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The microstructural evolution of individual macrospecies during bulk macromolecular design by inter-
change of xanthates (MADIX) of styrene with (O-ethyl xanthate)-2-ethyl propionate as an initial agent
(RoX) and its chain extension with fresh styrene or n-butyl acrylate (nBuA) is visualized in silico, allowing
an unbiased (co)polymer product quality labelling according to monomer sequences and end-groups.
Degenerative transfer coefficients for both exchange with RoX (Cy0) and macro-RAFT agent (Cy,) are
reported (Cyo = 0.80 + 0.02; Cy: 0.44 + 0.07) by applying multi-response regression analysis to the
experimental data on the RAFT agent and styrene conversion, number and mass average molar masses,
and end-group functionality (EGF). The EGF data are obtained by combining dialysis to remove residual
RoX species and elemental analysis. It is shown that the MADIX mechanism can be properly understood
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only by explicitly acknowledging the differences in exchange reactivities and that the macroradical homo-
polymer CLD follows a Flory—Schulz distribution, which is an exception for controlled reversible
addition—fragmentation chain transfer polymerization. Moreover, for the selected monomer conversion
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Introduction

One of the major reversible deactivation radical polymerization
(RDRP) techniques is reversible addition-fragmentation chain
transfer (RAFT) polymerization." Its most relevant elementary
reactions are shown in Fig. 1a, assuming for simplicity recom-
bination as the only termination mode and ignoring RAFT
cross-termination. As in traditional free radical polymerization
(FRP) a conventional radical initiator (I,) forms initiator frag-
ments (I; blue spheres), which subsequently add to the
monomer (M; red spheres), leading to the formation of macro-
radicals (R; 7 is chain length). In contrast to FRP, these R;
species do not dominantly terminate ((5) in Fig. 1a) to create
dead polymer species P but they can also be reversibly de-
activated via RAFT exchange ((2) and (4) in Fig. 1a).

This RAFT exchange involves a (macro-)RAFT agent (RX; >
0), resulting in the incorporation of end-group functionality
(EGF; yellow cubes in Fig. 1a; X), allowing further chemical
modifications such as the preparation of tailored block
copolymers.>” In the absence of RAFT degradation reactions™®

“Laboratory for Chemical Technology (LCT), Ghent University, Technologiepark 914,
B-9052 Ghent, Belgium. E-mail: dagmar.dhooge@ugent.be

bCentre for Textile Science and Engineering, Ghent University, Technologiepark 907,
B-9052 Ghent, Belgium

tElectronic supplementary information (ESI) available. See DOI: 10.1039/
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ranges, both “blocks” of the chain extension are formed through a single exchange.

the amount of X moieties remains constant and under well-
defined reaction conditions the number average chain length
(x,) can be tuned by varying the initial molar ratio of the
monomer to the RAFT agent ([M]o/[RoX]o). The latter ratio is
also known as the targeted chain length (TCL), taking into
account the fact that the employed I, amount is typically
negligible.”

For most RAFT agents, at low monomer conversions (X, <
20%), the exchange occurs mainly with the initial RAFT CTA
(RoX; (2) in Fig. 1a), whereas at higher monomer conversions
(Xm > 20%) RoX is no longer present and only macro-RAFT
species (RX; (4) in Fig. 1a) are involved.>”* Mechanistically,
RAFT exchange is an activation/deactivation process composed
of two consecutive elementary reactions, ie. (i) the addition of
the (macro-)radical to the S=C group of the (macro-)RAFT
agent (Kaaq(o,a) in Fig. 1a) to form an intermediate RAFT
radical (INT) and (ii) the fragmentation or PCS-scission (K¢rag(,0,a/0)
in Fig. 1a) of this INT species. In addition, side reactions
can occur with particular focus on RAFT cross-termination
involving INT species (reactions not shown in Fig. 1a).”*

For an efficient RAFT exchange in which these cross-termin-
ation reactions can be ignored, and chain initiation and RAFT
fragmentation are sufficiently fast (no inhibition and rate
retardation), a so-called degenerative mechanism is formally
obtained (Fig. 1b)."* The introduced (RAFT) transfer “rate
coefficients” ki, k_er0, and ke can be calculated from the
elementary RAFT addition and fragmentation rate coefficients

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Key elementary reactions in RAFT polymerization, not display-
ing for simplicity termination with the RAFT intermediate and convention-
al termination by disproportionation; I,: conventional radical initiator,
RoX: initial RAFT agent; I: fragment from I;; M: monomer; Ro: RAFT
leaving group; R;: macroradical (chain length i); RX: dormant macro-
species; INT;;: intermediate RAFT radical (chain length i (“left” arm) and
j ("right” arm)); P: dead polymer species; Kais pi,p,add(0,a/b).frag(0,a/b),pRO tc:
rate coefficient for dissociation, chain initiation with |, propagation,
RAFT addition, RAFT fragmentation, chain initiation with Ry and termin-
ation by recombination; f: conventional initiator efficiency; (b) formal
description of RAFT exchange upon validity of the degenerative RAFT
mechanism (eqn (1)-(3)); (c) the main classes of RAFT agents: 1: dithio-
esters; 2: trithiocarbonates; 3: xanthates; 4: dithiocarbamates.

after the application of the pseudo-steady-state assumption for
the calculation of the INT concentrations: "¢

kfrag,o,b

kiro = kaddoa 75— = kadd,0a® 1
T al a kfrag,ota + kfrag,o,b add,0,a0,b ( )
kfra 0,a
k w0 = Kaddop 22— = kagd.op® (2)
' e kfrag,o.a +kfrag.04b a0
kada
ke =25 3)

2

in which, for simplicity, chain length dependencies have been
neglected and ¢ .5 is the fragmentation probability. The
ratios of the transfer rate coefficients to their corresponding
propagation or chain initiation rate coefficients are known as

degenerative RAFT transfer coefficients:">">'®
Curo = k;;[;‘) (4)
Cowo = ]2;:;" (5)
Com it (©

with typical values ranging between 107> and 10%."7"° As a
rule of thumb, Cy¢) values larger than 10 are necessary to

This journal is © The Royal Society of Chemistry 2017
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achieve excellent microstructural control
(P) <1.5).%°

These transfer coefficients are strongly dependent on the
chemical structure surrounding the reactive thiocarbonylthio
moiety."””> An overview of the main classes of RAFT agents is
provided in Fig. 1c, with the purple/yellow colour boxes for a
direct link to Fig. 1a/b. Specifically for xanthates (RAFT agent 3
in Fig. 1c), which contain an oxygen atom at a-position to the
thiocarbonylthio functional group, the RAFT transfer capa-
bility is strongly reduced. The presence of a delocalizable
oxygen electron pair decreases the S=C double-bond character
and, consequently, RAFT addition becomes less favourable.**
The corresponding RAFT polymerization is often referred to as
macromolecular design by interchange of xanthates (MADIX),
due to historical reasons of its discovery.>***

