Electronic Supplementary Material (ESI) for Polymer Chemistry.
This journal is © The Royal Society of Chemistry 2017

Supporting information for “A detailed mechanistic study of bulk
MADIX of styrene and its chain extension”

Dries J.G. Devlaminck?, Paul H.M. Van Steenberge,? Lies De Keer,? Marie-

Francoise Reyniers,® Dagmar R. D’hooge*aP

alaboratory for Chemical Technology, Ghent University, Technologiepark 914, B-9052 Ghent, Belgium.
bCentre for Textile Science and Engineering, Ghent University, Technologiepark 907, B-9052 Ghent, Belgium.

Corresponding author: dagmar.dhooge@ugent.be




Table of contents

S1. Justification of the Equation 7 of the main text ..........ooociii i 3
S2. Overview of the experimental conditions: homopolymerization...........cccccevviiiieiiiiiieeeiiieeeen. 5
S3. Overview of the experimental conditions: chain extension with styrene........ccccccoeevveeeiicnnennn. 5
S4. Confirmation of accuracy of conversion determination by gas chromatography.........cccc......... 5
S5. Determination of purity of (O-ethyl xanthate)-2- ethyl propionate (OEXEP)........ccccceecvvveeeennneen. 6
S6. Overview of the reactions and kinetic parameters for the homopolymerization and chain

EXLENSION WIth SEYIENE. ceiiiiiiie e e e s st e e e s s bt e e e sasaaeeessasaeeeesnasseeeean 7
a. Apparent termination rate COeffiCient ........ooiiiiiiir i 8
b. Chain initiation by RAFT [€aVing 8roup (Rg) co.eeeeeeieiriieiiiiiieeecciiee et e s seiree e et e e s svre e e s envneeeeeanns 9
c. Apparent conventional initiator effiCienCY ......cceeei i 10
S7. Reactions and kinetic parameters for chain extension with n-butyl acrylate .............c............ 11
S8. Inefficient removal of unreacted RyX (OEXEP) via precipitation .........ccccoeceeeeieeciieeeeccieee e, 12

S9. Verification of the negligible contribution of termination between R, species and chain
TraNSTEr Of Ry TO MONOMIET ....uvviiiiiiiii ittt e e e et e e e eeeeeeeeesestareeeeeeeeeesesssnsraresneeeas 12

S$10. Importance of end-groups obtained by chain transfer to monomer with macroradicais......... 13

S11. Comparison of simulated average characteristics of the extended method of moments and

kinetic Monte Carlo (KMC) MOEL .......c.ueiecuiieiiiiecie ettt et tre e st e e ta e e ate e e snbeeetaeesnaeeeanes 14
S12. Evaluation of the need for the use of the correct reaction volume for the kinetic Monte Carlo
31 0[] =1 4 o o S 14
S13. Demonstration of kinetic insignificance of transfer coefficient Ko ....ocooervreererccrieencnecnnne. 15
S14. Determination of Cy ovia the methods of Moad and Mayo .........cccoeeeriiiiiiniiciiiecieeeeee, 16
S15. The effect of TCL on the homopolymerization of styrene in the presence of (O-ethyl
xanthate)-2- ethyl propionate and a fixed [RoX]o/[12]g-+reeeerreeerreremiereiirieeiireeeeiee e e eereeeereeeereeeeeree e 17
S16. Demonstration of kinetic insignificance of transfer coefficient k,, during homopolymerization
EX P MBS . .. tttiitiet ettt e et e e e e ettt et e e e e e e sa s abeateeeeeeeeesaaaabe e eeeeeeeeaesaaasabeteaeeeeeeea s e nbereaeeeeeeeeeananns 17
S17. Limitations of the method of Mayo for determining Cig....c.ccevveerveeeneeriiiinieeneeneceenee e 18

S18. Assessment of the average chain length properties of block copolymers: calibration of SEC
data 21

519. Influence of [RoX]o/[12]o and [M]o/[ROX]o 0N the RoX CONVEISION.....ccuveeeeiitieie ettt 23

S20. Determination of the kinetically significant transfer coefficients during chain extension of
dormant polystyrene with n-butyl aCrylate.........coooiviiiiiiiie e 23

S21. Demonstration of kinetic insignificance of transfer between initiator radicals (I) and initial
RAFT QEENT (RpX) e utiieeeiiiiiee e ettt e eect et e e e ettt e e eetteeeeeetteeeeeeabaseeesaabaseaesassaseaeaassasaeeaassasaesaassseassassanaesanses 24

S22. Demonstration of the importance of accurate determination of ktr of exchange between
polystyrene macroradicals and dormant PolYStYreNe........coocuviiiiiiiiiieeeiiee e 25



S1. Overview of the experimental conditions: homopolymerization

Table S1: Overview of the initial conditions used in the experimental study of homopolymerization MADIX of styrene at
70°C, selecting OEXEP as initial RAFT agent and AIBN as conventional initiator; 4 m% n-decane was added as internal
standard for GC analysis; Vs, 0=35 mL.

