited results by numerical integration 

... 



What we knew before simulations: 

o Conditional probabilities in copolymerization 

qi(X,Y,W) depend on the position i of unit Y in chain 

 

 

 

 

 

 

 

                                                 i     …           i=1 (A* or B*) 

 

and they change with conversion and reaction time 

 

o Equilibration time depends on DPn   

 

Goal: determination of the effect of reshuffling on 

evolution of copolymerization (conversion, 

equilibration time, CLD, copolymer microstructure) 
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Main results of Monte Carlo simulations 

(to make a long story short) 

 

 
Reshuffling has important effect on: 

 

1. Rates of comonomer conversions – due to changing proportions of A* and B* 

 

2. CLD – due to statistical  nature of redistribution of chain lengths after attack of one 

chain on another 

 

3. Microstructure – due to new routes of formation and consumption of AA, AB, BA, 

and BB dyads (and consequently of other sequences as well) 

 

4. Time of equilibration – due to new routes of achieving equilibrium CLD and 

equilibrium copolymer microstructure (including chain-ends) 



Example systems: multi-block gradient copolymer - initially consumption of A, 

next B, homodyads preferred, equilibration gives random copolymer. 

[A]0=[B]0=1 mol/L, [A1*]0=[B1*]0=0.01mol L-1,  

kAA=10, kAB=0.2, kBA=0.5, kBB=1 (mol-1 L s-1),          [ (kAAkBB)/(kAB kBA)=10 ] 

k-AA=1, k-AB=0.04, k-BA=0.02, k-BB=0.08 (s-1),  

[KAA=10, KAB=5, KBA=25, KBB=12.5 (mol-1 L1);        (KAAKBB)/(KAB KBA)=1 ] 

reshuffling: ke=keAA=keBB=0; 0.001; 0.1; 1; 100 (mol-1 L s-1) 

Effect of reshuffling on comonomer consumption 
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The same multi-block gradient copolymerization systems - initially 

consumption of A, next B, homodyads preferred, equilibration gives 

random copolymer, ke= 0 …100 
 

Effect of reshuffling on CLD 
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Effect of reshuffling on active chain-endsEffect of reshuffling on active chain-endsEffect of reshuffling on active chain-ends
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Effect of reshuffling on microstructure 

time
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kexAA=kexBB=0, t=1400 s, DPn=85.1, Ð=1.043 



kexAA=kexBB=0.01, t=596 s, DPn=80.0, Ð=1.933 



position (i) in chain
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Effect of reshuffling on microstructure 

(sequences along chain length) ke=0 

position (i) in chain

020406080100120

c
o

n
tr

ib
u

ti
o

n
s

 o
f 

d
y
a

d
s

0.0

0.2

0.4

0.6

0.8

1.0

-AA-

-AB-

-BA-

-BB-

position (i) in chain

0 20 40 60 80 100 120

c
o

n
tr

ib
u

ti
o

n
s

 o
f 

d
y
a

d
s

0.0

0.2

0.4

0.6

0.8

1.0

-AA-

-AB-

-BA-

-BB-

  I-M(start)...M(i)...M(1)*
DPn

  I-M(1)...M(i)...M(end)* DPn

t=5.3×102, DPn=96.8, Đ=1.039 t=1.7×105, DPn=96.7, Đ=1.729 



Effect of reshuffling on microstructure 

(sequences along chain length) ke=0.001 
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Effect of reshuffling on microstructureEffect of reshuffling on microstructureEffect of reshuffling on microstructure
(homoblocks along chain length) k =0(homoblocks along chain length) ke=0(homoblocks along chain length) ke=0
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Effect of reshuffling on microstructureEffect of reshuffling on microstructureEffect of reshuffling on microstructure
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Deterministic simulations: 

problem of conditional probabilities (MC results) 

pAB = [(AB)
i
...Z*]/[(B)

i
...Z*]
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Numerical integration gives 

erroneous results when long 

homoblocks are formed and 

differences of conditional 

probabilities in respect to 

active centers are neglected 

(the same multi-block gradient 

copolymerization system, ke=0, 

but max DPn = 20)  



Conclusions 
 

 

 

1) Reshuffling  changes proportions of  active species AA*, AB*, BA* and BB* 

 

2) Consequently, it changes also the rates of comonomer conversions and 

microstructure of kinetically formed product 

 

3) Reshuffling shortens the time of reaching copolymerization equilibrium 

 

4) Reshuffling makes that evolution of comonomer concentrations can be non- 

monotonous (possible minima and maxima) 

 

 

------------------------------------------------------------------------------- 

 

Conditional probabilities of copolymer units to be preceded by units of the given 

kind depend not only on the types of units and unit position in chain but also on 

the type of active species. It makes simulation of the copolymerization process 

by deterministic methods more difficult, in many cases ineffective. 