As a result of the low S=C double-bond character of
xanthates, microstructural control (P < 1.5) can typically only
be achieved by employing so-called less activated monomers
(LAMs) such as ethylene and vinyl acetate. These monomers
typically contain a saturated carbon or an oxygen/nitrogen
electron pair adjacent to the vinyl group, resulting in more
reactive radicals with respect to RAFT addition (Cu(o) >
10).171921:2472% Other more active RAFT agents such as dithio-
esters and trithiocarbonates (Fig. 1c) lead to the formation of
INT radicals considerably more stable than the radicals
formed by RAFT fragmentation, resulting in an undesired low-
ering of the polymerization rate. With xanthates, the increased
stability of RyX, due to the delocalizable lone electron pairs,
and the sufficient destabilization of the radical centre of the
corresponding INT species allow simultaneously lowering the
RAFT addition reactivity and realizing a more favourable RAFT
fragmentation as compared to other types of RAFT agents.

On the other hand, bulk or solution MADIX of so-called
more activated monomers (MAMs), such as (meth)acrylates
and styrenics which possess vinyl groups conjugated by a car-
bonyl group or an aromatic ring, can typically not be con-
ducted easily with good control over chain length. Research in
this area is thus still challenging as the radicals are less reac-
tive for RAFT addition and the less active xanthate may not
actively participate during polymerization (Cu(0) < 10). Rate
retardation and inhibition are also typically absent so that a
degenerative RAFT mechanism (Fig. 1b) can be often assumed,
strongly simplifying the overall kinetic description.>”*°~**

A crucial design parameter, as for every RAFT polymeriz-
ation,">'®? is thus the selection of appropriate MADIX agent
substituents as this determines Cyy,). For MADIX of MAMs,
several kinetic studies have been performed with styrene as the
monomer.”!”19:25:32:34.36:37 por example, Adamy et al.” investi-
gated the influence of the chemical structure of the initial
RAFT agent for MADIX of styrene in toluene and reported that
with (O-ethyl xanthate)-2-ethyl propionate (OEXEP) as the
initial RAFT agent, a b close to 2 (X, = 20%) can merely be
obtained. In contrast, by increasing the electron-withdrawing
capacity of the Z group by incorporation of fluorinated groups
at B-position to the oxygen atom, as for instance in (0-2,2,2-tri-
fluoro ethyl xanthate)-2-ethyl propionate (OtFOX), a lower but

(e.g. dispersity
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still high D of 1.6 can be achieved (X, > 20%), in agreement
with an earlier experimental study by Destarac et al>® The
latter observation was attributed to an increased reactivity of
the S=C bond due to the decreased availability of the oxygen
lone pair to conjugate with the thiocarbonyl group. This also
followed from a comparison of the Cy. ¢ (eqn (4)) values.”*’

It should be stressed that solely focusing on Cy. is very
likely insufficient to unequivocally predict the success of a
MADIX process. For example, for O-ethyl-S-[(2-phenyl)prop-2-
yl] dithiocarbonate, Destarac et al.*” determined a rather high
Cir,o of 3.8 at 110 °C for styrene, which has been related to the
higher stability of the leaving tertiary benzylic radical as com-
pared to the styryl radical. Despite this promising Ci o value,
only polystyrene with a high P (~2) could be obtained (X, >
80%), which has been attributed to a lower Cy; (eqn (6)) value
close to 1, as assessed using Miiller’s equation.*® In several
studies”**** C,, has, however, been taken to be equal to Cy.,
which can thus be expected to be an oversimplification of the
description of the RAFT/MADIX polymerization kinetics.

For MADIX, the main focus has been on the determination
of Cy . In general, the applicability of the methods used to
determine Cy o strongly depends on the validity of their model
assumptions.*’ Under the common assumption of a degenera-
tive RAFT mechanism (sufficiently fast RAFT fragmentation),
the Mayo®® and CLD methods”® have been mostly applied.*®
Alternatively, Moad and coworkers'>'®** demonstrated that
Cir,0 can be evaluated from the slope of a plot of In[RoX] vs. In
[M], at least in case the RAFT exchange with R, radicals (k_¢r,o;
Fig. 1b) can be assumed to be negligible.

Unfortunately, for Cy,, as recently highlighted by Derboven
et al.,”® no reliable (analytic) method exists which can be safely
used for a broad range of conditions and RAFT reactivities, in
particular in case Cy, strongly differs from C. Only very
recently, a novel method based on the measured dispersities
has been proposed to jointly determine Cy, and Cy, in a single
experimental run.® This method requires a rather controlled
degenerative RAFT polymerization with sufficiently low disper-
sities (<1.3), which are typically not encountered in MADIX.
Currently, for MADIX, C could only be assessed using size
exclusion chromatography (SEC) data. In particular, Smulders
et al.*® applied the method of Goto® ™ to assess C,, during
chain extension of dormant polystyrene in toluene with n-butyl
acrylate and OEXEP as the RAFT agent. A C value of 1.04
(60 °C) resulted, which is rather approximate, taking into
account the overlap between the SEC traces for the dormant
polystyrene and the obtained block copolymer at the low molar
mass region of the SEC trace.

Despite the somewhat restricted mediating capacities of
xanthates under bulk and solution conditions and the
difficulty of mapping the impact of the chemical structure on
the RAFT transfer reactivities, MADIX remains of particular
interest for all monomer types. This becomes clearer by high-
lighting that MADIX can be successfully conducted in water-
based media (e.g. (mini)emulsion), without issues related to
colloidal instability.>”***” A key feature is the xanthate
surface activity, which allows the synthesis of covalently linked
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core-shell nanoparticles with typically styrene as the
core.’>*3*® Be that as it may, exit/entry and even re-entry
phenomena can disturb the desired growth so that the identifi-
cation of the most suited conditions is non-trivial.** >

To facilitate the identification of the suited MADIX/RDRP
bulk, solution and emulsion conditions, model-based design
has been shown to be a powerful and indispensable tool, as it
minimizes the need for long trial and error based experimental
approaches with a full mapping of the relationship between
process parameters and RDRP characteristics."">*®* A pre-
requisite for a model-based design are accurate intrinsic rate
coefficients. As explained above, for MADIX, only a limited
number of exchange kinetic parameters are avail-
able.”"'>16:20:36.61 Hence, further research on the determi-
nation of MADIX-specific kinetic parameters is still needed to
fully exploit its potential, in particular in view of emulsion
applications.