Entry [Stylo [Stylo/[OEXEP], [OEXEP],/[AIBN], [Stylo/[OEXEP],/[AIBN],

1 7.56 50 30 50/1/0.033
2 7.55 50 10 50/1/0.1

3 7.53 50 5 50/1/0.2

4 7.51 40 50 40/1/0.02
5 7.68 100 20 100/1/0.05
6 7.76 200 10 200/1/0.1
7 7.67 100 10 100/1/0.1

S2. Synthesis procedure of (O-ethyl xanthate)-2-ethyl propionate (OEXEP), the initial RAFT
agent (RyX) used in this work

OEXEP was synthesized according to the literature procedure.! Ethyl 2-bromopropionate (50.3 g, 0.278 mol)
was dissolved in 500 mL ethanol and mixed with potassium O-ethyl dithiocarbonate (50.7 g, 0.316 mol) under
argon atmosphere. The mixture was stirred for 6 hours in the absence of light at 0°C. Afterwards 500 mL water
was added and the obtained OEXEP was extracted by a 1:2 (v:v) mixture of diethyl ether and pentane. The
solvent and residual ethyl 2-bromopropionate were removed by evaporation under vacuum. Upon analysis (see

Section S3 of the Supporting Information) a product molar purity of 97+1% was obtained.

S$3. Determination of purity of (O-ethyl xanthate)-2- ethyl propionate (OEXEP)
The purity of OEXEP, synthesized according to the procedure mentioned in the Section S2, has been

determined by means of *H NMR analysis (Figure S1 ,left) of the obtained product and following equation:

fD 3.00

molar purity = =
fD+fH 3.00 + 0.08

Ethyl 2-bromopropionate can be identified as main impurity and no other significant impurities or side

=0.974 (1)

products could be detected, as confirmed by GC analysis (Figure S1 ,right).
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Figure S1: 'H NMR (left) and GC (right) analysis of the synthesized OEXEP used as initial RAFT agent in the present work

S4. Overview of the experimental conditions: chain extension with styrene

Table S2: Overview of the initial conditions used in the experimental study of MADIX chain extension with styrene at
70°C; the initial polystyrene was obtained by purifying the product of Entry 3 in Table S1 after 8h of reaction time; AIBN

was used as conventional initiator; 4 mt% n-decane was added as internal standard for GC analysis; with [RX]O the
concentration of dormant polystyrene as determined by Equation 7 of the main text.

Entry [Stylo [MStylo/[RX], [RX]o/[AIBN], [Stylo/[RX]o/[AIBN],
1 6.07 175 20 175/1/0.05
2 4.93 85 25 85/1/0.04
3 5.06 95 100 95/1/0.01

S5. Justification of the Equation 7 of the main text
The number average chain length x, can be written as the ratio of the sum of the first moment of the dead,

living and dormant species to the zero moment of these species:

(o]

Yi(p] +[R] + [RXD)
Xy = (s2)

P+ [R]+ [RXD

i=1

Ny

As V' with [4] the concentration of A, "4 the molar amount of A and V the volume:

E 1 + +
n n n
£ v Pi RiX Ri)

Xn = (S3)

1
2 1V(n”i + g x+ nRi)

8

Multiplying each side with the molar amount of all RiX species:

Ms

nPi + gy + g, )

Z nRX Z nRX (s4)

o
i=1
Z nP +nRX+nR)

The amount of dormant chains can be related to the end-group functionality (EGF):

[ee) [ee]

xnz (an.X) = Z i(npl_ + an.X + nRi)EGF (S5)

i=1 i=1
Rearranging and multiplying both the numerator and denominator of the right hand side with the monomer

molar mass My, results in the equation of the molar amount of RX as mentioned in the main text (Equation 7).
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S6. Confirmation of accuracy of conversion determination by gas chromatography

Monomer and RAFT agent conversion (X, and Xzox) were determined by means of gas chromatography (GC), as

explained in the main text. The accuracy of the technique can be verified by 'H nuclear magnetic resonance

(NMR). As shown in Figure S2, the conversion values obtained by both techniques are in excellent agreement

(entry 7 in Table S1).
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Figure S2: Comparison of monomer and RyX conversion data via GC ( m, red = X,,,; A, dark blue = Xzox) and NMR (e, orange
= Xn; #, light blue = Xgo) for MADIX of styrene at 70°C, selecting OEXEP as initial RAFT agent and AIBN as conventional

initiator: Entry 7 in Table S1.

S7. Calculation of the molar amount of end-groups in a polystyrene sample, necessary for the
calculation of Equation 8 of the main text.

The three molar amounts in Equation (8) of the main text can be calculated from the elemental analysis results:

w(N) mg

"Dy

(S7)



w(S) m

"= )

(S8)

n(Ry) =n(¥) (s9)
with w(A) (A=N and S) the mass fraction of nitrogen and sulphur, m, the mass of the elemental analysis sample,
and M(A) (A = N and S) the molar mass of nitrogen and sulphur. Equation (S9) assumes a negligible contribution
of termination between individual R, species (RoR, formation) and chain transfer of Ry to monomer, which is

valid in the present work as shown in Section S8 of the Supporting Information

S8. Verification of the negligible contribution of termination between R, species and chain
transfer of R, to monomer

The EGF values mentioned in the main text are determined by means of elemental analysis, more precisely by
investigating the nitrogen and sulphur peak in the CHNS chromatogram. These two peaks allow to determine
the amounts of the / and X end-groups respectively. However, the elemental analysis chromatogram does not
allow the direct calculation of the amount of R, end-groups. Nonetheless, this can be easily overcome by
assuming that the number of Ry end-groups is equal to the number of X end-groups, as a new X end-group can
only be produced by the simultaneous generation of an Ry, which will in turn initiate a new chain. However, this
equality only holds up if each R, effectively generates a new chain and hence, does not terminate by

recombination with another R, radical or by chain transfer to monomer.