In the present work, a detailed combined experimental and
simulation study is presented of bulk MADIX of styrene at
70 °C with OEXEP as the initial RAFT agent and AIBN as the
conventional radical initiator. Average characteristics are simu-
lated deterministically and detailed microstructural properties
are obtained through parallel stochastic kinetic Monte Carlo
(kMC) simulations. Dedicated regression analysis is applied to
determine both Cy o and Cy, considering an extensive set of
experimental data, including data on RAFT agent conversion,
D, and EGF. The EGF data are reliably measured by consecu-
tively performing dialysis to remove residual OEXEP and
elemental analysis to determine the sulphur and nitrogen
content for the polymer samples. It should be noted that, in
general, EGF determination is challenging,®® especially for
high molar mass polymers for which the accuracy of tech-
niques such as proton nuclear magnetic resonance
(*H-NMR),**"®® ultraviolet (UV) spectroscopy,®”’® matrix-
assisted laser desorption/ionization time-of-flight,***>”"7? and
even elemental analysis’® is limited. The modelling tools are
used to understand better the MADIX mechanism and to visu-
alize - for the first time - the monomer sequences along indi-
vidual chains during chain extension with (i) styrene or (ii)
n-butyl acrylate (nBuA).

Experimental

Materials

Styrene (Sty, monomer (M), >99%, Sigma-Aldrich) was passed
through a column filled with basic aluminium oxide (Sigma-
Aldrich) to remove the stabilizer (4-tert-butylcatechol). 2,2-
Azobis(2-methyl-propionitrile) (AIBN, a conventional radical
initiator (I,), >98.0%, Sigma-Aldrich) was purified twice by
recrystallization from methanol (>99.6%, Sigma-Aldrich) and
stored afterwards at —18 °C. n-Decane (>99%; internal stan-
dard), tetrahydrofuran (THF, >99%), dichloromethane (DCM,
>99%), ethanol, diethyl ether (>98%), pentane (98%), ethyl
2-bromopropionate (99%), and potassium O-ethyl dithiocarbo-
nate (96%) were purchased from Sigma-Aldrich and used as

This journal is © The Royal Society of Chemistry 2017
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received. Ethanol (>99.8%) was purchased from Chem-Lab and
used as received as well. Distilled water was further purified
through a Millipore Milli-Q Plus system. Cellulose ester dialy-
sis membranes with a molar mass cut-off between 5 x 10> and
10® ¢ mol ™" were obtained from Spectrum Labs and soaked in
deionized water and subsequently rinsed thoroughly prior to
usage in order to remove the sodium azide preservative agent.

MADIX synthesis procedures

A typical isothermal MADIX homopolymerization was per-
formed as follows (entry 7 in Table S1 in ESI which presents
an overview of all the initial homopolymerization conditions).
A mixture of styrene (35 mL), OEXEP (0.697 g; synthesis pro-
cedure in section S2 of the ESIT), AIBN (0.050 g), and n-decane
(2 mL) was added to a 100 mL two-neck glass flask containing
a magnetic stirrer bar. A stopcock was attached to one neck
and a rubber septum to the other. The solution was degassed
by three freeze-pump-thaw cycles after which an argon
environment was established. The flask was immersed in a
preheated oil bath at the desired polymerization temperature
(70 °C) and constantly stirred at 300 rpm. This temperature
has been selected in view of a future extension to MADIX emul-

33,7475 Moreover, the self-initiation of

sion polymerization.
styrene is suppressed, simplifying the overall kinetic descrip-
tion.”® Temperature control was possible through in situ
measurements via a thermocouple inserted in the rubber
septum. Samples (1.5 mL) were withdrawn from the reaction
flask at distinct, predefined reaction times, using 2 mL
degassed syringes with stainless-steel needles, and immedi-
ately quenched in liquid nitrogen.

For the MADIX chain extensions (Table S2 in the ESI{ for
an overview of all the conditions), an analogous synthesis pro-
cedure as that for the homopolymerizations was used. The
necessary polystyrene reactant (RX) was first synthesized by
performing a homopolymerization experiment on a larger
scale (100 mL styrene; entry 3 in Table S1 in the ESIf).
Importantly, the polystyrene obtained during this first syn-
thesis step was purified by means of dialysis in order to
remove unreacted OEXEP (R,X). The samples were loaded into
the dialysis tubing and placed in toluene (volume =50 times
the sample volume). The dialysis was run for 96 h at room
temperature while renewing the toluene dialysate five times at
approximately 8, 24, 48, 56, and 72 h. Afterwards, the samples
were extracted from the membrane and toluene was removed
by means of rotary evaporation (80 °C; 250 mbar; 2 h) and
freeze-drying (~107% mbar; 1 h). As explained in section S5 of
the ESI,7 the molar amount of RX in the purified samples
(nrx) was determined using:

__ IMMps

NRx EGF (7)

n
in which mpg is the polystyrene mass and M, the number
average molar mass.
Both the homopolymerization and chain extension experi-
ments were performed in duplicate and the reproducibility
was always identified to be very high.
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The elemental analysis samples for the EGF measurements
of the homopolymerizations were obtained by a similar dialy-
sis procedure (toluene volume ~200 times the sample volume;
dialysis time 48 h; renewal of dialysate at approximately 3, 18,
22, 27, 38, and 41 h). The successful removal of RyX could be
confirmed by "H NMR and size exclusion chromatography
(SEC) analyses (see the Results and discussion section).

Analytic techniques

Monomer and RAFT agent conversions (X, and Xgex) were
determined by gas chromatography (GC). GC analysis was
carried out using a trace-GC ultra-gas chromatograph equipped
with an AS3000 auto sampler, a flame ionization detector (FID),
and a CP WAX 52 CB 30 m capillary column. Helium (flow rate:
1.5 mL min~") was used as a carrier gas and the following step-
wise temperature programme was applied: (i) 50 °C for 4 min;
(ii) heating ramp of 20 °C min™" until 300 °C; (iii) 300 °C for
5 min. DCM was used as a solvent to prepare the samples and
n-decane was present in the reaction mixture as an internal
standard. Data acquisition and processing were performed
using Chrom-Card Trace-Focus GC software. The GC results
were successfully confirmed by "H NMR (Fig. S2 in the ESI{).
The spectra were recorded at 400 MHz and ambient tempera-
ture with CDCl; as a solvent, using a Bruker Avance II spectro-
meter equipped with a Broadband Observe (BBO) probe.

GC analysis and 'H NMR were also applied to investigate
the efficiency of the OEXEP synthesis (molar purity: 97 + 1%j;
Fig. S1 in the ESIf). Only a significant amount of ethyl
2-bromopropionate remained (+3%) but no other impurities or
side products could be detected.

Number/mass average molar mass (M,,) and dispersity (D)
were measured via SEC by injecting polymer samples diluted
with THF. A PL-GPC50 Plus instrument equipped with a PL-AS
RT auto sampler and a refractive index (RI) detector, one
Resipore 50 x 7.5 mm guard column and two Resipore 300 x
7.5 mm columns in series were used. The flow rate was 1
mL min~" and the analysis temperature was 30 °C. Calibration
for homopolymerization and chain extension of styrene was
performed with narrow polystyrene standards (Medium
EasiVials kit, Agilent Technologies), ranging from 1.62 x 10” to
4.83 x 10°> g mol™'. Data acquisition and processing were
performed using the PL Cirrus GPC/SEC software.