Figure S3 depicts the rate of termination and chain transfer to monomer of R, radicals over the overall
consumption rate of R, radicals (Entry 3 in Table S1, similar values for other entries of Table S1, simulation
achieved by rate coefficients mentioned in Table S3). As clearly visible, the contribution of these reactions are
negligible and consequently the number of Ry-end groups can be considered to be equal to the number of X-

end groups.
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Figure S3: The rate of termination of R, radicals by recombination with another R, radical or by chain transfer to
monomer over the overall consumption rate of R, radicals as a function of time (h); Entry 3 in Table S1.



S9. Importance of end-groups obtained by chain transfer to monomer with macroradicals
The EGF values mentioned in the main text are determined by calculating the number of X, R, and / end groups.
However, when chain transfer to monomer by macroradicals is significant, styryl and H end-groups are possible
as well, complicating the EGF calculation. Nonetheless, as shown in Figure S4, under the conditions investigated
in this work, these chain transfer reactions do not contribute significantly to the average polymer properties.

Consequently, the EGF can be determined by solely investigating the number of X, R, and / end- groups.
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Figure S4: Investigation of the influence of chain transfer to monomer reactions on the monomer and RyX conversion,
number/mass average molar mass, EGF and dispersity: chain transfer to monomer taken into account: solid green line;
not taken into account: dotted red line; Entry 3 in Table S1; Rate coefficients as mentioned in Table S3

$10.Evaluation of the need for the use of the correct reaction volume for the kinetic Monte
Carlo simulations

The aforementioned extension of the kMC procedure enables tracking of the monomer incorporation and
possible short chain branch formation for individual macrospecies of a representative polymer sample (e.g. 10°
polymer chains). For copolymerization processes this implies knowledge of the exact location of the
comonomer units along each of the different polymer chains. Specifically for block copolymer synthesis, the
contribution of off-spec (homo)polymer chains can be easily detected and the individual block lengths are
readily available, as illustrated previously for RDRP techniques based on the so-called persistent radical effect,?
i.e. atom transfer radical polymerization (ATRP) and nitroxide mediated polymerization (NMP).3 In the present
work, for the first time, the microstructure of individual polymer chains for degenerative RAFT block
copolymerization is visualized based on kMC simulations, for styrene and nBuA as comonomers, OEXEP as
initial RAFT agent, and AIBN as conventional radical initiator. It should be stressed that in contrast to traditional
ATRP and NMP processes, new (short) chains are continuously formed by /, decomposition and further chain
growth. This requires a very careful evaluation of the kMC reaction volume to be used (>> 10° chains) to ensure

that the polymer microstructure is accurately represented.

Firstly, the volume needs to be large enough to ensure a good representation of all species present. Small
volumes will result in a faulty amount of low concentration species, e.g. macroradicals, and consequently in an
incorrect simulation of the reactions making use of these species. Secondly, although larger volumes can
overcome this issue, it comes at a cost of longer simulation times. Hence, accurate and pragmatic simulation
results can only be obtained by considering a proper reaction volume. Practically, this can be achieved by
investigating a small reaction volume and increasing it until a convergence of the results is obtained. This

guarantees appropriate results within a minimum amount of calculation time. Figure S5 shows the outcome of



a kinetic Monte Carlo simulation (Entry 3 in Table S1) for three different reaction volumes. As clearly can be
observed, a too small volume (~10V7L; red full line) leads to erroneous results as increasing the volume (~10-6L;
dashed green line) results in a different outcome. Increasing the volume even more (~10-%°L; dashed blue line)

does not result in a change of the outcome but only in a significant longer necessary simulation time (X,,,=0.58).
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Figure S5: Influence of the reaction volume on the kinetic Monte Carlo simulation; solid red line: V=1.28 x 10%7 L; solid
green line: V=1.28 x 106 L; dashed blue line: V=1.28 x 10-*5 L; 0-8h: entry 3 in the Supporting Information in Table S1; 8-
13h: entry 3 in the Supporting Information in Table S2; Reaction coefficients as mentioned in Table S3; clearly the red
lines are inaccurate.

S11.Comparison of simulated average characteristics of the extended method of moments
and kinetic Monte Carlo (kMC) model

As shown below, the simulated average characteristics of both computational methods converge.
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Figure S6: Comparison of monomer and OEXEP (R;X) conversion, number/mass average molar mass (x,/,), EGF and
dispersity (P) obtained by extended method of moments model (solid green line) and kMC model (dotted red line); 0-8h:
entry 3 in the Supporting Information in Table S1; 8-13h: entry 3 in the Supporting Information in Table S2.