EGF values of polymer samples after dialysis, hence after
removal of RoX, were determined by means of elemental ana-
lysis, using a Flash 2000 organic elemental analyser (Thermo
Scientific) equipped with a thermal conductivity detector
(TCD). Calibration was performed with a 2,5-bis(5-tert-butyl-
benzoxazol-2-yl) thiophene (BBOT) standard.

The EGF value, which reflects the amount of X end-groups
for the total number of chains, follows from:

n(X)
0.5[n(I) + n(Ro) + n(X)]

EGF =

(8)

in which n(A) (A = Ry, X, and I) is the molar amount of A
groups in the polystyrene sample (for calculations see section
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S7 of the ESIt), neglecting end-groups originating from chain
transfer of macroradicals to monomer as verified in section S9
of the ESL{ The factor 0.5 reflects that all chains possess two
chain ends of one of the three considered end-group types in
the denominator of eqn (8) (see also Fig. 3; top right).

Kinetic modelling and regression
analysis

MADIX of styrene and its chain extension are modelled with
both a fast deterministic and a detailed stochastic method,
assuming a degenerative RAFT exchange mechanism (Fig. 1b).
This mechanism can be used taking into account the fact that
the RAFT fragmentation can be expected to be fast and the
RAFT addition slow.””'*?'3*7”7 As shown by De Rybel et al.,""
for low RAFT addition rate coefficients (<10*> L mol™' s7)
with styrene, even an extremely low RAFT fragmentation rate
coefficient of 107> s™" still results in no observable rate retar-
dation or RAFT-cross-termination, further supporting the use
of a degenerative mechanism.

For the deterministic modelling, the so-called extended
method of moments’®®? is used, allowing the simulation of the
evolution of the monomer and RyX conversion and average
polymer characteristics such as the number and mass average
chain length (x,,/m), P, and EGF. Since this method is very fast it
facilitates the estimation of the RAFT exchange parameters (cf:
eqn (1)-(3)). Moreover, population weighted or thus averaged
apparent termination rate coefficients are considered. For the
calculation of these averages, the macroradical CLD can be
approximated by the Flory-Schulz distribution (see below). For
the stochastic modelling, the kinetic Monte Carlo technique
(kMC) is employed, following the basic algorithm of Gillespie®?
extended as previously described to map the polymer micro-
structure with a high level of detail.>”%*® More details of this
approach are provided in section S10 of the ESIL.{ Importantly, it
has been verified that the simulated average characteristics of
both computational methods converge (see Fig. S6 in the ESIf).

The transfer rate coefficients ki o and ki, allowing the calcu-
lation of the corresponding degenerative RAFT coefficients
Cu, and Cy (eqn (4)-(6)), have been estimated based on an
extensive set of polymerization data, using the deterministic
kinetic model and the Levenberg-Marquardt algorithm
(ODRPACK v2.01).%® For a detailed description of the
regression analysis procedure, the reader is referred to earlier
work.?”®® The transfer coefficient ko could be neglected
based on preliminary simulations (see section S12 of the ESIf),
indicating that reaction of R, radicals with monomer is
strongly preferred over reaction with R,X. Similarly, exchange
between conventional initiator radicals (I) and RyX is kineti-
cally insignificant as the addition of monomer to I is
sufficiently fast (see section S13 of the ESI¥).

An overview of the reactions considered in the degenerative
RAFT kinetic model and their associated kinetic parameters is
provided in Table S3 (styrene) and Table S6 (nBuA) in the ESLf
For the chain extension with nBuA, for simplicity and taking
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into account the expected limited impact, a possible penultimate
monomer unit effect is ignored. Specifically for termination,
apparent rate coefficients are considered to account for diffu-
sional limitations, according to the well-established RAFT-chain
length dependent-termination (RAFT-CLD-T) technique. These
coefficients are chain length and X,,, dependent and their model
parameters are listed in section S15 of the ESIL{ For the “block
copolymer radicals”, an averaging according to the overall co-
polymer composition is performed, as explained in section S14
of the ESIf and in agreement with a previous kinetic modelling
study.®*"° Diffusional limitations on the other reaction steps are
neglected, based on the literature data,®>*>'°>'°! taking into
account the fact that the maximal X, is limited and the RAFT
addition rate coefficients are relatively low.

Results and discussion

In this section, attention is first paid to EGF determination by
combining dialysis and elemental analysis, with AIBN/OEXEP
as the MADIX initiation system and styrene as the monomer.
Next, our focus is on the validity of the kinetic model assump-
tions to ensure a reliable in silico interpretation of the MADIX
characteristics and mechanism. Finally, a detailed kinetic ana-
lysis of both the MADIX homopolymerization and the chain
extension with fresh styrene or nBuA, starting from isolated
(dormant) polystyrene, is performed. The monomer sequences
and end-groups of each chain of a representative (co)polymer
sample are visualized, considering the Cyy) values as deter-
mined based on tuning to experimental data.

Validation of EGF determination

As indicated above, it is not straightforward to retrieve reliable
EGF data for RDRP processes. An additional complication in
the present work is the rather slow OEXEP (R,X) consumption,
resulting in a significant amount of unreacted OEXEP during
the homopolymerization with styrene, making elemental ana-
lysis without prior purification challenging. Moreover, to facili-
tate chain extension and to accurately estimate &, (or Cy), reac-
tions with RyX need to become kinetically insignificant and,
hence, unreacted OEXEP needs to be removed.

For RyX removal, as shown in section S16 of the ESI,{ con-
ventional precipitation is not recommended as SEC analysis
shows that a significant amount of oligomeric species is also
removed along with RyX. On the other hand, in case dialysis is
performed a successful RoX removal is realized as shown in
Fig. 2. For a typical homopolymerization (entry 1 in Table S1
in the ESI;T X, = 33%), dialysis ensures a complete removal of
the initial RAFT agent (Fig. 2; top "H-NMR data) without alter-
ing the polymer part of the SEC trace (Fig. 2; bottom). After
dialysis, elemental analysis of the purified polystyrene samples
is performed to determine the mass fractions of carbon, hydro-
gen, nitrogen, and sulphur. The associated chromatogram for
the purified product in Fig. 2 is depicted in Fig. 3. As the
polymer is linear and consists of styrene units, carbon and
hydrogen generate the largest peaks. In contrast, nitrogen and

This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Verification of the reliability of dialysis to remove the initial RAFT
agent (OEXEP); top: *H-NMR spectrum before (the main spectrum and
in detail, top left) and after (only in detail, top right) dialysis with the
assignment of relevant peaks for OEXEP and styrene; bottom: SEC trace
before (solid red line) and after (dashed green line) dialysis; BHT: buty-
lated hydroxytoluene (THF (SEC eluent) stabilizer); M,, (before) = 6.1 x 10°
g mol™, M,, (before) = 12.2 x 10° g mol™, and P (before) = 2.0;
M, (after) = 5.9 x 10° g mol™, M,,, (after) = 12.2 x 10°, and P (after) = 2.1;
entry 1in Table S1in the ESI,{ X, = 33%.

sulphur are only present in the end-groups (Fig. 3; top right)
and, hence, result only in minor peaks. This implies that the
most reliable EGF data are only obtainable at lower TCLs at
which the relative importance of the end-groups is higher.

Validation of kinetic modelling assumptions

For a fast simulation of the MADIX process, as explained
above, the deterministic extended method of moments is
applied. This method only aims at the description of the tem-
poral evolution of X;,, and the average CLD characteristics but
takes into account (apparent) chain length dependencies. This
is done by the calculation of averaged apparent termination
rate coefficients while assessing the macroradical concen-
trations using a predetermined distribution. For example, the

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Typical elemental analysis chromatogram for MADIX homopoly-
merization of styrene (entry 1 in Table S1 in the ESI;t X, = 33%; the
related purified SEC trace in Fig. 2), allowing EGF measurement accord-
ing to eqn (8). Reliable assumption of linear chains with, as end-groups,
either Rp and X; I and X; 1 and I; Rp and Rg; or Rg and [; negligible contri-
bution of chain transfer to monomer (see section S9 of the ESIf) and
RoRg formation (see section S8 of the ESI¥).

zeroth order averaged apparent termination (by recombina-
tion) rate coefficient (<keapp>), as needed to integrate the
moment equations, is defined by:

S50 K o (1 + 65 [RY [R]

00 2
(i)
=1
in which

i=1j=1
wapp 1S the apparent termination (by recombination)
rate coefficient between macroradicals with a chain length i
and j (values: section S14 of the ESIt), 6; is the Kronecker
Delta function, and [R,] and [R;] are the corresponding concen-
trations. In the present work, these individual concentrations
are assumed to follow a Flory-Schulz distribution:

()

with f,(7) being the number fraction of macroradicals with a
chain length 7/ and x,, the associated number average chain
length.

For homopolymerization the use of the Flory-Schulz distri-
bution is valid, as shown in Fig. 4 (entry 3 in Table S2 in the
ESIT) focusing on the simulation of X, (0-8 h; top left) and in
Fig. S6 of the ESIT focusing on the simulation of the average
CLD characteristics. A perfect match is obtained between the
results for the (approximate) deterministic simulations (green
full lines) and the kMC simulations (red dotted lines) which
fully take into account chain length dependencies. The validity
of eqn (10) is also reflected in the simulated number macro-
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Fig. 4 Comparison of the main simulation results for MADIX homo-
polymerization and chain extension with fresh styrene obtained with the
deterministic extended method of moments, assuming a Flory—Schulz
macroradical CLD (egn (10)) (full green lines) and with a kMC model
explicitly accounting for all chain length dependencies (dotted red
lines). Monomer conversion (top left) and zeroth order average apparent
rate coefficient (egn (9); top right); homopolymerization conditions:
0-8 h (entry 3, Table S1 in the ESI}) and chain extension 8-13 h (entry 3,
Table S2 in the ESIf); bottom left: macroradical CLD at X, = 10% for
MADIX homopolymerization and bottom right: for chain extension at
the same conversion; dotted line in top right: for a single kMC run.

radical CLDs (e.g. Fig. 4 bottom left; X,, = 10%), which also
match, leading to similar variations for <k .pp> (Fig. 4 top
right; eqn (9)). This result cannot be generalized to a typical
RAFT polymerization'®® but is specific for the selected MADIX
process in which Flory-Schulz character is obtained for the
control over chain length.

Also for the chain extensions the deterministic method can
be used for the reliable calculation of the average MADIX
characteristics. Despite a mismatch at the low chain lengths
for the macroradical CLDs (e.g. bottom right in Fig. 4; X, =
10%; entry 3 in Table S2 in the ESIf), the monomer conver-
sions and average CLD characteristics are still identical for the
deterministic and kMC simulations, as shown in Fig. 4 (top
left; X, evolution for 8-13 h) and as shown in Fig. S6 in the
ESIT (average CLD characteristics). Note that the chain
extended macroradicals are not Schulz-Flory distributed. To
obtain Flory-Schulz behavior both segments should be of
similar lengths, e.g. short original segments should be
extended again with short ones, which is statically unlikely.
Instead of a Flory-Schulz distribution a Gamma like distri-
bution results (Fig. 4 bottom right)."*

Microstructural control for MADIX styrene
homopolymerization

To obtain a better understanding of the homopolymerization
kinetics, a systematic experimental study has been conducted

6954 | Polym. Chem., 2017, 8, 6948-6963
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under isothermal conditions (70 °C), including a variation of
all initial batch concentrations. In Fig. 5 and 7, the experi-
mental data on X,,, RoX conversion (Xgex), number and mass
average chain length (x, and x,,), EGF, and P are provided
under several initial conditions (entries 1-6 in Table S1 of the
ESIT) along with the corresponding simulation results (para-
meters Table S3 in the ESIT).

For all data, excellent agreement between the experimental
and simulated data is obtained. Similarly, for the additional
data in Fig. S10 in the ESI (entry 7 in Table S17), the experi-
mental data are well described.

Investigation of Fig. 5 allows concluding that an increase of
the initial I, concentration (lower [R¢X]o/[I>]o) leads to an
increase of both X, and Xgp¢x (Fig. 5; left) while having a
limited effect on the average chain length characteristics x,
Xm, and D (Fig. 5; middle and right). At all times, high x,
values, roughly 10% higher than the TCL, are obtained with
constant D values close to 2. The EGF data (Fig. 5; right) indi-
cate a relatively high livingness (>80%), which is also time
independent. Greater EGF values are obtained for decreasing
I, amounts, further highlighting the relevance of the optimiz-
ation of [RoX]o/[I]o- On the other hand, as can be derived from
Fig. 7, an increase of TCL ([M]y/[RoX],) at a given [L,], (4 x 107°
mol L_l) has no notable influence on X, and Xgx (Fig. 7; left)
while it results in a reduction of x, and x,, (Fig. 7; middle).
The chain length characteristics again remain constant
throughout the MADIX. A lower livingness is obtained at
higher TCLs (Fig. 7; right) whereas P remains again constant
around a value of 2. Hence, on an overall basis, the effect of
TCL is relatively restricted aside from its natural influence on
the average chain lengths.