512.Demonstration of kinetic insignificance of transfer coefficient k., o
The transfer coefficient k.., is defined as the rate coefficient of the reaction of a RAFT leaving group radical R,
and a dormant macroradical RX, resulting in the initial RAFT agent RoX and a macroradical R;:
. k—tr,O .
Ry+RX — R X +R;
Figure S7 shows the average polymer properties as a function of time, and the fraction of the R, radicals

consumed by the reaction shown above as a function of monomer conversion obtained by simulations with k.



t,0=0 L mol? s (green) and k.,,=100* ko (red, other parameters as in Table S3, Entry 3 in Table S1). As no
difference in the prediction of the average polymer properties can be observed, k.., can be considered to be
kinetically insignificant and a value of 0 L mol2s? can be used for the simulations, simplifying both the model
and the parameter estimation of other transfer coefficients (k.o and k). Ry will dominantly react with
monomer, initiating new growing macroradicals, or with other (macro)radicals, forming new dead

(macro)species.
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Figure S7: The average polymer properties as a function of time and the fraction of the R, radicals consumed by the
reaction shown above as a function of monomer conversion obtained by simulations with k..,=0 L mol? s (green) and
K.tr,0=100* ko (red, other parameters as in Table S3, Entry 3 in Table S1)

S$13.Demonstration of kinetic insignificance of transfer between initiator radicals (1) and
initial RAFT agent (RyX)

In addition to the exchange reaction between macroradicals (R;) and the initial RAFT agent (RyX), exchange
between initiator radicals (/) and RyX can occur as well. This leads to a new dormant /X species which can in

turn react with R; or Ry:

ktr,IROX

I+RX > IX+R,

k tr,RilX

R,+IX > RX+I

ktr,ROIX
Ry+IX -» R X+I
Assuming for simplicity ki, gix = kiro and ke, pox = 10k¢. o (based on knzo = 10k, as shown in Table S3), the average
polymer properties as a function of time by simulations with k¢, jgox = 0 L mol? s or ki, jrox = 100k, o sShow no
significant differences as shown in Figure S8. Consequently, the reaction between / and RyX can be neglected

and / will dominantly initiate new chains by reaction with monomer.
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S$14.0verview of the reactions and kinetic parameters for the homopolymerization and chain
extension with styrene.

An overview of the reactions considered and the corresponding rate coefficients can be found in Table S3.

Table S3: Overview of the reactions and rate coefficients (monomer: styrene) with 12, I', M‘RO’Ri, Pi'ROX‘RiX:
conventional radical initiator, initiator fragment, monomer, RAFT leaving group, macroradical (chain length i21), dead

polymer species, initial RAFT agent, dormant macrospecies; 70°C; for termination apparent rate coefficients with given
1,1
value the one of kf'app (see also further).

Reaction Equation k (L molts?) ref
N P (a) f'kdis 4
Dissociation I, - 2I' 4.410°°
ke,
Chain Initiation I' + M>R; 52103 °
k
PR,
R+ M- R; 5.110° “
. kp 6
Propagation R+ M-R, 4.8 102
Chain transfer to Ko _9
R+ M > R+ P, 2.010 “
monomer
ktrM -2 7
R+ M - R; + P, 2010
Termination by Kye00
c, 8.7 8,9
Ry+Ry > P 210 ‘
recombination 0T Ro = Fo
k C
Ry + R P, 210%7 >
0 i i
e 67
. . o4l : 8,9
Ri+R} > P, 210
(f) Firo 2 (d)
RAFT exchange R} + RyX > RX + R, (3.8 £0.1) 10
ktr 2 (e)
R} + RX—RX +R; (21+04) 10

(a) (apparent) efficiency f: see Subsection c; (b) see Subsection b; (c) rate coefficient assumed identical as the rate coefficient for the macroradical; (d) obtained by regression
analysis to an extensive set of experimental data (Figure S10, Figure 5 and 6): F-value=1.08 10% tabulated F-value: 4.84; k.., kinetically insignificant (see Subsection S12); (e)
obtained by regression analysis to an extensive set of experimental data (Figure 10): F-value=1.71 10%; tabulated F-value: 4.84; corresponding Cy,o: 0.80+0.02 and C;: 0.44+0.07; (f)
first exchange only important if still RoX (see Figure S11) present (reverse exchange can be always neglected), second one only relevant upon RyX removal followed by chain

extension (see main text).

10



The (apparent) termination rate coefficient, the intrinsic rate coefficient concerning chain initiation by the

RAFT leaving group Ry, and the (apparent) conventional initiator efficiency are discussed more in depth below.

a. Apparent termination rate coefficient
In order to accurately describe the diffusion-controlled mechanism of bimolecular termination in radical

polymerization, the composite k; model® (aka RAFT-CLD-T model) was used. This model allows to calculate an

i
apparent homotermination rate coefficient (ktaamﬂ; i=chain length; only considering termination by
recombination) dependent on the chain length i and the polymer mass fraction m, (and thus monomer

conversion X,):

Fori<ige
i 11 % . (S10)
ktc,app =k el for L<lig
Lo 11 (o -ag) -ag Lo s (S11)
ktc,app =k tlosp L for L2 g
Fori2ize

i _ 111 -(agel_as) -_agel . .
ktc,app—k AR i for i< g (512)

oo 11 (- a) (Ager=ap) ~ gy Lo s
Recapp =K1 1 sy i for 12 i (S13)

1,1
with k' the (apparent) termination rate coefficient for radicals with chain length 1, %s the exponent for
termination for termination of short chains in dilute solution, %L the exponent for long chains in dilute solution,
%gel the exponent for chains in the gel regime, ISL the crossover chain length between short- and long-chain

behavior, Lgel the chain length at the onset of the gel-effect. An overview of these parameters can be found in

Table S4.8-10

ij
From the apparent homotermination rate coefficients, the apparent cross-termination rate coefficient ktc,app is

calculated for simplicity using the geometric mean:

- Li JJ
ktc,app_ ktc,app ktc,app (S14)

11



An averaged (zero order) apparent termination rate coefficient can be calculated at any moment :

Z Z (1 + Sij)ktc,i&jpp [Ri] [Rj]
i=1=1

(ktc,app) = - (515)

YR

i=1

with &; the Kronecker Delta Function. When employing the kinetic Monte Carlo technique, each macroradical

R; is tracked individually and Equation (S15) can be calculated exactly. However, when applying the
deterministic extended method of moments method this information is not available. Nonetheless, Equation
(515) can still be approximately used by considering the Flory-Schulz distribution to obtain the macroradical

chain length distribution:!

1 i
fn(® =—exp ( - —) (S16)
X. X

nr nr,

with fa® the number fraction of macroradicals with chain length  and *nr the associated number average

chain length.

For the validation of the Flory-Schulz distribution for the macroradical CLD in the present work, the reader is

referred to the main text.

Table S4: Parameters used for the composite k; model; monomers: styrene (Sty) and methyl acrylate (MA; related to next
subsection: these parameters were used for n-butyl acrylate simulations as a first approximation); m,: polymer mass
fraction

Monomer T(K) klf ag Igp a, A gel Lgel
Sty 363 2x1087 0.53 30 0.15  12)Mp011  339M,
MA 323 See Table S6 0.78 18 015  081Im, 45 6.9m,~ 2

b. Chain initiation by RAFT leaving group (R,)

The RAFT leaving group Ry is identical to an ethyl acrylate radical. As a result, the rate coefficient of the

k
reinitiation reaction ( pRO) can be assessed by considering the propagation rate coefficient of poly(ethyl
acrylate) radicals to styrene, ignoring possible chain length dependencies. This rate coefficient can be assessed

using the rate coefficient of the homopolymerization of ethyl acrylate and the monomer reactivity ratio rea:

Ky EaEa
TEa= 7 (517)

kp,EASty

12



" " ky gaga
pR, = "pEASty —
0 TEa

(518)

Using a reactivity ratio rgs of 0.22 as determined by Brar et al. > and a homopropagation rate coefficient

k

value is as good as identical as the one for the other chain initiation.

c. Apparent conventional initiator efficiency

k
P.EAEA of 1117 L mol* s* at 70°C as mentioned by Gao et al. 3, a PRo= 5077 L mol s results. Note that this

An apparent conventional initiator efficiency f,,, dependent on monomer conversion X, can be calculated as

described by Buback et.al.:!*

with b, the diffusion coefficient of the cyanoisopropyl radical and Dierm

DI
D,+D

term

fapp =

related to the rate of termination between two cyanoisopropyl radicals.

=5310" Om?s~1

(519)

a correction factor

Table S5: Parameters used to calculate the apparent initiator efficiency (Equation (S17 - (S19) as described by Buback et
al.** for AIBN as conventional radical initiator and styrene as monomer.

Parameter Description Value
Dy, (m’s™h) Pre-exponential factor for diffusion 195104
E; (k] mol™ 1) Activation energy for diffusion 31
R(Jmol 'k~ Universal gas constant 8.314
T (K) Temperature 333-363
wy (=) Mass fraction of monomer 0-1
wy (-) Mass fraction of polymer 0-1
V; (m3mol' 1) Specific critical hole free volume of monomer (@ 9.461077
V; (m3m0l' 1) Specific critical hole free volume of polystyrene 8,50 10~/
K14
2 (m3 kg~ K 1) Parameter for specific hole free volume monomer (@ 1.4910°°
K1,
2 (m3 kg~ K 1) Parameter for specific hole free volume polymer 5821010
K31 =Ty (K) Parameter for specific hole free volume monomer (@ -84
Ky, - Tg1 (K) Parameter for specific hole free volume polymer -327
Critical jumping unit volume ratio for cyanoispropyl radical to

$i2 (7)) polymer 0.36
$12(-) Critical jumping unit volume ratio for monomer to polymer 0.59

(a)  Ethylbenzene used as model compound.

According to the free volume theory, b, can be calculated via:
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E; —wiV 18/ WV 3¢,
D; =D, exp ~ 2T /|P Vo (S20)
FH
Ve Kig ki,
T=Tw1(K21—T—Tgl) +TW2(K22+T—Tg1) (521)

Table S5 gives an overview of the description and value of the parameters used in Equation (518) and (S19).