Further model analysis shows that for the studied MADIX
homopolymerization RAFT exchange involving macrospecies
(k) is negligible. As illustrated in section S18 in the ESLt
identical simulation results are obtained for a k. (eqn (3))
value equal to 0 L mol™" s™! and if k. is taken to be equal to
ten times ki o. From this, it can be concluded that the rate of
exchange between macrospecies is too low to significantly
affect the concentration of macroradicals. The latter are only
involved in propagation, termination or in RAFT exchange
with RyX. Since the rate of re-initiation is, in addition, signifi-
cantly higher than the rate of exchange of R, radicals and
dormant macrospecies, the latter exchange, characterized by
k_¢r0, is also kinetically insignificant as shown in section S12
of the ESI.T The homopolymerization data in Fig. 5, 7, and
S10 in the ESIT are therefore only affected by a single RAFT
transfer parameter, i.e. Cio (eqn (4)). Hence, for the current
MADIX system, several of the reactions/exchanges of Fig. 1
are kinetically insignificant and the reaction scheme can be
represented by the one in Fig. 6. It is clear from the reduced
scheme that the formation of the dormant species can be for-
mally compared to chain transfer with a conventional chain
transfer agent such as 1-butanethiol, although with a single
transfer of X instead of H.'** Note that in this context transfer
is thus defined as a consecutive addition and fragmentation
to the “right”.

This journal is © The Royal Society of Chemistry 2017
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AIBN and OEXEP; monomer conversion (X, dark blue), RoX conversion (Xgox, red), number-average chain length (x,, orange), mass-average chain
length (x.,, green), dispersity (D, purple), and end-group functionality (EGF, light blue) as a function of time; lines correspond to calculated values
with rate coefficients given in Table S3 in the ESIf and accounting for diffusional limitations (parameters in Table S4); entries 1-3 in Table S1 in the

ESI; simulated output with the deterministic method.
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Fig. 6 Simplified reaction scheme for MADIX homopolymerization of
styrene with OEXEP as the initial RAFT agent, starting from the general
RAFT polymerization reaction scheme (Fig. 1). Other steps of Fig. 1 are
kinetically insignificant.

The Cyo value obtained through multi-response regression
analysis (0.80 + 0.02) is larger than the value obtained follow-
ing the previously developed methods of Mayo (0.71 + 0.02;

This journal is © The Royal Society of Chemistry 2017

section S19 of the ESIT) and Moad (0.69 + 0.04; section S19 of
the ESI{),”'>'%?%3 which focus only on x, and Xyyrox data,
respectively. As demonstrated in Fig. 8 (entry 4 in Table S1 in
the ESIT), the increased Cy, value results in a good prediction
of all average MADIX characteristics, whereas the use of the
lower values obtained from the literature methods lack the
capability of accurately predicting experimental x, and x,
data. With the two literature methods, too high average chain
lengths are simulated at all times. For the Mayo method, this
inaccurate reflection of the x,, data seems at first sight surpris-
ing as the C is determined based on this response alone. As
explained in section S20 in the ESI,{ the Mayo method is only
fully accurate if the theoretical kinetic chain length can be rep-
resented by the experimentally accessible x,,, which is only true
in the absence of dead chains formed by termination by
recombination. This highlights the relevance of multi-response
regression analysis using the detailed modelling strategy in
the present work.
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Fig. 7 Comparison of simulated and experimental data for a variation of TCL ([Mlo/[OEXEP],) at a given [lolg (4 x 107> mol L™) for MADIX homo-
polymerization of styrene at 70 °C with AIBN and OEXEP; monomer conversion (X,,,, dark blue), RoX conversion (Xgrox, red), number-average chain
length (x,, orange), mass-average chain length (x,,, green), dispersity (D, purple), and end-group functionality (EGF, light blue) as a function of time;
lines correspond to calculated values with rate coefficients given in Table S3 in the ESIT and accounting for diffusional limitations (parameters in
Table S4+); entries 4—6 in Table S1in the ESI;+ simulated output with the deterministic method.
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6956 | Polym. Chem., 2017, 8, 6948-6963

This journal is © The Royal Society of Chemistry 2017



Polymer Chemistry

»
]

e esestes
et
et

rese s
SRS
% sress

Erssses
e

H
(s) awiL 807

w
«n

- 489
&L\o

200
\N\\ol\“

Paper
2
100 1.9
g 80 185
: e}
60 Ay Sl
AT o
| \\\\\\\\\\\\\\\\\\\\\ Y
50 Ty
4 3 LU ) 1.6
4:7"’/0/30 , 400
% AP o 200 @ oV
v 10 \N\\cl\% 15

Fig. 9 Number-average chain length (x,, left) and end-group functionality (EGF, right) as a function of [RoXlo/[l2]lo (ranging from 1 to 50) and [Mly/
[RoX]p (ranging from 10 to 500) and the corresponding polymerization time (left; color) and dispersity (right; colour); simulated data have been
achieved by means of the parameters given in Table S31 with RoX = (O-ethyl xanthate)-2-ethyl propionate, M = Sty, and |, = AIBN; 70 °C; X, = 20%.

Another advantage of the modelling strategy is the possi-
bility to map the MADIX characteristics over a broad operating
window, as shown in Fig. 9 focusing on the simultaneous pre-
diction of the reaction time, x,, EGF, and P at a fixed X,, of
20%, with[M]o/[RoX]o and [RoX]o/[I.]o values ranging, respect-
ively, from 10 to 500 and from 1 to 50. As shown in Fig. S14 in
the ESIt for every condition in Fig. 9 the RoX conversion (Xgrox)
is equal to ca. 16%, again highlighting the low reactivity of
xanthates towards styryl macroradicals and that the exchange
with the initial RAFT agent is dominant in the selected MADIX
homopolymerization.

Since RyX acts as a conventional CTA, as indicated above, it
follows from Fig. 9 (left) that x,, can be controlled by varying
its initial concentration. In agreement with the results in
Fig. 5, an increase of [RyX]o/[I,]o leads to higher EGF values
(Fig. 9; right) but also to higher reaction times (Fig. 9; left).
Additionally, high D (close to 2; Fig. 9 right) values are
obtained under all conditions, except at very low [M]o/[RoX]o
for which b is reduced to a value close to 1.5. As shown in
Table 1, the coefficients of variation of both the dormant and
dead polymer CLD (CV(RX) and CV(P)), which are defined as
the ratio of the standard deviations (that are related to the dis-
persities) to the number average chain lengths, are lower for
decreasing [M]o/[RoX]o, explaining the aforementioned trend
for the (overall) D. Note that the dormant population is the key
contributor to P, as high EGF values always result. As
explained above (Fig. 6), the latter population is formed by a
single RAFT exchange. Hence, by adding more RyX for a given
initial M amount, a more rapid chain transfer takes place. This
leads to a lowering of D, eventually to a value of 1.5.