S15.Reactions and kinetic parameters for chain extension with n-butyl acrylate
The reactions and rate coefficients to investigate the chain extension of dormant polystyrene with n-butyl
acrylate are mentioned in Table S6, neglecting chain transfer to monomer, backbiting and 8-scission. The actual
apparent termination reactivity is calculated by averaging the RAFT-CLD-T value for pure polystyrene and pure
poly(n-butyl acrylate), according to the number of monomer units of each type being incorporated on an

overall basis.

Table S6: Overview of the reactions and rate coefficients (extension of polystyrene with monomer n-butyl acrylate

(nBuA)) with I., M’Ri, Pi’RiX: initiator fragment, monomer (nBuA), macroradical (chain length i21), dead polymer

species, dormant macrospecies; RnB,i and RSJ: macroradical with chain length i and n-butyl acrylate (nB) and styrene (S)
as terminal unit; 60°C; for termination apparent rate coefficients averaging with respect to composition.

Reaction Equation k (L molts?) Ref
Dissociation JL _
I, - 2rI 11107° 4
Chain Initiation . kpr 4.0 103 (@
I'+ M->R, g,
Propagation . Kpnpng 3.4 10* 15
RupitM = Ropiyq
k 2 b
. pSnB . 4810 (b)
Rgi+M = Ropiyq
Termination by . 1.3 10° 16,(c)
R 4+R°>. —> P. .
recombination nBi T B tt
Termination by Keqipp 1.310° 16,(c)
Ry +Rp. — P, +P;
disproportionation nBi " nBy Lo
RAFT exchange(® . kernps . 4 @
Rupi+ RgX > Ryp.X+Rg 4.6 x10
= kpss _ [

k k= %0

=0.71
(a) taken identical as reaction with styrene for simplicity; (b) calculated by means of the monomer reactivity ratio’18 p.SnBa ; (c) with

;(d)
obtained by fitting to experimental data (Figure 14); corresponding C,: 1.35; (e) other exchanges can be neglected as kinetically insignificant (see Figure S16). Styrene radicals first

add to nBuA based on preliminary screening.

S16. Inefficient removal of unreacted R,X (OEXEP) via precipitation
In order to determine the end-group functionality (EGF) of the synthesized MADIX polystyrene polymers and to

efficiently investigate the chain extension of these polymers, unreacted RoX (OEXEP) needs to be removed. Due

14



to the high dispersity associated with the bulk polymerization of styrene in the presence of a xanthate-type
RAFT agent, conventional methods such as precipitation are not recommended as this would result, next to the
removal of RpX, in the significant loss of the low molar mass polymer chains as shown in Figure S3 (dashed blue
line vs solid red line). Consecutive precipitation was here performed by dissolving the polymer samples in a
minimum amount of toluene and slowly adding it to cold methanol. A much more suited experimental
procedure is dialysis (coinciding dashed blue and dotted green line in Figure S9) as this does not alter the SEC
trace. For more information on the dialysis procedure and the confirmation of the complete removal of non-

macromolecules such as styrene and OEXEP, the reader is referred to the main text.

1.5
Original sample - -
After dialysis
After precipitation —
1.2
=09
=
o
=
3
=
To.6h-
0.3+
ol il
100 1000 10000 100000

Fitted M, (9/mol)

Figure S9: SEC data illustrating the loss of low-molar mass polymer chains if precipitation is used. Dialysis results in the
preservation of all chains; dashed blue line: original polymer sample, dotted green line: polymer sample after dialysis,
solid red line: polymer sample after precipitation in cold methanol; Entry 1 in Table S1, X,,,=0.33

$17.The effect of TCL on the homopolymerization of styrene in the presence of (O-ethyl
xanthate)-2- ethyl propionate and a fixed [RoX]1o/[15]0
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Figure S10: Comparison between simulations and experiments (next to Figure 5 and 6 in the main text; entry 2, 6 and 7 in
Table S1).

S$18.Demonstration of kinetic insignificance of transfer coefficient k., during
homopolymerization experiments

The transfer coefficients k.., and k. are defined as the rate coefficient of the reaction of a macroradical and
respectively a RAFT agent RyX and a dormant macrospecies RX. Figure S11 shows the average polymer
properties as a function of time obtained by simulations with k,=0 L mol? s (green) and k,=10k o (red, other
parameters as in Table S3) during a homopolymerization experiment (Entry 3 in Table S1). As no difference in
the prediction of the average polymer properties can be observed, k; can be considered to be kinetically

insignificant and a value of 0 L mol-s' can be used for the simulations, simplifying the estimation of k.

16



60 Z1%0 150 o :
50 P 180§ 120 sor N
§ "-" x [——asa
:407 ',‘ % e S R NN TR T Y R TR IR TN 73 9
5 . {60 o = 90t Kos & o0 ¢
@ / E s :
3| P » S E w 125 g
s P A—— 3 % & :
= v SR {403 < 60k W dor =
o2 /S g A i
” — = B _
ol 20 30 20 115
s;‘ L L | 1 ! : I ‘ I
00 5 x s 80 00 ) 4 6 8 00 2 4 6 31
Time [h] e et

Figure S11: The average polymer properties as a function of time obtained by simulations with k,=0 L mol* s (green)
and k,=10k,,, (red, other parameters as in Table S3, Entry 3 in Table S1)

$19.Determination of C, o via the methods of Moad and Mayo
The methods of Moad and Mayo are often applied to determine the C,.,value in MADIX when low values (<10)
are expected by examining the slope of In([RoX]) vs In([M]) (Moad) or 1/x, vs [RoX]o/[M]o (Mayo).1>-24 Figure S12
and Table S7 give an overview of the results after application of both methods on the experimental data

discussed in this work (Table S1).