Table 1 D, EGF, and x,, for two different [M]o/[RoX]o in Fig. 9 (X,,, = 20%)
with the coefficient of variation CV (ratio of CLD standard deviation to
mean value (x,)), differentiating between dormant (RX) and dead (P)
polymers

M]o/[RoX]o/[L]o P EGF  x, CVie CV(RX) CV(P)
10/1/0.2 1.66 091 1418 0.81  0.95 0.68
50/1/0.2 1.88  0.86 5578  0.94 0.9 0.71

This journal is © The Royal Society of Chemistry 2017

In addition, the detailed kMC simulations allow explicitly
visualizing the microstructure of individual chains, including
a differentiation according to the end-groups as defined in
Fig. 3 (top right). For instance, for entry 3 in Table S1 in the
ESL+ Fig. 10 (top) shows the lengths and end-groups of ca.
1500 randomly selected chains out of a kKMC simulation
system consisting of ca. 10° chains, at £ = 8 h (X, = 60%).

After 8h of styrene homopolymerization
1500
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Chain number (-)
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Chain length (-)

After 5h chain extension with styrene

Chain number (-)
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Fig. 10 Visualization of the detailed microstructure of ca. 1500 individ-
ual chains for homopolymerization of styrene (top, after 8 h, red, x,, =
51) and its subsequent chain extension with fresh styrene (bottom, after
5 h; green, x,, = 60); simulated with kMC with ca. 108 chains. Conditions:
Top: entry 3 in Table S1;} Bottom: entry 3 in Table S2;+ model para-
meters: Table S3.+
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Below the white dashed line the dormant chains are depicted
and above this line the dead chains. In agreement with the
previous results and discussions, it follows that most chains
are dormant as the majority of chains are below the white
dashed line. A more detailed analysis shows that a significant
part of the dormant and dead chains have the undesired I
end-group, confirming the difficult RoX consumption. Clearly,
a high scatter in chain lengths is obtained with in particular a
strong deviation in the contribution of the dormant and dead
macrospecies which are, respectively, shorter and longer than
the mean value (x, = 51).

Microstructural control upon chain extension with styrene

As explained above, an efficient RyX removal is obtained
without altering the original SEC trace upon dialysis of the
homopolymer. Consequently, by the addition of fresh styrene
and AIBN to the purified polymer, potential chain extension
can be investigated. Importantly, k. is then the only relevant

Polymer Chemistry

transfer rate coefficient as exclusively styrene macrospecies are
present. Hence, by regression analysis based on Xy, Xn, Xm,
and D data from chain extension experiments (points in
Fig. 11; 70 ©°C) this RAFT exchange parameter can be
estimated.

As shown in Fig. S15 of the ESL, T the most valuable data for
this parameter tuning are the x,, and P data, resulting in & =
(2.1 + 0.4) x 10> L mol™" s". The corresponding Ci, reaches a
value of 0.44 = 0.07. Narrow confidence intervals are thus
obtained for the macro-RAFT exchange kinetic parameters,
which is reflected in the good agreement between the experi-
mental and deterministic simulation results in Fig. 11.
Notably, the obtained &, (eqn (3)) value is 45% lower than the
estimated ki (eqn (1)) value of (3.8 + 0.1) x 10> L mol " s7.
This lowering is kinetically significant as demonstrated in
Fig. S15 in the ESI{ in which different simulation results of
several polymer characteristics are obtained in case k. is
assumed to be equal to ki o.
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Fig. 11 Comparison of simulated and experimental data for MADIX homopolymerization of styrene (0—8 h; entry 3 in Table S1 in the ESI{) and sub-
sequent chain extension of (dormant) polystyrene (after purification via dialysis) with fresh styrene (8—13 h; entries 1-3 in Table S2 in the ESI});
70 °C; monomer conversion (X, dark blue), RoX conversion (Xrox, red), number-average chain length (x,, orange), mass-average chain length (x.,,
green), dispersity (D, purple), and end-group functionality (EGF, light blue) as a function of time; lines correspond to calculated values with rate
coefficients given in Table S3 in ESIT and accounting for diffusional limitations (parameters in Table S47); simulated output with the deterministic

method.
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Fig. 12 Exchange (2) in Fig. 6 at the elementary level. Interpretation of
eqn (1) starting from the estimated value for ko with the kinetic model.

Based on eqn (3) it further follows that k,qq = 2k = 4.2 X
10> L mol™" s™" (70 °C). Keeping in mind that k., is, on a fun-
damental level, related to the addition and fragmentation reac-
tions in Fig. 12 also here further mechanistic insights can be
obtained a posteriori, based on eqn (1). If it is assumed that
kada,0,. (RAFT addition of R; to RoX) is equal to k,qq4, consistent
with the common claim that the RAFT addition rate coefficient
is mainly influenced by the nature of the Z group, it follows
from eqn (1) that the fragmentation probability ¢, for the
intermediate RoXR; toward R, is equal to 0.9 (see also Table S3
in the ESIf). The latter is unexpected as this would imply a
much higher stability for R, (bond dissociation energy'®® of
Ro — H = 394 k] mol™") compared to the secondary benzylic R;
radical (bond dissociation energy'®® of R, — H = 354-378
kJ mol ™). It is more plausible thus to assume that ¢, , is lower
than 0.9 resulting in a kpq4,0,. higher than k,qq. Hence, both
the Z and R groups are important in determining the RAFT
addition reactivity and by extension the overall transfer coeffi-
cient. Nonetheless, the Z group remains paramount as it deter-
mines the order of magnitude of k) as for instance demon-
strated by the difference for xanthates and trithiocarbonates in
combination with LAMs/MAMs.

Further inspection of Fig. 11 shows that the chain extension
with fresh styrene results in an increase of x,, x,, and P while
having a negligible effect on EGF. This weak dependence for
EGF is due to the relatively small number of newly formed
dead chains. The latter can be most easily derived from Fig. 10
(bottom) which shows the explicit growth of the chains as
accessible via the kMC simulations (conditions: entry 3 in
Table S2 in the ESIf) with the freshly incorporated styrene
units in green colour and again making a distinction between
the different end-groups. As can be seen, the fresh styrene is
mainly incorporated in the macroradicals formed by the acti-
vation of the dormant species originating from the first syn-
thesis step and much more “block”-copolymer chains are
present than “green” homopolymer chains. Again a single
(net) transfer, as countable via the kMC simulations,"®” takes
place similar to the reaction scheme shown in Fig. 6 with RyX
replaced by the dormant macrospecies (RX), taking into
account the fact that the additional styrene conversion
remains sufficiently low (Fig. 11).

The accuracy of the determination of k. and k., is further
confirmed in the SEC traces in Fig. 13 which show good agree-
ment between the experimental and simulated mass CLD after
8 h of homopolymerization (green; X,,, = 65%; entry 3 in the
ESI Table S1f) and subsequent 5 h of chain extension with
fresh styrene (blue; X;,, = 20%; entry 1 in the ESI Table S27). A
high molar mass shoulder is present after the chain extension,
consistent with the simulations results in Fig. 10 (bottom).

This journal is © The Royal Society of Chemistry 2017
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Fig. 13 Comparison of the experimental (full lines) and simulated
(dashed lines) mass CLD after 8 h of homopolymerization (green; X, =
65%; entry 3 in the ESI Table S1{) and subsequent 5 h of chain extension
with fresh styrene (blue; X, = 20%; entry 1 Table S2 in the ESI¥).

Consequently, although no typical RDRP control over the
chain growth is possible, reactivation of the dormant species
can still be achieved under the right circumstances, i.e. upon
RyX removal.

Microstructural control upon chain extension with nBuA

To further illustrate the potential of the visualization tool, our
focus is on a second monomer in view of the synthesis of
actual block copolymer chains. Not any monomer can be
selected, as the intermediate formed by exchange between the
dormant species consisting of the first monomer (here
styrene) and the macroradicals consisting of the second
monomer must effectively fragment toward macroradicals of
the first monomer type. An efficient reinitiation involving
these radicals with the second monomer is needed as well to
allow for chain extension and, hence, block copolymer
formation.'%®

Based on the experimental work of Smulders et al.*’, nBuA
is an interesting monomer. For example, Fig. 14 (top) shows
the model description of the experimental dispersity data®® for
the chain extension in toluene of dormant polystyrene syn-
thesized with OEXEP. The corresponding simulated monomer
sequences are provided in Fig. 14 (bottom). Based on the lit-
erature data and for simplicity, backbiting and thus short
chain branching are neglected.'®

For the simulations in Fig. 14, at first sight, four macro-
RAFT exchange reactions are needed due to the possible pres-
ence of two macroradical and dormant species types, with
either a styrene or an nBuA terminal unit. Mathematically, this
implies an extension of eqn (3) through the introduction of kg xy
with X referring to the radical terminal unit and Y to the
dormant terminal unit (kenpap; Keenms; Kirss; Kirsnm; St
styrene; nB: nBuA). However, as shown in Fig. S16 in the ESI
and as explained in detail in section S23 of the ESL ¥ for the
low nBuA conversions as covered in the present work (<45%),
only the transfer coefficient for a macroradical with a nBuA

Polym. Chem., 2017, 8, 6948-6963 | 6959
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Fig. 14 Top: Comparison of simulated (blue) and experimental (red)
dispersity data®® for MADIX chain extension of dormant polystyrene with
n-butyl acrylate; reaction conditions: [toluenelo = 6 mol L2, [n-BuAlp =
2.0 mol LY, [n-BuAlo/[R; styX]o/[AIBN]g = 198/1/1; T = 60 °C; bottom:
visualization of monomer sequences using kinetic Monte Carlo model-
ling after 20% monomer conversion of chain extension: red: styrene
unit; yellow: n-butyl acrylate; parameters: Table S6 of the ESI.{

terminal unit and a dormant species with a styrene terminal
unit (ky.ss) can be seen as kinetically significant. Styryl
macroradicals which have been formed by activation of the
original dormant polystyrene chains have already reacted with
nBuA before RAFT exchange can occur, due to the typical low
k. values for xanthates in combination with MAMs. Hence,
only nBuA terminal radicals are present, which reduces the
number of exchange reactions already safely from 4 to 2 (the
remaining rate coefficients: ky ,ps and ke npss). Furthermore,
due to the low concentration of dormant poly(styrene-block-
nBuA) compared to the initial dormant polystyrene at low
nBuA conversions, transfer of nBuA macroradicals with the
dormant block copolymer species (ke p.8) is less relevant and
can be neglected (Fig. S17 in the ESIf). Supportive for this
claim is also the expectation that ki .5 .5 is lower than k. .z,
taking into account the fact that the bond dissociation
energy''® of the benzylic C-H bond of ethyl benzene
(354-378 k] mol™") is lower than that of the C-H bond at the
alpha position of ethyl propionate (400 kJ mol™")."*® This
implies that k. ,5s can be seen as the only kinetically relevant

6960 | Polym. Chem., 2017, 8, 6948-6963
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Fig. 15 Kinetically relevant MADIX reactions (termination by recombi-
nation/disproportionation not shown for simplicity) for the chain exten-
sion of dormant polystyrene (after dialysis to remove OEXEP) with nBuA
up to intermediate conversions; R,g/s: macroradical with n-butyl acry-
late (nB; green spheres) or styrene (S; red spheres) as the terminal unit.
Similar notation for dormant species.

RAFT transfer coefficient, at least to a first approximation. The
resulting simplified reaction scheme is shown in Fig. 15, con-
sidering all kinetically relevant MADIX reactions for the chain
extension of dormant polystyrene with nBuA up to intermedi-
ate conversion.

Based on the data in Fig. 14 (top), a preliminary value of
4.6 x 10* L mol ™" s™" results for ki s, which corresponds to a
Cu s €qual to 1.35, in agreement with the kinetic study by
Smulders et al.*° Such a Cy, value can still be seen as relatively
low but suffices to enable a successful MADIX chain extension,
as confirmed by the AMC simulation results in Fig. 14
(bottom).

Conclusions

A detailed understanding of MADIX under bulk/solution con-
ditions is obtained by successfully combining experimental
and modelling analysis tools, focusing on conversion, chain
length and EGF data. The latter data can be obtained by a com-
bination of dialysis and elemental analyses, an insight relevant
for all RAFT polymerizations and, hence, not restricted to
exchange processes based on xanthates.

To accurately estimate Cy o for the OEXEP/styrene MADIX
system, applying multi-response regression analysis to homo-
polymerization data is recommended. On the other hand, C,
can be reliably estimate from specifically x,,, data upon polymer
isolation, using dialysis and applying chain extension. For
OEXEP and styrene, Cy. o and C, of 0.80 + 0.02 and 0.44 + 0.07,
respectively, result, highlighting the influence of both the R
and Z groups of the agent on the RAFT addition and fragmen-
tation coefficients. For chain extension with nBuA, a C, of 1.35
is put forward in the present work, reflecting the reactivity for
RAFT exchange of macroradicals with an nBuA terminal unit
and dormant macrospecies with a styrene terminal unit.

The use of advanced kinetic Monte Carlo simulations
enables visualization of the chain growth and end-groups of
individual macrospecies, both during homopolymerization
and chain extension. For the selected MAM systems and
monomer conversions, the dormant macrospecies are always

This journal is © The Royal Society of Chemistry 2017
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formed via a single exchange, which implies a transfer behav-
iour as in a conventional free radical polymerization, although
with a slight delay due to the reversible nature of the first
addition/fragmentation step. Hence, bulk MADIX with MAMSs
behaves mechanistically different from classical bulk RAFT
polymerizations with consecutive well-defined activation—
growth-deactivation cycles.
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