3.2 . 0.025 -
-3.25 - /
0.02; Vs
3.3}
331 0.015

In([RyXD) ()
1%, (-)

-3.4 \
v 0.01 | \
3451 =0.69x-4.64
y=0.5%% y=0.705x+0.002
-3.5

0.005 | %
-3.55
-3.6 3 0 :
1.6 1.7 18 19 2 2.1 0 0005 001 0015 002 0025 003
In([M]) (-) [RoX1o/[Mlo (-)

Figure S12: Example of the use of the method of Moad (left; Entry 6 in Table S1) and the method of Mayo (right; Entry 4,5
and 6 in Table S1; identical [/,],) for the determination of C,,

The method of Moad results in a C;.o of 0.69+0.04 (Table S7; one example in Figure S12: left). The method of
Mayo leads to a value of 0.71+0.02 (Figure S12 right).

Table S7: Application of the method of Moad on the experiments shown in Table S1 for the determination of ;.

Entry in Table S1 Cero
1 0.66
2 0.75
3 0.73
4 0.63
5 0.68
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6 0.69
7 0.73
Average 0.69+0.04

520.Limitations of the method of Mayo for determining C,,,

The method of Mayo was originally developed to determine the transfer coefficient (Ctr) for chain transfer with

solvent in the radical polymerization of styrene.?? Later, this method has been often used in literature?%.24-26 to

determine Cer of other reactants. Strictly the kinetic chain length (v), which is related to the number average
chain length of the actual polymer (no radicals) that is experimentally accessible, is needed. For the RAFT CTA
in the present work this v is given by:

p[M1[Ryo]

y= (522)
ktrM[M] [Rtot] + ktr,O[ROX] [Rtot] + ktc[Rtot] [Rtot]

with K, ot the rate coefficient for propagation, chain transfer to monomer, transfer to RoX and termination

by recombination (no correction factor as strict definition on radical level and total concentration), considering
only termination by recombination as termination event and assuming that the obtained polymer has

undergone only a single transfer event (k;=0, as justified by Supporting Information Section S18).
Taking the reciprocal and introducing Coro = ktr,ﬂ/kv and Cy= ktrM/kP, Equation (S22) is transformed in:

1_ co+ kee[Reo] + [RoX]
v - M kp[M] tr,0 [M] (523)

which is known as the Mayo equation and is often written as:

1 1 [RoX]

=t Ve + Ctr,OW (524)

with Y0 the kinetic chain length in absence of chain transfer.

At low monomer conversion, [ROX]/[M] can be considered constant and equal to the initial ratio

[ROX]O/[M]O. Consequently, by performing several experiments with varying [ROX]O/[M]O, Ctr,O can be

-1 -1
determined by the slope of V = vs [ROX]O/[M]O plot if Vo is independent of that ratio. As discussed

thoroughly by Smulders?’, this can be expected if the same initiator amount is used for all the experiments, the

re-initiation rate of the RAFT leaving group radical (Ro) is high, sufficiently fast fragmentation takes place, and

k. and [R]] are independent of [ROX]O/[M]O.

However, more important and often ignored, v represents the average number of monomer units of the
macroradicals before their termination by recombination or chain transfer, and is not necessarily equal to the
related experimentally determinable number average chain length x,. For example, in absence of chain transfer

and with thus only termination by recombination as termination event, x, is equal to twice the kinetic chain
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length, not taking into account end-groups, whereas when chain transfer is the dominant chain stopping event

and the EGF approaches 1, x, will be equal to v.

In order to assess the validity of the Mayo equation in this work, the approximation of the number average
chain length of the radicals by the overall chain length needs to be verified. As shown in Figure S13 (left), for a
reference experiment (Entry 5 in Table S1), this is not the case due to the EGF being significantly lower than 1
and consequently shifting the overall x, to somewhat higher values. Nonetheless, x, of the dormant chains (R.X)
and the dead chains (P;) are approximately equal to, respectively, once and twice the x, of the macroradicals.
Importantly, the small difference between the x, of the macroradicals or dormant species and the overall x,
does result in a lower value of G, (0.75 vs 0.80; with 0.80 also the value with method presented in present
work) as shown in Figure S13 (right). This slight mismatch leads to an incorrect simulation of the MADIX
average chain length characteristics in an complete kinetic model (see main text). In conclusion, the Mayo

method can only be used to obtain an assessment of C;.,for the conditions investigated in this work.

250 0.025
200F 0.02F
Slope=0.80 <—-|
150 0015}
EGF=0.9 B
5| o
=1 )(:
ks ~
100 H s 0.01 |—) Slope=0.75
R;
RiXe=cz
50F P; ---- 0.005F RX—
Overall Overall
00—z 04 06 08 T 1z 14 16 18 05 0.005 0.01 0.015 0.02 0025 0.03
Time [h] [R[}X]O/[Mlo [-1

Figure S13: left: number average chain length (x,) of radicals (green), dormant chains (red), dead chains (blue) and overall
(orange) as a function of time for Entry 5 in Table S1; right: Application of the method of Mayo on model output of Entry
4, 5 and 6 in Table S1 (identical [I,]o) by means of x,(R:X) (red squares) and x,(overall) (orange squares, as typically done
in practice); lines represent trend lines through the data points; Parameters as mentioned in Table S3; theoretical C,.,
from model=k o/k,=384/479=0.80; ..o by means of x,(RiX) =0.80 and x,(overall)=0.75

S21.Influence of [RoX]o/[12], and [M]o/[ROX], on the R,X conversion
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Figure S14: RyX conversion ( ROX) as a function of [RoX]o/[/2]o (ranging from 1 to 50) and [M]y/[RoX]o (ranging from 10 to
500); simulated data have been achieved by means of the parameters given in Table S3 with RyX=(0-ethyl xanthate)-2-
ethyl propionate, M=Sty, and /,=AIBN; 70°C; X,,=20%.

$22.Demonstration of the importance of accurate determination of k., of exchange between
polystyrene macroradicals and dormant polystyrene
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Figure S15: The average polymer properties as a function of time for simulations of the chain extension of dormant
polystyrene with fresh styrene (entry 1 in Table S2) with k,= 2.1 x 10?> L mol! s (green, see Table S3) as obtained by
regression analysis and k;=k;,,0=3.8 x 102 L mol* s (red, see Table S3). Other parameters as in Table S3
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$23.Determination of the kinetically significant transfer coefficients during chain extension of
dormant polystyrene with n-butyl acrylate in solution

When considering the chain extension of dormant polystyrene with n-butyl acrylate, four possible RAFT

exchange reactions exist as two macroradical and dormant species types are feasible:

k tr,nBuASty

Rypuai t Rsy X = RupuaiX + Rgyy

k trynBuAnBuA

RnBuA,i + RnBuA,jX - RnBuA,iX + RnBuA,j

ktr,S tySty

R, +Rs, X - R

Sty,i Sty,J X +R

Sty,i Sty,j

k tr,StynBuA

X > RgyX+R,p

RSty,i +R nBud,j

nBuA,j

Ropua,i and RSty.i a macroradical with chain length i and n-butyl acrylate (nBuA) and styrene (Sty) as

R X Re. X

with

terminal unit, and "“'nBud,;j" and "' Sty,j

a dormant macrospecies with chain length i and n-butyl acrylate (nBuA)

and styrene (Sty) as terminal unit next to the xanthate functional group X.

However, as shown in Figure S16, only k. ,suasty Will influence the average polymer properties and the other
transfer coefficients can be considered kinetically insignificant, reducing the complexity of the model and
simplifying the estimation of ki ssuasty- Styrene macroradicals, generated by the exchange of dormant
polystyrene with nBuA macroradicals, will swiftly react with nBuA monomer forming again macroradicals with
an nBuA terminal unit, explaining the insignificance of ktr,StySty and ki styneua. Futhermore, similarly to the
chain extension reaction with fresh styrene (see Figure 10), a single activation-growth-deactivation cycle is
performed per chain, resulting in the absence of reactivation of dormant poly(styrene-b-nBuA) blockcopolymer
and hence the insignificance of ki nsuansua- This can be explained by the low concentration of dormant

poly(styrene-b-nBuA) compared to the initial dormant polystyrene at low conversions, as shown in Figure S17.

20000 40000 | 7
6|
15000 30000 -
- = of
s g =y
E L L w4l
2 10000 = 20000 l‘;’_ 4
= g g3
5000 10000
2
0 . . L 0 L . . L 1 L . . L
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Conversion [%] Conversion [%] Conversion [%]

Figure S16: The average polymer chain length properties as a function of time obtained by simulations with (i) ki, nsuansua
= Kur,stysty = Ker,stynsua = 0 L mol? s and ki ngyasty = 4.6 10* L mol? st (full green line), and (ii) for simplicity: ki, systy =
Ker,stynsua = 2.1 10% L mol st and Ky, nguasty = Ker,nguansua = 4.6 104 L mol?! s (dotted red line); other parameters as in Table
$6; simulated output with stochastic method; Conditions: [Toluene]= 6 mol L%, [n-BuA]=2.0 mol L%, [n-BuA]/ [Ris,XI/
[AIBN]=198/1/1; T=60°C; Parameters: Table S6

21



0.012
—» dormant p-Sty
= 0.01p
-
°
EU.UOB r
c
2 0.006
® dormant p-nBuA -
Z <_] e
o 0.004 - -
Q -~
£ -~
o -
O 0.002 =
i
-
0 L 1 1 L
10 20 30 40

Monomer Conversion [%]

Figure S17: The concentration of dormant polystyrene (green) and dormant poly(styrene-b-nBuA) (red) during the
extension of dormant polystyrene with nBuA; Conditions: [Toluene]= 6 mol L, [n-BuA]=2.0 mol L7, [n-BuA]/ [R;X]/
[AIBN]=198/1/1; T=60°C
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